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Impacto potencial desta pesquisa

A presente tese de doutoramento aborda temas relacionados a
sistematica e interpretacbfes paleoambientais de novas assembleias de
moluscos bivalves analisadas nas formacdes Crato e Romualdo, Bacia do
Araripe. Além disso, apresenta um resgate histérico aliado a inéditas descrigbes
formais e atualizadas das malacofaunas dulcicolas das formacdes Marizal,
Salvador e Itapecuru, bacias Tucano, Reconcavo e Parnaiba, respectivamente,
a partir de investigacoes realizadas em diferentes cole¢des, a saber, a colecéo
de moluscos bentbnicos do Natural History Museum of the United Kingdom
(NHMUK), a colecao de moluscos fésseis do Museu de Ciéncias da Terra do Rio
de Janeiro (MCTer), a colecdo de macrofésseis do Instituto de Geociéncias da
Universidade Federal do Rio de Janeiro (IGEO-UFRJ) e o que restou da colecéo
de espécimes-tipo de White (1887), vitimadas pelo incéndio do Museu Nacional
do Brasil (MNB) em 2018, uma tragica ocorréncia para a historia da ciéncia
brasileira e que, mais uma vez, aponta flagrantemente para a falta de
compromisso para com uma politica de memoria e de respeito ao trabalho
cientifico, algo muito caracteristico de um pais de capitalismo dependente e que
recrudesce cada vez mais, se manifestando na forma de vendilhbes e
incompetentes assumindo posicées de destaque em governos que, por sua vez,
ou chocam ovos de serpente, ou séo eles préprios as serpentes que eclodem.

Tendo isso em vista, o resultado final de quatro anos de trabalho aqui
apresentado, em consonancia com toda a assim chamada “pesquisa de base”,
possui implicacdes teorico-cientificas, contribuindo para a expanséao e renovacao
do saber paleontoldgico, ndo almejando assim impactos econémicos e apenas
tangenciando possibilidades de impactos sociais

Dentre os impactos cientificos destaca-se a identificacao e interpretacéo
de uma nova assembleia de moluscos bivalves na Formacdo Crato, Aptiano,
além da deteccdo de uma fauna dulcicola no topo da Formacdo Romualdo, o
gue amplia grandemente a distribuicdo temporal da malacofauna previamente
encontrada apenas na Camada Caldas da Formacdo Crato. Outrossim, a
descri¢cdo das malacofaunas cretdceas da Bahia (formacdes Salvador e Marizal)
e do Maranhdo (Formagdo Itapecuru), com base em colegbes cientificas

constituidas, em alguns casos, ha mais de um século, constituem um resgate



histérico de ampla relevancia para pesquisadores interessados em paleontologia
de invertebrados no Brasil. Cabe salientar ainda que do ponto de vista cientifico,
a pesquisa com moluscos bivalves de aguas doces do Cretaceo € relevante pois
esse grupo de invertebrados (Unionida) esta ameacado em varios habitats
continentais do Recente e o conhecimento de sua ecologia é ainda deficiente, o
que dificulta as estratégias de conservacao. Neste sentido, o registro fossil pode
auxiliar a melhorar nossa compreensao da evolucéo, dispersdo e distribuicdo
paleogeografica, permitindo ainda a calibragem confiavel da origem de diversos
grupos dulcicolas, com base em dados moleculares (i.e., relégio molecular).
Além disso, as informacfes ambientais acessiveis a partir de bivalves fésseis em
assembleias autéctones e/ou parautoctones e suas associacdes de facies
fornecem pistas sobre os substratos originais ocupados pelos Unionida e outras
formas de bivalves de dguas doces e podem, em Ultima instancia, fornecer dados
a conservacao de sua diversidade.

Dentre os possiveis impactos de cunho social, o presente estudo pode
auxiliar na criacdo de politicas publicas para a conservacado de afloramentos e
na criagdo de geoparques, com o intuito de promover a cultura regional e

nacional sobre histdria geoldgica e paleontoldgica do Brasil.



Potential impact of this research

The present doctorate thesis approaches themes related to the
systematics and paleoenvironmental interpretation of new assemblages of
bivalve mollusks within the Crato and Romualdo formations, Araripe Basin. In
addition, it presents a historical review, along with unprecedented formal and
updated descriptions of the freshwater mollusk faunas from the Marizal, Salvador
and ltapecuru formations, Tucano, Recdncavo and Parnaiba basins, respectively,
based on investigations conducted in different collections, i.e., the benthic
mollusk collection from the Natural History Museum of the United Kingdom
(NHMUK), the fossil mollusk collection of the Museum of Earth Sciences of Rio
de Janeiro (MCTer), the Macrofossil Collection of the Institute of Geosciences in
the Federal University of Rio de Janeiro (IGEO-UFRJ) and the type-specimens
collection of White (1887), heavily affected by the 2018 fire in the National
Museum of Brazil (MNB), a tragic event for the history of Brazilian science and
that, once more, blatantly points to lack of commitment to a policy of memory and
respect for scientific efforts, something very characteristic of a country with a
dependent capitalism and that gradually recrudesces, manifesting itself in the
shape of incompetents and sell-outs that end up occupying important positions
within governments that, in turn, either incubate snake eggs, or are themselves
the snakes that hatch.

Bearing in that in mind, the herein presented result of a four-year work, like
all the so-called “blue sky research”, has theoretical-scientific implications,
contributing to the expansion and renovation of paleontological knowledge,
therefore not aiming any economic impacts, and only tangentially implicating in
possible social impacts.

Among the scientific impacts, the identification and interpretation of a new
bivalve mollusk assemblage within the Aptian Crato Formation is highlighted,
along with the detection of a freshwater fauna in the top of Romualdo Formation,
which greatly widens the temporal distribution of the mollusk fauna previously
found only within the Caldas Bed, Crato Formation. Likewise, the description of
the cretaceous mollusk faunas from Bahia (Salvador and Marizal formations) and
Maranhao (Itapecuru Formation), based on scientific collections carried out, in

some cases, more than a century ago, constitute a historical review that might be



of great relevance to researchers interested in Brazilian invertebrate paleontology.
It also should be stressed that, from a scientific point of view, the research
concerning Cretaceous freshwater bivalves is of great relevance since this
invertebrate group (Unionida) is threatened in several continental habitats in
Recent times and knowledge of its ecology is still faulty, which hampers
conservation strategies. In that sense, the fossil record might aid to enhance our
comprehension of evolution, dispersion and paleogeographic distribution, also
allowing a reliable calibration of the origins of several freshwater groups, based
on molecular data (i.e., molecular clock). In addition, the available environmental
information from fossil bivalves in autochthonous and/or parautochthonous
assemblages and their facies associations provide leads on the original
substrates occupied by the Unionida and other forms of freshwater bivalves and
may, ultimately, provide data to the conservation of their diversity.

Among the possible social impacts, the present study may aid in the
creation of public policies for the conservation of outcrops and in the creations of
geoparks, with the intention of promoting regional and national culture about the

geological and paleontological history of Brazil.
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RESUMO

Moluscos bivalves do Cretaceo brasileiro foram, em geral, amplamente
estudados desde a segunda metade do século XIX. No entanto, ainda que essa
assertiva seja verdadeira para os bivalves das bacias sedimentares de Sergipe
e do Parana, o mesmo nao pode ser dito a respeito de outras bacias do nordeste
do Brasil. Outrossim, quando em comparagdo com outras localidades sul-
americanas, como a Argentina, existem lacunas notavelmente grandes no
conhecimento acerca dos registros paleontologico e geoldgico de moluscos do
Cretaceo brasileiro, bem como de outros grupos de invertebrados benténicos.
Aliado a isso, também chama a atengdo a quase completa auséncia de
referéncias que tratam dos bivalves dulcicolas deste periodo, grupo
notadamente importante como indicador paleoambiental e paleogeografico. A
presente tese se enquadra neste contexto, tendo tido como objetivo (i) contribuir
para o avango do conhecimento taxondmico e da diversidade das assembleias
de bivalves dulcicolas do Grupo Santana (Aptiano), Bacia do Araripe, fornecendo
assim dados sobre composigao faunistica e evolucgéo; (ii) definir os processos
tafondmicos basicos geradores das assembleias aptianas contendo bivalves
dulcicolas, em particular das formagdes Crato e Romualdo; (iii) aprimorar os
conhecimentos basicos sobre paleoecologia, especialmente paleoautoecologia
do bivalve Araripenaia elliptica, adicionando assim dados valiosos referentes a
interpretacbes paleoambientais; (iv) determinar com preciséo as distribuigbes
estratigrafica e geografica de espécies de bivalves dulcicolas no Grupo Santana,
visando refinar biocorrelagdes intra e interbasinais; (v) examinar e descrever os
bivalves de aguas doces das formagdes Salvador, Bacia do Recdncavo, Marizal,
Bacia de Tucano e Itapecuru, Bacia do Parnaiba, presentes em colecbes
cientificas no Brasil e no exterior; (vi) integrar os resultados obtidos acerca da
malacofauna dulcicola no Cretaceo Inferior do nordeste brasileiro, discutindo seu
significado paleontologico e geoldgico. A hipétese verificada foi a de uma origem
predominantemente ndo-Gondwanica para os moluscos dulcicolas do Cretaceo
Inferior do nordeste brasileiro, bem como o possivel estabelecimento de uma
ligagdo com faunas Eurasianas. Para esse estudo 1104 espécimes de bivalves
das formacgdes Crato e Romualdo foram examinados, além de 329 presentes nas
colegdes cientificas do Museu de Ciéncias da Terra (MCter), do IGEO/UFRJ, do
Museu Nacional e do Natural History Museum of the United Kindom, Londres, a
maior parte aqui descrita e ilustrada pela primeira vez. Os resultados sao
apresentados na forma de 3 (trés) artigos cientificos. A presenca de géneros de
bivalves atribuidos, anteriormente, a formas viventes (i.e., Sphaerium) nao foi
confirmada. As malacofaunas do Cretaceo Inferior do NE do Brasil sdo muito
distintas daquelas do Cretaceo Superior, especialmente do Grupo Bauru, da
Bacia do Parana, cujas afinidades com familias e géneros viventes é mais clara.
Os géneros Araripenaia, Cratonaia e Monginellopsis, anteriormente conhecidos
apenas para a Formacao Crato, na Bacia do Araripe, foram indubitavelmente
registrados em outras bacias sedimentares do NE do Brasil, mostrando sua
ampla distribuicdo geografica e adaptacdo a distintos ambientes continentais.
Sua vinculacdo a unidades aptianas/albianas torna-os importantes elementos
para biocorrelcdo. Finalmente, ndo ha clara vinculagao entre as malacofaunas
estudadas e aquelas coevas do continente africano.



Palavras-chave: Sistematica. Cretaceo. Nordeste Brasil. Paleobiogeografia.
Mollusca Bivalvia. Gondwana. Unionida. Sphaeriida.



ABSTRACT

Bivalve mollusks of the Brazilian Cretaceous were, generally, widely studied since
the second half of the 19" century. However, even if this assertion is true for the
bivalves of the Sergipe and Parana sedimentary basins, the same cannot be said
about other basins from northeastern Brazil. Likewise, when compared with other
South American localities, such as Argentina, there are remarkably large gaps in
the knowledge of the Brazilian Cretaceous paleontological and geological records
of mollusks and other co-occurring benthic invertebrate groups. Along with that,
an almost complete absence of references concerning freshwater bivalves, a
group notably important as paleoenvironmental and paleogeographic indicators,
from this period is noticeable. The present thesis fits within this context, aiming
to: (1) contribute to the enhancement of knowledge on taxonomy and diversity of
the freshwater bivalve assemblages of the Santana Group (Aptian), Araripe Basin,
thus improving data on faunal composition and evolution; (ii) establish the basic
taphonomic processes responsible for generating the Aptian assemblages which
contain freshwater bivalves, particularly those from Crato and Romualdo
formations; (iii) improve basic knowledge on the paleoecology, especially
paleoautoecology of the bivalve Araripenaia elliptica, thus adding valuable data
on paleoenvironmental interpretations; (iv) precisely constrain the stratigraphic
and geographic distribution of the Aptian freshwater bivalve species in the
Santana Group, in order to improve intra- and interbasinal biocorrelations; (v)
examine and describe the freshwater bivalves from the Salvador (Recbéncavo
Basin), Marizal (Tucano Basin) and Itapecuru (Parnaiba Basin) formations,
present in scientific collections of Brazil and abroad; (vi) integrate the obtained
results on the freshwater mollusks in the Lower Cretaceous of northeastern Brazil,
discussing its paleontological and geological significance. The verified hypothesis
was that of a predominantly non-Gondwanic origin for the freshwater mollusks of
northeastern Brazil Lower Cretaceous, as well as the possible establishment of
a connection with Eurasian faunas. For this study, 1104 specimens of bivalves
from Crato and Romualdo formations were examined, in addition to 329
specimens present in the scientific collections of the Museum of Earth Sciences
(MCTer), of the IGEO/UFRJ, of the National Museum of Brazil and the Natural
History Museum of the United Kingdom, London, most of them represented by
taxa herein described and illustrated for the first time. The results are presented
in the form of 3 (three) scientific articles. The presence of bivalve genera
previously attributed to extant taxa (i.e., Sphaerium) was not confirmed. The
mollusk faunas from the Lower Cretaceous of northeastern Brazil are very distinct
of those from the Upper Cretaceous, especially from the Bauru Group, Parana
Basin, whose affinities with extant families and genera is clearer. Genera
Araripenaia, Cratonaia and Monginellopsis, previously known only for the Crato
Formation, Araripe Basin, were indubitably recorded in other sedimentary basins
of NE Brazil, displaying their wide geographic distribution and adaptation to
different continental environments. Their linking to Aptian/Albian units makes
them important elements for biocorrelation. Finally, there is no clear link between
the studied mollusk faunas and those coeval from the African continent.

Keywords: Systematics. Cretaceous. Northeastern Brazil. Paleobiogeography.
Mollusca Bivalvia. Gondwana.
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1 INTRODUCAO
1.1Contexto geral

O estudo de bivalves do Cretaceo brasileiro tem uma longa historia. As
primeiras descrigdes aparecem nas classicas obras de Hartt (1870), White (1887)
e Maury (1925; 1937), onde espécies do cretaceo inferior do estado da Bahia
(HARTT, 1870; WHITE, 1887), e do Cenomaniano-Coniaciano da Bacia do
Sergipe (WHITE, 1887; MAURY, 1925; 1937), nordeste brasileiro, foram
descritas. Outra principal contribuicdo inicial para o estudo dos moluscos
bivalves foi realizada por lhering (1913), que descreveu a espécie ndo-marinha
Itaimbea priscus, encontrada em rochas do Grupo Bauru, Bacia do Parana,
sudeste brasileiro. Os estudos de Mezzalira (1974), em particular, constituem
contribuicdo classica para o conhecimento dos moluscos dulcicolas do Cretaceo
brasileiro, contendo descricdes de espécies das regides central (Goias) e
sudeste (Minas Gerais, Sdo Paulo). Um compilado de espécies de bivalves
cretaceos erigidas até meados dos anos 1990 aparece em Simone e Mezzalira
(1994).

No entanto, quando em comparag¢ao com outras localidades da América
do Sul, tais como Argentina (LAZO, 2003; 2007a; 2007b; LUCI; LAZO, 2014), os
registros cretaceos do Brasil sdo menos estudados. As excegdes sao os estudos
faunisticos de bivalves marinhos em sucessdes carbonaticas das formacgdes
Riachuelo (Aptiano-Albiano) e Cotinguiba (Cenomaniano-Coniaciano) da Bacia
do Sergipe. Estas faunas incluem ostras, pinideos, pectinideos, inoceramideos,
bakevellideos e foladoides (e.g., HESSEL, 1986; 1988; 2004; SEELING, 1999;
SEELING; BENGSTON, 1999; 2003a; 2003b; ANDRADE et al., 2004; MELLO et
al., 2007; AYOUB-HANNAA et al.,, 2015), dentre outros grupos de bivalves
marinhos.

Por outro lado, apesar dos estudos pioneiros de Beurlen (1963), as
publicagbes disponiveis sobre os bivalves do Grupo Santana (e.g.,
MABESOONE; TINOCO, 1973; BRUNO; HESSEL, 2006, entre outros), Cretaceo
da Bacia do Araripe, sdo, geralmente, desatualizadas (vide discussdo em
FURSICH et al., 2019) e/ou incompletas (RODRIGUES et al., 2020. 2022;
GUERRINI, 2023 sao excegdes). Isso, portanto, dificulta tentativas de utilizagao
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destes macroinvertebrados bentdnicos em biocorrelagdes e reconstrucdes
paleogeograficas.

O mesmo pode ser dito acerca da malacofauna cretacea encontrada nos
estados da Bahia e Maranh&o (ALLPORT, 1860; HARTT, 1870; WHITE, 1887;
MAWSON; WOODWARD, 1907; MAWSON, 1913; MELO JUNIOR; OLIVEIRA,
1939; FERREIRA et al.,, 1995), cuja presenga de bivalves dulcicolas foi
confirmada durante os mais recentes esforgos produzidos no contexto desta
pesquisa. Secdes dedicadas a este tema serdo desenvolvidas em diversas
partes do presente documento. Ademais, conforme discutido abaixo, esta

pesquisa visou contribuir com o preenchimento de algumas destas lacunas.

1.2 Problematicas envolvidas

Reconstru¢cdes paleoambientais e paleogeograficas dos depdsitos
sedimentares do Grupo Santana (sensu NEUMANN; ASSINE, 2015) — i.e.,
formagdes Barbalha, Crato, lpubi e Romualdo — ainda sao controversas,
especialmente no que se refere ao significado e a quantidade de episddios de
inundacdo marinha durante o Aptiano (ARAI, 2014; 2016; ARAI; ASSINE, 2020;
ASSINE et al., 2016; MELO et al., 2020). No entanto, em uma bacia intraplaca
com um complexo historico geologico e conexao restrita a mares abertos, tao
importante quanto reconhecer intervalos marinhos, € identificar os intervalos
onde condigdes plenamente dulcicolas prevaleceram. Neste contexto, os
bivalves da Formacao Crato foram inicialmente interpretados por outros autores
(BRUNO; HESSEL, 2006) como sendo pertencentes a géneros de aguas
marinhas ou salobras, incluindo Yoldia (Yoldiidae), Malletia (Malletidae) e
Barbatia (Arcidae). No entanto, Silva (2019) e Silva et al. (2020a; 2020b)
demonstraram que a fauna de moluscos bivalves da Formacgéo Crato contém
somente formas dulcicolas.

A relevancia desta interpretagao taxonémica reside no fato de que estes
bivalves sao excelentes indicadores paleoambientais, paleogeograficos e
paleoecoldgicos. Porém, a maior parte deste potencial se encontra ainda pouco
explorado. Estudos anteriores tiveram como maior foco as questdes sistematicas
destes fosseis (SILVA et al., 2020a; 2020b). A presente pesquisa visou
aprofundar os conhecimentos ja obtidos, bem como lancar mao de analises

tafondmicas e paleoecoldgicas a fim de estabelecer correlagdes mais robustas



18

e interpretacdes detalhadas do significado destas malacofaunas nas formagdes
Crato e Romualdo da Bacia do Araripe. Nas se¢des seguintes serdo explicitadas
brevemente as principais questdes envolvidas com a pesquisa e, sucedendo-as,
os resultados e discussdes derivados da condu¢ado da mesma durante o periodo
abrangido pela presente tese.

Além disso, acrescentam-se resultados derivados de analises de colecbes
de moluscos fésseis advindos das formag¢des Marizal (Aptiano, Bacia do Tucano),
Salvador (Berriasiano-Barremiano, Bacia do Recdncavo) e Itapecuru (Albiano,
Bacia do Parnaiba), consistindo em descricdo atualizada dos espécimes
analisados que, por sua vez, tém grande relevancia paleogeografica no contexto
das bacias sedimentares do nordeste brasileiro e para a histéria natural dos

moluscos dulcicolas na América do Sul.

1.2.1 Taxonomia dos bivalves dulcicolas de diferentes unidades do Grupo

Santana

Apesar de conhecidos desde o inicio da década de 1970, foi sé
recentemente que a malacofauna da Formacéo Crato comecou a ser descrita e
revisada sob uma concepg¢ao moderna (SILVA, 2019; SILVA et al., 2020a; 2020b).
Ainda assim, apenas as espécies mais comuns e abundantes desta unidade
foram descritas e, em observagdo mais minuciosa das amostras disponiveis,
bivalves micromoérficos e/ou de pequenas dimensdes também foram detectados
na Formacgéao Crato, os quais ocorrem em associagédo com formas ja conhecidas
e descritas em Silva et al. (2020b). A analise dos referidos bivalves
“micromorficos” teve grandes avancos durante a condugdo da pesquisa,
incluindo descricdo formal do taxon (Modiolus? sp.) e publicagdo de artigo
cientifico em periddico internacional (SILVA et al., 2024, Apéndice A). Tais
esforgos forneceram uma compreensao mais refinada da composicao faunistica
de bivalves do Grupo Santana. Esta questdo ganhou ainda mais importancia no
contexto de implicagbes bioestratigraficas tendo em vista as recentes analises
de colecgdes, que identificaram a presenca de uma malacofauna dulcicola nas
formacdes Marizal, Salvador e ltapecuru, conforme podera ser verificado na
secao de Resultados e no Apéndice C do presente documento.

E importante ressaltar ainda que bivalves dulcicolas também foram

encontrados no topo da Formacdo Romualdo, sendo estas as ocorréncias mais
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jovens destas espécies no Grupo Santana. Trata-se de assembleias ja em
avancado estado de analise, com artigo cientifico ja redigido e em vias de
submissao, conforme podera ser visualizado no Apéndice B.

Finalmente, os estudos de Silva (2019) e Silva et al. (2020a; 2020b)
sugeriram que as espécies até o momento descritas (i.e., Araripenaia elliptica,
Cratonaia novaolindensis e Monginellopsis bellaradiata), denotam os primeiros
registros de ?Hyriidae, Silesunionoidea e Trigonioidoidea em depdsitos do
Cretaceo Inferior da Bacia do Araripe. Comparagdes com taxons conhecidos da
Europa, Asia, América do Norte, Africa e Australia demonstram que esta fauna
nao pode ser facilmente correlacionada com outras associa¢des faunisticas de
bivalves dulcicolas do Cretaceo Inferior.

Entretanto, estas novas descobertas sugerem que Silesunionoidea e
Trigonioidoidea podem ser taxons mais amplamente distribuidos do que se
pensava anteriormente, estendendo-se para os habitats cretaceos de agua doce
do oeste do Gondwana. A importancia disso reside no fato de que, conforme
mencionado em Silva et al. (2020a), até a descrigdo de C. novaolindensis para
a Formacao Crato, os bivalves dulcicolas do Cretaceo sul-americano eram
conhecidos apenas para o Grupo Bauru, Cretaceo Superior, sudeste brasileiro;
os grupos Neuquén e Malargle na Argentina (vide VAN DAMME et al., 2015), e
em algumas regides do estado da Bahia (ALLPORT, 1860; MAWSON, 1913;
MELO JUNIOR; OLIVEIRA, 1939). As espécies de uniondides do Cretaceo
Superior brasileiro sao relativamente diversas, incluindo membros das familias
Sphaeriidae, Mulleridae, Hyriidae, Sancticarolitidae e, potencialmente, Iridinidae
(SIMONE; MEZZALIRA, 1994; VAN DAMME et al., 2015; SILVA et al., 2020a).
Para a Argentina, foram descritos membros da familia Hyriidae e potencialmente
Iridinidae (MANCENIDO; DAMBORENEA, 1984; PARRAS; GRIFFIN, 2013). A
fauna de bivalves dulcicolas da Formagao Crato, por sua vez, engloba membros
das superfamilias Silesunionoidea (C. novaolindensis), Trigonioidoidea (M.
bellaradiata) e, potencialmente, da familia Hyriidae (A. elliptica). Logo, apenas
um taxon (i.e., Hyriidae) poderia eventualmente estar presente também em
outras assembleias fossiliferas do Cretaceo Superior sul-americano. Afora do
territorio brasileiro, Silesunionoidea € um grupo conhecido apenas em estratos
triassicos (SKAWINA; DZIK, 2011; VAN DAMME et al., 2015; SILVA et al., 2020a)

e, portanto, ndo nos oferecem pistas acerca da paleobiogeografia cretacea.
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Os bivalves dulcicolas do cretaceo australiano englobam quase que
exclusivamente a Familia Hyriidae (HOCKNULL, 2000; THOMPSON; STILWELL,
2010). No entanto, um género trigonioiddide, i.e., Pledgia, foi descrito
(LUDBROOK, 1985). Ressalta-se, no entanto, que, dada a insuficiéncia de
ilustracdes, esta alocagao taxonémica foi rejeitada por Sha (2007), muito embora
0s arranjos musculares tenham sido claramente descritos por Ludbrook (1985).
De qualquer maneira, ambos os grupos australianos de bivalves dulcicolas s&o
potencialmente compartilhados pela fauna da Formacdo Crato, ainda que
Pledgia e Monginellopsis apresentem pouca semelhanga entre si, e,
provavelmente, ndo sejam proximamente aparentados (vide SILVA et al., 2020b).

Na Africa, Hyriidae fésseis e viventes sdo ausentes (VAN DAMME et al.,
2015). No que se refere a Trigonioidoidea, Monginella flattersensis do Grupo
Djoua (Barremiano-Aptiano) da Argélia, noroeste africano (VAN DAMME et al.,
2015) é provavelmente a espécie mais proximamente relacionada com a
Monginellopsis descrita para a Bacia do Araripe (SILVA et al., 2020b). Mongin
(1963; 1968) ja havia proposto conexdes entre as faunas mesozoicas de
uniondides da Africa e Eurasia. Ainda que a maioria das suas descricdes tenham
sido revisadas mais tarde, tais conexdes se provaram ainda mais substanciais,
levando a conclusdo de que “comunidades africanas do Eocretaceo sao
compostas de taxons advindos da Asia/Eurasia, exceto as endémicas” (VAN
DAMME et al., 2015, p. 187)1. Em contrapartida, antes da descoberta de
uniondides na Formacao Crato, nenhuma relacdo convincente havia sido
encontrada entre as malacofaunas dulcicolas do Mesozdico sul-americano e
africano (VAN DAMME et al., 2015), excetuando-se algumas obscuras
referéncias do final do século XIX e inicio do século XX acerca da presenca de
faunas semelhantes no estado da Bahia (e.g., ALLPORT, 1860; MAWSON, 1913;
MELO JUNIOR; OLIVEIRA, 1939, mais detalhes adiante).

As distintas relacdes Afro-Eurasianas sao principalmente baseadas na co-
ocorréncia de Trigonioidoidea. Até a década de 1990, acreditava-se que o0s
Trigonioidoidea eram restritos ao Jurassico Médio, em depdsitos lacustres e
fluviais do Cretaceo do leste asiatico e Asia Central, onde eram amplamente
distribuidos pela China, Mongdlia, Sibéria, Coréia, Japao e sudeste asiatico

1 Tradugéo livre do original: “(...) african communities of early Cretaceous are composed of
Asian/Eurasian taxa, except endemic ones.”



21

(SHA, 1990; 1993; 2007; 2010; TUMPEESUWAN et al., 2010). Entretanto,
atualmente também existem registros de Trigonioidoidea na Europa, em
depdsitos Berriasianos-Valanginianos da Alemanha (FISCHER, 1992), estratos
Barremianos da Inglaterra (BARKER; MUNT, 1993; BARKER et al., 1997) e
depodsitos do Jurassico Superior-Albiano na Espanha (DELVENE; MUNT, 2010;
DELVENE et al., 2011; 2013). Aliado a isso, bivalves trigonioiddides também sao
conhecidos para depdésitos do Jurassico Médio-Cretaceo Superior do norte
africano (VAN DAMME et al., 2015) e, conforme explicitado anteriormente,
possivelmente em estratos do Cretaceo Superior australiano (LUDBROOK,
1985).

O unico registro conhecido para a América do Norte (REESIDE, 1957) nédo
apresenta cicatrizes musculares preservadas e, portanto, foi rejeitado por Sha
(2007). Logo, a recente descoberta de trigonioidoides putativos na América do
Sul (SILVA et al., 2020a; 2020b) agora acrescenta outro continente para sua
distribuicdo e sugere uma relagdo mais proxima entre as faunas dulcicolas da
Gondwana e Laurasia do que se supunha anteriormente. Em comparacdo com
outros continentes, o registro mesozoico de bivalves dulcicolas asiaticos é
extremamente rico. No entanto, os bivalves encontrados na Africa (VAN DAMME
et al., 2015) e América do Sul (SILVA et al., 2020a; 2020b) colocam duvidas na
teoria amplamente aceita de que teria ocorrido uma dispersédo simples fora do

continente asiatico a partir dos seus principais clados.

1.2.2 Interpretacdo de processos e produtos sedimentares nos estratos

portadores de moluscos

Através da utilizacdo de analises tafonbmicas como ferramentas, a
presente pesquisa visou avaliar condi¢gdes relacionadas a formagao dos
intervalos ricos em moluscos da Formagao Crato, em particular a denominada
Camada Caldas, uma camada-guia localizada imediatamente acima dos
calcérios laminados ricamente fossiliferos da Formagéo Crato (VAREJAO et al.,
2021a).

De fato, quaisquer reconstrugdes paleoambientais e/ou paleoecoldgicas
requerem uma abordagem tafonémica de alta resolugéo (HOLZ; SIMOES, 2002;
2005). Isso é necessario pois tal abordagem pode auxiliar a esclarecer (i)

informagdes potencialmente valiosas acerca do paleoambiente e dos ambientes
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sedimentares envolvidos na morte dos organismos que originaram os fosseis,
individualmente, e (ii) a extensao da mistura temporal em cada assembleia fossil.
Analises de alta resolugao podem nos permitir recuperar informagdes contidas
no registro das assembleias ricas em bivalves, com particular atencédo a
“armadilhas”, como a prépria mistura temporal. Dito isso, o primeiro passo nas
analises tafonbmicas é determinar os processos sedimentares envolvidos na
génese das assembleias fossiliferas. O segundo passo € determinar as
resolucdes espaciais e temporais dos fésseis de bivalves dulcicolas nas
assembleias estudadas.

Baseado nos comentarios acima, uma das principais questdes a serem
respondidas é o grau de autoctonia de cada assembleia fossil individualmente.
Em outras palavras, o objetivo € determinar se os bivalves morreram e foram
preservados no seu habitat (i.e., in situ), ou se foram transportados e/ou
retrabalhados (i.e., ex situ). A relevancia deste tipo de analise reside no
reconhecimento de uma possivel mistura temporal, prevenindo contra
interpretacbes paleoambientais errbneas. Uma breve discussdo acerca dos
resultados destas analises se encontra na secio 5.6.3 do presente documento.

Experiéncia anterior com os bivalves da Formacgao Crato reforcam a
necessidade de uma abordagem integrada — sedimentoldgica, estratigrafica,
tafonédmica e paleoecoldgica — visto que muito dos esforgcos passados de
pesquisa tiveram como principal foco a descricdo taxondmica formal dos taxons
de bivalves. Aparentemente, trés assembleias fosseis distintas podem ser
reconhecidas para a Formagao Crato. A primeira € monotipica e monoespecifica,
composta por A. elliptica (SILVA et al., 2020b), a segunda inclui outros taxons e
morfotipos (vide SILVA, 2019; SILVA et al., 2020a; 2020b), e a terceira consiste

em uma assembleia onde predomina Modiolus? sp. (SILVA et al., 2024).

1.2.3 Paleoecologia dos moluscos bivalves aos niveis de individuo, populagéo e

(paleo)comunidade

Infelizmente, quando em comparacdo com bivalves marinhos, os quais
tem sua morfologia funcional (i.e., autoecologia) muito bem conhecida através
dos estudos de Stanley (1970; 1972; 1981), Seilacher (1985) e Savazzi (1987),
entre varios outros, esta questdo é ainda pouco explorada na paleobiologia de

bivalves dulcicolas, especialmente formas fésseis. Até o0 momento, os grupos de
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bivalves Silesunionoidea, Trigonioidoidea e ?Hyriidae ja foram reportados para a
Formacéao Crato (SILVA et al., 2020a; 2020b), e sdo membros da ordem Unionida,
cujos representantes viventes ocupam varios nichos em rios, lagos e lagunas de
agua doce.

Hornbach et al. (2010), quando estudando bivalves dulcicolas recentes do
rio St. Croix (Minnesota e Wisconsin, EUA), tracaram relagdes entre o formato
da concha e o nicho que um determinado bivalve “prefere” dentro do contexto de
um ambiente fluvial. Os autores notaram que existe uma alta plasticidade
morfologica intraespecifica entre bivalves dulcicolas, que, por sua vez, acabam
por apresentar uma morfologia que varia de acordo com o nicho ocupado. Por
outro lado, Dillon (2000), focando em ocorréncias lacustres, observou que
uniondides tendem a habitar os lugares mais préximos possiveis da Interface
Agua-Sedimento (IAS), ao fundo dos lagos. Tal preferéncia é, possivelmente,
uma resposta a condicdes ambientais tais como luz, temperatura, disponibilidade
de alimentos e intensidade do fluxo de agua. Anderson (2014), por sua vez, ao
analisar bivalves uniondides ultra-alongados (i.e., razdo comprimento/altura >
3.0), notou que eles se assemelham bastante a algumas formas marinhas
alongadas, o que pode sugerir uma interpretacao da evolugdo que se mova de
“selecao natural produzindo uma solugédo 6tima para determinadas condigcdes
ambientais” para “algumas condigdes ambientais limitam a variagdo morfolégica,
fazendo com que uma determinada morfologia seja inevitavel”> (ANDERSON,
2014; THOMAS, 1978; 1988; WAKE, 1999; BRAKEFIELD; ROSKAM, 2006;
MCGHEE, 2011; LOSOS, 2011). Aliado a isso, bivalves com essa morfologia
também tém o comportamento de enterrar-se verticalmente no substrato, algo
pouco usual em bivalves dulcicolas.

A importancia desses dados reside no fato de que o formato, espessura e
outros atributos morfolégicos da concha podem fornecer informagdes relevantes
acerca do ambiente fisico ocupado por estes bivalves, especialmente no que se
refere a niveis de energia, tipo de substrato e taxa de sedimentacgéo. A presente

pesquisa visou explorar estas questdes no contexto da fauna de moluscos

2 Traducao livre do original: “(...) natural selection producing an optimal solution for certain
environmental conditions”; “(...) certain environmental conditions that limits the morphological
variation, so that a certain shape is inevitable.”
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bivalves da Camada Caldas, Formacao Crato, Bacia do Araripe. Resultados
concernindo tais indagagdes serao apresentados na sec¢éo 5.4 deste documento.

Tendo em méaos os dados tafondmicos, sedimentoldgicos, estratigraficos
e paleoecoldgicos das ocorréncias de bivalves dulcicolas no Grupo Santana, é
possivel realizar um nivel complexo de analise paleoambiental, isto €, uma que
leve em consideracdo as associagbes fossiliferas como um todo. Esta
abordagem, que pode fornecer dados-chave para as interpretagcdes do registro,
bem como discussdes, poderdao também ser visitadas na se¢éo 5.4 do presente
documento.

Dados anteriores sugerem que ao menos duas associagdes
paleoecoldgicas ocorrem na Formacdo Crato, no que se refere a bivalves
dulcicolas, ambas no mesmo nivel estratigrafico, mas em localidades distintas.
A primeira destas associacbes € monotipica e monoespecifica, usualmente
formada exclusivamente por individuos da espécie A. elliptica. A segunda
associacgao fossilifera € mais diversa, contendo, além de A. elliptica, também C.
novaolindensis, M. bellaradiata, bem como Modiolus? sp., e varios gastropodes.
A ocorréncia dessa associagao diversa era conhecida, até pouco tempo atras,
em uma unica localidade — i.e., Pedreira Trés Irmaos, municipio de Nova Olinda,
Ceara — embora as facies sedimentares sejam as mesmas daquelas
observadas nas associa¢gdes monoespecificas.

A variagao de diversidade e abundéancia entre as diferentes localidades é
algo intrigante, e a explicagdo desse fendbmeno ecoldgico € algo fundamental
para uma reconstrucédo paleoambiental destes importantes intervalos. A presente
pesquisa visou fornecer contribuicbes para possiveis respostas relacionadas a
esta questao, e uma discussdo podera ser acessada em se¢des subsequentes
da presente tese. Além disso, da mesma forma, foi descrita uma nova
assembleia de bivalves recentemente descoberta na Seg¢do Sobradinho,
também na Formacédo Crato, mas aproximadamente 15 metros acima da ja
descrita Camada Caldas (VAREJAO et al., 2021a), a camada portadora de
bivalves que compdem as duas assembleias supracitadas, estendendo
verticalmente/temporalmente a distribuicdo destes animais, além de representar
uma segunda localidade, em adicdo aquela observada na Camada Caldas.
Detalhes e implicagbes dessa descoberta poderao ser acessados em artigo

cientifico ja publicado (SILVA et al., 2024; Apéndice A). Similarmente, descobriu-
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se que taxons originalmente descritos para a Formagédo Crato também se
encontram presentes nas formagbes Marizal e Itapecuru, o que estende
lateralmente a distribuicdo destes moluscos bivalves, complementando assim o

dado supracitado, referente a extensao temporal desta fauna.

1.2.4 Distribui¢des vertical e espacial dos bivalves dulcicolas em varias unidades

sedimentares e o potencial uso dessas informacgdes para biocorrelacéo

O conhecimento acerca da distribuicao vertical dos bivalves dulcicolas do
Grupo Santana, bem como de outras unidades aptianas, esta repleto de lacunas,
embora haja dados disponiveis, especificamente, para a Formacdo Crato,
conforme visto em Varejao (2019) e Silva (2019). Quando combinadas com o
conhecimento das composi¢cbes faunisticas das assembleias de bivalves
dulcicolas, estas lacunas dificultam nossas possibilidades de estabelecer com
precisdo a distribuicao vertical das espécies e suas possiveis biocorrelagoes.

De fato, dados disponiveis (VAREJAO, 2019; SILVA, 2019; SILVA et al.,
2020a; 2020b) sugerem, em um primeiro momento, que bivalves dulcicolas do
Grupo Santana estao restritos a Formagao Crato. Na verdade, até recentemente,
as principais ocorréncias estavam restritas a uma camada de lamitos de ~30 a
130 cm de espessura, cinzenta e intensamente bioturbada (VAREJAO, 2021a).
Esta camada forma a parte basal de uma sucessdo predominantemente
siliciclastica, situada imediatamente acima dos célebres calcarios laminados
ricamente fossiliferos da Formagéo Crato (MARTILL et al., 2007a; RIBEIRO et
al.,, 2021). Até aqui, esta camada-guia foi reportada em quatro diferentes
localidades na borda leste da Bacia do Araripe (VAREJAO et al., 2021a).

Os dados disponiveis em Varejao (2019) e Silva (2019) parecem sugerir,
inicialmente, que a presencga de bivalves dulcicolas era efémera durante a
deposicao da Formacao Crato, e altamente dependente de facies sedimentares
particulares (i.e., lamitos cinzentos bioturbados). E realmente curioso que
conchas de bivalves e gastropodes ainda ndo tenham sido encontradas nos
calcarios laminados da Formacgdo Crato. Aparentemente, estes organismos
ocuparam ambientes de &agua doce, onde sedimentagdo siliciclastica
predominava. No entanto, ao longo do desenvolvimento desta pesquisa, novas
ocorréncias de bivalves dulcicolas dentro das formacbes Crato e Romualdo

foram encontradas. Estas novas ocorréncias demonstram que bivalves
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dulcicolas sao mais amplamente distribuidos, vertical e espacialmente no Grupo
Santana do que se acreditava anteriormente (SILVA et al., 2024, Apéndices B e
C).

1.2.5 Os bivalves dulcicolas do Cretaceo da Bahia: Um breve resgate histérico

A primeira mengéo de uma fauna de moluscos fosseis no estado da Bahia
€ de Allport (1860). De acordo com ele, a colina onde se encontra o forte Mont

Serrat? (sic) possuia um desfiladeiro rochoso que apresentava intercalagdes de

conglomerado, arenito e um folhelho arenoso fossilifero (Fig. 1).

,_.

. Y :

> ]
Figura 1. A. Conglomerados aflorando na colina onde esta situado o Forte Monte Serrat, Salvador
(BA). B. Detalhe dos conglomerados. C. Intercalagcdo de conglomerados com arenitos/lamitos. A
imagem original ndo possui escala. Fonte: Modificado de Magalhaes, 2020

Neste folhelho, proximo a base do desfiladeiro, foram encontrados, a

época, escamas de peixes, dentes e 0ssos de saurios (sic), juntamente com

8 Trata-se de uma fortaleza construida em Salvador (BA) em 1742, atualmente situada na rua da
Boa Viagem.
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alguns moluscos e Entomostraca (sic). Dentre os moluscos, Allport (1860) relata
a presenca de gastrépodes e um bivalve - nenhum deles figurados no manuscrito
- e classifica o bivalve como pertencente ao género Unio.

E somente apds uma década que novas ocorréncias foram relatadas por
Hartt (1870), desta vez ao sul da localidade de Pedra Furada (sic), cuja
localizagao precisa nao foi informada. Em mapa presente no artigo de Mawson
e Woodward (1907), contendo localidades fossiliferas do Cretaceo da Bahia, é
possivel visualizar uma localizag&o entdo conhecida como “Pedra Furada” (Fig.

2), possivelmente a mesma referida por Hartt (1870).
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Figura 2. Mapa com localidades fossiliferas do cretdceo da Bahia em relacdo a
Estrada de Ferro da Bahia ao S&o Francisco (EFBSF). As localidades de Montserrat,
Pedra Furada, Plataforma, Periperi, Pitanga, Pojuca e S. Thiago se encontram
destacadas. Atualmente, as quatro primeiras se tratam de regides do municipio de
Salvador (BA), sendo Periperi um tanel da EFBSF; Pitanga, por sua vez, € uma
estacdo de trem, atualmente desativada e situada no municipio de Mata de Sdo Jodo
(BA), enquanto as duas Ultimas localidades estdo situadas, atualmente, no municipio
de Pojuca (BA). Fonte: Modificado de Mawson e Woodward (1907)

Ainda de acordo com Hartt (1870), haveria, nesta localidade, um calcario
claro e argiloso, de textura fina, onde ocorrem numerosas conchas de
gastrépodes e de bivalves atribuidos a época ao género Unio (além de dentes e
0sso0s de répteis e escamas e 0ssos de peixes do género Lepidotus). No mesmo

artigo, Hartt (1870) fornece, pela primeira vez, uma descricao da espécie de
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bivalve encontrada por Allport (1860) em Mont Serrat (sic), nomeando-o como
Unio (Anodon?) Totium-Sanctorum (sic), em referéncia a Baia de Todos os
Santos.

A cerca de meia milha da localidade de Plataforma, cuja localizag&o
também nao é especificada pelo autor, Hartt (1870) cita, ainda, a presenga de
mais um afloramento contendo fésseis de vertebrados (peixes, répteis e
crocodilomorfos), além da presenga muito abundante de um pequeno
gastrépode e raras conchas de bivalves “unio-like” (sic) (HARTT, 1870). A
provavel localidade de Plataforma também se encontra figurada no mapa de
Mawson e Woodward (1907) (Fig. 2).

Posteriormente, quem ira tratar desses fésseis € White (1887), conforme
citacao direta a seguir:

Os fésseis moluscos aparecem em leitos calcareos no xisto de Mont
Serrat, promontério dos arrabaldes da cidade da Bahia [Salvador], e no
corte de Sdo Thiago, perto da estagdo de Pojuca, a 85 quildbmetros da
cidade da Bahia pela estrada de ferro [as duas localidades citadas,
bem como a prépria ferrovia, podem ser verificadas no mapa
apresentado na Fig. 2]. Nesta dultima localidade foram feitas
importantes colec¢des pelo Sr. Joseph Mawson, antigo superintendente
da estrada de ferro da Bahia. Todos os outros fosseis descritos nestas
memorias, exceto os do Rio Piabas, foram colecionados pela
Comissdo Geoldgica dirigida pelo Prof. Charles Frederick Hartt. A
geologia geral da regido da Bahia é descrita na obra ja citada do Prof.
Hartt. [Hartt, 1870] (...). Os fbsseis descritos nestas memorias
representam uma fauna que oferece certas diferengas notaveis de
qualquer das faunas cretaceas descobertas em outras partes do
mundo. Além disso, quanto a seus tipos moluscos, esta fauna brasileira
parece ter relagdes mais intimas com a fauna cretacea da india
Meridional do que com qualquer outra até hoje estudada. A fauna
imediatamente semelhante é talvez a da formagdo Gosau, na Austria.
(WHITE, 1887, p. 14, ortografia atualizada para o portugués moderno)

Ainda sobre a malacofauna fossilifera da Bahia:

A pequena colecao de moluscos d’agua doce do grupo da Bahia, que
o Professor Hartt referiu ao Cretaceo inferior, € muito interessante, ndo
s6 porque representa uma fauna de moluscos peculiar ao periodo
cretaceo, como também porque as espécies pertencem a tipos
modernos. E exato que referi duas destas espécies ao género
Lioplacodes Meek, género esse considerado extinto; é dificil, porém,
dizer em que ele difere do género vivo Lioplax Troschel, especialmente
nada se sabendo quanto ao opérculo do primeiro. Em todo caso esta
fauna cretacea d'agua doce, cujas espécies conhecidas sido todas
figuradas na estampa XXVI [Fig. 3], é de aspecto muito moderno. Ela
confirma um fato a que me tenho referido muitas vezes em meus
escritos sobre a paleontologia norte-americana, e é que, em muitos
casos, os tipos vivos dos moluscos d’agua doce chegaram-nos quase
sem mudancga de remotos periodos geoldgicos. (...) Os fésseis destas
colecdes, especialmente os conchiferos e gastropodes, estdo na maior
parte muito imperfeitamente conservados. O seu estudo critico foi por
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isso extremamente dificil, conservando ainda os resultados
apresentados muitos pontos de incerteza. Por exemplo, ha um grande
nimero de espécies que sao representadas por exemplares
consistindo simplesmente em impressbées naturais, e que, em regra
geral, ndo mostram os caracteres essenciais dos géneros a que séo
respectivamente referidos. Em tais casos, dando nomes genéricos as
respectivas espécies, fui obrigado a basear-me na forma exterior e
outras feicbes externas, que, como se sabe, estdo ordinariamente
ligadas a certos caracteres genéricos essenciais da charneira e
impressdes musculares dos conchiferos, e da abertura e feicoes
internas dos gastropodes e cefalépodes. (WHITE, 1887, p. 18, grifos
meus, ortografia atualizada para o portugués moderno)

Acerca desta citacdo, € interessante notar as colocagdes de C.A. White
sobre a dificuldade de alocar taxonomicamente esta fauna e, principalmente, nos
trechos grifados, chama a atencéao a ideia de que as espécies “pertencem a tipos
modernos”. Uma discussao acerca destas assertivas se encontra presente no
Apéndice C.

Estudando as amostras coletadas por Joseph Mawson, White (1887)
forneceu descri¢gdes detalhadas para Sphaerium ativum (Fig. 3.9), Anodonta?
mawsoni (Figs. 3.5-3.6), Anodonta? allporti (Figs. 3.3-3.4) e Anodonta? hartti
(Figs. 3.1-3.2), além de renomear Unio (Anodon?) Totium-Sanctorum para
Anodonta? toctium-sanctorum (Figs. 3.7-3.8). Ou seja, a partir deste momento,
a fauna de bivalves dulcicolas do cretaceo bahiano passa a ser composta por 5
espécies. A estampa citada por White (1887) pode ser observada na figura 3.

Mais de duas décadas depois, em Mawson (1913), sdo apresentados
dados atualizados de toda a costa da Bahia, incluindo novas ocorréncias de
moluscos na extremidade setentrional do tunel de Periperi (Fig. 2), em solo preto
e arenoso (MAURY, 1925):

Towards the Mont Serrat end of the Pedra Furada Bay three parallel
bands of limestone stand out indistinctly in the cliff and on the beach.
(...)- Immediately underlying the lowest of these limestones is a thick
bed of dark-blue shale, which also contains scales (of two or more
species of Lepidotus) and other fish-remains associated with molluscs
(Anodonta, Paludina, Melania, etc.). This same shale has also yielded
a tooth of a Pterosaur, and contains a fine-textured thin greenish layer,
with a lustrous surface showing numerous small delicate bones, with
shells of molluscs and Ostracods.

In a thin bed of shaly sandstone, a little nearer than the above to Pedra
Furada, all the smaller shells are found in abundance (...).

Between Pedra Furada and Bonfim [atualmente um bairro de Salvador,
BA] a blue shaly mudstone has yielded a portion of a large scale of
Lepidotus, associated with shells (not specified).

(...)
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Km. 72-82. Cuttings on the railway line here show a soft yellow shale,
bearing shells and a few fish-remains. The shells agree with those
from San Thiago.

Km. 86, San Thiago. Over a tough drab-coloured shale, nearly
unfossiliferous shale, lies a softer mellower shale containing Anodonta
and other shells (...).

Periperi Tunnel, north end. Km. 11-12. A black modern sandy soil, full
of shells of molluscs, about 15 feet above the present beach, calls to
mind an apparently similar formation in the island of ltaparica described
by Mr. Rathbun; and in view of the interesting particulars given by him
it is probable that the Periperi bed would repay the labour of a closer
examination. Some of the shells are in the British Museum (Nat.
Hist.).

(...)

Pitanga Station Cutting. This cutting is figured and described in Hartt’s
Geology and Physical Geography of Brazil, p. 368. [HARTT, 1870] The
pink and white shale marked g has been found to contain several
species of molluscs, some of which have not yet been found
elsewhere. Specimens of these, not well preserved, are in the
British Museum (Nat. Hist.), South Kensington. These strata are well
worthy of further exploration. The contour of the cutting has been
altered in late years. (MAWSON, 1913, p. 357-361, grifos meus).

E interessante chamar atengdo para alguns dos grifos realizados nas
citagdes acima, de Mawson (1913). Em alguns momentos, o autor cita o fato de
que varios espécimes de moluscos encontrados nestas localidades foram
depositados, pelo préprio, no “British Museum (Nat. Hist.)”, atual Natural History
Museum em Londres, Reino Unido. Neste contexto, foi realizado contato com a
instituicdo, obtendo assim éxito em localizar algumas das amostras, conforme
podera ser verificado mais adiante.

Os préoximos a tratarem das localidades fossiliferas da Bahia foram Melo
Junior e Oliveira (1939), aprofundando os esforgcos de Mawson (1913) e
expandindo consideravelmente a distribuigao lateral desta fauna. De acordo com
os autores, os pesquisadores anteriores (e.g., ALLPORT, 1860; MAWSON, 1913)
teriam focado suas coletas em locais de facil acesso. Entre 1937 e 1939, o
Servigo Geoldgico realizou uma investigacdo mais profunda ao norte da Bahia,
durante a qual aproximadamente 80 novos pontos de coleta de fésseis foram
descobertos (MELO JUNIOR; OLIVEIRA, 1939). Ressalta-se que o trabalho de
Melo Junior e Oliveira (1939) somente prospectou novas ocorréncias das
mesmas faunas, isto €, ndo inclui descricdes de novas espécies. Isso significa
que, no que se refere a fauna de bivalves, foco desta pesquisa, seriam entao os
mesmos animais encontrados e descritos por Allport (1860), Hartt (1870) e White
(1887).
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Infelizmente, a colecdo analisada por White (1887), coletada pela
Comissao Geoldgica do Império, se encontrava no Museu Nacional durante o
incéndio de 2018. No entanto, em visita a instituicao, apds o ocorrido, foi possivel
encontrar, resgatadas, as espécies-tipo descritas por C. A. White, quase em sua
totalidade: apenas Anodonta? toctium-sanctorum encontra-se desaparecida.
Através de uma reanalise destas amostras, foi possivel elaborar os resultados
apresentados na forma de artigo no Apéndice C.

Ademais, em visita realizada a colecao de invertebrados do Museu de
Ciéncias da Terra (MCTer), Rio de Janeiro, também tive a oportunidade de
visualizar e fotografar amostras coletadas por Melo Junior e Oliveira (1939),

conforme podera ser verificado mais adiante.



Figura 3. Estampa XXVI citada por White (1887) com ilustragGes dos bivalves dulcicolas
do cretaceo da Bahia. Notar os espécimes apresentados em 1-2. Anodonta? hartti. 3-4.
Anodonta? allporti. 5-6. Anodonta? mawsoni. 7-8. Anodonta? toctium-sanctorum. 9.
Sphaerium ativum. Infelizmente néo se encontra disponivel uma digitalizacdo de melhor
qualidade. Fonte: White (1887).
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1.3 Hipotese de trabalho

Esta pesquisa tem como hipotese central verificar a origem néo-
Gondwanica das malacofaunas dulcicolas do Cretaceo Inferior do nordeste
brasileiro. A hipétese encontra suporte na recente descoberta dos bivalves nao-
marinhos na Formagdo Crato, incluindo membros das superfamilias
Silesunionoidea e Trigonioidoidea, cuja ocorréncia na América do Sul ndo era
sequer imaginada até pouco tempo atras. Além do que ja foi estudado sobre os
bivalves dulcicolas do Grupo Santana, novas formas foram descritas durante o
periodo abrangido por esta pesquisa (SILVA et al., 2024, Apéndice A) e, em
adicdo a isso, novas ocorréncias da fauna tipicamente atribuida a Formacéao
Crato também foram registradas para a Formagao Romualdo (Apéndice B).

Ja no Apéndice C, sao descritos, pela primeira vez, os bivalves dulcicolas
das formacgdes Salvador, Marizal e Itapecuru, as quais fornecem dados
importantes para verificacdo da hipétese acima, levando a estabelecer claras
diferencas entre as malacofaunas dulcicolas do Cretaceo Inferior e Superior
brasileiros, muito provavelmente possuindo origens evolutivas, em parte,

distintas.
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2 OBJETIVOS
2.1 Objetivos gerais

O principal objetivo desta pesquisa foi o estudo integrado, envolvendo
aspectos sedimentologicos, tafonémicos, estratigraficos e, principalmente,
taxonémicos, envolvendo distintas malacofaunas dulcicolas do nordeste
brasileiro (mas especialmente das formagdes Crato e Romualdo, Bacia do
Araripe), com a finalidade de: (i) aprimorar a compreensao da taxonomia dos
bivalves dulcicolas de unidades do Grupo Santana e das formagdes Marizal,
Salvador e Itapecuru; (ii) ampliar o conhecimento tafonémico das assembleias
de bivalves das formacdes Crato e Romualdo, a fim de determinar com acuracia
0s processos e produtos sedimentares envolvidos na génese dos estratos dos
quais os moluscos sédo advindos; (iii) refinar os conhecimentos acerca das
distribuicbes vertical e espacial da malacofauna dulcicola em varias unidades
sedimentares, bem como utilizar estas informagdes em contexto paleogeografico

mais amplo.

2.2 Objetivos especificos

(a) Incrementar os conhecimentos fundamentais acerca da taxonomia das
assembleias de bivalves dulcicolas, aprimorando assim os dados de

composicao faunistica e evolucéo;

(b) Estabelecer aspectos tafonémicos basicos das assembleias aptianas de
bivalves dulcicolas que, no futuro, podem servir para a interpretacao
de outras concentragbes de moluscos em configuracdes

sedimentares mesozodicas;

(c) Melhorar os conhecimentos basicos acerca da paleoecologia de bivalves
dulcicolas, adicionando assim dados valiosos para a interpretacao de

ambientes sedimentares;

(d) Determinar com preciséo as distribuicbes estratigrafica e geografica dos
bivalves dulcicolas aptianos a fim de aprimorar biocorrelagdes intra e
interbasinais, bem como aprofundar as investigacbes em outras

unidades do Eocretaceo.
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(e) Revisar e/ou descrever os bivalves cretaceos do Conglomerado de Mont
Serrat, Formagado Salvador, com base no material fossil original
coletado por Mawson (1913), disponivel em coleg¢ao localizada na
Inglaterra, além do material descrito por White (1887), localizado no
Brasil;

(f) Descrever os bivalves dulcicolas das formagdes Marizal e Itapecuru.
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3 CONTEXTO GEOLOGICO
3.1 Aspectos geoldgicos da Bacia do Araripe

A Bacia do Araripe (Fig. 4A) é uma das principais bacias mesozoicas do
nordeste brasileiro, tendo sido originada por uma deformacéo transcorrente ao
longo de descontinuidades litosféricas (e.g., Zona de Cisalhamento de Patos),
em resposta ao rompimento dos continentes Sul-americano e Africano (ROSA et
al., 2023). A sucessao sedimentar mesozoica dessa bacia inclui trés sequéncias
estratigraficas de terceira ordem limitadas por discordancias erosivas de carater
regional (ASSINE et al., 2014) (Fig. 4B e 5). Tais sequéncias estao relacionadas
a distintas fases tectonicas de uma bacia com complexa histéria geologica (ver
ASSINE, 1992; 2007; PONTE; PONTE-FILHO, 1996).

Diferentes organizagdes litoestratigraficas foram propostas para a Bacia
do Araripe. Aqui sera adotada a proposigao de Assine (2007), com modificagdes
de Neumann e Assine (2015).

A idade, ambiente deposicional e estratigrafia das unidades do Grupo
Santana tém sido alvo de intenso debate desde a década de 1990. Para
apropriagdo mais detalhada das discussdes, o que foge do escopo deste
documento, sugerimos, além das referéncias supracitadas, os seguintes
trabalhos (ARAI; COIMBRA, 1990; ASSINE et al., 2014; BAEZ et al., 2009;
CARMO et al., 2008; CATTO, 2016; CHAGAS, 2006; CUSTODIO et al., 2017;
FAMBRINI et al., 2019; FURSICH et al., 2019; HEIMHOFER; HOCHULI, 2010;
MAKARKIN; MENON, 2005; MARTILL et al., 2007a; 2007b; MARTINS-NETO,
2006; MOHR; EKLUND, 2003; NEUMANN, 1999; NEUMANN et al., 2003;
PAULA-FREITAS; BORGHI, 2011; SCHERER et al., 2015; SILVA; NEUMANN,
2003; VAREJAO et al., 2016; 2021b; WARREN et al., 2016), entre outros.

O Grupo Santana registra sucessdo mista siliciclastica-carbonatica-
evaporitica predominantemente continental, com progressiva conexao marinha
em diregdo ao topo. O registro € dado por deposicdo em ambientes
deposicionais fluviais a lacustres (Formagao Barbalha), lacustres a costeiros
(Formagao Crato) (Fig. 4C), costeiros evaporiticos (Formagao Ipubi), e
plataformais a transicionais (Formagdo Romualdo) (ASSINE, 2007; NEUMANN;

ASSINE, 2015) (Fig. 5). Uma biota diversa e bem-preservada esta presente nas
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formagbes Crato e Romualdo (e.g., MARTILL, 1993; MARTILL et al., 20073;
MAISEY, 1991).
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3.1.1 Formacao Crato

A Formacao Crato é representada por uma sucessdo com até 90 m de
espessura de calcario intercalado com camadas igualmente espessas de
folhelho e arenito (ASSINE et al., 2014; VAREJAO et al., 2021b) (Fig. 4). Tais
calcarios sado ricos em fosseis continentais cretaceos excepcionalmente
preservados (Konservat-Lagerstétte); em particular artropodes, peixes,
tartarugas, sapos, crocodilomorfos, pterossauros, gimnospermas, angiospermas
basais e fungos, estao entre os fosseis mais bem-preservados (MAISEY, 1991;
MARTILL et al., 2007a; HEADS et al., 2008; VAREJAO et al., 2019a; RIBEIRO
etal.,, 2021).

Martill (1993) propds a subdivisdo da unidade em trés membros — i.e.,
Nova Olinda, Barbalha e Jamacuru. Estes foram, posteriormente, redefinidos por
Martill (2007a) como membros Nova Olinda, Caldas, Jamacuru e Casa da Pedra.
No entanto, nenhuma dessas subdivisbes atendem aos pré-requisitos exigidos

pela Comissdo Internacional de Estratigrafia* (ICS).

4 International Comission of Stratigraphy
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AFormacéo Crato era interpretada unicamente como um sistema lacustre,
devido a auséncia de fésseis francamente marinhos (COIMBRA et al., 2002;
NEUMANN et al., 2003; HEIMHOFER et al., 2010). Entretanto, mais
recentemente, também foram reconhecidos depdsitos advindos de ambientes
marinhos transicionais, apresentando inclusive icnofésseis e microfésseis
marinhos (VAREJAO et al., 2021b; GUZMAN et al., 2023).

Ainda de acordo com dados analisados por Varejao et al. (2021b), a
sequéncia deposicional abrangendo toda a Formagao Crato, juntamente com o
topo da Formacgéao Barbalha e a base da Formacgéo Ipubi, engloba registros bem
definidos de ingressdes marinhas ligadas a depdsitos predominantemente
siliciclasticos, enquanto sucessdes predominantemente carbonaticas registram
deposicdo em corpos de agua doce a hipersalinos. O processo alociclico
associado com variagdes climaticas tectonicas e eustaticas resultou em
condi¢des flutuantes de sedimentacéo continental e marinha (VAREJAO et al.,
2021b, Fig. 16, p. 31).

3.1.1.1 Camada Caldas

Conforme comentado em sec¢des anteriores, bivalves dulcicolas ja foram
reportados para o Grupo Santana, principalmente na Formacdo Crato,
imediatamente acima dos calcarios laminados ricamente fossiliferos (SILVA et al.,
2020a, 2020b; VAREJAO et al., 2021a) (Fig. 6) — i.e., C. novaolindensis, A.
elliptica e M. bellaradiata. De fato, um dos intervalos mais promissores para a
busca de bivalves dulcicolas na sucessao sedimentar Santana é a Camada
Caldas da Formacéo Crato (VAREJAO et al., 2021a).

Trata-se de uma camada-guia regionalmente persistente, definida como
sendo um intervalo de até 2 m de espessura, caracterizado por lamito cinza-
esverdeado e intercalagdes de siltitos arenosos e argilito, logo acima dos
calcarios Konservat-Lagerstétte (Fig. 6). Este intervalo foi reconhecido em varias
localidades ao longo do cinturdo de afloramentos da unidade, particularmente
nos riachos Estiva e Batateira, bem como nas pedreiras Caldas e Trés Irmaos
(Fig. 4A).

O contato inferior, com o calcario laminado, e o superior, com siltito
arenoso, arenito e facies heteroliticas, sdo abruptos, com espessura da camada
variando de 0.85 a 2 m (VAREJAO et al, 2021a). O intervalo contém bivalves
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dulcicolas (Fig. 7), espécies nado-descritas de gastropodes, ostracodes raros,
restos carbonizados de plantas e icnofésseis.

A Camada Caldas é, portanto, interpretada como tendo sido depositada
em um corpo de agua doce que ocupou toda a area leste da Bacia do Araripe
apds a deposicao dos calcarios laminados ricamente fossiliferos formado em
condigdes lacustres hipersalinas (WARREN et al., 2017). Ela registra uma
mudanga paleoambiental ampla e abrupta, assim como mudangas nas
paleocomunidades bentdnicas associadas, representando um evento regional
isdcrono de curta duragao, caracterizado por mudancas repentinas nos padroes
de sedimentacdo, batimetria, salinidade, oxigenacdo e quimica da agua
(VAREJAO, 2019; VAREJAO et al., 2021a).

> L " |
Figura 6. A Camada Caldas em sua secédo-tipo,
imediatamente acima do Konservat-Lagerstatte. Fonte:
Varejdo et al. (2021a)
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Figura 7. Duas espécies de bivalves duicicolas ja descritos para a Formacao Crato (SILVA et al.,
2020a, 2020b). A. Araripenaia elliptica. B. Monginellopsis bellaradiata. Escala = 2 cm. Fonte:
Elaborado pelo autor.

3.1.2. Formag&o Romualdo

A Formacao Romualdo engloba todos os estratos do Grupo Santana que
sucedem a sucessao de evaporitos da Formacéao Ipubi. Ao topo, a unidade &
sobreposta por uma discordancia, sobre a qual foram depositadas as formagdes
Araripina e Exu, do Grupo Araripe. (ASSINE et al., 2014; CUSTODIO et al., 2017)
(Fig. 5). A unidade é muito fossilifera, possuindo macrofésseis em abundéancia
(e.g., BEURLEN, 1971a; MABESOONE; TINOCO, 1973; MARTILL, 2007;
RODRIGUES et al., 2020; 2022), bem como microfésseis (LIMA, 1978; ARAI;
COIMBRA, 1990; COIMBRA et al., 2002; ANTONIETTO, 2010; ANTONIETTO et
al., 2012; MELO et al., 2020; ARARIPE et al., 2021; BOM et al., 2021; GUZMAN
et al., 2022; 2023; LACERDA et al., 2023; VALLEJO et al., 2023).

A Formacado Romualdo abrange um folhelho negro rico em concregoes,
de aproximadamente 3 a 5 metros de espessura, contendo macrofésseis bem-
preservados, incluindo peixes (e.g., SANTOS; VALENCA, 1968; MARTILL, 1988;
MAISEY, 1991; FARA et al., 2005), pterossauros (e.g., VILA NOVA et al., 2011;
MARTILL, 2011; AIRES et al., 2014; DUQUE et al., 2023), tartarugas (e.g.,
MEYLAN, 1996; HIRAYAMA, 1998; KELLNER; CAMPOS, 1999; ROMANO et al.,
2013), dinossauros (KELLNER, 1997; KELLNER; CAMPOS, 2000), e crustaceos
(SANTANA et al., 2013; PINHEIRO et al., 2014; GOMES et al., 2023).

Varios cenarios paleoambientais da Formagdo Romualdo foram propostos
para o nivel de preservagao excepcional. Por exemplo, baseado na ictiofauna

diversa e bem-preservada, Santos e Valenga (1968) postularam deposi¢cao em
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ambiente estuarino. Subsequentemente, Mabesoone e Tinoco (1973)
propuseram um grande golfo conectado com o mar, porém influenciado por
grandes influxos sazonais de agua doce. Em contrapartida, um ambiente
predominantemente ndo-marinho foi sugerido por Maisey (1991) e Martill (2007).

Incursées marinhas sdo documentadas por microfésseis marinhos,
incluindo, por exemplo, cistos de dinoflagelados, ostracodes e foraminiferos
tipicos de ambientes costeiros (i.e., lagunas e estuarios; ARAI; COIMBRA, 1990;
COIMBRA et al., 2002; MELO et al., 2020; BOM et al., 2021). De acordo com
Heimhofer e Hochuli (2010), a baixa diversidade de cistos de dinoflagelados
sugere um ambiente marinho restrito durante a deposigdo da Formacgao
Romualdo.

Os outros intervalos-fossiliferos-chave ocorrem proximos ao topo da
Formacdao Romualdo, caracterizados por camadas de 5 a 30 cm, ricas em
conchas de gastrépodes e bivalves (BEURLEN, 1962; 1963; 1964; 1966; 1971a;
1971b; MABESOONE; TINOCO, 1973; SANTOS, 1982; PRADO et al., 2015;
PEREIRA et al., 2016; RODRIGUES et al., 2020; 2022; GOMES et al., 2023),
bem como equindides (BEURLEN, 1966; MANSO; HESSEL, 2007; 2012;
PRADO et al., 2016) e estromatdlitos (VAREJAO et al., 2019b). As ocorréncias
de equindides e estromatolitos sdo evidéncia indisputavel de ingressdes

marinhas no cretaceo da Bacia do Araripe.

3.2 Breves consideracfes acerca dos aspectos geologicos das Bacias do

Tucano e Recbncavo, com énfase nos arredores de Salvador, Bahia

A Bacia do Tucano, situada no nordeste brasileiro, é a principal bacia do
rifte Recbncavo-Tucano-Jatoba (RTJ), com wuma area exposta de
aproximadamente 45.000 km?. O estabelecimento da bacia se deu nos periodos
iniciais do cretaceo, em contemporaneidade com a abertura do Atlantico Sul
(MAGNAVITA et al., 2003; TAMURA et al., 2016). A bacia é dividida nas sub-
bacias Norte, Central e Sul, sendo limitada pelos altos estruturais de Vaza-Barris

e Itapicuru (Fig. 8).



44

San Francisco | |
12 (Craton)

N
)
S40 Francisco o 00k T <y

[ Recont alluvium
5] Younger sedimentary
rocks

) Marizal Fm
B 5o Sebastiso Fm

5] Oder sedimentary rocks of the
RT) (Paleczoi to 1y Cretaceous)

[ Cambrian and Proterozoic
basement rocks

/ Major faults
/ Major ineaments

o a3 0 7S km

Figura 8 - Localizacdo geogréfica do rifte Recdncavo-Tucano-Jatoba e
esboco geoldgico da bacia. Fonte: Modificado de Tamura et al. (2016)

Depésitos sedimentares foram acumulados ao longo da evolugéo do rifte,
atingindo uma espessura de aproximadamente 10.000 km?, abrangendo do
Neocomiano ao Barremiano e incluindo sistemas deposicionais de leque aluvial
(Formacgéao Salvador), lacustres (Formagao Candeias), deltaicos (Grupo llhas) e
fluviais (Formagao Sao Sebastidao) (MAGNAVITA, 1992; MAGNAVITA et al., 1994;
COSTA et al., 2007a; 2007b; TAMURA et al., 2016), sobrepostos pela Formagao
Marizal, uma sucessao de depdsitos fluviais com registros de incursdo marinha
(ARAI, 2014; AMARAL; BRITO, 2012; TAMURA et al., 2016).
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Notavelmente, as formacbes Sao Sebastido e Marizal apresentam as
exposi¢cdes mais claras, caracterizadas, principalmente por arenitos e
conglomerados, com ocorréncias menores de siltito e calcario interpretadas
como sistemas deposicionais fluviais, aluviais e lacustres (MAGNAVITA,
CUPERTINO, 1988; MILANI; DAVIDSON, 1988, COSTA et al., 2007a; 2007b;
FREITAS, 2014; TAMURA et al., 2016).

Na regido de Salvador e arredores, encontram-se rochas provenientes da
bacia do Recbncavo e os metamorfitos do Alto de Salvador, ambas cobertas
parcialmente por sedimentos da Formacgao Barreiras (BARBOSA et al., 2007)
(Fig. 9).

25&m O 25 50 75
— m—

1: 250.000
Figura 9 - Mapa geologico simplificado de Salvador e
arredores. Fonte: Barbosa et al. (2007)

Na Bacia do Recbncavo, na area do municipio de Salvador, observam-se
rochas do Grupo llhas e das formagdes Sao Sebastido e Salvador (CAIXETA et
al., 1994; BARBOSA et al., 2007). O Grupo llhas ocorre a noroeste de Salvador,
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ao redor da Baia de Todos os Santos, composto por folhelhos verde oliva,
arenitos, siltitos e calcarios (Fig. 9). A Formagao Sao Sebastido, pertencente ao
Grupo Massacara (VIANA et al., 1971), encontra-se mais ao norte de Salvador e
consiste em arenitos amarelo-avermelhados depositados por sistemas fluviais.
Ja a Formacgao Salvador, na borda da Bacia do Recdncavo, exibe
conglomerados, interpretados como sendo resultado de deposigao em ambiente
de leques deltaicos (MEDEIROS; PONTES, 1981; MAGNAVITA et al., 1998;
BARBOSA et al., 2007).

Na area proxima a Salvador, destacam-se os sedimentos paledgenos da
Formacgao Barreiras, compostos principalmente por arenitos grossos, argilitos e
conglomerados, depositados em discordancia angular sobre rochas cretaceas e
do embasamento cristalino (BARBOSA et al., 2007).

3.2.1 Conglomerado Mont Serrat

Na area de Mont Serrat, na Ponta de Humaita, area urbana do municipio
de Salvador, afloram principalmente rochas conglomeraticas da Formacéao
Salvador, junto a falha de mesmo nome, formando corpos irregulares,
lateralmente descontinuos, dentro do Grupo llhas (BARBOSA et al.,, 2007).
Esses autores observaram, ainda, em campo, que o0 conglomerado € mais
uniforme na parte norte do afloramento, enquanto na parte sul ha camadas
alternadas de arenito e folhelho. O arenito amarelado, com graos finos a médios,
exibe indicios de estratificacdo cruzada em alguns pontos, sugerindo uma
deposig¢ao simultdnea com os clastos (BARBOSA et al., 2007). As camadas de
folhelho, inclinando suavemente para o nordeste, sdo de cor verde acinzentada
e apresentam microdobramentos devido ao deslizamento dos sedimentos
durante a deposicéo (BARBOSA et al., 2007). E justamente nestes folhelhos que

ocorrem as conchas de bivalves e gastropodes.

3.2.2 Formacéo Marizal

A Formagao Marizal (Aptiano) possui aproximadamente 300 m de
espessura e sobrepde a Formacgao Sao Sebastido com uma desconformidade
regional. Seu limite superior consiste nos carbonatos da Formagéao Crato na sub-
bacia Tucano Norte e na Bacia de Jatoba (MAGNAVITA et al., 2003; COSTA et
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al., 2007a; 2007b; SILVA et al. 2007). Seu conteudo fossilifero inclui palinomorfos,
peixes e ostracodes (ALMEIDA FILHO et al.,, 2022; REIS et al., 2007;
ALVARADO-ORTEGA; BRITO, 2010; AMARAL; BRITO, 2012; TAMURA et al.,
2016).

Em sua base, a Formagao Marizal apresenta depdsitos de arenito, com
camadas de lamito e camadas heteroliticas, advindos de sistema fluvial
(FREITAS, 2014; ALMEIDA et al., 2015; TAMURA et al., 2016). Uma incursao
marinha subsequente é representada por um lamito contendo assembleias

fossiliferas.

3.3 Breves consideracdes acerca da Bacia do Parnaiba

A Bacia do Parnaiba, anteriormente chamada de Bacia do Maranhao, é
uma regido intracratdnica (ALLEN; ARMITAGE, 2012; CORREA-MARTINS et al.,
2018) com aproximadamente 600.000 km? de extensdo (CAMPBELL, 1949;
MESNER; WOOLDRIDGE, 1962; 1964; CORREA-MARTINS et al., 2018),
preenchida por diferentes tipos de rochas sedimentares e magmaticas. Esta area
abrange principalmente os estados do Maranhdo e Piaui, além de partes

menores de outros estados como Ceara, Bahia, Tocantins e Para (Fig. 10).
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Figura 10 - Mapa geoldgico da Bacia do Parnaiba. Fonte: Modificado de Lima e S& (2017)

Os eixos deposicionais da bacia foram controlados pelos lineamentos
Marajo-Parnaiba (LMP) e Picos-Santa Inés (LPSI) e pela Zona de Falha
Transbrasiliana (ZFT) (Fig. 10) (FORTES, 1978; VAZ et al., 2007; CORREA-
MARTINS et al., 2018). As rochas, predominantemente siliciclasticas, da bacia
sdo divididas em diferentes ciclos geoldgicos, no contexto da formagao e
posterior fragmentacdo dos supercontinentes Pangea e Gondwana (GOES;
FEIJO, 1994; VAZ et al., 2007; LINOL et al., 2016; CORREA-MARTINS et al.,
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2018). Os ciclos incluem formag¢des do Siluriano (Grupo Serra Grande,
formagdes Ipu, Tinagua e Jaicds), Mesodevoniano-Eocarbonifero (Grupo
Canindé, formagdes Itaim, Pimenteiras, Cabegas, Longa e Poti),
Neocarbonifero-Eotriassico (Grupo Balsas, formagdes Piaui, Pedra de Fogo,
Motuca e Sambaiba), Jurassico (Formagao Pastos Bons) e Cretaceo (formagdes
Corda, Grajau, Codoé e ltapecuru) (CORREA-MARTINS et al., 2018) (Fig. 10).

3.3.1 Formacéo Itapecuru

A Formacéo Itapecuru, inicialmente proposta por Campbell (1949, 1950),
foi dividida por este autor em trés membros (Serra Negra, Indiferenciado e Boa
Vista), possuindo localidade-tipo préxima ao rio Itapecuru, em Itapecuru-Mirim,
MA (Fig. 11). Posteriormente, a unidade foi revisada por Mesner e Woolridge
(1962; 1964), considerando-a indivisa e predominantemente siliciclastica,
depositada em ambientes interpretados como planicies aluvial e fluvial, estuarino
e deltaico.

A revisao proposta por estes autores foi bem aceita, recebendo como
complemento a interpretacdo de Lima e Leite (1978) que caracteriza a Formagao
Itapecuru como sendo resultante de sistema deposicional fluvial, com lagos e
planicies de inundagéo associados, em clima semi-arido (CORREA-MARTINS et
al., 2019).
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Figura 11 - A. Afloramentos na margem direita do Rio Itapecuru, Itapecuru-Mirim, fotografados
por Campbell (1949). B. Os mesmos afloramentos de A, em 2015, fotografados por Corréa-
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No entanto, ha interpretagbes alternativas sugerindo que essas rochas
sdo parte de unidades diferentes da Bacia do Parnaiba, depositadas em
ambientes fluvio-deltaicos. Tais questdes foram envoltas por acalorado debate,
cujo detalhamento foge do escopo intendido pelo presente documento. A fim de
se apropriar melhor da discussédo recomenda-se a leitura aprofundada de outros
trabalhos (e.g., GOES; COIMBRA, 1996; GOES; ROSSETTI, 2001; ANAISSE et
al., 2001; ROSSETTI; GOES, 2003; MIRANDA; ROSSETTI, 2006;
NASCIMENTO; GOES, 2007; MENDES; TRUCKENBRODT, 2009).
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De qualquer maneira, chama-se atencao para o fato de que, apesar das
diferentes interpretag¢des, ha uma notavel similaridade entre rochas da Formacéao
Itapecuru e rochas descritas para o norte de Grajau, sugerindo continuidades na
sequéncia deposicional (ROSSETTI; GOES, 2003; CORREA-MARTINS et al.,
2018).
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4 MATERIAIS E METODOS

4.1 Atividades de campo

4.1.1 Trabalho de campo na Bacia do Araripe

Para a realizagdo da presente pesquisa foi realizado um trabalho de
campo com a finalidade de revisitar as se¢des geoldgicas do Riacho Batateira e
Sobradinho, bem como investigar sucessdes sotopostas a Formagao Crato (i.e.,
Formagéo Barbalha). Ressalta-se que, no caso da segcédo de Sobradinho, seu
exame foi impossibilitado pela densa vegetagao resultante de um prolongado
regime de chuvas na regiao do municipio de Jardim. Felizmente, o laborat6rio
contava com um esforgco amostral realizado previamente, no inicio do ano de
2020. Foi possivel, no entanto, revisitar a secdo Batateira, proxima ao municipio
de Crato, na borda leste da bacia, onde o foco da busca foi direcionado aos
bivalves micromoérficos descritos como Modiolus? (SILVA et al., 2024; Apéndice
A).

As atividades de campo, somadas a colegao preexistente no Laboratério
de Paleozoologia Evolutiva (IBB/UNESP), tornaram disponiveis para estudo
1055 espécimes de Modiolus?, que se encontram depositados no Departamento
de Biodiversidade e Bioestatistica, Setor de Zoologia, com numeragédo sob o
prefixo DZP-.

4.1.2 Visita técnica a cole¢cdes museoldgicas e institucionais

Foram realizadas duas viagens de campo com destindo ao Rio de Janeiro,
com a finalidade de visitar as colegcbes de macrofésseis do Museu de Ciéncias
da Terra (MCTer) e do Instituto de Geociéncias da Universidade Federal do Rio
de Janeiro (IGEO/UFRJ) e, posteriormente, a colegao de espécies-tipo descrita
por White (1887) no Museu Nacional (MNB). O contato com as colegdes forneceu
pistas para o inicio de uma investigacdo acerca de ocorréncias de bivalves
dulcicolas no cretaceo do estado da Bahia, promovendo avancos em um dos
objetivos centrais da pesquisa, isto €, a possibilidade de correlagdes
interbasinais para a realizacdo de reconstrugcbes paleogeograficas mais
acuradas. Os resultados produzidos por esta atividade de campo poderao ser
visitados em secao subsequente do presente documento.
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As fotografias de bivalves das cole¢des apresentadas foram tiradas com
uma camera DSLR Canon EOS 1100D equipada com lentes 18-55 mm e 105

mm.

4.2 Atividades de laboratério

A maior parte dos espécimes de Modiolus? analisados estao pobremente
preservados em siltito intemperizado, sendo bastante dificultoso seu isolamento
da matriz sedimentar com a utilizagdo de ferramentas de precisdo. Para as
amostras que ofereciam essa possibilidade, foi utilizado um estereomicroscépio
Zeiss Stemi SV 6 para viabilizar a visualizagdo dos pequenos espécimes.
Quando possivel, moldes foram preparados utilizando massa de ceramica
plastica da marca FIMO, na cor preta, a fim de realcar caracteres internos, tais
como cicatrizes musculares, linha palial e charneira. Com a mesma finalidade,
alguns espécimes foram pintados com tinta nanquim de cor preta e,
posteriormente, impregnados com fumacga proveniente de fitas de magnésio
metalico em combustéo. Tal procedimento fornece uma coloragédo acinzentada
as amostras e destaca caracteristicas de elevagao na concha, gerando um efeito
de contraste na visualizagao da mesma.

Apos os procedimentos acima, cada amostra de méo foi individualmente
fotografada com um estereomicroscopio Zeiss Discovery v20, equipado com
uma camera AxioCam mRC, luzes CL600 led e lentes Planapo 1.5x FWD 30 mm,
1.0x 60 mm e Achromat 0.3x FWD 236 mm. As imagens foram entdo melhoradas
utilizando o software Adobe Lightroom Classic e, quando necessario, com 0s
softwares Adobe Photoshop CC e Corel PhotoPaint X8. llustracbes e figuras
foram preparadas utilizando o CorelDraw X8.

Os espécimes de Modiolus? sp. s&o muito pequenos (< 4 mm) e
normalmente representados por conchas articuladas fechadas, com muitas
delas preservadas com as valvas arranjadas concordantemente com o plano de
acamamento. Isso, juntamente com a frequente e forte compressao das valvas,
resulta em varios espécimes articulados fechados enterrados na matriz rochosa
de modo que uma das valvas se “insere” na matriz, fazendo com que o exemplar
se parega com uma unica valva desarticulada. Logo, essas valvas tornam-se
‘nao-visiveis”, levando a uma subestimagdo do numero de espécimes

articulados.
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Medidas das conchas foram realizadas de acordo com Stanley (1972) e
Kauffman (1973). A maioria dos espécimes sao imensuraveis devido a ma
preservagao e a severa compressao das valvas. Para dados relacionados a
dimensé&o destes bivalves, ver a publicagdo apresentada no Apéndice A (SILVA
et al., 2024).

A classificagao sistematica segue Bieler et al. (2010) e Silva et al. (2020b)

para bivalves de agua doce.

4.3 Atividades de gabinete

4.3.1 Levantamento bibliografico

Foi realizado um extenso levantamento bibliografico com foco principal em
taxonomia, tafonomia e paleoecologia de bivalves dulcicolas, bem como em
sedimentologia de ambientes lacustres.

Dado que, quando em comparacdo com a quantidade de trabalhos que
tratam de tafonomia e morfologia funcional (paleoautoecologia) de bivalves
marinhos, ha uma enorme defasagem em relagdo aos bivalves dulcicolas,
principalmente de ambientes lacustres, buscou-se ao maximo esgotar as
referéncias relacionadas a estas questdes — no contexto de ambos os registros
féssil e recente — a fim de nos apropriarmos de um arcaboucgo tedrico robusto
para a elaboragao de discussdes.

Um levantamento bibliografico também foi realizado no intuito de dar
continuidade as investigacdes acerca das ocorréncias de bivalves dulcicolas no
estado da Bahia. Tal levantamento viabilizou a elaboracédo de artigo cientifico,
parcialmente apresentado no Apéndice C.

Além disso, foi realizado contato com a Dra. Katie Collins, curadora da
colegdo de moluscos bentbnicos do Natural History Museum, que contava com
as amostras coletadas por Joseph Mawson, superintendente da EFBSF no inicio
do século XX. As amostras foram gentilmente fotografadas por Lucie Goodayle,
e contribuiram grandemente para os resultados apresentados nesta Tese de
Doutoramento, cuja discussao detalhada, tratando-se da presenca de bivalves
dulcicolas nos arredores da cidade de Salvador (Bacia do Recbncavo), se

encontra também no Apéndice C.
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4.3.2 Analises tafondmica e paleoautoecoldgica

Além das referéncias selecionadas, metodologia e terminologia das
analises tafondmicas seguem Kidwell e Holland (1991), Kidwell et al. (1986),
Brett & Baird (1986), e Fursich e Oschmann (1993). Sdo também levados em
consideragao uteis insights fornecidos por trabalhos realizados especificamente
em ambientes dulcicolas e/ou lacustres (e.g., ERTHAL et al., 2011; 2015;
MARTELLO et al., 2018; TIETZE et al., 2019).

Analises paleoautoecoldégicas baseiam-se em trabalhos como os de
Watters (1994), Sousa da Mata et al. (2019), Goodding et al., (2019) e Levine et
al. (2014), além dos classicos Stanley (1970, 1972, 1981) levando em
consideragao as varias limitagdes de possiveis transposicbes de dados
referentes a animais marinhos para a interpretagdo de um contexto dulcicola.
Anadlises ecoldgicas a nivel de dindmica populacional seguem Skawina (2013).

Manipulacdo de dados, elaboracdo de graficos, histogramas e analises
morfométricas e estatisticas foram conduzidas através do software R 4.3.2 (R
CORE TEAM, 2023), equipado com os pacotes ggplot2 (WICKHAM, 2016),
ggtext (WILKE, 2022), tidyverse (WICKHAM et al., 2019), dplyr (WICKHAM et al.,
2023) e hrbrthemes (RUDIS, 2020).

4.3.3 Integracao de Dados

Em relagcdo aos dados tafonémicos, paleoecoldgicos e sedimentolégicos
disponiveis, buscou-se tanto uma cuidadosa integragdo entre si, quanto uma
minuciosa interpolacdo com dados de literatura amplamente levantados, a fim
de subsidiar interpretacbes acerca dos processos deposicionais, condi¢des
paleoambientais e paleogeografia da area estudada. A partir disso,
confrontaremos as intepretacdes resultantes com a hipétese de trabalho nas

secOes subsequentes deste documento.
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5 RESULTADOS E BREVE DISCUSSAO

Ressalta-se aqui que os principais resultados obtidos no ambito desta
pesquisa estdo expostos na forma de artigos cientificos, onde se encontra
discussédo aprofundada sobre os temas e problemas investigados e que poderéo
ser visualizados na seg¢ao de Apéndices da presente tese. Tendo isso em vista,
a sec¢ao abaixo apresentara apenas uma breve ideia de carater sintético acerca
do que é tratado em detalhe em cada um dos artigos cientificos.

A essa regra, excetuam-se somente os resultados referentes as analises
tafonédmicas e paleoecoldgicas das assembleias de bivalves da Camada Caldas,
que serao apresentados em formato monografico, dado o estagio ainda

embrionario de elaboragao do artigo referente a esses dados.

5.1 Uma nova assembleia condensada, dominada por bivalves salobros a
dulcicolas, na Formacéao Crato, Aptiano, Bacia do Araripe, nordeste brasileiro, e

seus significados paleoambientais

Bivalves dulcicolas do Eocretaceo da Bacia do Araripe eram, até
recentemente, descritos apenas para a Camada Caldas (0,85-2 m), Formacao
Crato (SILVA et al., 2020a; 2020b). No artigo presente no Apéndice A (SILVA et
al., 2024) apresentamos a descoberta de uma nova assembleia dominada por
bivalves em um siltito situado aproximadamente 30 metros abaixo do limite
superior com a Formacdo Romualdo.

Este novo grupo abrange pequenos individuos da espécie Modiolus? sp.
(SILVA et al., 2024), um taxon tipicamente encontrado em aguas salobras,
ocorrendo juntamente com A. elliptica e M. bellaradiata, espécies anteriormente
encontradas somente na supracitada Camada Caldas (SILVA et al., 2020a;
2020b; 2024). A nova assembleia encontra-se, ainda, em associagdo com
fragmentos vegetais carbonizados (SILVA et al., 2024).

Os espécimes de Modiolus? sp. estao, em sua maioria, articulados, sendo
encontrados isoladamente ou em grupos. Alguns bivalves dulcicolas das outras
espécies também se encontram articulados. Esta malacofauna viveu em uma
baia de salinidade variavel, muito provavelmente submetida a rapidas mudancas
eustaticas e climaticas. Isso viabilizou a coexisténcia de diversas espécies que,

por sua vez, formaram uma assembleia resultante de condensacédo ambiental
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(FURSICH; KAUFFMAN, 1984). A descoberta destes bivalves amplia de maneira
significativa suas distribuicdes vertical e temporal dentro da Formagao Crato
(SILVA et al., 2024; Apéndice A).

5.2 O Efeito Lazaro e o retrabalhamento de conchas de moluscos em depdsitos
influenciados por marés na Formacdo Romualdo, Aptiano/Albiano, Bacia do

Araripe, Brasil

A Formagao Romualdo apresenta em seu registro trés notaveis eventos
de ingressdes marinhas e muito do conhecimento paleontolégico acerca da
unidade advém de fosseis encontrados em facies marinhas transgressivas
(CUSTODIO et al., 2017; FURSICH et al., 2019; BOM et al., 2021; RODRIGUES
et al., 2020, 2022). No entanto, ha escassez de informagdes sobre fésseis nos
depdsitos continentais-costeiros superiores, devido a cobertura por depdsitos
pos-Cretaceos ou a erosdo precedente a deposicdo das formacdes
sobrejacentes (i.e., Araripina e Exu).

Na secdo de Sobradinho em Jardim, Ceara, depdsitos costeiros
dominados por maré se encontram preservados e contém uma nova assembleia
de invertebrados que foi encontrada em argilitos e conglomerados. Esta
assembleia inclui bivalves marinhos e de aguas salobras (i.e., Australoeocallista
juazeiroi, Legumen kaririense) (GUERRINI et al., 2024), bem como espécies
exclusivas de agua doce anteriormente conhecidas apenas para a Formagéao
Crato (i.e., C. novaolindensis, A. elliptica e M. bellaradiata) (SILVA et al., 2020a;
2020b).

Os fosseis apresentam padrao de preservagao semelhante (i.e., moldes
com restos de concha), alguns tendo sido preservados articulados e contendo o
mesmo preenchimento sedimentar que o encontrado na matriz da rocha, tendo
sido todos os espécimes preservados em depodsitos de canal de maré. Isso
sugere que os bivalves dulcicolas ndo sao meros artefatos retrabalhados a partir
da Formacao Crato e entao refossilizados na Formagao Romualdo, mas que, de
fato, de acordo com seu padrdao de fossilizagcdo, prosperaram nos sistemas
fluviais e costeiros de baixa salinidade da Bacia do Araripe durante a deposicao
da Formagao Romualdo, entretanto seu registro foi perdido ou ndo preservado.
Isso amplia significativamente a distribuigdo vertical dessas espécies dentro da
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unidade. (SILVA et al., 2020a; 2020b; VAREJAO et al., 2021a; 2021b) (Apéndice
B).

5.3 Moluscos bivalves dos depdésitos Eocretacicos da Bahia e Maranhdo: insights

acerca da historia natural de mexilhdes dulcicolas no nordeste brasileiro

A atual compreenséo das faunas dominadas por bivalves dulcicolas no
territorio brasileiro durante eras pré-Cenozoicas é bastante limitada, apesar de
sua rigueza. No artigo apresentado no Apéndice C, descrevemos e/ou
redescrevemos a malacofauna dulcicola do Berriasiano-Albiano do nordeste
brasileiro, revelando uma composicao faunistica diversa, contendo tdxons como
Sphaeriida, Trigoniida e Unionida (Apéndice C).

O Conglomerado Mont Serrat, Formacdo Salvador (Berriasiano-
Barremiano) apresenta uma fauna diversificada, incluindo Mycetopoda e
Anodontites? (Apéndice C, fig. 5), em associacdo com Cratonaia e Musculiopsis?
(Apéndice C, fig. 3, 6), sugerindo uma mixérdia de influéncias Gondwanicas e
Laurasianas, provavelmente tendo prosperado em fluxos de agua efémeros e
lagos de planicies de inundacao préximos a leques deltaicos (Apéndice C).

Além disso, géneros previamente tidos como endémicos da Camada
Caldas, Formacao Crato, Bacia do Araripe (SILVA et al., 2020a; 2020b), tiveram
sua distribuicéo geografica significativamente expandida, tendo Araripenaia sido
encontrada na Formacao Marizal (Aptiano), Bacia Tucano, Bahia; e Cratonaia e
Monginellopsis reportados para a Formacao Itapecuru (Aptiano-Albiano), Bacia
do Parnaiba, Maranhao. Outrossim, as ocorréncias previamente sugeridas do
género Sphaerium e Anodonta para a Formacdo Marizal (WHITE, 1887; MELO
JUNIOR; OLIVEIRA, 1939) foram rejeitadas, tendo em vista que 0S Supostos
exemplares de Sphaerium, na verdade, se tratam de conchas de Spinicaudata,
enguanto que Anodonta é, na verdade, Araripenaia (ver Apéndice C).

Estes bivalves, tipicamente associados a depoésitos siliciclasticos de
granulacdo fina, sugerem uma dispersdo através de sistemas fluviais
interconectados em redes de drenagem que abrangem diferentes bacias
sedimentares.  Notavelmente, estas faunas Eocretaceas diferem
substancialmente das normalmente encontradas ao sudeste brasileiro (e.g.,
Grupo Bauru) (VAN DAMME et al., 2015).
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Ademais, apesar das conexdes entre a América do Sul e o norte africano
existentes durante o Cretaceo Inferior, espécies de bivalves dulcicolas ndo sao
compartilhadas entre os continentes. Estes resultados representam um
verdadeiro lampejo sobre a diversidade de malacofaunas dulcicolas que
existiram em um intervalo de tempo contemporaneo as faunas dominadas por
bivalves preservadas nas coquinas do pré-sal, as quais, em contraste, possuem

uma composicao taxondmica pobremente compreendida.

5.4 Aspectos tafondmicos dos bivalves dulcicolas da Camada Caldas

Foram analisados 396 espécimes, incluindo tanto espécimes coletados e
armazenados na colegao do Laboratdrio de Paleozoologia Evolutiva (Instituto de
Biociéncias/lUNESP-Botucatu), quanto aqueles cujos atributos tafonémicos
foram registrados em campo, mas n&o foram coletados e catalogados em
colecao. Destes, 306 espécimes pertencem a espécie Araripenaia elliptica, 50 a
Monginellopsis bellaradiata, 39 a Cratonaia novaolindensis e 1 indeterminada.

Dentre os espécimes observados, um total de 138 (~35%) ocorrem
desarticulados, e, dos articulados (i.e., 258; ~65%), 194 (~49%) ocorrem com as
conchas articuladas abertas (butterfly), e 64 (~16%) articulados fechados (Fig.
12) (Tabela 1).

Location ~ gingle valves  Butterfly-  Closed shells Total
shells
Trés Irmaos 60 40 42 142
Batateira 37 96 15 148
Caldas 27 38 5 70
Estiva 14 20 2 36
Total 138 194 64 396

Tabela 1 - Dados referentes a articulagdo dos espécimes analisados, por localidade. Nota-se
uma predominancia de individuos ocorrendo articulados abertos (i.e., butterfly)
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Figura 12. Histograma mostrando os diferentes estados de articulag@o dos espécimes
de bivalves analisados. Notar a predominancia de espécimes articulados abertos, i.e.,
butterfly. Fonte: Elaborado pelo autor.
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Trés Irmaos

Figura 13. Articulacé@o dos bivalves da localidade de Trés Irm&os, considerando todas
as trés espécies encontradas. Fonte: Elaborado pelo autor.

No caso dos bivalves desarticulados, ndo ocorrem grandes desvios entre

a presencga de valvas direitas ou esquerdas, principalmente considerando os
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dados gerais de todas as localidades, onde a proporgéo € bem proxima de 1:1
(Tab. 2).

Location L/R Ratio (Left/Right)
Batateira 1:1.54
Trés Irmaos (All species) 1:0.82
Trés Irmaos (Araripenaia only) 1:0.33
Estiva 1:1.5
Caldas 1:0.78
Geral (All localities) 1:0.9

Tabela 2. Proporcédo de conchas desarticuladas esquerdas e direitas em todas as
localidades, e em um contexto geral. Nao ocorrem grandes desvios na razéo L/R, sendo
0 maior deles observado nos espécimes de Araripenaia da localidade de Trés Irmaos.

Considerando a localidade de Trés Irm&os em especifico, foi analisado um
total de 142 espécimes, dentre as quais 53 (~37%) pertencem a espécie A.
elliptica, 50 a espécie M. bellaradiata (~35%) e 39 a espécie C. novaolindensis
(~28%). Destas, 60 (~42%) ocorreram desarticuladas, sendo 33 delas valvas
esquerdas, e 27 valvas direitas, uma razdo L/R de 1:0.82 (Tab. 2); 40 (~28%)
articuladas abertas (i.e., butterfly), e 42 (~29%) articuladas fechadas (Fig. 13)
(Tab. 1). Ressalta-se que esta € a unica localidade na qual as trés espécies
ocorrem, sendo todas as outras localidades caracterizadas por assembleias
monoespecificas de A. elliptica. Por esse motivo, a fim de comparar as quatro
localidades entre si, consideramos apenas as ocorréncias de A. elliptica.

Na localidade de Batateira, um total de 148 espécimes tiveram seus
atributos tafondmicos observados (Fig. 14A). Destas, 37 (25%) estavam
desarticuladas, sendo 13 valvas esquerdas e 20 valvas direitas, ou seja,
apresentando uma razéo L/R de 1:1.54 (Tab. 2); 96 (~65%) articuladas abertas,
e somente 15 (~10%) articuladas fechadas. E notavel a ampla predominancia de
conchas preservadas em butterfly (Tab. 1).

Na localidade Caldas, por sua vez, houve um n de 70 espécimes avaliados
(Fig. 14B), dos quais 27 (~38%) estavam desarticulados, sendo 11 valvas
esquerdas e 14 valvas direitas, em uma razdo L/R de 1:0.78 (Tab. 2); 38

espécimes articuladas abertas (~54%), e 5 (~7%) articuladas fechadas. Mais
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uma vez, predominaram as conchas preservadas em butterfly, sendo elas mais
de metade dos espécimes observados (Tab. 1).

Em Trés Irmaos, considerando apenas o conjunto de espécimes
pertencentes a espécie A. elliptica, do total de 53 espécimes (Fig. 14C), 12 estdo
desarticulados (~23%), sendo 9 valvas esquerdas e 3 valvas direitas, em uma
proporcao L/R de 1:0.3 (Tab. 2); 32 espécimes estéo articulados abertos (~32%),
e apenas 9 (~17%) articuladas fechadas. Novamente, é predominante a
presenca de bivalves articulados abertos, ou em butterfly (Tab. 1).

Finalmente, a localidade de Estiva € a que apresenta menor abundancia
de espécimes, com um total de 36 amostras observadas (Fig. 14D). Destas, 14
estdo articuladas abertas, sendo 6 valvas esquerdas e 9 valvas direitas, em uma
proporgao de 1:1.5 (Tab. 2); 20 preservadas em butterfly (~55%), e 2 (~5%)
articuladas fechadas. Mesmo na localidade com menor abundancia de bivalves,
os individuos preservados com articulagao aberta continuam constituindo mais

do que metade da assembleia (Tab. 1).

n =148 n=70
0% A B
40%
40%
20%
- -
. —— . P
Butterfly Closed Single Burterfly Closed Single
Batateira Caldas
n=53 n =36
C D
40% %
R - -
- . ==
0% 0%
Butterfly Closed Single Butterfly Closed Single
Trés Irmaos Estiva

Figura 14. Histogramas demonstrando os estados de articulagdo dos bivalves nas assembleias de A. elliptica observadas em
cada localidade. Notar a predominancia de conchas articuladas abertas (i.e., butterfly). Fonte: Elaborado pelo autor.
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Em se tratando do arranjo tridimensional dos espécimes na matriz
sedimentar, os dados registrados também se limitam as assembleias
monoespecificas de A. elliptica, onde a maioria das observagcées foram
realizadas em campo, sem a coleta e inser¢cdo dos espécimes na colecdo que
havia sido utilizada para estudos de sistematica. Para esta variavel, existe um
universo de 177 observagdes de campo, sendo 77 para a localidade de Batateira,
65 para a localidade Caldas e 35 em Estiva. Nao existem dados disponiveis para
a localidade de Trés Irm&os devido ao fato de que neste afloramento nao foi
possivel a observacado de espécimes orientados por limitacbes da exposicao e

de dureza da rocha.

60% A 60% B 80% &

05 0%

Convex down Convex up Convex down Convex up Convex dowr Convex up

Batateira Caldas Estiva
Figura 15. Convexidade dos espécimes observados em trés localidades. Notar predominancia de convexidade
para cima nas localidades de Batateira e Estiva. Fonte: Elaborado pelo autor.

Na localidade de Batateira, dos 77 espécimes observados, 43 (~56%) se
apresentam arranjados com a convexidade voltada para cima, e 34 (~44%) para
baixo (Fig.15A). Em Caldas, por sua vez, foram observados 32 espécimes com
convexidade para cima (~49%) e 33 (~51%) com convexidade para baixo (Fig.
15B). Finalmente, na localidade de Estiva, 21 apresentaram convexidade para
cima (60%) e 14 (40%) para baixo (Fig. 15C). E notavel a predominancia de
conchas ocorrendo com a convexidade para cima, exceto na localidade Caldas,
que apresenta pouca diferenga entre as duas possibilidades desta variavel (Tab.
3).
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Considerando o total de 177 observacdes, 96 ocorrem com a convexidade
para cima (~54%) e 81 com a convexidade para baixo (~46%) (Fig. 16) (Tab. 3).

n=177

40%

20%

0%
Convex down Convex up

Figura 16. Dados de convexidade dos espécimes observados em campo, considerando todas as
localidades. E notavel uma predominéancia de individuos ocorrendo com a convexidade para
cima. Fonte: Elaborado pelo autor.

Location
Convex-up  Convex-down Total
Batateira 43 34 77
Caldas 32 33 65
Estiva 21 14 35
Total 96 81 177

Tabela 3. Tabela contendo os dados referentes a convexidade dos espécimes de
Araripenaia elliptica. Notar a predominéncia de espécimes ocorrendo com a
convexidade para cima.

5.5 Aspectos paleoecolégicos dos bivalves dulcicolas da Camada Caldas

No concernente aos aspectos paleoecologicos destes animais, 0s
principais atributos observados foram aqueles relacionados a distribuicdo da
frequéncia de tamanhos, em especial dos espécimes de A. elliptica. Isso se deve
ao fato de que, devido ao estado de preservacao dos exemplares, possuimos os

dados dimensionais de 135 espécimes desta espécie, enquanto somente 16 de
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C. novaolindensis e 5 de M. bellaradiata. Por este motivo, nesta secéo, serao
apresentados apenas as analises de dados referentes a espécie A. elliptica.

Espécimes de A. elliptica menores do que 13 mm estdo ausentes em
todas as localidades (Figs. 17 e 18). Individuos mais comumente variam entre
20 e 30 mm de comprimento, com pico em aproximadamente 26 mm. A
distribuicdo de frequéncia de tamanhos parece ser levemente bimodal, com o
segundo pico entre 28 e 30 mm. A maior concha encontrada apresenta 35 mm
de comprimento, e advém da localidade Estiva.

Em todas as localidades a relagdo entre comprimento e altura das
conchas é praticamente linear. As razdes comprimento/altura variam entre 0.38

e 0.43, com desvios-padrao variando entre 0.04 e 0.08 (Fig. 19).

16 20 W )

length lmm'l'
Figura 17. Distribuicdes de frequéncia de tamanho dos espécimes de A. elliptica considerando todas as
localidades. Fonte: Elaborado pelo autor.
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Figura 18. Distribuigcdo de frequéncia de tamanho dos individuos de A. elliptica observados, em suas localidades particulares

(A — Batateira, B — Caldas, C — Trés Irméos, D — Estiva). Fonte: Elaborado pelo autor.
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Figura 19. Gréficos de dispersdo demonstrando os comprimentos de concha observados em A. elliptica e sua variabilidade
em cada localidade em particular. A linha vermelha indica o valor médio da razao comprimento/altura; &reas em sombreado
cinza marcam o desvio-padréo em relacdo a média. A. Trés Irm&os. B. Caldas. C. Batateira. D. Estiva. Fonte: Elaborado pelo
autor.
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5.6 Decifrando os registros de bivalves dulcicolas da Camada Caldas: revisédo

bibliografica e interpolacédo de dados

Nesta secdo sera apresentada uma revisao bibliografica comentada,
interpolando os dados obtidos e apresentados nas se¢des anteriores com um
minucioso levantamento realizado durante a decorréncia da pesquisa.

Os principais temas abordados serdo morfofuncionalidade (i.e.,
paleoautoecologia), paleoecologia a nivel populacional, tafonomia e
sedimentologia. Ressalta-se a escassez de referéncias sobre esses temas tendo
a paleontologia de bivalves dulcicolas como eixo central de estudo,
especialmente quando em comparagao a bivalves de agua salgada. Mais
escassas ainda sao referéncias que tratem especificamente de
ambientes/paleoambientes lacustres. Devido a esse fato, langar-se-a mao de
diversos trabalhos que ndo necessariamente tratam de bivalves lacustres, mas
também, por exemplo, de malacofaunas fluviais. Aliado a isso, serao incluidos
dados do registro recente, para além do registro paleontolégico — para tal,
recorremos a Good (2004), que atenta para o fato de que unionideos séo
“taxonomicamente conservadores”®, o que faz deles excelentes ferramentas
para interpretacdes paleoecologicas através de analogias com organismos

modernos.

5.6.1 Analise morfofuncional (i.e., Paleoautoecologia)

Em Sousa da Mata et al. (2019), os autores debatem a variagéo
morfolégica de conchas de bivalves dulcicolas recentes entre os diferentes
microambientes de um rio. Nesse trabalho, € discutido o fato de conchas
alongadas e lateralmente comprimidas (como A. elliptica) tenderem a ser
encontradas em nascentes turbulentas com sedimentos mais grossos, enquanto
conchas mais “inchadas” e infladas (tais como C. novaolindensis e M.
bellaradiata) ocorrem em partes mais baixas e largas de rios, com sedimento fino
e fluxo laminar (ORTMANN, 1920; EAGAR, 1978). Além disso, tamanho e
formato de conchas parecem estar intimamente associados com escavacao e
deslocamento (LEVINE et al., 2014) que, por sua vez, depende da composi¢cao
faunistica da assembleia de bivalves (ALLEN; VAUGHN, 2009), sinalizando para

5 Tradugao livre de “taxonomically conservative” no original.
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a importancia de uma analise paleoecologica a nivel de populagao para a real
compreensao do paleoambiente estudado.

Além disso, a alta plasticidade morfolégica dos bivalves da ordem
Unionida esta diretamente relacionada com as condigdes fisico-quimicas dos
habitats, bem como a disponibilidade de alimentos. Dito isso, em se tratando de
moluscos dulcicolas, a plasticidade fenotipica que surge de condigbes
ambientais pode estar associada a fatos tais como diferengcas em altitude e
isolamento geografico (FASSATOUI et al., 2014), velocidade da agua (BALLA;
WALKER, 1991; ZAJAC et al., 2017), profundidade (CLAXTON et al., 1998),
tamanho da particula no substrato (HORNBACH et al., 2010) e tipo de substrato
(WATTERS, 1994), além de idade (GUARNERI et al., 2014), sexo e quantidade
de parasitas (ZIERITZ; ALDRIDGE, 2011). Percebe-se entdo como ¢é alta a
quantidade de parametros que influenciam diretamente na morfologia de
bivalves da ordem Unionida. Levando em consideragcdo esse fato, e a
possibilidade de convergéncia morfologica, no sentido de haver diferentes
morfologias que se adaptam a um mesmo ambiente, ou mesmas morfologias
que servem para mais de um ambiente, nota-se o verdadeiro desafio que se
constitui a tentativa de caracterizar um paleoambiente a partir da
paleoautoecologia de uniondides.

Goodding et al. (2019), por sua vez, realizou uma comparagado das
distribuicdes de conchas ornamentadas e ndo-ornamentadas em ambientes com
variacdes hidraulicas e de substrato. A espécie ornamentada (i.e., Tritogonia
verrucosa) foi encontrada mais frequentemente em ambientes com atributos
ambientais relacionados a substratos com granulagdo mais grossa e fluxo mais
turbulento, e com altas tensdes de cisalhamento.

Além disso, Goodding et al. (2019) também observou que espécies nao-
ornamentadas sao generalistas (BARTSCH et al., 2010) e ocorrem em varias
localidades. Isso levanta o questionamento: C. novaolindensis, uma espécie
nao-ornamentada, poderia ser uma espécie generalista e, portanto, estar
presente em mais localidades? Conforme ja apresentado, sabemos que, de fato,
a espécie se encontra presente tanto em outras unidades do Grupo Santana (i.e.,
Formagdo Romualdo, Apéndice B), como também em outras bacias

sedimentares do nordeste brasileiro (i.e., Bacia do Parnaiba, Apéndice C).
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Levine et al. (2014) buscaram analisar o suposto frade-off entre a
habilidade de escavagédo de um bivalve dulcicola e a permanéncia estacionaria
quando uma forga extrinseca tenta desalojar o animal do substrato onde esta
enterrado. Hornbach et al. (2010) reportaram que os moluscos com conchas
mais ornamentadas estavam associados com areas que recebem grandes
quantidades de descarga e com substrato mais fino, quando em comparacgéao
com bivalves n&o-ornamentados. Allen e Vaughn (2009), por sua vez,
descobriram que bivalves ornamentados ndo escavam mais profundamente que
0s outros, entdo a escultura ndo serviria para facilitar a escavagao, mas sim para
“‘manter a posi¢cao”, para ancoragem, dai o trade-off. Isso levanta mais um
questionamento para o contexto dos bivalves da Formacédo Crato, Camada
Caldas: qual seria o modo de vida destes animais? Seriam eles escavadores
rasos, dado que duas espécies sao francamente ornamentadas (i.e., A. elliptica
e M. bellaradiata), e que as conchas nao apresentam aberturas comissurais (i.e.,
gap sifonal)? De acordo com Skawina (2013), a profundidade de escavagao dos
uniondides depende do seu estagio ontogenético, com juvenis escavando mais
profundamente (até 50 cm) do que os adultos que, por sua vez, permanecem
tipicamente préoximos a superficie para se alimentarem e se reproduzirem
(PIECHOCKI, 1969; BAUER, 2001; SCHWALB; PUSCH, 2007). Além disso,
estes animais colaboram de modo crucial para a bioturbacdo dos depdsitos em
que habitam, sendo todos esses dados que vao ao encontro do observado para
os bivalves da Camada Caldas (SILVA et al., 2020a; 2020b; VAREJAO et al.,
2021a).

Hornbach et al. (2010) notaram ainda que espécies de maior obesidade
(i.e., razédo altura/espessura da concha) se ancoram melhor junto ao fundo.
Observaram também que a escavacgao € afetada pelo tamanho e formato da
concha, mas nao pela sua ornamentacao. Existe uma relacao significativa para
todas as dimensdes (exceto largura) e a velocidade de escavagao observada. A
mesma observagao é valida para a forga necessaria para desalojar o animal. Os
autores também reportam que as conchas menores se enterram mais rapido.

A hipétese de um suposto trade-off entre a habilidade de escavacao e sua
permanéncia estacionaria durante a atuacdo de uma forga extrinseca nao
resistiu aos testes as quais foi submetida (LEVINE et al., 2014, tab. 1, figs. 2, 3

e 6). No entanto os autores destacam que analisaram somente os movimentos



70

verticais de escavagao, nao os laterais e nem rotacionais. Além disso, somente
levaram em consideragao um tipo especifico de escultura de concha, logo, outros
tipos de ornamentagcdo poderao apresentar resultados diferentes. Concluem
entdo que é necessario colocar essas ornamentagbes em um contexto de
substrato (e.g., HORNBACH et al., 2010; DI MAIO; CORKUM, 1997), e que
grandes comprimentos na verdade atrapalham a ancoragem dos bivalves, o que
levanta ainda mais um questionamento: A. elliptica teria entdo uma
ornamentagao divaricada para compensar seu grande comprimento? Ja C.
novaolindensis seria “lisa” por nao apresentar esse comprimento e, portanto, néo
precisar desenvolver mecanismos compensatérios para manter a eficiéncia de
sua ancoragem?

Este tipo de estudo sugere que (i) ha uma relagdo complexa entre padroes
de fluxo de agua, ancoragem e escavacgao; (ii) podem haver outras pressdes
seletivas favorecendo a presencga/auséncia de ornamentagdao, além de
ancoragem e escavagao, como, por exemplo, se colocar em posi¢cao para atrair
peixes hospedeiros, ou plasticidade fenotipica resultante da disponibilidade de
alimentos, ambas caracteristicas tipicas de bivalves uniondides. Finalmente,
Hornbach et al. (2010) também observaram que espécies mais obesas e
esféricas sdo encontradas em areas com fluxos maiores de agua. A selecao pode,
portanto, favorecer bivalves alongados (tais como A. elliptica) somente se o risco
de desalojamento for baixo (i.e., locais com baixa energia), o que também

corrobora com o que observamos na Camada Caldas.

5.6.2 Paleoecologia populacional

De acordo com Good (2004), a obesidade de um bivalve dulcicola esta
positivamente correlacionada com a intensificagdo da energia de um sistema
fluvial, e inversamente correlacionada com velocidade de fluxo. Isto ocorreria
porque bivalves menos obesos podem escavar com maior rapidez e assim se
protegerem de desalojamento. O comprimento por sua vez, esta positivamente
correlacionado com a energia do sistema fluvial e o grau de protegdo de
correntes em habitats bentdnicos de sistemas lacustres. Ja a altura da concha
esta negativamente correlacionada com a velocidade de fluxo, com alturas
maiores sendo mais desenvolvidas em ambientes lacustres protegidos.

Finalmente, a espessura da concha geralmente aumenta juntamente com a
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velocidade da agua do habitat, logo, unionideos fluviais teriam conchas mais
espessas do que individuos lacustres. Estes dados levantam uma série de
questionamentos para o contexto dos bivalves da Formacédo Crato, Camada
Caldas: (i) até que ponto as observagdes acerca de obesidade seriam
extrapolaveis para ambientes lacustres?; (ii) haveriam diferengas entre esses
parametros nas diferentes localidades do lago que deu origem a Camada
Caldas?; (iii) as conchas de maior comprimento pertencem a espécie A. elliptica,
a unica presente em todas as localidades estudadas. Isso poderia denotar
protecdo de correntes?; (iv) essas interpretacbes fazem sentido ou ndo seriam
aplicaveis para o contexto da Camada Caldas?

Levando em consideragcdo ambientes recentes, condigbes troficas séo
mais relevantes para controlar a distribui¢cao de bivalves do que condic¢bes fisicas,
quimicas e de substrato (FRANCESCO et al., 2019). E muito provavel que haja
uma diferencga tréfica entre as diferentes localidades da Camada Caldas.

Além disso, dados referentes a distribuicdo de frequéncia de tamanhos
(Fig. 18) sugerem que individuos pertencentes a classes distintas de tamanho
sdo preservados juntos, apontando para a possivel coexisténcia de diferentes
geracoes de bivalves. Associagdes monoespecificas sdo, em geral, indicadoras
de condi¢gbes paleoambientais caracterizadas por alto estresse ambiental. As
diferengas de diversidade entre as diferentes localidades estao, provavelmente,
refletindo mudangcas em pardmetros paleoambientais (e.g., energia,
profundidade, taxa de sedimentacdo, disponibilidade de alimentos, taxa de
oxigenacgao). Por exemplo, uniondides fosseis sao interpretados como sendo
suspensivoros ativos, que exigem aguas limpas e bem-oxigenadas (GOOD,
2004). Logo, poderiam a diversidade e abundancia das associa¢des de bivalves
na localidade de Nova Olinda estarem refletindo variagdes nestes parametros
paleoambientais?

Por ultimo, chamamos atenc¢do para o fato de que todas as medidas
morfométricas realizadas em A. elliptica apontam para uma relagao linear entre
altura e comprimento (Fig. 19), com baixa variagédo (diferenga maxima de 0.05)
e distribuicoes semelhantes em todas as localidades. Todos os dados também
demonstram valores baixos de desvio-padrao em relagdo as meédias. As poucas
medi¢des que se dispersaram para longe dos valores médios (como observado

em 19C), muito provavelmente refletem deformagdes por atividade diagenética.
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Dito isso, pode-se dizer que € observado um padrao isométrico de crescimento
destes bivalves (SKAWINA, 2013).

5.6.3 Tafonomia

Em Francesco et al. (2019), ao contrario do esperado, os autores
observaram nos pampas argentinos uma melhor preservagao das conchas em
ambientes com maiores niveis de energia. Para os autores, entdo, fatores
biolégicos como atividade microbiana, produtividade, decaimento de matéria
organica e respiragéo seriam muito mais atuantes na dissolu¢do das conchas do
que a energia do meio, visto que esses fatores podem gerar muito CO2 e
favorecer a dissolugdo das conchas. O sistema de dissolugao teria ainda um
feedback positivo, pois as proprias moléculas resultantes da decomposicao de
um individuo favoreceriam a decomposicao dos outros a sua volta.

Além disso, estes autores também observaram que, sob a IAS, a
destruicdo das conchas aumenta e a riqueza diminui com o aumento da
profundidade. A dissolugcao € mais intensa na porgdo mais rasa do sistema, por
possuir maior teor de matéria organica. Por este motivo, determinaram a Zona
Tafonomicamente Ativa (ZTA) do ambiente de agua doce como sendo de ca. 10
cm. Se os bivalves da Formacgao Crato ficaram pouco tempo expostos a ZTA,
poderiam entao terem sido abruptamente soterrados por pelo menos 10 cm de
sedimento.

Todas estas observagdes levantam os seguintes questionamentos para o
contexto dos bivalves da Formacao Crato, Camada Caldas: (i) poderia haver
uma diferengca de atividade microbiana entre as localidades da Camada,
explicando assim as diferencas de espécies preservadas, principalmente quando
se compara Trés Irm&os com as outras localidades?; (ii) o caso de A. elliptica,
que apresenta notavel predominancia de individuos preservados articulados
abertos (i.e., butterfly), poderia ser explicado desta maneira, e conforme descrito
em Firsich e Pandey (1999), Skawina (2010, 2013) e Donovan (2011)? E
necessario levar em conta, no entanto, que o ambiente sedimentar nos pampas

modernos ndo é totalmente extrapolavel para o caso em estudo.
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Francesco et al. (2019) também dividem o ambiente lacustre em 3 zonas

(Fig. 20):
. Littoral o Open-waters
I LI
>> vegetated < vegetated
>> [organic matter] < [organic matter]
<pH >pH
< preservation potential > preservation potential

Figura 20. Representagdo esquematica das principais variaveis afetando a
preservacdo de moluscos nos lagos rasos dos pampas argentinos. Fonte:
Francesco et al. (2019) (Modificado de CRISTINI et al., 2017)

e Z1. Da IAS até 10 cm, muita umidade, matéria organica e

carbonatos. Classificada como sendo a ZTA deste ambiente, por

ser a zona onde a preservagao € menos favorecida;

o Z2: Entre 10 cm e 25-30 cm (menos umidade, menos matéria

organica e menos carbonatos);

e Z3: De 30 cm em diante (concentragbes ainda menores destas

variaveis).

Os dados apresentados por Wright et al. (2018) vado ao encontro das

determinagdes de Francesco et al. (2019) ao dizer que, quando em comparagao

com ambientes marinhos de baixa energia, em lagos a ZTA seria menos espessa.

De acordo com Walker (2001), em aguas marinhas os valores seriam de 50 cm,
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cinco vezes mais espessa do que a ZTA aventada por Francesco et al. (2019).
Aliado a isso, Wright et al. (2018) também atenta para o fato de que a
preservagao de formas juvenis e micromoluscos é favorecida em ambientes
lacustres, de baixa energia e baixa quantidade de sulfato (CHERNS; WRIGHT,
2011). Isto levanta ainda mais uma pergunta para o contexto dos bivalves da
Formacédo Crato: qual a relagdo entre estes fatores e a nova assembleia de
Modiolus? sp. descoberta na Formacgao Crato, se¢ao Sobradinho (SILVA et al.,
2024)?

Em Hanley e Flores (1987), € observado o fato de que, em habitats
lacustres nearshore (i.e., perto da costa), conchas sdo comumente encontradas
com a convexidade para cima, assim como observado em A. elliptica nas
localidades de Batateira e Estiva. Neste contexto, pode-se perguntar o que faz
com que haja essa diferenga entre a localidade Caldas e as outras duas
localidades supracitadas. Poderiamos ter localidades onde a deposi¢géo ocorreu
em condicdées mais rasas ou mais distais em relacdo as outras, logo, as
diferencas entre a tafonomia das concentragdes fosseis de diferentes
localidades poderiam ser um reflexo da distancia da costa.

De maneira interessante, Hanley e Flores (1987), em se tratando de lagos
grandes, dizem que a diferenca de abundancia de espécies entre os
microambientes pode ser atribuida a parametros como tamanho do lago,
profundidade, niveis de energia e substrato. Nota-se como essa interpretacéo
nao coaduna com Francesco et al. (2019) que deu mais importancia a
parametros bioldgicos. Deve-se levar em consideracéo, no entanto, que Hanley
e Flores (1987) estavam analisando o registro fossil da Formagéo Fort Union,
Membro Tongue River, Bacia Northern Powder River, e € natural que seus dados
sejam diferentes dos observados nos especificos ambientes dos pampas
modernos.

Erthal et al. (2011), por sua vez, demonstram como, no caso de ambientes
fluviais, conchas mais espessas apresentam maior potencial de preservagao e,
de fato, a dissolugcao se apresenta como principal fator de destruicdo das
conchas. Entretanto, uma alta taxa de sedimentacédo pode levar a preservagao
de conchas mais finas. Isso suscita alguns questionamentos para o contexto dos
bivalves da Formacgao Crato, Camada Caldas: teria sido isso o que ocorreu com

as conchas nas assembleias de A. elliptica? Como dito anteriormente, o
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soterramento deve ter sido abrupto, com baixa exposi¢ao a ZTA. De acordo com
Skawina (2010), cerca de 60 h ja sao o suficiente para os musculos se
decomporem, levando as conchas a atingirem a postura butterfly.

E provavel também que o soterramento das espécies presentes na secio
de Trés Irmaos tenha sido, da mesma forma, abrupto, visto que a maioria
apresenta articulacao fechada, e animais preservados desta maneira costumam
sinalizar soterramento rapido, com o musculo ainda em funcionamento (ERTHAL
et al., 2011; 2015; FURSICH; OSCHMANN, 1993; SKAWINA, 2013; ZACARIAS
et al., 2019).

Fursich e Pandey (1999) observaram que a predominancia de conchas
com a convexidade para cima indica algum transporte por correntes. Como no
caso dos bivalves da Formagao Crato a maioria esta articulada, pode ter sido o
caso de uma acdo de curta duracdo por parte dessa “corrente”, com um
transporte bastante limitado. A articulagdo também sugere que estes animais
provavelmente ainda estavam vivos quando foram “retrabalhados”, e o tempo de
permanéncia no substrato ndo deve ter sido muito prolongado. Se isto estiver
correto, pode-se questionar qual seria esse evento de “corrente”. Algo eventual
em sistemas lacustres, tal como uma seicha? De um ponto de vista de
morfofuncionalidade, isso justificaria a presenga de ornamentagdes de
ancoragem?

Pan et al. (2012) atentam para o fato de que, em lagos recentes, ciclos de
umidade-seca podem causar variagdes de até 8.2 m no nivel da agua. Ciclos
deste tipo foram identificados para o Aptiano do Atlantico Sul (CARVALHO et al.,
2019), podendo ter atingido a Bacia do Araripe. Considerando esse fato, é
suscitada uma questdo para o contexto dos bivalves da Formacido Crato,
Camada Caldas: poderia a sucessao de Trés Irmaos refletir condigcbes mais
proximais, ja que foram identificadas gretas de ressecamento (VAREJAO et al.,
2021a, p. 6), sendo essa uma evidéncia de condi¢des mais rasas, talvez até
expostas em periodos mais secos? Aliado a isso, € notavel a presenca de
musculos anteriores adutores bem desenvolvidos em C. novaolindensis (Fig. 21),
especie presente justamente na secdao de Trés Irm&os. Tais musculos sao
responsaveis pelo fechamento hermético das valvas, fazendo com que o animal
evite a dessecacgdo. E conhecido o fato de que alguns bivalves dulcicolas séo

capazes de viver em ambientes com secas periddicas, podendo chegar a
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sobreviver até 6 meses sob condi¢gbes de seca (COX et al., 1969). Favorecem
essa interpretagao os histogramas de distribuicdo de frequéncia de tamanhos
(Figs. 17 e 18), onde é notavel a distribuicdo bimodal dos espécimes de A.
elliptica da Camada Caldas. Este tipo de distribuigdo pode indicar algum tipo de
sazonalidade, tendo relagdo com condic¢des climaticas e/ou reprodutivas (CRAIG;
OERTEL, 1966; NOE-NYGAARD et al., 1987; OLSON, 1957; SKAWINA, 2013;
TOMASOVYCH, 2004).

Finalmente, é importante ressaltar o fato de que todas as assembleias
analisadas sado provavelmente autoctones a parautdoctones dado o grau de
preservacao, com a maioria dos exemplares articulados. Também apresentam
pouco ou nenhum fime-averaging. Por esse motivo, estes animais sdo uma
importante chave para a compreensao acurada dos paleoambientes abrangidos

pela Camada Caldas.
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Figura 21 — Cratonaia novaolindensis, Formacgéo Crato (Aptiano), mostrando a posicao e formato
das cicatrizes musculares. A-C. Molde interno, valva direita (DZP-19822 [Holétipo], 19828,
19817a) D. Molde interno, valva esquerda (DZP-19825). Notar como os musculos adutores
anteriores sdo bem desenvolvidos. Abreviagbes: aa — adutor anterior, apr — retrator pedial
anterior, ap - protrator anterior, pp — protrator pedial, pe — elevadores pediais. Escala = 5 mm.
Fonte: Silva et al. (2020a)
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6 CONCLUSOES

a.

Dados anteriores (SILVA et al., 2020a; 2020b) limitavam a presencga de
moluscos bivalves na Bacia do Araripe especificamente para a
Camada Caldas (VAREJAO et al., 2021);

. Ao longo do desenvolvimento da pesquisa, foi encontrada a presenca

de bivalves em outras associacdes de facies na Formacao Crato, em
uma assembleia dominada por Modiolus? sp. (SILVA et al., 2024;
Apéndice A);

Além de Modiolus? sp., a assembleia também conta com a presenca
de A. elliptica e M. bellaradiata, algo que determina o fendbmeno de
condensacgdo ambiental (FURSICH; KAUFFMAN, 1984) como tendo
sido crucial para a formag¢ao da composi¢cao faunistica observada na

assembleia analisada;

A descoberta desta assembleia expande verticalmente a distribuicéo
de bivalves em aproximadamente 30 metros dentro da Formagao
Crato, demonstrando que a unidade possui fosseis de grande
importancia para além daqueles encontrados nos célebres calcarios

laminados do Konservat-Lagerstétte;

Para além da nova assembleia descrita para a Formacgé&o Crato (SILVA
et al., 2024; Apéndice A), também foi encontrada uma assembleia de
facies dominadas por maré na sobreposta Formagdao Romualdo,
contendo bivalves marinhos-salobros retrabalhados e misturados com

as espécies dulcicolas tipicamente conhecidas para a Formacéao Crato;

A assembleia da Formagdo Romualdo sugere uma influéncia de fluxo
dulcicola e correntes de maré no retrabalhamento de sedimentos, o
que engendrou os habitats aquaticos durante a deposicdo da

Formagdo Romualdo (Apéndice B);

. Os bivalves dulcicolas encontrados nas facies dominadas por maré da

Formagao Romualdo ndo se tratam de fésseis remané da Formagao
Crato, ao contrario, habitaram de fato os ambientes costeiros onde

foram encontrados na Formacao Romualdo;
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A presenca destes moluscos bivalves na Formagdo Romualdo
expande ainda mais a distribuicdo estratigrafica destes animais, desta
vez ndo s6 para além da Camada Caldas, mas para além da Formacgao

Crato em si (Apéndice B);

Ainda acerca da fauna tipicamente encontrada na Formacéo Crato,
dantes atribuida como sendo endémica da Bacia do Araripe,
demonstrou-se que também pode ser encontrada nas formagdes

Marizal (Bacia Tucano) e Itapecuru (Bacia do Parnaiba) (Apéndice C);

Dois tipos distintos de malacofaunas dulcicolas sao identificadas para
o Cretaceo Inferior Brasileiro: uma de idade Berriasiana-Barremiana,
incluindo os registros mais antigos conhecidos de Mycetopoda,
Anodontites e Cratonaia;, e outra de idade Aptiana-Albiana,
caracterizada pela presenca de A. elliptica, C. novaolindensis e M.

bellaradiata;

As diferencas entre as faunas sugerem condigdes ambientais distintas,
com faunas mais antigas prosperando em fluxos de agua efémeros e
ambientes lacustres associados a sistemas de leque deltaico; e faunas

mais jovens em ambientes fluvio-lacustres;

Além disso, as faunas do Cretaceo Inferior diferem grandemente das
tipicamente encontradas no Cretaceo Superior brasileiros (e.g.,
Mycetopodidae, Sancticarolitidae), conhecidas, principalmente, para o
Grupo Bauru. Ambas sao bastante diferentes entre si, e,
aparentemente, ndo apresentam conexdes com as faunas Africanas

da época,;

. As assembleias de bivalves da Formacao Crato, na Camadas Caldas,
sdo autoctones a parautdctones e ndo apresentam extensa mistura
temporal (time-averaging). Logo, esses dados sao de extrema valia

para interpretacdes paleoambientais;

As assembleias de bivalves fésseis das localidades analisadas da
Camada Caldas apresentam diferencas tafonémicas e composicionais
entre si, sinalizando variacédo lateral de sistemas deposicionais no

contexto da camada;



80

Entre as possibilidades destas diferengas entre localidades se incluem
a tensao de cisalhamento, energia do meio (presenga ou auséncia de
correntes tracionais de fundos), tipo de substrato, teor de matéria
organica e variagao de atividade microbiana, parametros que parecem
influenciar diretamente na distribuicdo, abundancia e diversidade de

bivalves dulcicolas;

Os bivalves da Formagao Crato eram, possivelmente, escavadores
rasos, dada a auséncia de aberturas comissurais e a natureza de sua
ornamentagao adaptada ndo para escavagdo, mas para ancoragem,
como mecanismo compensatorio de seu grande comprimento no caso
de A. elliptica e M. bellaradiata, enquanto C. novaolindensis nao

apresenta essa adaptacgéao, pois ndo apresenta morfologia alongada;

Bivalves de morfologia alongada, tais como A. elliptica, podem ser
favoravelmente selecionados em locais com baixa energia,
corroborando as interpretacdes realizadas até aqui acerca da Camada
Caldas, tendo sido caracterizada como um ambiente de aguas calmas
(vide VAREJAO et al. 2021a);

As conchas de A. elliptica da Camada Caldas, ao estarem, em sua
maioria, articuladas abertas (i.e., butterfly), indicam rapida
decomposicdo dos musculos adutores, o que ocasionou uma abertura
das valvas em resposta a elasticidade do ligamento, e soterramento
rapido, porém nao abrupto. Neste contexto, os animais teriam sido
recobertos com sedimentos finos e entdo fossilizados sem a ruptura

do ligamento;

A assembleia de bivalves da localidade de Trés Irmaos, apresenta a
assembleia mais diversa de bivalves conhecidos da Formagéao Crato,
Camada Caldas. A predominancia de bivalves articulados fechados
sugere fortemente que os bivalves foram soterrados de maneira rapida.

Neste contexto, essa € uma assembleia tipicamente autdctone;

O predominio de bivalves preservados com as conchas com a
convexidade voltada para cima nas assembleias de A. elliptica
(Camada Caldas) sugerem que as conchas foram levemente
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remobilizadas e atingiram posicdo hidrodindmica estavel junto ao
fundo. Como estdo bem preservadas, articuladas em sua maioria e
nao existem fragmentos, as conchas devem ter tido exposicédo
reduzida a interface agua/sedimento e, portanto, transporte bastante
limitado. A articulag&o sugere, ainda, que estes animais possivelmente

estavam vivos quando foram preservados;

Ainda no contexto do arranjo tridimensional das conchas na matriz
sedimentar, as diferencas apresentadas entre a localidade de Caldas
e as demais podem estar refletindo diferengas batimétricas entre

ambientes mais proximais e distais;

A sucesséao de Trés Irmaos refletiria entdo condicbes mais proximais,
dada a presenca de gretas de contragéo preenchidas por folhelho na
regiéo noroeste da Camada Caldas (vide VAREJAO et al., 2021b, fig.
9B), denotando periodos de seca, possivelmente relacionados aos
ciclos umido-seco no Aptiano do Atlantico Sul. Aliada a isso, a
presenca de C. novaolindensis precisamente nessa localidade, a
espécie com os musculos anteriores adutores mais desenvolvidos,
musculos esses que sao responsaveis pelo fechamento hermético das

valvas a fim de evitar a dessecacgao.
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ABSTRACT

The known occurrences of Early Cretaceous freshwater bivalves in the Araripe Basin are confined to the
0.85- to 2-m-thick Caldas Bed of the Crato Formation. Herein, we record a new bivalve-dominated
assemblage in a siltstone bed nearly 30 m below the upper boundary with the overlying Romualdo
Formation. The assemblage is composed of ecologically incompatible bivalve mollusk species, being
dominated by tiny individuals of Modiolus? sp., a brackish water form. These are directly associated with
the freshwater bivalves Araripenaia elliptica and Monginellopsis bellaradiata, the latter two species
commonly found in the Caldas Bed. Those bivalves are mixed with carbonized, partially comminuted
plant remains. Specimens of Modiolus? sp. are usually articulated and are dispersed to loosely packed or
forming cm-long clusters. A few shells of the freshwater forms are also articulated. The bivalves lived in a
semi-confined embayment setting with fluctuating salinity. Background brackish water conditions must
have existed long enough for the Modiolus? sp. larvae to settle and develop as juvenile individuals. Rapid
salinity fluctuations associated with sea level and climate variations allowed A. elliptica and
M. bellaradiata to thrive in the same area. Hence, the numerically dominant shells of the brackish water
forms and the freshwater bivalves have been telescoped into the same bedding plane, generating an
environmentally condensed, time-averaged benthic assemblage. Finally, the presence of these taxa
considerably expands the vertical/temporal distribution of bivalve mollusks within the Crato Formation.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

and space (Kowalewski, 1996). Thus, aquatic shelly assemblages can
be time-averaged from days (ecological census) to 100 Myrs

Time-averaging is a natural phenomenon that reduces data
resolution by making distinct events and biota to appear synchro-
nous in the geological record (Fiirsich and Aberhan, 1990; Kidwell
and Bosence, 1991). Such process is a result of multiple combined
factors, including extrinsic (e.g., condensation) and intrinsic ones
(e.g., shell durability; reproduction rates), which varies with time
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(biostratigraphic condensation) (Kidwell and Bosence, 1991).
Time-averaged assemblages mainly exist because sedimenta-
tion rates are comparatively lower than the lifespan of the organ-
isms (Walker and Bambach, 1971; Kowalewski and Bambach,
2003). As the sedimentation rates are tied to the depositional en-
ergy of a given sedimentary environment, the same setting can
record drastically different time condensed assemblages (Flessa
and Kowalewski, 1994; Kowalewski et al., 1998). Modern marine
mollusk- and brachiopod-dominated shell accumulations have
been precisely dated by AMS C and by radiocarbon-calibrated
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amino acid racemization to understand the magnitude of the time-
averaging in marine settings (Carroll et al., 2003, Krause Jr. et al.,
2010; Kidwell, 2013, among others), also including submarine
canyons (Tomasovych et al., 2022). Non-marine sites are compar-
atively understudied, but available data points to distinct scales of
temporal mixing from the observed in marine settings. For
example, while modern bioclastic accumulations in lakes are time-
averaged in the order of ~3000 years with a peak in ages of
100—750 years (Ryan et al., 2020), shallow marine settings present
dated shells with more than 35,000 years with peak ages of
500—3000 years (Kidwell, 1998, 2013; Carroll et al., 2003; Krause Jr.
et al,, 2010).

In the context above, semi-confined bay settings are interesting
sites of investigation, because they are restricted environments
with large fluctuations in salinity controlled by environmental and
climatic changes. Therefore, semi-confined bays can change from
freshwaters to brackish waters conditions over a narrow to broad
timescale (i.e., from days to millions of years). Furthermore, these
are potential sites for environmental mixing as it can condensate
both marine and non-marine faunas (Kidwell and Bosence, 1991).

Here, we report a new bivalve mollusk-dominated fossil occur-
rence in a siltstone bed deposited in a confined bay facies associ-
ation from the Crato Formation, Araripe Basin, NE Brazil. Unlike
previous bivalve occurrences in the unit (i.e., freshwater), the new
assemblage is dominated by mytilid bivalves, with a subordinate
presence of unionoid shells. In this contribution, we analyze the
taxonomy and taphonomy, as well as the paleoecological signifi-
cance of this singular, new, and complex benthic fossil assemblage.

2. Geological setting

The Araripe Basin (Fig. 1A) is one of the main Mesozoic basins in
northeastern Brazil, originated by intraplate strike-slip deforma-
tion along major lithospheric discontinuities in response to the
breakup of the South American and African continents (Rosa et al.,
2023). This sedimentary basin is well-known for the occurrence of
exceptionally preserved soft-bodied fossils during the Aptian
(Custodio et al., 2017; Bom et al., 2021; Varejao et al., 2021a;
Guzman et al., 2023) within the Crato (Ribeiro et al., 2021) and
Romualdo (Fara et al., 2005) formations of the Santana Group
(sensu Assine et al., 2014; Neumann and Assine, 2015).

The Santana Group is a mixed siliciclastic-carbonate succession
(Fig. 1B) organized in three third-order stratigraphic sequences
(Assine et al., 2014). Sedimentation occurred under progressive
conditions of epeiric marine ingression (Prado et al, 2015;
Goldberg et al., 2019; Melo et al., 2020; Bom et al., 2021; Varejao
et al,, 2021a), from dominantly fluvial settings (Barbalha Forma-
tion; Scherer et al., 2015), through freshwater, hypersaline and
evaporitic lakes (Barbalha, Crato and Ipubi formations; Neumann
et al., 2003; Scherer et al., 2015; Fabin et al., 2018; Varejao et al.,
2021a), to transitional and marine settings (Crato and Romualdo
formations; Custodio et al., 2017; Varejao et al., 2021a).

The Aptian Crato Konservat-Lagerstatte is one of the most
extraordinary and world-renowned Gondwana fossil deposits (e.g.,
Martill et al., 2007; Ribeiro et al., 2021). This fossil-rich interval in
the lower part of the Crato Formation (Santana Group, Araripe
Basin) was generated in a shallow, hypersaline lake subject to pe-
riodic fluctuation in the water level (Ribeiro et al., 2021; Varejao
et al., 2021a). The exceptional preservation was mediated by mi-
crobial mat entombment (Varejao et al., 2019; Dias and Carvalho,
2022; Dias et al., 2023) in the coastal areas of a wetland system
(Ribeiro et al., 2021).

As revealed by the high-resolution stratigraphic analysis and
mapping (Varejao et al., 2021a), the macrofossil record outside the
microbially-induced laminated limestone is meager in the ~90-m-
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thick sedimentary succession of the Crato Formation. An exception
is the so-called Caldas Bed, a regionally persistent, 0.85- to 2-m-
thick fossil-bearing muddy interval (Varejao et al., 2021b). At its
type locality (Nova Olinda municipality, Ceara State), the bed is a
coarsening-upward succession of gray/green mudstone and inter-
bedded sandy siltstone and claystone (Varejao et al., 2021b).

The fossil content of the Caldas Bed encompasses typical
freshwater bivalves, small gastropods, spinicaudatans, plant re-
mains, trace fossils, and rare ostracods (Silva et al., 2020a, 2020b;
Varejao et al., 2021b). The endemic freshwater bivalves stand out as
one of the main invertebrate groups of the benthic fauna from the
Araripe Basin. The taxonomy and paleoecology of these unionoids
were analyzed at various localities of the Caldas Bed (Silva et al.,
2020a, 2020b). In the Trés Irmaos quarry, Nova Olinda municipal-
ity, the unionoid-rich strata contain three endemic freshwater
species, all of which were described by Silva et al. (2020) (i.e.,
Araripenaia elliptica, Monginellopsis bellaradiata, and Cratonaia
novaolindensis) on the same bedding planes (Silva et al., 2020a,
2020b). Thus, the Caldas Bed records a benthic assemblage repre-
senting a short-term isochronous regional freshening event,
marked by abrupt environmental changes in sedimentation
pattern, water depth, salinity, oxygenation, and water chemistry
(Varejao et al.,, 20214, 2021b).

The new bivalve-bearing succession is characterized by
coarsening-upward facies associations (Varejao et al, 2021a)
(Fig. 1C). In the lower part, gray silty shale deposits with flaser
bedding intervals containing Planolites and Teichichnus occur be-
tween wave ripple cross-laminated and hummocky cross-stratified
fine-grained sandstone with common escape trace fossils. Towards
the top, the shale beds are overlain by a fine-grained sandstone
with ripple cross-lamination, horizontal lamination, and trough
cross-stratification containing plant fragments. Occasionally, the
base of the sandstone facies displays ball-and-pillow structures.
The bivalve assemblage occurs in the last coarsening-upward suc-
cession, in a siltstone bed sandwiched between the shale and
sandstone facies (Fig. 1C).

3. Material and methods

In total, 1058 bivalve specimens were investigated. Most of them
(n =1055) were collected during field campaigns in the Sobradinho
locality, Araripe Basin, between 2020 and 2022 (see Varejao et al.,
2021a) (Fig. 1A) (UTM 24 M 482,044E/9,162,517S). In addition,
three specimens come from the Crato Formation, Caldas Bed, at the
Rio da Batateira section (UTM 24 M 449,866E/9,198,487S), in the
urban area of the city of Crato, Ceard. These specimens are used
solely to complement the description of the new mytilid bivalve,
since their state of preservation is relatively good in comparison to
those found in the Sobradinho section. In general, the specimens
from the Sobradinho section, Jardim municipality, Ceard State,
occurring in a weathered siltstone, are poorly preserved. Casts were
prepared using plasticine (FIMO brand) to enhance internal char-
acters, such as muscle scars, pallial line, and hinge. A few specimens
were coated with magnesium oxide to improve some morpholog-
ical characters. After that, they were photographed using a Zeiss
Discovery v20 stereo microscope, equipped with an AxioCam mRC
camera, CL600 led lights, and Planapo 15x FWD 30 mm,
1.0 x 60 mm and Achromat 0.3x FWD 236 mm lenses. The images
were then edited in Adobe Lightroom Classic, Photoshop CC and/or
Corel PhotoPaint X8 softwares. Shell drawings and plates were
prepared using Corel Draw X8.

Shells were measured according to Stanley (1972) and Kauffman
(1973). Most specimens were unmeasurable due to poor preser-
vation and strong valve compaction, which also led to an under-
estimation of the number of articulated shells. The measurements
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Fig. 1. A. Geological map of the eastern Araripe Basin (modified from Assine, 2007). B. Schematic sedimentary column of the Aptian succession, with the inferred stratigraphic
position for the studied interval of the Crato Formation. C. The Crato Formation at the Sobradinho section, and the stratigraphic position of the newly reported assemblage in a

silstone bed. Explanation: Cl — clay; St — silt; fS — fine sand.

given in Table 1 are from the best-preserved individuals within a
hand sample that contains several valves.

The systematic classification follows Bieler et al. (2010) and
Silva et al. (2020b) for the freshwater bivalves, and the tapho-
nomic terminology is based on Kidwell et al. (1986) and Brett and
Baird (1986). All studied specimens are housed in the Paleonto-
logical collection of the Sector of Zoology of the Department of
Biodiversity and Biostatistics, Sao Paulo State University, Botucatu
Campus, Sao Paulo, Brazil, under accession numbers with the
prefix DZP-.

Table 1

Shell measurements (mm) of Modiolus? sp., Crato Formation, Araripe Basin, north-
eastern Brazil. Herein we include only samples where at least one of the dimensions
were measurable.

Sample Length Height Width
21125F 2.5 4 1
21127A 2.5 3 —
21134A 2.5 35 -
21135 25 - -
21141 1.5 - —
21152 2.5 35 -
21154 25 35 -
21157 2.5 3.5 —
21180ABI 2 3 -
21183AB 25 4 -
21187AB 2.5 4 —
22173AD 1.5 3 -
22174 2 3 —
22175 3 3.5 —

4. Results
4.1. Systematic paleontology

Subclass Autobranchia Grobben, 1894
Superorder Pteriomorphia Beurlen, 1944
Order Mytilida Férussac, 1822
Superfamily Mytiloidea Rafinesque, 1815
Family Mytilidae Rafinesque, 1815
Subfamily uncertain

Genus uncertain

Modiolus? sp.
Fig. 2

Material. DZP-1030, 1032, 1051B, 20311, 21120-21122A-F, 21125A-F,
21127A-B- 21130A-B, 21132, 21134A-G-21137, 21139, 21141,
21142—-21148A, 21151A-B, 21152, 21154-21161A-D, 21167, 21170A-
CI-21175, 21177, 21180A-BI, 21182A-D-21185A-B, 21187A-B-21193,
21195-21202, 21205, 21207-21212A-B, 21217, 21218,
221721-221781.

Measurements. See Table 1.

Description. Shell small to very small (maximum length ~3.0 mm),
very thin, more or less modioliform, non-twisted. Valves moder-
ately to strongly inflated, distinctly inequilateral (Fig. 2). Umbo at or
close to anterior end. Maximum convexity mid-umbonal. Ventral
margin short and straight; posterior margin rounded; dorsal
margin moderately straight. Lacking anteroventral lobe and um-
bonal ridge (Fig. 2). Byssal gape not observed. Shell smooth except
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A

Fig. 2. Modiolus? sp. A-C, E. Composite molds, DZP-21125F, DZP-21121, DZP-22173Al, DZP-1032. A-B. Lateral view, showing general outline of a left (A) and a right valve (B). C. Lateral
view of a right valve, note shell remains on posteroventral portion of the specimen. D. Drawing of C, highlighting irregularly spaced growth lines. E. Lateral view of a right valve with
very conspicuous growth lines. F. Drawing of the specimen in E, bringing out the general outline of the shell and the growth lines. All specimens were described in the Sobradinho
section, except for DZP-1032, depicted in E, which was collected in the Crato Formation, Caldas Bed, at the Rio da Batateira locality (see also Varejao et al., 2021a). Scale bars = 2 mm.
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for commarginal growth lines. Dentition, musculature and liga-
mental groove unknown.

Remarks. The poor preservational state of the shells make it
difficult to accurately assign them to a genus, or even a subfamily.
Indeed, the hinge, dentition, muscle scars and other internal
characters of the shells are unknown. For this reason, we keep
this bivalve in open nomenclature, hence the question mark in
the genus name.

As the shells are generally very poorly preserved and typically
compressed, it is difficult to compare them with other mytilids.
However, their gross morphology closely resembles that of
Mytilus lovei from the Upper Cretaceous Harebell Formation of
Wyoming, USA. Nonetheless, among the analyzed material, the
specimens shown in Fig. 2 are less compressed and broken,
demonstrating a short, more or less modioliform outline of the
shell.

Since this mytilid bivalve is recorded in direct association with
typical freshwater bivalves (A. elliptica and M. bellaradiata) we
may exclude several muytilid subfamilies, such as Bathy-
modiolinae, Lithophaginae, and probably Crenellinae. The
presence of a terminal umbo and the lack of a lobe makes
Modiolus? sp. comparable to some genera of the family Dreisse-
nidae, a group of brackish to freshwater mytilid bivalves, such as
Mytilopsis, Congeria, and Dreissena. However, the gross
morphology of Modiolus? sp. is very distinct from that of dreis-
senids, which are typically falcate in outline. Furthermore, these
shells commonly carry a strong umbonal ridge (see Kauffman,
1973), a character that is missing in the mytilid shells of the
Crato Formation.

The first record of mytilid bivalves in the Cretaceous strata of the
Araripe Basin was made by Beurlen (1963), who mentioned
(although did not describe) the presence of Brachidontes in rocks of
the Santana Group. Pereira et al. (2015) described them as a new
species of Brachidontes (i.e., Brachidontes araripensis), and Fiirsich
et al. (2019) referred them to Musculus araripensis (Pereira et al.,
2015).

The tiny mytilids from the Crato Formation clearly differ from
Brachidontes, which has a trapezoidal shell with a well-marked
lateral sulcus and radial ornamentation across the entire shell.
The shell of Musculus is also trapezoidal, with a lateral sulcus and
radial costellae on the anterior and posterior margins. Radial
costellae are lacking in the Crato specimens, whose general
morphology resembles that of the Santonian bivalve Modiolus
capitatus from the Hochmoos Formation, Bibereck, Gosau
(Austria) (Dhondt, 1987, pl. 2, fig. 2), although M. capitatus is
significantly larger (up to 49.5 mm in length) than the tiny
Modiolus? sp. (Table 1). Size differences, apart from being an
intrinsic characteristic of a species, can also be explained by
ecological traits of a given environment (e.g., food availability,
temperature, etc.) and, therefore, do not hamper taxonomic
comparisons.

Superorder Heteroconchia Gray, 1854
Order Unionida Gray, 1854
Superfamily Trigonioidoidea Cox, 1952
Family uncertain

Genus Monginellopsis Silva, Varejao, Matos, Rodrigues, Fiirsich,
Skawina, Schneider, Warren, Assine and Simoes, 2020

Monginellopsis bellaradiata Silva, Varejao, Matos, Rodrigues, Fiir-
sich, Skawina, Schneider, Warren, Assine and Simoes, 2020
Fig. 3A, B

Material. DZP-21122AB.
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Remarks. One broken right valve represented by part and counter-
part, closely resembling M. bellaradiata is shown in Fig. 3A, B. The
shell is very small, probably a juvenile specimen, and moderately
inequilateral. The anterior margin is rounded, but other margins are
not preserved. The umbo is prominent, broad, moderately projec-
ting above the hinge line, and prosogyrate. The typical ornamen-
tation of M. bellaradiata, with at least 14 irregularly spaced, broadly
rounded radial ribs with broad interspaces is visible in the spec-
imen (Fig. 3A, B). The ribs are strongly crenulated throughout. The
regularly spaced growth lines, which cross the ribs and interspaces
and result in an undulated pattern, a typical character of the spe-
cies, are also clearly discernible (Fig. 3A, B). Unfortunately, the
hinge, muscle scars and other characters are not observed given the
state of preservation.

Superfamily uncertain
Family uncertain

Araripenaia elliptica Silva, Varejao, Matos, Rodrigues, Fiirsich,
Skawina, Schneider, Warren, Assine and Simoes, 2020
Figs. 3C-D, 4

Material. DZP-21122All, 21122FIl, 2114511, 21170Il, 21174, 211801],
2118911, 21209.

Out of the eight incomplete specimens found, three are external
molds (with undeterminable valves), two composite molds, of
which one is a left valve and the other shows splayed open shells
(Fig. 3D), and three are internal molds of left valves.

Remarks. Most of the specimens are severely fragmented by
compaction and/or poorly preserved. The shells are thin and
equivalved, showing diagnostic characters of A. elliptica. The valves
are laterally compressed with a transversely elliptical outline. The
anterior margin is strongly convex, but the other margins are only
partially preserved or completely missing (Fig. 3C-D). A notable
feature of our specimens (Figs. 3C-D, 4) is the typical umbonal re-
gion with slender, inverted V-shaped riblets and the radial riblets
on its central part (Fig. 4), as described in Silva et al. (2020a).
Slightly irregular commarginal growth lines are conspicuous on the
entire shell surface (Fig. 3C-D). Anatomical traits that are also
commonly present in A. elliptica, such as the hinge and pustules, are
not observed in the studied specimens given their poor preserva-
tional state. In the analyzed specimens, the muscle scars and pallial
line are not preserved, as in those specimens previously described
by Silva et al. (2020b).

4.2. Faunal composition

Based on the data presented above, the taxonomic composition
of the studied assemblage includes bivalve species of different
environments (i.e., brackish water and freshwater ones). In total,
1055 bivalve specimens were recorded, but the proportion of shells
from both groups remarkably differs.

4.2.1. The brackish-water bivalves

Among the 1055 bivalve specimens collected, Modiolus? sp. is
the dominant species in the assemblage (n = 1046; 99.14%). Mod-
iolus? sp. is a very small, epibyssate, suspension-feeding mussel,
probably a brackish (to marine) species (Kauffman, 1973). As
mentioned in the preceding systematic section, the shells are
morphologically very different of those of freshwater Dreissenidae.

4.2.2. The freshwater bivalves

This group is represented by two (i.e., A. elliptica and
M. bellaradiata) of the three typical endemic freshwater bivalve
species of the Crato Formation (Silva et al., 2020a, 2020b). In the
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Fig. 3. Freshwater bivalves from the Modiolus? sp. dominated assemblage. A-B. Juvenile specimen of Monginellopsis bellaradiata. A. Right valve, composite mold, DZP-21122B. Note
the broad, rounded radial ribs that are typical of this species. B. Counterpart of the specimen in A. C. Incomplete composite mold of an Araripenaia elliptica right valve, DZP-21209.
Note the characteristic radial riblets near the umbo. D. Incomplete composite mold of a splayed specimen of A. elliptica, DZP-21174. Scale bars: A-B = 2 mm; C-D = 5 mm.

new assemblage, these bivalves are rare. Of the two, A. elliptica
(n = 8; 0.76%) is more common, since only one specimen of
M. bellaradiata (0.09%) was found.

The semi-infaunal, suspension-feeding A. elliptica and
M. bellaradiata are typical freshwater bivalves. They colonized soft,
fine-grained, and siliciclastic-dominated bottoms (Silva et al,
2020b). As described in Silva et al. (2020b), the shells of
A. elliptica and M. bellaradiata are posteriorly expanded, and the
ventral margins are curved. Such shell morphology is more char-
acteristic of bivalve species thriving in a large body of slowly
moving or standing waters (i.e., lakes, bays) than in fast flowing
rivers (see Fiirsich and Kauffman, 1984, p. 523).

Finally, these bivalves, as well as Modiolus? sp., are occasionally
associated with comminuted and/or cm-long carbonized plant re-
mains (Fig. 5).

4.3. Taphonomy

Bivalves of both groups are usually preserved as molds (in-
ternal, external, composite), but some still display remains of
original shell. However, given the nature of the sedimentary
matrix and rock weathering, the preservation quality of the
bivalves is generally poor. The plant remains, in turn, are
carbonized.

Most specimens of Modiolus? sp. seem to be closed-articulated,
and the shells are strongly compressed, showing radial fractures
(Fig. 6). This taphonomic condition is easily discernible in the
Modiolus? sp. shells, in which the closed valves of some specimens
have been so much compressed that they appear as a single shell.
Among the identifiable shells of A. elliptica some are composite
molds, including one articulated (i.e., splayed) specimen, one left
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Fig. 4. A. Close-up of specimen DZP-21174. B. Note the V-shaped riblets, a diagnostic feature of the ornamentation of Araripenaia elliptica. Scale bar = 1 mm.

valve (Fig. 3C), and three left valves that are internal molds. The
single specimen of M. bellaradiata is a right valve (Fig. 3A, B).

Bivalve sorting by shape and size is not observed in the studied
material, although most of the shells of Modiolus? sp. that could be
measured have nearly the same size (i.e., ~2.5 mm of length;
Table 1). Co-occurring on the same bedding planes are also
A. elliptica shells, the maximum length of which is ~15 mm in the
case of a broken incomplete valve. Both bivalves differ distinctly in
shape and are also associated with plant remains (e.g., Fig. 5).

In plan-view, the bivalve specimens are dispersed to loosely
packed in the matrix (sensu Kidwell et al., 1986). In cross-section,
the shells are concordant to the bedding plane, and perpendic-
ular- or oblique-oriented specimens were not found. At outcrop
scale, the shells of Modiolus? sp. may occur as patchily developed,
two-dimensional, elongated clusters (see Kidwell et al., 1986, p.
230, fig. 3) (Fig. 7).

Shell fragments produced by biostratinomic processes are rare
or even absent. Most of the fragmentation was produced during the
diagenetic stage or sampling. Indeed, the shells of M. bellaradiata
and A. elliptica in Fig. 3 were fragmented during sampling, given the
fragile and deeply weathered nature of the rock.

5. Discussion
5.1. Paleoenvironmental setting

The new fossil assemblage is confined to a siltstone stratum
within a shallowing upward succession (Varejao et al., 2021a). The
interval below the siltstone bed is interpreted as representing
shoreface to offshore transition deposits, and the overlying facies
are interpreted as having been deposited in the shoreface to fore-
shore (Varejao et al., 2021a). The sedimentary stacking and the
existence of marine ichnotaxa (i.e., Teichichnus) and land-derived
comminuted plant debris attest that deposition of this unit took
place in a semi-confined bay system (Varejao et al., 2021a).

The composition and state of preservation of the bivalves in the
siltstone bed records rapid sedimentation under conditions of
highly fluctuating salinity. The former is also supported by the
presence (or even dominance) of closed-articulated shells, as in the
case of Modiolus? sp., the latter by bivalves that lived in different
salinity regimes. Since the hinge of Modiolus? sp. is not firmly
locked by teeth, after death their valves would have easily opened

and become separated (i.e., disarticulated) once the ligament
decayed. In other words, these mytilid shells could have been
preserved this way only under conditions of rapid burial and low
residence time at the sediment—water interface. Most of the
closed-articulated shells of this species were also strongly com-
pacted during diagenesis (Fig. 6).

The extremely low diversity of the fossil assemblage and the
small size of the dominant bivalves are good indicators of envi-
ronmental stress (e.g., Fiirsich et al., 2019), probably tied to salinity
fluctuations. Such an environment could be a semi-confined
embayment, an interpretation supported by ichnological, sedi-
mentological and stratigraphic data (Varejao et al., 2021b).

5.2. Spatial mixing versus environmental condensation

The assemblage encompasses a mixture of bivalves with
different modes of life and ecological particularities. The occur-
rence of typical freshwater bivalves together with Modiolus? sp.
shells on the same bedding plane is puzzling and may be tied to (a)
spatial mixing and/or (b) environmental condensation.

Documentation of transport of bivalve shells is available for all
sedimentary settings, but the data summarized by Kidwell and
Bosence (1991) (see also Flessa, 1998) indicate that such transport
largely occurs within habitat. In other words, most shells are not
displaced from their original habitat and, if this occurs, the trans-
ported shells represent a small fraction of the bioclasts in the
recipient assemblage (Cadée, 1968, 1984). In the studied assem-
blages, shell transport has been limited for the shells of both the
freshwater and brackish water bivalves. For instance, signs of
abrasion and shell fragments are mainly absent. A clear example is
the external surface of M. bellaradiata shells, on which the delicate
ornamentation is preserved (Fig. 3A, B). This would not have been
possible if the shells were continuously reworked or transported at
the sediment—water interface and supports a rapid burial scenario.

Although shell articulation may be suggestive of a low degree of
lateral transport and in situ preservation of Modiolus? sp. shells, we
must consider that closed articulated bivalves may also have been
transported alive (see also Fiirsich and Oschmann, 1993), especially
when associated with high-energy events. Cadée (2002) showed
that small closed articulated freshwater shells of Dreissena poly-
morpha, can be transported by floating (for days) in the water
column in beach (foreshore) settings. However, for this process to
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Fig. 5. A. Oriented plant fragments. DZP-21124. B-D. Specimens of Modiolus? sp. occurring in association with carbonized plant remains. B. Sample DZP-21152. C-D. Note the plant
fragments (white arrows); DZP-212011II and DZP-21201, respectively. Scale bars: A = 10 mm, B-D = 2 mm.
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Fig. 6. A-B. Specimens of Modiolus? sp. showing radial fractures, caused by intense compaction, DZP-21192A and DZP-21152], respectively. Note that both specimens are closed-

articulated. Scale bars = 2 mm.

occur, living (or dead) shells must be transported to the beach
where the bivalve dries with the adductor muscles still in action
(Cadée, 2002). The dried bivalve remains glue the valves together
this way trapping air inside (Cadée, 2002). In our fossil assemblage,
there is no evidence of subaerial exposures of either bivalves and/or
sediment, a necessary condition to attest the possible floating of
small articulated shells.

In contrast, current-oriented plant fragments associated with
the bivalves suggests rapid deposition of sediment from conti-
nental areas during events of high run-off (Fig. 5A). Likewise, the
closed-articulated shells of Modiolus? sp. are arranged in cm-long,
stringer-like concentrations (see Kidwell et al., 1986) that may
represent clusters of individuals modified by bottom currents. Yet,
the presence of predominantly articulated valves of A. elliptica
(Fig. 3D), is indicative that the post-mortem residence time of these
shells on the sediment—water interface was also short, and that the
shells did not undergo extensive lateral transport or reworking (see
also Brett and Baird, 1986; Fiirsich and Pandey, 1999). Indeed, these
conditions would not have been possible if the bivalve shells were
continuously reworked or transported at the sediment—water
interface. In summary, the transport of shells from their habitat
was limited, making them parautochthonous elements. If this is
true, how could shells from freshwater environments and brackish
water settings become mixed?

Another possibility is that the assemblage represents a case of
environmental condensation (Fiirsich and Kauffman, 1984). Such
an assemblage can be recognized by a set of features, including the
presence of ecologically incompatible faunas and preservational
differences (also including shell infilling) (Fiirsich and Kauffman,
1984, p. 506). In the present fossil assemblage, the co-occurrence
of ecologically incompatible bivalve species is striking. In addi-
tion, most of Modiolus? sp. specimens are preserved with remains
of original shell and, when preserved closed-articulated, they were

not filled with sediment (as suggested by the collapse of shells). The
valves of the freshwater bivalves, which represent only a small part
of the assemblage, are mainly preserved as molds, suggesting dif-
ferences in the mineralogy and microstructure between their
shells. It seems that the brackish water Modiolus? sp. and the
freshwater unionoids lived in the same area, but at different times
and under different salinity regimes. During deposition of the bed,
brackish conditions probably dominated, as indicated by the
dominance of the mytilid bivalves. Indeed, if the background con-
ditions were freshwater, then one would expect more unionoid
bivalves in the assemblage, which is not the case. A model propo-
sition for the environmental condensation of this assemblage is
presented in Fig. 8.

5.3. Paleoautoecology and population dynamics

As mentioned above, Modiolus? sp. closely resembles M. lovei
from the Harebell Formation of northwestern Wyoming (Kauffman,
1973). According to this author, M. lovei, similarly to the herein
described Modiolus? sp., also occurs in association with nonmarine
bivalves (Kauffman, 1973). The gross morphology of Modiolus? sp.,
as in M. lovei, indicates close affinities with brackish to marine
Mytilidae, rather than with freshwater or slightly brackish ones.
This is also supported by the scarcity of freshwater bivalves
compared with the great abundance of the mytilids in the
assemblage.

Like M. lovei from the Upper Cretaceous Harebell Formation
(Kauffman, 1973), Modiolus? sp. displays a somewhat narrow size
range (Table 1), with most of the shells being 2.5 mm in length.
This argues for a prevalence of juvenile individuals, possibly
representing a seasonal spatfall and a single age group. The
spatfall was then completely killed before the individuals reached
the adult stage, probably during their first year of growth
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Fig. 7. A-C. Samples showing accumulations of Modiolus? sp. shells. A. DZP-21171, B. DZP-21190, C. DZP-22173A. Scale bars: A = 5 mm, B = 10 mm, C = 20 mm.

(Kauffman, 1973; Firsich and Kauffman, 1984). Such growth
patterns are typical of populations that invade habitats that
provided suitable living conditions for a limited time interval
(Kauffman, 1973).

The sediment in which the endobyssate bivalve Modiolus? sp.
occurs is devoid of coarse sediment particles, but some of their

articulated shells are found in close association with plant
fragments (Fig. 5B, C). In various sedimentary environments,
byssate bivalves are known to live attached to such fragments
(Karatayev et al., 2007; Garton et al., 2013). However, clear ev-
idence that the bivalves used the plant fragments for attachment
is still lacking.
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6. Concluding remarks

Until now, the presence of bivalve mollusks in the Aptian Crato
Formation of the Araripe Basin was confined to the up to 2-m-thick
coarsening-upward succession of gray/green mudstone and inter-
bedded sandy siltstone and claystone of the Caldas Bed (Varejao
et al.,, 2021a). This stratigraphic interval was recognized at several

n

localities along the outcrop belt of the Crato Formation. Bivalves in
the Caldas Bed are mainly represented by endemic freshwater
species (i.e., C. novaolindensis, A. elliptica, and M. bellaradiata). The
new bivalve occurrence documented in this contribution is signif-
icant, because it indicates that: (a) the Crato bivalves are recorded
in a distinct facies association from that of the Caldas Bed (Varejao
et al., 2021b); (b) other bivalve groups (i.e., Modiolus? sp.) also
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colonized the Araripe Basin during the deposition of the Crato
Formation; (c) some species were able to thrive under paleo-
environmental conditions (i.e, a semi-confined embayment
setting) differing from those recorded in the Caldas Bed, and (d)
environmental condensation played a significant role in shaping
the faunal composition of the assemblage, offering us a snapshot of
benthic invertebrates that lived at different times in a high-stress
embayment environment that existed in the middle part of the
Crato Formation. The paleoenvironmental scenario depicted is very
different from depositional settings hitherto known for the bivalve-
rich beds (i.e., Caldas Bed) of this unit (Varejao et al., 2021b).

Finally, based on the available stratigraphic information
(Varejao et al., 2021a, 2021b), the analyzed fossil occurrence is
located approximately 30 m below the top of Crato Formation, thus
considerably expanding the vertical distribution of bivalves (i.e.,
A. elliptica, M. bellaradiata, Modiolus? sp.). Furthermore, our data
clearly demonstrates that the Crato Formation contains key fossils
preserved in rocks other than the famous, laminated limestone
lagerstatte with exquisitely preserved fossils.

Data availability

Data will be made available on request.
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HIGHLIGHTS

- First record of bivalves in tidal-dominated facies of the Aptian-Albian Romualdo
Formation.

- Freshwater, brackish water, and marine bivalves are mixed in an intraclast-supported
conglomerate.

- Bivalves are not remané fossils in the tidal succession.

- Unionoids of the Crato Formation are Lazarus taxa in the overlying Romualdo

Formation.
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ABSTRACT

The Aptian-Albian Romualdo Formation was deposited in a confined aquatic setting
punctuated by at least three distinct marine ingression events. These are recorded within
the shale-dominated interval found in the middle portion of the Romualdo Formation.
The first event is recorded in concretion-bearing shales, the second in foraminifera-rich
shales, and the third in the upper shell bed interval. Much of the paleontological
knowledge of the Romualdo Formation comes from the shale interval, whereas the fossil
information on sandstone-dominated facies from the uppermost part of the unit is meager,
since the overlying deposits were either eroded before sedimentation of the Araripina and
Exu formations or are presently covered by gravity-flow deposits generated by the
escarpment retreat of the Araripe Plateau. Nevertheless, the uppermost part of the
Romualdo Formation preserves a sedimentary succession of tide-dominated coastal facies
(mudstone, heterolithic facies, and sandstone), recording the progressive return of
continental conditions in the basin. Notably, in the Sobradinho section, Jardim County,
State of Ceard, a new mollusk-dominated assemblage is recorded in a claystone and
intraclast-supported conglomerate facies, ~10 m above the shell bed interval. In this
contribution, these bivalves are identified, and the stratigraphic range of each species is
discussed. The fossil assemblage includes bone fragments, comminuted carbonized plant
remains, marine or brackish water bivalves (Australoeocallista juazeiroi, Legumen
kaririense) and gastropods (mainly Epitoniidae), which are abundant elements in the
Romualdo Formation, as well as freshwater bivalve species (Cratonaia novaolidensis,
Araripenaia elliptica, and Monginellopsis bellaradiata), known only in the underlying
Crato Formation. AIll macroinvertebrates display the same preservational pattern
(internal/external molds with original shell remnants), and their infill corresponds to the

rock matrix. This suggests that they have been reworked and concentrated in tidal channel
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deposits. Hence, the unionid bivalves are not fossil remanés in the Romualdo Formation.
Their presence indicates that during most of the depositional history of this unit, they
were able to thrive in rivers and/or low-salinity transitional/coastal environments.
Without this record, their vertical distribution would be mainly restricted to the bivalve-
rich mudstone of the basal third of the Crato Formation. Hence, our new data greatly
expands the stratigraphic range of those bivalves, which are unequivocal examples of

facies-controlled Lazarus taxa.

KEYWORDS: Araripe Basin, Aptian, Mixed Bivalve Assemblage, Lazarus Taxa.
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1. INTRODUCTION

The Aptian-Albian (Bom et al., 2023) Romualdo Formation in the Araripe Basin,
NE Brazil, is well known for its abundant macroinvertebrate faunas that are dominated
by mollusks (i.e., gastropods and bivalves; Beurlen, 1963; 1964; Firsich et al., 2019;
Rodrigues et al., 2020; Guerrini et al., 2024), crustaceans (i.e., shrimps and crabs; Maisey
and Carvalho, 1995; Prado et al., 2018; Matos et al., 2021) and echinoids (Beurlen, 1966;
Manso & Hessel, 2012). Much of our understanding of these invertebrates within the
Romualdo Formation stems from the study of brackish to marine shales, particularly the
basal fossil-rich, carbonate concretion-bearing black shales (e.g., Martill, 1988; 1990;
Maisey, 1991; Fara et al., 2005), and shell beds (Rodrigues et al., 2020, 2022).

The concretion-bearing shales occur in the middle to intermediate part of the
transgressive systems tract, conforming the maximum flooding zone of the third-order
stratigraphic sequence that encompass all the Romualdo Formation. These early
diagenetic concretions include vertebrates (i.e., fishes, pterosaurs, turtles, crocodiles) and
invertebrates (i.e., shrimps, bivalves) (see Maisey, 1991), among other fossil groups.
Notably, some fossils (e.g., fishes) may exhibit exceptional preservation with specimens
containing preserved soft tissues (Martill, 1988; Maisey, 1991). It is these occurrences
that characterize the world-renowned deposits of exceptional preservation of the
Romualdo Formation (i.e., Santana Konservat-Lagerstatte).

The other fossil-rich interval of this unit is recorded within the upper part of shales
from the regressive systems tract, where cm-thick bivalve- or gastropod-dominated shell
beds are recorded (Martill 1993; Sales, 2005; Custodio et al., 2017; Firsich et al., 2019;
Rodrigues et al., 2020; 2022). Notably, fossil information from sedimentary deposits
above the upper coquina-bearing interval is still meager or lacking (see Custodio et al.,

2017; Farsich et al., 2019; Rodrigues et al., 2022). In part, this is because these upper
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deposits were either eroded before sedimentation of the overlying Araripina and Exu
formations or are covered by gravity-flow deposits generated by the escarpment retreat
of the Araripe Plateau.

In some areas of the eastern border of the Araripe Basin, an incomplete regressive
sedimentary succession of tide-dominated coastal facies including mudstone, heterolithic
facies, and sandstone is preserved in the uppermost part of the Romualdo Formation (see
Custodio et al., 2017; Kroth et al., 2021). Indeed, these coastal facies are the record of the
progressive return of continental conditions in the Araripe Basin. Fortunately, in the
outcrop belt of the Romualdo Formation, this sedimentary succession was occasionally
accessible in the so-called Sitio Sobradinho locality, Jardim County, State of Cear3,
during January of 2020, when the uppermost part of the section was partially exposed
enabling us to sample it, providing new bivalve-rich samples.

Therefore, the goals of this contribution are: (i) to provide the first description of
the bivalve faunal composition within this newly discovered fossil assemblage; (ii) to
examine its implications for reconstructing the paleoenvironmental conditions of the
Araripe Basin during the regressive interval of the Romualdo Formation; and (iii) to
review the vertical distribution of the recorded species and its paleontological
significance. Our findings unveil paleontological and paleoenvironmental insights that

have not been previously revealed by other geological methods.

2. GEOLOGICAL SETTING

The breakup between the African and South American continents took place during
the Mesozoic, giving rise to the current physiographic configuration of the landmasses
that includes large-scale drainage systems and several plateaus in the northeastern Brazil

as relicts of Cretaceous sedimentary successions (Petri, 1987; Morales and Assine, 2015;
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Matos et al., 2021). During Barremian to Albian times, the sedimentary basins were
dominated by deposition under non-marine conditions, mainly lacustrine and fluvial
settings (Paz and Rossetti, 2006; Assine et al., 2014; Scherer et al., 2015; Varejao et al.,
2016, 2019a; Freitas et al., 2017; Souza et al., 2022; Rosa et al. 2023). However, short-
term marine ingressions, flooding from the main borders of the South American continent
towards its interior were responsible for profound paleoenvironmental changes in the
depositional settings of the northeastern Brazilian basins (Rossetti and Goes, 2003;
Assine et al., 2016; Custodio et al., 2017; Fursich et al., 2019; Goldberg et al., 2019; Melo
etal., 2020; Bom et al., 2021, 2023; Varejdo et al., 2019b, 2021a; Rodrigues et al., 2022;
Fauth et al., 2023; Guzman et al., 2023).

Covering an area of ~6.500 km? of the Pernambuco, Ceara, and Piaui States, NE
Brazil, the Araripe Basin (Fig. 1A) is a notable example of the above geological context.
The basin records the most complete Lower Cretaceous stratigraphic succession among
the Brazilian interior basins (Assine, 2007). The Barremian-Albian Santana Group (Arai
and Assine, 2020; Melo et al., 2020; Fauth et al., 2023; Bom et al., 2023; Guzman et al.,
2023) comprises, from base to top, the Barbalha, Crato, Ipubi and Romualdo formations,
encompassing three third-order stratigraphic sequences that are associated with
increasing events of marine flooding (Assine et al., 2014; Fig. 1B). The first connection
with marine waters is recognized in the Batateira Bed from the Barbalha Formation (Fauth
et al., 2023), followed by the upper part of the Barbalha Formation (Varejao et al., 20213,
Fauth et al., 2023), the middle to upper Crato Formation (Varejéo et al., 2021a), base of
the Ipubi Formation (Goldberg et al., 2019), and the middle part of the Romualdo
Formation (Custodio et al., 2017; Firsich et al., 2019; Rodrigues et al., 2020; 2022; Bom

etal., 2021; Guzman et al., 2023).
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Flgure 1 — Stratigraphic and geographic Iocatlon of the studied successmn (A) Geologlcal
map of the Araripe Basin showing the area where the Sobradinho section was sampled
(modified from Assine et al.,, 2014 and Varejao et al., 2021a). (B) Third-order
stratigraphic sequences (SS-1, SS-2 and SS-3) of the Upper Aptian Santana Group,
Araripe Basin (modified from Varejdo et al., 2021a). (C) Columnar section at the
Sobradinho locality, highlighting the studied interval. Explanation: DS = Depositional
Sequence; Fm = Formation; Gr = Group; CI = Clay; St = Silt; FS = Fine sand; MS =
Medium sand; CS = Coarse sand; G = Granule. The original colors are available online.

The Romualdo Formation, an up to 100-m-thick siliciclastic dominated succession
(Fig. 1C), includes the stratigraphic sequence with the best record of marine incursion
episodes in the Araripe Basin (see Bom et al., 2021). In this succession, at least three
marine-influenced stratigraphic intervals are recognized, in ascending order: (i) the
concretion-bearing shale with exceptional fossil preservation in the lower interval; (ii) the
foraminifera, mollusk and decapod-bearing shale of the middle part, and (iii) the shell
bed-dominated interval in the upper succession (Custodio et al., 2017; Firsich et al., 2019;
Rodrigues et al., 2020, 2022; Bom et al., 2021, 2023; Guzmén et al., 2023). All these

intervals are preserved at the Sitio Sobradinho locality. In the upper portion of this

section, where bakevelliid bivalves are abundantly documented within loosely to densely



121

packed shell concentrations across seven distinct beds (Firsich et al., 2019; Rodrigues et
al., 2020; 2022), the final marine flooding event within the Romualdo Formation is
documented. After that, tide-dominated coastal facies prevail, where marine gastropod

and bivalve shells have previously been recognized by Custddio et al. (2017).

3. MATERIAL AND METHODS

This study focuses on the sedimentary facies of the Romualdo Formation that are
preserved in the uppermost part of the Sitio Sobradinho stratigraphic section at the eastern
border of the Araripe Plateau. This section was described in detail by Custodio et al.
(2017), Farsich et al. (2019), Bom et al. (2021), and Rodrigues et al. (2022). Particular
attention was given to the interval above the upper shell bed strata of this section (Fig. 2),
where a detailed facies description was done (Table 1). Description comprises
observation of the rock composition, sedimentary structures, bed thickness, bed contacts,
geometry, and body/trace fossil contents.

In this study, a total of 49 bivalve and 150 gastropod specimens were examined.
Most of the studied specimens are represented by internal and external molds with
remnants of shell. The quality of preservation is usually good, but the rock is deeply
weathered. During preparation in the laboratory, the fossils were cleaned with precision
dental tools to remove or better expose the fossils from the rock (see Feldmann et al.,
1989: p. 24; Palmer, 1989). The specimens were then coated with magnesium oxide to
enhance contrast and emphasize internal and external anatomical characters. A Nikon
Digital Camera (D3200), equipped with a macro-lens (105 mm) was used for digital
imaging of the specimens. The bivalve and gastropod mollusk classification for
taxonomic categories above the genus level followed Bieler et al. (2010), Combosch et

al. (2017) and Bouchet et al. (2017), respectively.
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All examined specimens are housed in the paleontological collection of the
Zoological Sector of the Department of Biodiversity and Biostatistics, in the Institute of
Biosciences (IBB), Sdo Paulo State University/UNESP, Botucatu Campus, Sédo Paulo

State, Brazil, under the institutional acronym “DZP-".

4. RESULTS
4.1. The molluscan-bearing succession

The investigated interval occurs in the uppermost part of the Romualdo Formation
at the Sobradinho locality (Fig. 1A, C). Detailed facies description and interpretation are
given in Table 1. This is a 10-m-thick sandstone-dominated succession that occurs just
above a significant shell-rich interval with basin-scale occurrence (Fig. 2). The facies
stacking is characterized by five coarsening-upward successions that contain thicker beds
of claystone/shale at the base of the section and with thickening of the sandstone beds
towards the upper part of the section. The three first coarsening-upward successions
comprise grey to black shale with sandstone lenses, interbedded with horizontally
laminated sandstone with mm-thick clay lenses marking lamination (Fig. 3A), ripple
cross-laminated sandstone, and trough or sigmoidal cross-stratified sandstone with clay
drapes and intraformational claystone pebbles (Fig. 3B-D). The last two coarsening-
upward successions consist of up to 0.25-m-thick bioclastic claystone (Fig. 3E) that
grades to a heterolithic interval marked by alternating horizontally laminated and ripple
cross-laminated sandstone with claystone lenses and drapes (Fig. 3F).

The bivalves are exclusively found within the uppermost of these upward-
coarsening successions, within a lenticular bed of intraclast-supported conglomerate
recorded between layers of bioclastic claystone (refer to Fig. 3F). Positioned above the

bioclastic claystone, this conglomerate lens exhibits an erosional lower boundary and
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rests beneath sandstone displaying flaser bedding. The conglomerate clasts consist
primarily of claystone, while the matrix comprises fine-grained sandstone. The rock
fabric is clast-supported, occasionally resembling massive claystone. This facies, records
disarticulated shells appearing as both internal and external molds, sometimes
accompanied by shell remnants. Several specimens exhibit good anatomical preservation.
Additionally, the sandstone with heterolithic bedding also hosts numerous bivalve escape
structures (Fugichnia), as depicted in Figure 3F.

Table 1 - Facies description and interpretation of the studied stratigraphic interval,

Romualdo Formation.

Facies Description Interpretation

Clast-supported conglomerate composed of
Intraclast- spherical to flat pebbles of claystone in fine-
supported grained sandstone matrix. Gastropods and Rapid deposition of dried bioclastic
supp . disarticulated bivalve shells occur abundantlyand mud by strong high-density
intraformational : L .

are not damaged. Organized in discontinuous currents.

conglomerate

lenses of up to 0.25 m in thickness with erosional
base and transitional top.

Fine- to medium-grained sandstone with trough

Migration of 3D dunes
megaripples) under lower

(i.e.,
flow

Trough cross- cross-stratification organized in 0.25 to 0.5 m- regime. Clay drapes suggest the
stratified thick tabular beds (tens of meters wide). Locally, influence of tides in deposition. The
sandstone beds and foresets can be draped by dark shale, and intraclasts are the product of

claystone intraclasts can occur scattered. reworking of already deposited

clays

Fine- to medium-grained sandstone with

sigmoidal cross-stratification organized in up to .. .
Sigmoidal 0.75 m-thick amalgamated sigmoid beds draped ;I;gilitig#g(iltsvseeﬁr?o%gsindlnupg«];
cross-stratified by dark shale. Claystone intraclasts and . : .
sandstone concentrations of claystone on the foresets are flow_reg_lmes with preservation of

. reactivation surfaces.

common features. Locally (laterally in the bed),

the upper boundary may be eroded.

Fine-grained sandstone, locally micaceous, with
Ripple  cross- symmetric and asymmetric ripple cross- Migration of wave and current
laminated lamination organized in tabular beds (cm to dm- ripple marks under lower flow
sandstone scale) with flat base and undulated top, the last regime.

Sandstone with
flaser and wavy
bedding

Bioclastic
claystone

commonly draped by dark shale.

Fine-grained sandstone, locally micaceous, with
horizontal lamination and ripple cross-lamination
presenting flaser to wavy bedding. Organized in
up to 0.5 m-thick tabular beds with transitional
lower boundary and sharp top. Escape traces are
common.

Green to dark grey massive claystone organized
in up to 0.25 m-thick lenticular to tabular beds.

Alternation of deposition of sand
ripples and large-amplitude dunes
under lower flow regime with
settling clays under quiet conditions
(slack water period) between ebb
and flood tidal currents. Fugichnia
of probable bivalves suggest
episodic deposition.

Settling of clay in quiet settings
with colonisation by macrobenthic
organisms.
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Gastropods occur in dense accumulations
associated with bivalves.

Settling of organic-rich clay
particles in  quiet  settings
occasionally disrupted by episodic
sand deposition.

Grey to black shale organized in up to 1.5 m-thick
tabular beds (tens of meters wide). With cm-scale
lens of fine-grained sandstone.
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Figure 2 — Detailed columnar section with the stratigraphic position of the studied
mollusk-bearing intraformational conglomerate (red box). The original colors are

available online. Explanation: Cl = Clay; St = Silt; FS = Fine sand; MS = Medium sand,;
CS = Coarse sand; G/P = Granule/Pebble; M = Carbonate mudstone; W = Wackestone;
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P = Packstone; G = Grainstone; F = Floatstone; R = Rudstone; A-F = References to the
Ietters in F|ure 3.

- .

Figure 3 — Sedlmentary facies of the investigated interval. A. Transitional boundary
between dark shale with sandstone lenses and horizontally laminated sandstone with
heterolithic bedding. B. Tabular beds of trough cross-stratified sandstone with local clay
drapes on the foresets. C. Ripple cross-laminated sandstone draped by black shale. D.
Laterally amalgamated sigmoidal beds draped by dark shale. E. Mollusk-rich green
claystone. F. Bioclastic intraformational conglomerate and sandstone with flaser bedding
showing fugichnia (arrowed). Automatic pencil in C and F is 12 cm.
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4.2. Taphonomy

Forty-nine bivalve and 150 gastropod specimens were obtained from a ~0.25-cm-
thick, lenticular bed of green to dark grey intraclast-supported conglomerate. The rock is
deeply weathered and friable. In plan- and cross-section view, the biofabric is
characterized by chaotically arranged bioclasts that are dispersed to densely packed (Figs.
4A-F). Locally, the conglomerate appears like a massive claystone. Despite that, the
concentration is clearly intraclast-supported. Complete bivalve shells varying in length
from 7 to 36 mm (Table 2) are mixed with unbroken gastropod shells (~8 to 17 mm).
Since these shells are mixed with comminuted bioclastic remains, a clear size sorting
exists in the assemblage. However, the shell shape and thickness of the mollusk shells are
very distinct. Thus, no shape sorting is recorded. Unbroken bivalve shells are usually
disarticulated (n= 38), with right valves accounting for 57.9% (n= 22) and left ones for
42.1% (n= 16). Hence, a clear deviation from a 1:1 ratio exists. Complete, closed
articulated specimens are also recorded. The delicate external ornamentation and the
umbones and beaks of the mollusk shells are well visible. Gastropod shells, when
preserved as external molds, or with part of the original shell, also show a well-preserved
external ornamentation. Therefore, they are essentially unabraded. Finally, profuse radial
fractures (produced by compaction) are commonly observed in the bivalve shells (Fig.

4C).
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Table 2 — Dimensions (length and height) of bivalve specimens, for which precise
measurements could be obtained. Strongly deformed (by compaction) and broken
specimens were not considered.

Sample Species Length Height
(mm) (mm)

21221 A. juazeiroi 7 5
21225 A. juazeiroi 24 17
21226 L. kaririense 26 19
21233 L. kaririense 24 15
21241 L. kaririense 24 13
21246 L. kaririense - 16
21260 C. novaolindensis - 20
21274 L. kaririense - 17

21275AB A. juazeiroi 27 18

21278 C. novaolindensis 36 18
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species with preserved shells, Cratonaia novaolindesis Silva et al., 2020, DZP-21270 (A)
and Australoeocallista juazeiroi Guerrini et al., 2024., DZP-21238 (B), respectively. C.
Unidentified bivalve, its shell broken due to compaction, DZP-21271. D, F. Internal
molds of unidentified gastropods with shell remnants, DZP-21273A (D) and DZP-21243
(F), respectively. E. Epitoniid gastropods showing well-preserved ornamentation, DZP-
21229. Scale bar =1 cm.
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4.3. Systematic Paleontology

Subclass Autobranchia Grobben, 1894
Infraclass Heteroconchia Gray, 1854
Subterclass Palaeoheterodonta Newell, 1965
Order Trigoniida Lamarck, 1819
Superfamily Trigonioidoidea Cox, 1952

Family uncertain

Monginellopsis bellaradiata Silva et al., 2020

Fig. 5

Material. An internal mold of a left valve with remains of shell, DZP-21259, and two

right valves, 21277A-B.

Comments. Among the examined material, the specimens DZP-21259 and DZP-21277A-
B are easily referred to Monginellopsis bellaradiata Silva et al., 2020. Indeed, despite the
fragmentary state of the samples, the external shell ornamentation is well preserved. The
shell of these specimens has at least five evenly spaced, broadly rounded, radial ribs with
equally broad interspaces (Fig. 5A), which are typical of M. bellaradiata (Fig. 5B, D, F).
In the specimen DZP-21277A (Fig. 5A, C) it is possible to notice the feebly crenulated
ribs near the umbo. As in M. bellaradiata (Fig. 5B), the visible growth lines are irregularly
spaced, crossing ribs and interspaces, resulting in a wavy pattern (Fig. 5C). The shell is
subovate, moderately inequilateral, and inflated with the maximum convexity close to the

umbonal area (Fig. 5A). The umbo is prominent, broad, and moderately projecting above
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the hinge line. The hinge, muscle scars, and other internal characters are unknown in these

specimens.

Figure 5 — Monginellopsis bellaradiata Silva et al., 2020. A. Right valve, internal mold
with shell remnants, Romualdo Formation, DZP-21277A. B. Composite mold of closed
articulated specimen, lateral view of left valve, Crato Formation, DZP-20350A. C. Dorsal
view of the same specimen as in A. Note the typical well-rounded, fold-like radial ribs.
D. Composite mold of articulated specimen, lateral view of left valve, Crato Formation,
DZP-20350A. E. Fragmented internal mold of a left valve, Romualdo Formation, DZP-
21259. F. Composite mold of articulated specimen, lateral view of left valve, Crato
Formation, DZP-19800. Scale bar =1 cm.
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Order Unionida Gray, 1854
Superfamily Silesunionoidea Skawina and Dzik, 2011

Family uncertain

Cratonaia novaolindensis Silva et al., 2020

Fig. 6

Material. Two closed articulated composite molds, DZP-21260 and 21270; an internal

mold of a right valve, 21278.

Comments. Three bivalves, including two closed articulated (Fig. 6A-D) and one right
valve (Fig. 6E-F), represented by internal molds, two of which displaying shell remains,
are among the easiest specimens to identify. They show the morphology, ornamentation,
and muscle scars that are typical of Cratonaia novaolindensis Silva et al., 2020. The shells
are clearly elliptical with low umbones, which are located at about one quarter to one fifth
of the shell length from the anterior end (Fig. 6E). The hinge of specimen DZP-21278
(Fig. 6E-F) shows the prominent, forward-inclined anterior cardinal tooth as in C.
novaolindensis. In the specimen DZP-21278 the deeply impressed anterior adductor
muscle scar, bordered by a strong buttress, is clearly visible (Fig. 6E). An isolated pedal
protractor scar is also preserved, as well as a series of small pedal elevator muscle scars
linearly arranged along the dorsal margin of the umbonal cavity (Fig. 6E), a character
typically observed in C. novaolindensis. The hinge, pallial line, and other muscle scars
are not preserved. The shell is ornamented with relatively fine commarginal growth lines

(Fig. 6C).
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Figure 6 — Cratonaia novaolindensis Silva et al., 2020, Romualdo Formation. A, C.
Closed articulated internal mold, DZP-21260. A. Dorsal view, showing the pedal elevator
muscle scars. C. Lateral view of left valve. B, D. Internal mold of articulated specimen
with shell remains, DZP-21270. B. Dorsal view. D. Lateral view. E-F. Internal mold of
left valve, DZP-21278. E. Lateral view with remains of shell. F. Close-up of the hinge
area. Note the anterior adductor, pedal protractor and pedal elevator muscle scars.
Explanation: aa, anterior adductor; apr, anterior pedal protractor; pe, pedal elevator. Scale
bar=1cm.



134

Superfamily uncertain

Family uncertain

Araripenaia elliptica Silva et al., 2020

Fig. 7

Material. DZP-21244, a right valve with shell remains.

Comments. A transversely elliptical and possibly thin, compressed shell is here referred

to Araripenaia elliptica Silva et al., 2020. The ventral margin is gently convex, and the

shell surface is covered with slightly irregular commarginal growth lines (Fig. 7). Muscle

scars and pallial line unknown (see also Silva et al., 2020Db).

Figure 7 — Araripenaia elliptica Silva et al., 2020, Romualdo Formation. Poorly
preserved, internal mold of right valve with remains of shell, DZP-21244. Scale bar = 1
cm.
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Subterclass Euheterodonta

Order Venerida Gray, 1854

Superfamily Veneroidea Rafinesque, 1815
Family Veneridae Rafinesque, 1815

Subfamily Callocardiinae Dall, 1895

Australoeocallista juazeiroi Guerrini et al., 2024

Fig. 9

Material. Internal molds of left valves, DZP-21220, 21265, 21272A; left valve, 21223B;
right valves, 21221, 21245, 21251; internal molds of right valves, 21225, 21231, 21237-

21238, 21240, 21275A-B.

Comments. At least 14 specimens have a small, subcircular, equivalved, non-carinate
shell. The valve margins do not gape posteriorly, dorsal, and ventral margins are gently
curved, grading into the rounded having the anterior and posterior (Fig. 9D). The umbo
is slightly prominent and placed almost at mid-length of shell. An escutcheon and lunule
are absent (Fig. 9A-B). The external shell surface is ornamented with faint, regularly
spaced, commarginal growth lines (Fig. 9D). Hence, the gross morphology of these
specimens closely resembles those of Australoeocallista juazeiroi Guerrini et al., 2024.
The hinge, muscle scars, pallial line, and other internal characters are not visible. The
external shell morphology, however, particularly well shown by the specimens DZP-
21231 and DZP-21225 (Fig. 9C-D), leaves little doubt that the material belongs to the

recently described venerid A. juazeiroi.
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Figure 9 — Australoeocallista juazeiroi Guerrini et al., 2024. A, C. Internal mold, left
valve, DZP-21265. A. Dorsal view. C. Lateral view. B. Internal mold, right valve, dorsal
view, DZP-21231. D. Left valve, DZP-21225, showing irregularly spaced growth lines.
Scale bar =1 cm.
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Subfamily Tapetinae Gray, 1851

Legumen kaririense Guerrini et al., 2024.

Fig. 8

Material. Internal molds of right valves, DZP-21219, 21243, 21246, 21272C, 21274,
21275C-D; composite mold of right valve, 21223A; left valves, 21224, 21233; internal
molds of left valves, 21226, 21228, 21252, 21258, 21276; external molds of left valves,

21236; 21241, 21266.

Comments. Several internal and external molds closely resemble Legumen kaririense
Guerrini et al., 2024, a common venerid bivalve in some strata of the Romualdo
Formation (Fursich et al., 2019; Guerrini et al., 2024). The shells are posteriorly
elongated, equivalved, non-carinate (Fig. 8A-B). The anterior and posterior margins are
rounded, and the shell does not gape. As shown in Figure 8B, D, the umbones are slightly
prominent, as in L. kaririense, and a lunule and escutcheon are missing (Fig. 8A). The
external shell surface is ornamented with irregularly spaced, fine growth lines (Fig. 8C-
D). Unfortunately, the hinge, adductor muscle scars, and other internal features are not

observed given the state of shell preservation.
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Figure 8 — Legumen kaririense Guerrini et al., 2024. A-B. Internal mold, left valve, DZP-
21224. A. Dorsal view. B. Lateral view. C. Composite mold, lateral view, left valve DZP-
21233. D. External mold, lateral view, right valve, showing irregularly spaced growth
lines. Scale bar =1 cm.



139

Subclass Caenogastropoda Cox, 1960

Cohort Sorbeoconcha Ponder and Lindberg, 1997
Subcohort Hypsogastropoda Ponder and Lindberg, 1997
Superfamily Epitonioidea Berry, 1910 (1812)

Family Epitoniidae Berry, 1910 (1812)
Fig. 10

Material. DZP-105Al-11, 21229, 21264, 21273B, 21627, 21635

Comments. Some of the gastropods, which are preserved as external molds or have part
of the original shell preserved, belong to a very common taxon found in the shale and
particularly in the shell bed interval of the Romualdo Formation. These shells have been
identified as belonging to a family of marine carnivorous gastropods, the Epitoniidae,
based on their conical and slender shells with seven or fewer whorls (Prado et al., 2014).
The round whorls are and separated by a deep suture. According to Prado et al. (2014),
the Epitoniidae shells carry strong and equidistant axial ribs, characteristic of this family.
The shells preserved in the tide-dominated interval of the Romualdo Formation (Fig.
10A-E), are unequivocally the taxon described and figured by Prado et al. (2014, p. 59,
fig. 3). Additionally, the Romualdo specimens from the shell bed intervals have a basal
cord, a typical but not diagnostic character of certain epitoniid gastropods (Killburn,
1985) (Fig. 10F-1). The gastropods found in the tidel-dominated interval also display this

character (Fig. 10A-B).
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Figure 10 — Epitoniid gastropods from the tide-dominated interval of the Romualdo
Formation (A-E; Sitio Sobradinho), shell beds (F-G; Porteiras municipality), and shale
(H-1; Estiva Creek). A. Incomplete shell, showing the axial ornamentation and the basal
cord (DZP-21264). B, D. Internal molds with the thicker parts of the shell preserved in
some whorls (DZP-21229; DZP-21244 11; C, E. External molds (DZP-21273B; DZP-
21272); F-1. Specimens with the original shells preserved, showing strong axial ribs
(DZP-105A, DZP-105All, DZP-21635, DZP-21627). Scale bar = 0.5 cm
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5. DISCUSSION
5.1. Depositional setting and paleoenvironmental significance

The detailed facies description of the upper sedimentary succession of the
Romualdo Formation at the Sobradinho locality corroborates the interpretation in
Custadio et al. (2017) of a tide-dominated coastal setting. The succession is interpreted
as a high-frequency highstand systems tract that was generated following the deposition
of storm-dominated shell bed strata (Rodrigues et al., 2022). It is characterized by m-scale
coarsening-upward packages typical of tide-dominated deltas reflecting meso- to
macrotidal conditions (Dalrymple, 2012). Bioclastic claystone with sandstone lenses are
interpreted as prodelta deposits, the trough cross-bedded sandstones delta front deposits,
while bioturbated heterolithic facies and tidal bars are characteristic of the delta plain (see
Dalrymple, 2012). At the top of the investigated interval, bioclastic claystone and
conglomerates containing reworked, indurated mud clasts and mollusk shells, record
deposition in the delta plain (see Dalrymple, 2012). In this scenario, the diverse
freshwater mollusk fauna was concentrated as channel-base, lag deposits, probably close

to a high-frequency regressive surface (see Zechin and Catuneanu, 2013).

5.2. Faunal composition

Based on the identifications above, the new mollusk-dominated fossil assemblage
of the Romualdo Formation is composed of marine to brackish cosmopolitan gastropods
(Epitoniidae, n = 35; 17.6%) and endemic bivalves (L. kaririense, n = 18; 9.04%; A.
juazeiroi, n = 14; 7.03%), as well as unionid bivalves (C. novaolindensis, n = 3; 1.5%; M.
bellaradiata, n = 3; 1.5%; A. elliptica, n = 1; 0.5%). One-hundred-and-twenty-five
specimens remain undetermined, corresponding to 10 bivalves (5.02%) and 115

gastropods (57.79%). However, it is important to highlight that the number of gastropods
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is probably underestimated, as only the fully recognizable ones were counted, and the
samples usually display several fragments of gastropod shells. Also, a significant part of
the gastropod fauna is undeterminable, as the molds do not show any ornamentation
and/or diagnostic features, making it very challenging to identify them.

The unexpected feature of this assemblage is the mixture of unionid shells known
from the Crato Formation (Varejdo et al., 2021a, b; Silva et al., 2020a, b), and brackish
to marine forms of the Romualdo Formation (Firsich et al., 2019; Rodrigues et al., 2020;
2022; Guerrini et al., 2024). The brackish to marine forms, common in the shale-
dominated interval of the Romualdo Formation (Fursich et al., 2019; Guerrini et al.,
2024), are dominant (n = 67; 33.67%). They are represented by suspension-feeding,
shallow burrowing bivalves and carnivorous gastropods. Less common in the assemblage
are freshwater bivalves (n = 7; 3.52%), which were semi-infaunal suspension-feeders.
The commonest ones are C. novaolindensis and M. bellaradiata. A. elliptica is a very rare
species in the assemblage. Until now, these species were known only from the underlying

Crato Formation, mainly recorded in the mudstone of the Caldas Bed (Fig. 1).

5.3. Preservation and nature of the fossil assemblage

The tidal facies of the Romualdo Formation at the Sitio Sobradinho fossil locality
provides an excellent opportunity to understand the formation of invertebrate fossil
assemblages in marginal marine settings and offers insight into the nature of
paleontological data locked in this type of sedimentary record. In marginal marine
sedimentary settings, where environments and faunas may change significantly across
short lateral distances, the transport of bioclastic material easily leads to mixing of shells
from different habitats (Firsich and Kauffman, 1984, p. 506). These authors discussed in

detail a special case of faunal mixing caused by environmental condensation that leads to
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mixing of autochthonous faunas representing different environments. Environmental
condensation can be recognized, among others, based on (i) ecological incompatibility
between species; (ii) preservational differences unrelated to the species behavior (infaunal
versus epifaunal forms), and (iii) differences between sediment fill of shells and rock
matrix.

Interestingly, all studied bivalves still preserve, at least to a small extent, their
original shell. Partial shell loss occurred mainly in the field (splitting the rock) or during
laboratory preparation, as the rock matrix is very friable. In these cases, internal or
external molds are visible, all containing the same matrix. Notably, the sediment infill of
freshwater and brackish-marine bivalve shells is the same. Moreover, radial fractures
produced by compaction are common in the shells of all groups, suggesting they have
experienced similar diagenetic histories. These features suggest that the fossil assemblage
is not the result of environmental (temporal) condensation (see Firsich, 1975; Firsich
and Kauffman, 1984), but that the different components had a similar burial. In summary,
the typical Crato freshwater bivalves in the Romualdo assemblage are not remané fossils.

Sedimentologic, paleoecologic, and taphonomic evidence shows that the fossil
bivalves of the studied assemblage were subject to some degree of lateral transport and
reworking in tidal channels and bars. The freshwater bivalves were transported by a river
to the coast, where they became redeposited in a tidal-influenced setting together with
marine-brackish shells and comminuted plant remains. From this perspective, the
intraformational, shell-rich conglomerate is here interpreted as basal lag in a tidal channel.
The conglomerate was formed by indurated mud clasts from the cyclically exposed delta
plain, where the freshwater bivalves lived in freshwater lakes and distributaries. During
episodic increased freshwater dischargers, shells of freshwater bivalves living in the delta

plain became mixed with brackish and marine bivalves from the delta front. As some
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shells are still articulated with well-preserved external ornamentation, transport and
residence time at the sediment-water interface were short. In summary, the shell

concentration is of the sedimentological type (sensu Kidwell et al., 1986).

5.4. The Lazarus Effect and the reappearance of the freshwater bivalves

In the last decade, a significant effort was made to build a robust stratigraphic
framework for the Santana Group, also integrating the stratigraphic distribution of the
fossils (Scherer et al., 2015; Custddio et al., 2017; Fursich et al., 2019; Goldberg et al.,
2019; Varejao et al., 2021a; Guzman et al., 2023; Fauth et al., 2023). Considerable
attention was paid in sampling the fossil content of these two geological units, especially
the benthic macro- and microfossils (Fursich et al., 2019; Melo et al., 2020; Rodrigues et
al., 2020, 2022; Bom et al., 2021; Kroth et al., 2021; Silva et al., 20203, b; Matos et al.,
2021; Fauth et al., 2023; Guzméan et al., 2023), with the most possible accurate
stratigraphic control.

Nevertheless, the true vertical ranges (first and last appearances) of several taxa are
still poorly known. There are, however, cases, in which the taxa appear to have a very
well-constrained vertical distribution or are associated with particular sedimentary facies.
This is the case of the endemic freshwater bivalves A. elliptica, M. bellaradiata, and C.
novaolindensis of the Crato Formation (Silva et al., 2020a, 2020b). These are typically
associated with the mudstone of the Caldas Bed (Varejdo et al., 2021b). In the Trés Irmaos
Quarry, Nova Olinda municipality, Ceara State, where these taxa co-occur on the same
bedding plane, they are confined to the stratigraphic interval immediately above the
fossil-rich laminated limestone (Konservat-Lagerstétte) in the lower part of the Crato

Formation (Varejéo et al., 2021b).
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In the Sobradinho section, which is the only other geological section of the Crato
Formation to contain mollusks above the laminated limestone (Varejdo et al., 2021a),
Unionida (A. elliptica, M. bellaradiata) are known to occur in siltstone of the semi-
enclosed bay facies (Varejdo et al., 2021a), where they occur in direct association with
brackish taxa (“Modiolus” sp.) (Silva et al., 2024). This stratigraphic occurrence is located
~30 meters below the contact with the overlying Romualdo Formation (Varejdo et al.,
2021a). Therefore, this is the highest known stratigraphic occurrence of these freshwater
species in the Crato Formation. Based on the well-constrained stratigraphic data above,
the total range of freshwater bivalves in the Crato succession comprises ~25 meters, with
the First Appearance Datum (FAD) at the fossil-rich laminated limestone interval in the
lower part of the Crato Formation, and the Last Appearance Datum (LAD) ~30 meters
below the upper contact with the overlying Romualdo Formation.

Bivalves of the Romualdo Formation are typically brackish to marginal marine
(Pereira et al., 2015; Fursich et al., 2019; Rodrigues et al., 2020; Guerrini et al., 2024).
Hence, freshwater bivalves are unknown to occur in the macrobenthic assemblages of the
Romualdo Formation (see Frsich et al., 2019). In the Sobradinho section, however, as
described above, the sedimentary succession of the tide-dominated delta facies contains
Unionida shells (Fig. 4-7) closely associated (i.e., same hand sample) with
brackish/marine bivalves (Figs. 4, 8-9). As argued above, the freshwater bivalves in the
intraformational conglomerate are not remané fossils reworked from the underlying Crato
Formation, as one might think at first. Hence, the fossil assemblage of the tidal channel
facies is documenting the reappearance of unchanged freshwater bivalves after their
temporary disappearance throughout the upper part of the Crato Formation and almost all
the ~100-m-thick marine-influenced succession of the Romualdo Formation. Therefore,

these are good examples of Lazarus Taxa (Flessa and Jablonski, 1983; Jablonski, 1986).
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Given our robust stratigraphic control, these Lazarus unionids are not sampling
artifacts derived from our inability to collect them in other sedimentary facies throughout
the Crato and Romualdo Formations. Hence, the next question is what happened to the
unionids during their absence? Their “prolonged” absence in rocks of the uppermost part
of the Crato Formation and almost the entirety of the sedimentary record of the Romualdo
Formation may reflect the non-preservation of the sediments or sedimentary facies in
which they typically occur. In the Sobradinho section, they are preserved in tidal channels
and indicate the influx of riverine freshwaters from the hinterland of the Araripe Basin.
Unionids thrived in these riverine and transitional environments influenced by freshwater
discharges. The shells were transported and became mixed with brackish/marine bivalves
as lag deposits on the delta plain. However, unionid shell transport and reworking were
both short-lived since some shells are still articulated (closed or in butterfly position) and
their external ornamentation is well-preserved. In addition, the unionids constitute only a
small fraction of the bivalve assemblage, which is dominated by brackish/marine forms.
Regrettably, we can only offer a rough estimate for the duration of unionid absence in the
preserved geological record of the Crato and Romualdo Formations. According to the
latest biostratigraphic data for the examined stratigraphic interval, mainly based on
ostracods (Fauth et al., 2023), planktic foraminifera (Melo et al., 2020), radiometric
dating (U-Pb date from fossil fish dentine, Barreto et al., 2022), and geochemical
characteristics of organic-rich facies (Bom et al., 2023), the elapsed time of freshwater
bivalve mollusk missing record along the Crato-Romualdo sedimentary succession is of

approximately 3 to 4 million years (see Fig. 11).
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Group. Explanation: Ip.; Ipubi Formation; Fm., Formation.

6. FINAL COMMENTS

The fossil assemblage from the tidal facies of the uppermost part of the Romualdo

Formation is composed mostly of reworked shells of marine-brackish bivalve species

mixed with typical freshwater forms previously described from the underlying Crato

Formation. Freshwater inflow from rivers and reworking of sediments by tidal currents

led to a mixed allochthonous to parautochthonous fossil assemblage that has important

implications for our understanding of marginal aquatic habitats that existed during the
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final deposition of the Romualdo Formation. In the present case, mixing of incompatible
bivalve species is not caused environmental condensation but by lateral transport.
Sedimentologic and taphonomic evidence indicate that the freshwater bivalve
species recorded in the fossil assemblage are not derived from the preceding stratigraphic
unit (i.e., Crato Formation) where they are common elements of the bivalve-dominated
assemblage of the Caldas Bed. In other words, they are not remané fossils in the tidal
facies of the Romualdo Formation. These bivalves thrived in delta plain environments
(not preserved in the Araripe Basin/Plateau) that were contemporary with the restricted
marine environments of the interior sea system, allowing us to know that these freshwater
bivalves continued to exist even after deposition of the Crato Formation, and considerably
expanding their stratigraphic distribution. Finally, one effect of the physically dominated
processes that generated the described mollusk-dominated fossil assemblage is that their
taxonomic composition differs distinctly from the assemblages typically found in the

Romualdo Formation (Fursich et al., 2019; Rodrigues et al., 2022; Guerrini et al., 2024).
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HIGHLIGHTS

- New freshwater bivalve mollusks are described/recorded in Lower Cretaceous
deposits in NE Brazil;

- Araripenaia, Cratonaia, and Monginellopsis are no longer endemic of the Araripe
Basin;

- Oldest known indubitable Mycetopoda in Gondwana is recorded in Berriasian-
Barremian strata;

- Two distinct Lower Cretaceous freshwater bivalve mollusk faunas are recognized
in the Brazilian territory;

- No freshwater bivalve family or genera is shared with coeval African deposits.
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ABSTRACT

The origin and evolutionary history of Present-day naiad-dominated faunas in the
Brazilian territory remain poorly understood, despite their richness. Within this context,
the study of Cretaceous freshwater bivalve mollusks represents one of the major gaps in
our knowledge of the pre-Cenozoic evolution of these mollusks. Here, we present, for the
first time, a description and/or redescription of mollusk faunas of Berriasian-Albian ages
(Lower Cretaceous) from NE Brazil that hosted relatively diverse forms of freshwater
bivalves. Faunal composition consists of representatives of Sphaeriida, Trigoniida, and
Unionida. The Berriasian-Barremian Mont Serrat Conglomerate (Salvador Formation)
contains a diverse pearly freshwater mussel-dominated fauna, including Mycetopoda and
Anodontites? in association with Cratonaia, and possibly Musculiopsis? and hyriids. The
fauna shows a mixture of Gondwanan and Laurasian affinities and may have thrived in
ephemeral streams and/or floodplain lakes associated to fan deltas. The three genera (i.e.,
Cratonaia, Araripenaia, Monginellopsis), previously known only from Aptian Crato and
Aptian-Albian Romualdo Formations, Araripe Basin, were also recorded in the Aptian
Marizal Formation (Araripenaia), Tucano Basin, Bahia, and in the Aptian-Albian
Itapecuru Formation (Cratonaia, Monginellopsis), Parnaiba Basin, Maranhao, for the first
time. The previously suggested presence of Sphaerium and Anodonta in the Marizal
Formation is rejected (i.e., the alleged sphaeriid shells are spinicaudatans, and Anodonta
is Araripenaia). Articulated shells of Cratonaia, Araripenaia, and Monginellopsis are
typically associated with fine-grained siliciclastic deposits generated in fluvio-lacustrine
settings, and their common occurrence in different Aptian-Albian strata suggested
dispersal throughout interconnected fluvial systems draining distinct sedimentary basins.
The Lower Cretaceous freshwater bivalve assemblages in the northeastern Brazilian

sedimentary basins are remarkably distinct from those well-known molluscan faunas of
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the Turonian to Santonian or Campanian to Maastrichtian formations of the Bauru Group
in the southeastern portion of the country. Although South America and North Africa
were still linked during most of the Lower Cretaceous period, no freshwater bivalve
genera and species are shared. Finally, the described bivalves offer us a compositional
glimpse into the diversity of freshwater mussel faunas that thrived in fluvio-lacustrine
environments in a coeval time interval (Berriasian-Aptian) of those bivalve-dominated
faunas that are preserved in the thick pre-salt coquinas, which the taxonomic composition

is still poorly constrained.

KEYWORDS: Sphaeriida, Trigonioidoidea, Unionida, Mont Serrat Conglomerate,

Salvador Formation, Marizal Formation, Itapecuru Formation.
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1. INTRODUCTION

Limnic mollusk bivalve species (168 native and 12 invasive) are recorded in 52
modern hydrographic regions from 12 countries of the South American continent (Pereira
et al., 2013). The freshwater bivalves of the continent are represented by Unionida
(64.18%), Veneroida (35.26%) and Mytilioida (0.58%) (Pereira et al., 2013). With at least
117 species, Brazil is the country that has the highest species richness in South America
(Pereira et al., 2013). The richest hydrographic regions in Brazil are the south and
southeast Atlantic rivers, and the basins of the Uruguay, Paraguay, and Amazon rivers
(Pereira et al., 2013). The northeastern region of the Brazilian territory encompasses
rivers of the northeast and east Atlantic coast, and the large Sdo Francisco River basin
(Pereira et al., 2013). In this hydrographic region, species richness is low (10-20) to very
low (>10), with dominance of Veneroida in the rivers of the northeast Atlantic coast,
Mycetopodidae in the Sdo Francisco River basin, and Hyriidae in the rivers of east
Atlantic coast (Pereira et al., 2013). However, the understanding of the pre-Cenozoic
natural history and the spatial-temporal distribution of these bivalves in Mesozoic
geological units remains significantly restricted. This primarily stems from the sparse
fossil evidence of freshwater mussels in this time interval, coupled with incomplete
descriptions of specimens stored in scientific collections. This is significant, since the
fossil record of freshwater bivalve mollusks plays a crucial role in enhancing our
comprehension on their evolution, patterns of dispersal, and paleogeographic
relationships, while also facilitating the accurate calibration of molecular clock models
(see Schneider, 2023, p.43).

Notably, various fossil collections of Lower Cretaceous non-marine bivalve
mollusks from Brazil were reported several years ago, but in some cases no description

or even illustrations were made available (e.g., Mawson, 1913; Melo Junior and Oliveira,
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1939; Ferreira et al., 1995). Hence, the taxonomic identity of these fossils remains
unsolved or poorly constrained. Indeed, despite a recent surge in interest in the
paleontology, paleoecology, and evolutionary history of freshwater mollusk bivalves
(Van Damme et al., 2015; Bolotov et al. 2016, 2022; Araujo et al., 2017; Froufe et al.,
2020; Skawina, 2021; Zotin, 2023) they have received little attention, with the study of
occurrences from the Cretaceous deposits of the Araripe Basin, NE Brazil, being a notable
exception.

In our view, understanding the historical oversight in the study of Brazilian
Cretaceous freshwater bivalve mollusks presents its own complexities, primarily
stemming from factors such as the (i) typical poor preservation of these fossils, (ii)
difficulties in taxonomic classification due to fossilization and/or convergence, and (iii)
the challenge of relocating ancient outcrops and fossil-rich rock strata. In this context, the
recent description of freshwater bivalves from the Aptian Crato Formation, Araripe Basin
(Silva et al.,, 2020a, 2020b, 2024), along with its paleontological and geological
implications, prompted us to search for new occurrences in the Lower Cretaceous
sedimentary succession of this basin and in other sedimentary basins of the NE Brazilian
territory. However, the task of searching for new fossil occurrences in other sedimentary
basins in northeastern Brazil (i.e., Grajal, Tucano and Reconcavo), as well as locating
ancient paleontological collections containing those fossils both in Brazil and abroad,
proved to be much more challenging than anticipated.

Nonetheless, a comprehensive understanding of the evolution and
paleobiogeography of Lower Cretaceous freshwater bivalves in the northeastern Brazilian
sedimentary basins is essential for reconstructing patterns of connections of freshwater
systems through space and time on a regional and continental scale. In this context, the

revision of inadequately documented Lower Cretaceous Brazilian freshwater bivalve
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faunas stands out as one of the significant gaps in our knowledge of the diversity of
Mesozoic continental aquatic systems in South America, especially when compared with
the available data of similar occurrences in North America, Africa (Van Damme et al.,
2015), Russia (Rammelmeyer, 1940; Martinson, 1956, 1982; Martinson and Shuvalov,
1976, Kolesnikov, 1980), and China (Gu et al., 1976; Zhu, 1976, 1980; Yu, 1982; Yu et
al., 1984; Ma, 1986; Jiang et al., 2007; Pan et al., 2012). In this sense, we reassess the
fossil material from scientific collections in Brazil and England, and describe and/or
illustrate, for the first time, freshwater bivalves recorded in the Berriasian-Barremian
Salvador Formation, Reconcavo Basin, Aptian Marizal Formation, South Tucano Basin,
and the Aptian-Albian Itapecuru Formation, Parnaiba Basin, Maranhdo, Brazil. Finally,
description of those mollusks offers us a compositional glimpse into the diversity of
freshwater mussel faunas that thrived in fluvio-lacustrine environments in a coeval time
interval (Berriasian-Aptian) of those bivalve-dominated faunas that are preserved in the
thick Barremian pre-salt coquinas, of which the taxonomic composition is still poorly

constrained.

2. REGIONAL GEOLOGY
2.1. Geological Setting

The tectonic events responsible for the split between South America and Africa as
well as the South Atlantic Ocean opening, promoted the formation of numerous rift basins
at the Brazilian continental margins during Tithonian to Barremian times (Milani et al.,
2007). These events were also responsible for the reactivation of Precambrian structures
at the NE Brazil, generating a series of interior basins, such as the Parnaiba (Grajau),
Araripe, Jatobd, Tucano and Reconcavo basins (Milani and Davison, 1988; Matos, 1992;

Goes and Rosseti, 2001; Assine, 2007; Vaz et al., 2007). The NE interior basins of Brazil
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record a complex and temporally asymmetric evolution, associated to second order
stratigraphic sequences, including: pre-rift, syn-rift, and post-rift sedimentary successions
(Milani and Davison, 1988; Goes and Rossetti, 2001; Assine, 2007; Figueiredo et al.,
2016; Rosa et al., 2023).

The Grajaa Basin (i.e., the Lower Cretaceous expression of the Parnaiba Basin), is
interpreted to be originated under the combination of shear stress and strike-slip
deformation (Goes and Rossetti, 2001). The rifting of the Grajatl Basin initiated with the
basaltic magmatism of the Sardinha Formation (Almeida et al., 1996) and was overlain
by the Aptian Grajau (fluvial) and Codo6 (lacustrine to marine) formations (Paz and
Rosseti, 2006; Lindoso et al., 2016). The Codé Formation is formed by limestone,
evaporites and concretion-bearing shale, with a sedimentary succession with marked
stratigraphic, sedimentologic (see Varejdo et al., 2016, fig. 11) and paleontological
(Lindoso et al., 2016; Lindoso et al., 2018) affinities with the Crato, Ipubi and Romualdo
formations from the Araripe Basin (see below). During the Albian, it was deposited the
marginal marine Itapecuru Formation, dominated by claystone and sandstone (Rossetti
and Goes, 2003). Recently, based on terrestrial and marine palynomorphs, the deposition
of the Itapecuru Formation was constrained between the upper Aptian and Albian
(Ferreira et al., 2020).

The Araripe Basin is inserted in Precambrian terrains of the Borborema Province,
limited to the North by the Patos Lineament (Matos, 1992; Assine, 2007; Caxito et al.,
2020). The basin was originated by sinistral transtensional tectonics and by the resulting
deposition of the syn-rift Brejo Santo, Missdo Velha and Abaiara formations (Rosa et al.,
2023). The following post-rift succession is associated to a dextral strike-slip tectonic
event, with deposition of the Santana Group (Rosa et al., 2023). The Santana Group is

formed by the Barbalha, Crato, Ipubi and Romualdo formations. The fluvial to bayhead



167

delta Barbalha Formation was deposited during the Barremian-Aptian (Scherer et al.,
2015; Varejao et al., 2021a; Fauth et al., 2023), while the Crato (lacustrine to marginal
marine) and Ipubi (sabkha) formations were deposited during the Aptian (Goldberg et al.,
2019; Varejao et al., 2021; Guzman et al., 2023), and the restricted-marine Romualdo
Formation was deposited during the Aptian-Albian (Custodio et al., 2017; Fiirsich et al.,
2019; Varejao et al., 2019a; Melo et al., 2020; Rodrigues et al., 2020, 2022; Bom et al.,
2021,2023; Guzman et al., 2023). Following the Santana Group, sedimentation continued
within the Araripe Group, formed by the lacustrine Araripina Formation (Warren et al.,
2021) and the fluvial Exu Formation (Assine, 2007; Lorenso, 2021).

The Reconcavo, Tucano and Jatoba basins are interpreted as the aborted branch of
the Central South Atlantic Rift System, which originated the Sergipe Microplate (Milani
and Davison, 1988; Magnavita, 1992; Szatimari and Milani, 1999). These are asymmetric
half-grabens filled with Berriasian to Barremian rocks of the syn-rift phase, and Aptian
rocks of the post-rift phase (Milani and Davison, 1988). The syn-rift succession comprises
the alluvial fan to fan-delta (Salvador Formation), lacustrine (Candeias Formation),
deltaic (IlThas Group) and fluvial deposits (Sao Sebastido Formation) (Costa et al., 2007a,
2007b; Silva et al., 2007). Accommodation and sedimentation were strongly controlled
by major faults activity, which promoted continuous sedimentation of the Salvador
Formation along the entire duration of the syn-rift phase. Furthermore, the occurrence of
interbeds of conglomerates and subordinate sandstones, with lacustrine shales at the lower
part of the Salvador Formation, points to sublacustrine deposition. The syn-rift to post-
rift passage is marked by the continuity of fault activity controlling subsidence and
deposition of fluvial sediments (Figueiredo et al., 2016). The Marizal Formation
comprises the best cropping out unit among the formations of the Reconcavo, Tucano and

Jatoba basins (see Freitas et al., 2017). This is a fluvial-dominated unit divided in the
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Banzaé and Cicero Dantas Member by the Amargosa Bed (Freitas et al., 2017). The
Amargosa is a fossiliferous, lacustrine to marginal marine marked bed dominated by shale
and associated sandstone and claystone (Freitas et al., 2017; Varejao et al., 2019b; Souza
et al., 2022) that is correlated to the Batateira Bed, Barbalha Formation, Araripe Basin
(Varejao et al., 2016; 2019b). Finally, post-rift sedimentation ends with carbonates from
the Crato Formation (Tucano Norte and Jatoba basins) shales, sandstones, and carbonates
from the Romualdo Formation (Jatoba Basin) and sandstones from the Exu Formation

(Jatoba Basin) (see Varejao et al., 2016 and references therein).

2.2. Paleogeographic scenario and paleodrainage patterns.

The depositional architecture combined with provenance data allow to reconstitute
the paleodrainage pattern from the Lower Cretaceous interval of the sedimentary basins
from NE Brazil (Rolim and Mabesoone, 1982; Assine, 1994, 2007; Paz et al., 2005;
Nascimento et al., 2007; Mendes and Truckenbrodt, 2009; Assine et al., 2014, 2016;
Figueiredo et al., 2015; Varejao et al., 2016; Freitas et al., 2017; Lorenso, 2021; Warren
etal., 2021).

The rift phase in all basins is characterized by fault-controlled conglomerates,
lacustrine shale, and fluvial-eolian sandstone, which were deposited along the main rift
axes (i.e., Gabon-Sergipe Alagoas, Reconcavo-Tucano-Jatobéd and Cariri-Potiguar) from
the Afro-Brazilian Depression (see Petri, 1987; Matos, 1992; Maisey, 2000; Valenga et
al., 2003). However, the Reconcavo-Tucano-Jatoba axis seems to be the most active
during this time interval, capturing the drainage pattern, which mostly run from the area
nearby the Araripe Basin, towards the Reconvaco Basin (Rolim and Mabesoone, 1982;

Petri, 1987; Assine, 1994).
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The Barremian-Aptian times mark the passage from the rift to post-rift phase,
although the thermal subsidence characteristic of the sag (post-rift) only started during
the Aptian (see discussion in Figueiredo et al., 2015; Amarante et al., 2023; Rosa et al.,
2023). The expansion of the depositional site from the constrained rift axes to the adjacent
basement did not signify a change in the paleo drainage pattern, as rivers continued to
flow from N-NW to S-SE in the Reconcavo-Tucano-Jatoba axis (Assine et al., 2016;
Varejao et al., 2016; Freitas et al., 2017). However, a new branch became active during
the Aptian-Albian in the Grajau Basin, with depositional trend from SW to NE (Paz and
Rossetti, 2006), and in the Potiguar Basin, with depositional trend from SE to NW (Pessoa
Neto et al., 2007), both separated of the Reconcavo-Tucano-Jatobd axis by water divides
to the north of the Araripe Basin (see Assine et al., 2016).

Finally, there is a marked change in the paleocurrent pattern in the Albian, mostly
recorded in the Araripe and Grajat basins. In the Araripe Basin, the southeastward pattern
recognized in the Santana Group (Barremian-Albian) and Araripina Formation (Albian?)
drastically change to an eastward pattern during the deposition of the Exu Formation
(Albian-Cenomanian?), probably in response to a regional basement uplift in the east part
of the Borborema Province (Lorenso, 2021). Connected to the paleodrainage system from
the Exu Formation, the fluvial-deltaic Itapecuru Formation from the Grajat Basin records
sedimentary transport from S-SE to N-NW (Rossetti and Goées, 2003), towards the

Equatorial Margin.

3. MATERIAL AND METHODS
As commented above, the specimens of Lower Cretaceous freshwater bivalve
mollusks forming the basis of this contribution are housed in various institutions and

museums. While many of these specimens have been mentioned and/or illustrated in
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literature, they have not been thoroughly described in accordance with the International
Code of Zoological Nomenclature standards (ICZN, 1999). Four main independent fossil
collections provided specimens for this contribution, as follows: National Museum of
Brazil (MNB, Rio de Janeiro), Museum of Earth Sciences (MCT, Rio de Janeiro),
Institute of Geosciences (IGEO/UFRJ, Rio de Janeiro), and Natural History Museum,

London (NHM, London).

3.1. Freshwater bivalve mollusks of the Mont Serrat Conglomerate in the Natural
History Museum, London, UK, collection

Freshwater bivalve mollusks from the Lower Cretaceous of Bahia, Brazil, have
been documented since Hartt (1870), who provided a brief description of Unio (Anodon?)
Totium-sanctorum (sic) based on specimens collected in the Pedra Furada fossil site,
Salvador. However, Hartt (1870) did not provide illustrations of the material. It was White
(1887) who first described and illustrated the freshwater bivalves from the Lower
Cretaceous of Salvador, based on specimens collected by J. Mawson in the Pojuca fossil
site, located 67 km from the State capital, now in the metropolitan region of Salvador.
White (1887) identified five new bivalve species, four of which were tentatively assigned
to the genus Anodonta Lamarck, 1799 or Anodontites Bruguiere, 1792, according to
Simone and Mezzalira (1994), alongside Sphaerium ativum White, 1887.

After White (1887), J. Mawson, then superintendent of the Bahia railway, gathered
new mollusk specimens from various fossil localities in Bahia, referring them to
Anodonta, although they were neither described nor illustrated. Notably, specimens
collected by Mawson in the Pedra Furada site, in the Todos os Santos Bay area, near Mont
Serrat (refer to Figs. 1-2), Salvador, are housed at the National History Museum in

London, UK (NHMUK). These specimens originate from dark blue shales interbedded
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with limestones and conglomerates, a sedimentary succession known as the Mont Serrat
Conglomerate, Salvador Formation, cropping out in various localities of the urban area
of the city of Salvador (Barbosa et al., 2007). These are presented here for the first time
with detailed descriptions and illustrations. In total, four specimens in a cm-large slab

from the Mont Serrat Conglomerate from the NHMUK collection were examined.

3.2. Freshwater bivalve mollusks of the Mont Serrat Conglomerate in the National
Museum of Brazil collection, Rio de Janeiro, Brazil

The history and provenance of the Lower Cretaceous freshwater bivalve specimens
deposited at the National Museum of Brazil, Rio de Janeiro, the oldest scientific
institution in the country, which appears in White's classic monograph (1887), is complex.
Indeed, the first record of freshwater fossil mollusks in the State of Bahia dates back to
Allport (1860). He noted that at the hill where the Montserrat fort (also known as the
Small Fort of Our Lady of Monserrate) is located, on the northern limit of the city of
Salvador, encompasses a sedimentary succession with conglomerate, sandstone, and
fossil-rich sandy shale. In this shale, near the base of the succession, Allport (1860)
uncovered fish scales, teeth, bones, along with some mollusks and Entomostraca. The
author mentioned the presence of gastropods and a bivalve mollusk, although no
illustrations were provided. It was not until a decade later that further findings were
documented by Hartt (1870), this time to the south of the Pedra Furada locality, although
the exact location of this occurrence was not specified. On a map in Mawson and
Woodward (1907), depicting Cretaceous fossil sites in Bahia, a locality also named Pedra
Furada is recorded, likely corresponding to Hartt's reference in 1870. He described a light,
micritic limestone containing numerous gastropod and bivalve shells, tentatively assigned

to the genus Unio Philipsson, 1788, alongside reptile bones, fish scales, and other
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vertebrate fossils. Hartt also provided the first description of the bivalve species found by
Allport in Montserrat in 1860, naming it as Unio (Anodon?) Totium-Sanctorum, in
reference to “Todos os Santos Bay”, Bahia.

About half a mile from the Plataforma locality, whose precise location was not
provided by the author, Hartt noted another outcrop with fossil vertebrates (i.e., fish,
reptiles, and crocodylomorphs), along with abundant small gastropod shells and rare
"unio-like" bivalves. The likely location of Plataforma is also marked on the map by
Mawson and Woodward (1907). Later, White (1887) will deal with these fossils,
providing detailed descriptions of Sphaerium ativum, and the new species Anodonta?
mawsoni, Anodonta? allporti, and Anodonta? hartti. In addition, White (1887) renamed
Unio (Anodon?) Totium-Sanctorum to Anodonta? toctium-sanctorum. White (1887) type
collection is now exceedingly small and is deposited at the National Museum of Brazil,
whose building was largely destroyed by a fire in 2018. The species S. ativum, A.?
mawsoni, A.? allporti and A.? hartti, were erected based on few specimens each. One type
specimen of each one of these species was saved and recovered from the fire, except for
the type of 4.7 toctium-sanctorum, which has apparently been lost. White (1887) type
specimens are herein redescribed, as well as illustrated by digital images for the first time,
as they were known only from the beautiful drawings in his monograph. As can be seen

in the Figures (6, 10E and 11A), some specimens are now blackened by fire.

3.3. Freshwater bivalve mollusks of the Marizal Formation in the MCT collection,
Rio de Janeiro, Brazil

The specimens from the Aptian Marizal Formation, South Tucano Basin, are those
cited in Melo Junior and Oliveira (1939). These authors built upon the groundwork laid

by Mawson (1913) and significantly broadened the lateral distribution of the bivalve
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fauna. Melo Junior and Oliveira (1939) noted that previous researchers (e.g., Allport,
1860; Mawson, 1913) may have concentrated their collecting efforts only on easily
accessible sites. During 1937 and 1939, the Geological Survey conducted a more
thorough investigation in northern Bahia, uncovering nearly 80 new fossil sites (Melo
Junior and Oliveira, 1939). It is important to note that Melo Junior and Oliveira (1939)
merely depicted certain specimens and did not provide a comprehensive description of
the freshwater fossil mollusks. In the localities of Riacho da Guia, Encantado Farm and
Sdo José Farm, all located in the municipality of Alagoinhas, Bahia, within sandy shales
(Melo Junior and Oliveira, 1939), the authors discovered bivalve shells referred (but not
described) to Anodonta allporti White, 1887, Anodonta sp., and Sphaerium ativum White,
1887. The specimens collected by Melo Junior and Oliveira (1939) are currently housed
in the scientific collection of the Museum of Earth Sciences (MCT) in Rio de Janeiro, RJ,
where they have undergone detailed analysis. In total, eight specimens from the Marizal
Formation from the MCT collection were examined, but only seven belong to freshwater

bivalve species.

3.4. Freshwater bivalve mollusks of the Itapecuru Formation in the macrofossil
collection of the IGEO/UFRJ

The specimens of the Albian Itapecuru Formation, Parnaiba Basin, State of
Maranhdo, northeastern Brazil, are deposited in the Macrofossil Collection of the
Department of Geology, Institute of Geosciences, Federal University of Rio de Janeiro,
UFRJ, RJ, Brazil. The mollusk bivalves in this collection were gathered during the 1990s,
by I.S. Carvalho, along with C.S. Ferreira, F.S. Junior, H. Pontes, M.A. Vicalvi, M.S.S.
Carvalho, P.M. de Toledo, S. Freyao, S. Rosito, and W.S. Eugénio, from the type-locality

of the Itapecuru Formation, in the margins of the Itapecuru river, Itapecuru-Mirim,
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Maranhao. Brief mention to these mollusk bivalves appears in short notes (Ferreira et al.,
1995), but they were not illustrated or described in detail.

In total, 312 specimens from the Itapecuru Formation were studied, of which 132
were determined to the genus or species level. These are preserved as molds, mainly
composite molds some with shell remnants. The quality of preservation varies
significantly; some specimens are deeply weathered, and plastic deformation is observed
in various fossils (Fig. 3). Despite this, crucial shell characters (e.g., adductor muscle
scars, pallial line, external ornamentation) are well preserved in many of them (Figs. 5,

7).

3.5. Laboratory procedures

Because individual specimens were already deposited in distinct scientific
collections, no laboratory preparation was needed. A Canon DSLR Camera (EOS
1100D), equipped with a macro-lens (105 mm) was used for digital photography of the
specimens of the Marizal Formation, whereas a regular lens of 18-55 mm was used for
the specimens of Itapecuru Formation. The specimens of the Mont Serrat Conglomerate,
stored in the NHMUK were kindly photographed by L. Goodayle using a XXXXX.
Measurements of the Marizal and Itapecuru specimens were taken by digital caliper
XXXX in millimeters. However, due to the poor preservation and the plastic deformation

of some specimens, the measurements can only be approximate.

3.6. Methodological decisions
As well stated by Van Damme et al. (2015, p. 143), any enthusiast of freshwater
bivalves understands that the taxonomy of this group is akin to a subjective art rather than

an objective science, given the unparalleled levels of morphological convergence and
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parallelism it exhibits. Indeed, as commented by Avelar and Cunha (2009), freshwater
bivalves are particularly difficult to identify, owing to their extremely variable shell
morphologies, reflecting the different types of environments in which they occur, as well
as the distinct ecological strategies adopted. Another complicating factor in dealing with
the taxonomy of freshwater mollusk bivalves is the usual inadequate shell preservation.
However, despite the poor preservation of various specimens, some shell characters,
including the hinge structure, muscle scars and of the umbonal sculpture, which are
presently recognized as key for diagnose (see Van Damme, 2015), were preserved in the
examined bivalves, allowing identification down to species level. Nevertheless, in the
absence of these characters we kept the specimens in unnamed genera and species, until
better preserved material is available. Finally, the systematic classification above genus

level followed Ahyong et al. (2024).

4. RESULTS

4.1. Systematic Paleontology
Subclass Autobranchia Grobben, 1894
Infraclass Heteroconchia Gray, 1854
Subterclass Euheterodonta Giribet and Distel, 2003
Superorder Imparidentia Bieler, Mikkelsen and Giribet, 2014

Order Sphaeriida Lemer, Bieler, and Giribet, 2019
Superfamily Sphaerioidea Deshayes, 1855 (1820)

Family Neomiodontidae Casey, 1955

Genus Musculiopsis MacNeil, 1939

Type-species Musculiopsis russelli MacNeil, 1939
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Material. NHMUK-L19476B-D

Locality. Pedra Furada Bay, near Mont Serrat, Salvador, Bahia, Brazil

Unit. Salvador Formation.

Musculiopsis? sp.

Fig. 4

Description. Shell thin, small to medium size (maximum length ~50mm), elongate,
subrectangular, truncate, inflated, and inequilateral. Anterior margin rather sharply
rounded; posterior margin nearly straight but becoming sharply rounded posteroventrally;
ventral margin straight. Umbones prominent, projecting above the hinge line and situated
at anterior one-third of shell length. Lunule present, apparently depressed; escutcheon not
observed. Posterior umbonal carina faintly marked. Hinge of the right valve probably
with well-defined, elongate posterior lateral teeth. Other hinge characters not observed.
Posterior adductor muscle scar oval, weakly impressed; pallial line unknown. External

shell surface sculptured with irregularly spaced commarginal growth lines.

Discussion. The examined specimens were originally referred by Mawson (1913) to
Anodonta Lamarck, 1799. However, the detailed examination of these shells has revealed
that the these are thin, subrectangular and truncate shells, with prominent umbones
projecting above the hinge line (Fig. 4). The lunule is apparently depressed and the

posterior umbonal carina is only faintly marked. These characters bring the Brazilian shell
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closer to the genus Musculiopsis MacNeil, 1939. Indeed, the hinge of the right valve
seems to have well-defined, elongate posterior lateral teeth, as in Musculiopsis. However,
there is some uncertainty surrounding this attribution because the identification of this
cosmopolitan freshwater genus and its species relies heavily on the characteristics of the
hinge, particularly its cardinal dentition (see Jiang et al., 2007). Unfortunately, in the
examined specimens the cardinal area and the anterior part of the hinge is usually covered
by the matrix, with only part of the posterior area of the hinge being visible, which has
an elongate, probably double teeth as in Musculiopsis (Fig. 4A-B). Finally, upon
comparison with other known species of Musculiopsis, the Brazilian shell closely
resembles M. russelli MacNeil, 1939, from the lower Cretaceous Newark Canyon
Formation, US, owing to its subrectangular shell shape and prominent umbones
(MacNeil, 1939, p. 361, pl. 37, figs. 4-7).

Finally, while examining the scientific collections, we came across a specimen
(MCT-5421) at the Museu de Ciéncias da Terra, Rio de Janeiro, Brazil. It was collected
by L.F. Moraes Rego in the conglomerate at Mont Serrat locality, Bahia. This specimen
shares a general resemblance in shell gross morphology with the specimens identified
here as Musculiopsis? sp. Therefore, the specimen MCT-5421, originally labelled as

Anodonta hartti White, 1887, is attributed to that species.



178

Subterclass Palaeoheterodonta Newell, 1965
Order Trigoniida Lamarck, 1819
Superfamily Trigonioidoidea Cox, 1952
Family uncertain
Genus Monginellopsis Silva, Varejao, Matos, Rodrigues, Fiirsich, Skawina,

Schneider, Warren, Assine and Simoes, 2020

Type-species Monginellopsis bellaradiata Silva, Varejado, Matos, Rodrigues, Fiirsich,

Skawina, Schneider, Warren, Assine and Simdes, 2020

Monginellopsis bellaradiata Silva, Varejdo, Matos, Rodrigues, Fiirsich, Skawina,
Schneider, Warren, Assine and Simdes, 2020

Fig. 5

Material. UFRJ-137AI-XIV, 138-BI-XIV, 142BI-VIII, 165C, 166A, 167CI-III, 171I-1V,

177A1-1V, 181B, 182, 190I-111, 191A, 192BI-II, 198AI-I1I, 210BI-VI, 268CI-VI.

Locality. Itapecuru River, Itapecuru-Mirim, Maranhao, Brazil

Unit. Itapecuru Formation, Parnaiba Basin

Remarks. In the bivalve collection examined at the Paleontological Collection of the

Institute of Geosciences, UFRJ, we identified at least 72 specimens of the Lower

Cretaceous Itapecuru Formation. From these, nine specimens display medium-sized,

moderately inequilateral, and equivalve shells. Their gross morphology, both external and
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internal, closely resembles that of Monginellopsis bellaradiata from the Aptian Crato
Formation, Araripe Basin. Indeed, the closely articulated specimens display moderately
inflated valves with a subovate outline. The umbo is prominent, broad, prosogyrate,
moderately projecting above the hinge line, and positioned nearly two-fifths of the shell
length, akin to M. bellaradiata. The specimens feature 6—7 well-defined, fold-like radial
ribs on the posterior half of the shell only, which are particularly pronounced in specimen
1711 (Fig. 5C). As depicted in Silva et al. (2020, p. 45, fig. 3) for the Crato Formation
specimens, this radial ornamentation becomes less distinct toward the ventral margin. The
wavy pattern formed by irregularly spaced growth lines, crossing ribs, and interspaces is
clearly visible in specimen 1711II (Fig. 5C). Among the nine available specimens, five
have deeply impressed anterior adductor muscle scars. The location, form (i.e.,
elongated), and size (i.e., large) of the anterior adductor muscle scar is identical to those
of M. bellaradiata (Figs. SA-B). Unfortunately, other muscle scars and the hinge are not
preserved. Based on the available morphological information, the Itapecuru specimens

are undoubtedly identified as M. bellaradiata.



180

Subclass Autobranchia Grobben, 1894
Infraclass Heteroconchia Gray, 1854
Subterclass Palaeoheterodonta Newell, 1965
Order Unionida Gray, 1854
Superfamily Etherioidea Deshayes, 1832
Family Mycetopodidae Gray, 1840
Subfamily Anodontitinae Modell, 1942

Genus Anodontites Bruguiere, 1792

Type-species Anodontites crispata Bruguiere, 1792

Anodontites? hartti (White, 1887)

Fig. 6E-F

Synonym. Anodonta? hartti, in part.

Material. MNB-2822, two specimens in the same sample (2822a and b), composite mold,

left valves.

Locality. Vicinities of the Pojuca railroad station, Bahia, Brazil.

Unit. Salvador Formation.

Remarks. The specimen illustrated in Figure 6E-F is the same of White (1887, plate

XXVI, p. 423). The shell is large (maximum length 40mm, and maximum height 19mm),
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but the specimens MNB-2822a, b, both left valves, are small, with 25-28 mm of
maximum length, and 12-14 mm of height, respectively (Fig. 6E-F). The valves are
transversely elongate-ovate in gross morphology, and the umbones are conspicuous,
incurved, prosogyrate, located anteriorly, and slightly elevated above the hinge line. The
hinge is unknown, but the posterior adductor muscle scar and the posterior protractor
muscle scars are both visible, although poorly preserved. The posterior adductor muscle
scar is moderately large, suboval, and the posterior protractor muscle scar is fused in its
posterior margin (Fig. 6F). Other internal characters are unknown, but a trace of a
posterior sinuosity in the pallial line was observed by White (1887, p. 243) in one of his
internal molds. The external shell ornamentation is marked by irregularly spaced
concentric lines and wrinkles of growth. The general morphology of the studied
specimens, and the posterior muscle scars, especially their size and place of insertion
closely resemble those of Anodontites Bruguiére, 1792. However, the muscle scars in 4.7
hartti is also similar to that observed in Mutela Scopoli, 1777, particularly if the presence
of a posterior sinuosity in the pallial line is indeed present. Unfortunately, the hinge is
unknown as well as the anterior muscle scars. Hence, this doubt cannot be resolved now.

We therefore keep the specimens as 4.7 hartti until additional material can be found.

Subfamily Mycetopodinae Gray, 1840
Genus Mycetopoda d’Orbigny, 1835
Type-species Mycetopoda soleniformis d'Orbigny, 1835 (type by subsequent

designation)

Mycetopoda allporti (White, 1887)

Fig. 6A-D
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Synonym. Anodonta? allporti

Material. MNB-2824, closed articulated valves, composite mold.

Locality. Vicinities of the Pojuca railroad station, Bahia, Brazil.

Unit. Salvador Formation.

Emended diagnosis. Mycetopod shell with compressed, subtrapezoidal valves, with faint
posterior carina, umbones low and with reduced umbonal cavity. Posterior shell margin
gaped. Hinge edentulous; anterior and posterior adductor muscle scars reiniform, the
posterior one larger than the anterior scar. Anterior retractor muscle scar fused with the
anterior adductor muscle scar. Pallial line apparently thick. Other internal characters

unknown.

Redescription. Shell large (31 mm), transversely elongate to subtrapezoidal, compressed.
Umbones inconspicuous, below hinge line, situated near the front; cardinal margin long
and straight; posterior margin rounded and gaped. Posterior carina faintly marked. Hinge
edentulous. Anterior and posterior adductor muscle scars reiniform, the anterior one
smaller than the posterior scar. Anterior retractor muscle scar fused with the anterior
adductor muscle scar; pallial line thick near the anterior adductor muscle scar. Other
muscle scars unknown. External shell surface covered by irregularly spaced concentric

growth lines.
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Discussion. This species was originally described by White (1887), as Anodonta? allporti
sp. n. However, re-examination of the type specimen reveals a subtrapezoidal shell, with
a faint carina, low beaks and a very reduced umbonal cavity. The shell is enlarged and
posteriorly expanded, gaped; dimyarian and heteromyarian (i.e., the anterior adductor
muscle scar is smaller than the posterior one), and edentulous. Such characters indicate
that White's specimen belongs to the genus Mycetopoda d’Orbigny, 1835. The general
external shape and muscle scars close resemble the living species Mycetopoda siliquosa
(Spix, 1827). However, the anterior portion of the shell of M. allporti (i.e., MNB-2824)
is more reduced than that of the extant species. Furthermore, the umbonal carina is more
marked in M. siliquosa. The Miocene species, Mycetopoda pittieri? Marshall, 1927, from
the Solimdes Formation (Wesselingh et al., 2006), has a well-notched anterodorsal
margin, thus differing from the anterior portion of the shell of M. allporti. In addition, in
M. pittieri? a slightly different elevation of the anterior and posterior hinge line is
observed (Wesselingh et al., 2006), which is not the case for the Cretaceous species.
According to Van Damme et al. (2015), the only known species in the North American
fossil record of Mycetopodinae Gray, 1840 is the Triassic Mycetopoda diluculi, described
by Pilsbry in Wanner (1921). These fossils are represented by casts that Watters (2001)
mentioned as 'mycetopodid-like', although he notes that positively identifying them is
impossible (see Van Damme et al., 2015, p. 189). White (1887) specimen is undoubtedly
a Mycetopodinae bivalve, of which the Berriasian-Barremian age indicates that it is the

oldest known Mycetopoda in Gondwana, and probably one of the oldest in the world.

Superfamily Silesunionoidea Skawina and Dzik, 2011

Family uncertain
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Genus Cratonaia Silva, Varejao, Matos, Fiirsich, Skawina, Schneider, Warren,

Assine and Simaées, 2020

Type-species Cratonaia novaolindensis Silva Varejdo, Matos, Firsich, Skawina,

Schneider, Warren, Assine and Simdes, 2020

Cratonaia novaolindensis Silva Varejao, Matos, Fiirsich, Skawina, Schneider,
Warren, Assine and Simoes, 2020

Fig. 7A-F

Material. UFRJ-138A, 165A, 166BI-II, 167AI-VI, 168A1, 172AI-VII, 175BI-IIL, 176A,

180BI-VI, 181 AI-XII, 183I-1I,192A, 200AI-II, 201 AI-II, 210AI-VII, 217, 268BI-V

Locality. Itapecuru River, Itapecuru-Mirim, Maranhao, Brazil

Unit. Itapecuru Formation, Parnaiba Basin

Remarks. As depicted in Figure 7, some of the bivalves collected from the lower
Cretaceous Itapecuru Formation exhibit a characteristic elongated and elliptical valve.
The size and general shape of these shells are identical to those of Cratonaia
novaolindensis Silva et al. 2020, originally described from the Crato and Romualdo
Formations of the lower Cretaceous Santana Group, Araripe Basin, Brazil (Silva et al.,
2020a; Guerrini, 2023). The umbones are prosogyrate and low. Unfortunately, the hinge
that is characterized by two prominent teeth in the right valve is not preserved in the

examined material. Despite the generally poor preservation of the Itapecuru specimens of
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C. novaolindensis, the anterior adductor muscle scar is visible in some molds (e.g., 165AI
and 165AII). This is a deeply impressed, reiniform anterior adductor muscle scar that is
bordered by a buttress. However, in the Itapecuru molds the buttress is usually covered
with sediment matrix (Fig. 7). As in C. novaolindensis from the Crato Formation (Silva
etal., 2020a, fig. 3, p. 6), in some of the examined internal molds (i.e., specimen 172AII),
the posterior adductor muscle scar is large, oval, and weakly impressed. Notably, this
specimen has the pallial line preserved, especially in the posterior part of the shell (Fig.
7C-F), a morphological character that is unknown in the well-preserved Crato specimens.
Furthermore, the pallial line of C. novaolindensis appears thick and without pallial sinus
(Fig. 7E-F). Other muscle scars were not preserved in the studied shells. Finally, the
external shell ornamentation is observed only along the anterior margin of specimen
165A1 and is characterized by fine commarginal growth lines similar to those observed

in C. novaolindensis.

Cratonaia sp.

Fig. 7G-H

Synonym. Anodonta? hartti, in part.

Material. MNB-2825, internal mold with remnants of the shell, right valve.

Locality. Vicinities of the Pojuca railroad station, Bahia, Brazil.

Unit. Salvador Formation.
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Remarks. The specimen illustrated in Figure 7G-H was also described by White (1887),
as Anodonta? hartti sp. n. According to the author, the shell is transversely elongate-
ovate. Notably, the MNB-2825 specimen bears little or no resemblance to those of
Anodonta Lamarck, 1799. White's specimen has elongated and elliptical valves, and
despite its poor preservation the anterior and posterior adductor muscle scars and the
anterior protractor muscle scar are preserved and are all similar in form and place of
insertion to those scars in shells of Cratonaia Silva et al., 2020. Yet, a well-marked
buttress is present behind the anterior adductor muscle scar a condition also observed in
Cratonaia (see Silva et al., 2020a) (Fig. 7G). A small piece of the remaining original shell
is covering the umbo, and it is not possible to see the surface of the internal mold. This is
relevant since C. novaolindensis has a series of small linear pedal muscle scars in the
umbonal cavity, being one of the diagnostic characters of this species. For this reason, we
are referring the White (1887) specimen to Cratonaia sp., otherwise all other external and
internal features of the shell agree with those of C. novaolindensis. If our observation is
correct, this is the oldest record of Cratonaia, previously known only from Aptian-Albian

rocks.

Superfamily uncertain
Family uncertain
Genus Araripenaia Silva, Varejdo, Matos, Rodrigues, Fiirsich, Skawina,

Schneider, Warren, Assine and Simdes, 2020

Type-species Araripenaia elliptica Silva, Varejao, Matos, Rodrigues, Fiirsich, Skawina,

Schneider, Warren, Assine and Simdes, 2020
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Araripenaia elliptica Silva, Varejao, Matos, Rodrigues, Fiirsich, Skawina,
Schneider, Warren, Assine and Simoes, 2020

Figs. 8-9

Material. MCT-3673-3677, 3697, 3751, 3752.

Locality. Riacho da Guia, Alagoinhas, Bahia, Brazil

Unit. Marizal Formation, Tucano Basin

Emended diagnosis. Araripenaia elliptica shell as in Silva et al. (2020b), but with an
undulated interior valve surface and with small, suboval, anterior adductor muscle scar
and a large, oval posterior adductor muscle scar. Both scars are weakly impressed. Pallial

line thick, continuous, without pallial sinus.

Redescription. The description of the internal shell morphology (based on the new
specimen and the type series): Shell thin, small (16.8-51.6 mm long and 6-19.8 mm
high), moderately inequilateral, equivalve, and slightly compressed. Shell gross
morphology transversely elliptical; dorsal margin almost straight to weakly incurved,
anterior margin strongly convex; ventral margin gently convex; posterior margin
truncated. Juvenile shell with a sharp posterior radial ridge, which quickly fades and
becomes faint and rounded in adults. Umbonal carina faintly marked, posterior slope
straight and narrow. Umbo very low, poorly inflated, faintly prosogyrate, placed at
approximately two fifths of shell length. Beaks not projecting above the hinge line.

Ligament external, opisthodetic. Juvenile shell portion ornamented with one set of
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slender, inverted V-shaped riblets (forming an angle of ca. 62°) limited to the
anteriormost part of the shell, with radial riblets on its central part and with sub-radial,
oblique riblets, which descend from the posterior radial ridge rather than the umbo on its
posterior part. In some adult shells, radial riblets continue ventrally on central part of
flank, but are reduced to radial threads. Slightly irregular commarginal growth lines
conspicuous on the entire shell. Millimeter-sized pustules present in some individuals
near the anterior and posterior shell margins. Internal shell surface undulated. Hinge of
both valves with two slender, lamellar anterior pseudocardinal teeth, and two elongate,
straight, lamellar posterior lateral teeth, which run parallel to the dorsal margin. Facets of
all teeth smooth. Anterior adductor muscle scar weakly impressed, small, suboval, placed
near the shell border immediately ahead the umbonal cavity. Posterior adductor muscle
scar faintly impressed, large, oval. Pallial line thick, continuous, without pallial sinus.

Other muscle scars unknown.

Discussion. Despite the excellent preservation of the shells of Araripenaia elliptica from
mudstones of the Crato Formation, Araripe Basin, as documented by Silva et al. (2020b)
(Fig. 8A-B), certain internal characters of the valves remained unknown until recently.
Indeed, although preserved in a coarse-grained rock (i.e., fine sandstone) the specimens
from the Marizal Formation, Alagoinhas, Bahia (Fig. 9) have revealed signs of the muscle
scars and pallial line. As there is no doubt that the specimens from the Marizal Formation
(cited below) belong to this species, these internal characters have been incorporated into
the diagnosis of A. elliptica.

At least five specimens (MCT-3673-3677) corresponding to internal and composite
molds, representing shells with a maximum length of 51.6mm and showing transversely

elliptical general shell shape are here referred to Araripenaia elliptica Silva et al., 2020.
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All specimens have moderately inequilateral and equivalve shells (Fig. 8C-F). The
posterior slope is straight, but faintly marked, and narrow. Notably, the umbones are
inconspicuous, slightly projecting above hinge line and placed at nearly two fifths of shell
length, as in A. elliptica. The ligament is external, probably opisthodetic. Hinge of both
valves with two slender, lamellar anterior pseudocardinal teeth, and two elongate,
straight, lamellar posterior lateral teeth that run parallel to the dorsal margin (Fig. 8D). A
significant distinction between A. elliptica found in the Crato Formation, Araripe Basin,
and the specimens under examination are the lack of slender, inverted V-shaped riblets
that are limited to the anteriormost part of the shell in the material from the Marizal
Formation. As for other known specimens of A. elliptica, the muscle scars and pallial line
are both unknown. However, it is important to note that while the specimens of 4. elliptica
from the Marizal Formation are preserved in fine sandstone-siltstone, the shells described
from the Crato Formation are fossilized in mudstone, preserving fine shell anatomical
characters. Slightly irregular commarginal growth lines are visible in the exterior shell
margins of some of the studied specimens (e.g. Fig. 8E).

The specimen MCT-3673 (Fig. 8E) corresponds to the original specimen illustrated
by Melo Jr. and Oliveira (1939, p. 81, fig. 8) from the lower Cretaceous Marizal
Formation, Riacho da Guia locality, Alagoinhas, Bahia, which was assigned to Anodonta
allporti White, 1887 (or Anodontites allporti White, in Simone and Mezzalira, 1994).
However, a meticulous comparison between this and those specimens illustrated and
described by White (1887) shows that the shells of this author are clearly spatulate and
more elongated. The anterior margin is almost inconspicuous and well-rounded. Hence,
the overall shape of the specimen MCT-3673 is markedly distinct from that of 4. allporti,

closing resembling A. elliptica (see Silva et al., 2020, p. 47, fig. 5D, for comparison).
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Gen. et sp. indet. A

Fig. 10A-D

Material. UFRJ-167A1, 175AI11.

Locality. Itapecuru-Mirim, Maranhao, Brazil

Unit. Itapecuru Formation, Parnaiba Basin

Description. Large to mid-size, obliquely ovate, globose, strongly inflate, equivalve shell.
Ventral margin gently incurved; posterior margin straight, posterior dorsal margin
moderately incurvate. A sort-of deep, lunule-like incurvature is noted right in front of the
umbo, resulting in a slightly tapered anterior shell portion. Umbones high, prosogyrate,
projecting above the hinge line. Internal characters, including the hinge, muscle scars and
pallial line not preserved. External shell ornamentation with irregularly spaced growth
lines. In the specimen UFRJ-167Al, numerous faintly marked, slightly curved, irregular
radiating lines crossing the growth lines are present in the middle part of the shell (Fig.

10A-B).

Discussion. Among the examined shells from the lower Cretaceous Itapecuru Formation,
two specimens (i.e., 167Al, 175AIIl) display a strongly inflated, globose shell, thus
differing from the other species of freshwater bivalves identified for this geological unit.
Unfortunately, the internal characters, such as muscle scars and hinge, are not visible. In
other words, other than shell shape, there is not much to see in these shells. This is in part

because remnants of shells are still preserved in some parts of the internal molds thus
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covering the muscle scars. In addition, the sediment matrix is not as fine-grained as it is
in the freshwater Crato Formation material (Silva et al., 2020a; 2020b). Hence, it is
difficult to see imprints of muscle scars, and pallial line. The valves are of unionid general
morphology, but a sort-of deep, lunule-like incurvature right in front of the umbo,
resulting in a slightly tapered anterior shell portion is visible in both specimens (Fig. 10A-
D). Additionally, the rather strong inflation of the shells is of note. Unfortunately, all
these features are not very characteristic, and could occur in several Unionida. As shown
in Figure 10A-B, in the specimen 167Al the remnants of shell show that the
ornamentation is made of numerous faintly marked, slightly curved, irregular radiating
lines crossing the growth lines in the middle part of the valve. Therefore, the obliquely
ovate shells of this species, along with their radial ornamentation, bear a resemblance to
those of Castalia Lamarck, 1819 or Callonaia Simpson, 1900 shells. This resemblance is
particularly notable with juvenile specimens (noncarinate) of the genus Castalia (see
Wesselingh et al., 2006). However, in the absence of additional criteria (i.e., muscle scars,
and hinge) we would refrain from describing a new taxon based on these only two
specimens, keeping them as an unnamed genus and species, until better preserved

material is found.

Gen. et sp. indet. B

Fig. 10E-F

Synonym. Anodonta? mawsoni.

Material. MNB-2823, splayed valves,



192

Locality. Vicinities of the Pojuca railroad station, Bahia, Brazil.

Unit. Salvador Formation.

Remarks. This small shell (24 mm) was described by White (1887), as Anodonta?
mawsoni sp. n. The shell is gibbous, and subelliptical with small beaks situated near the
front, and slightly elevated above the hinge line. The cardinal margin is short, and straight.
The hinge is edentulous, and the muscle scars are unknown. The external shell surface is
marked by concentric growth lines. Indistinct radial ribs are visible in the left valve (Fig.
10E-F). Although described by White (1887) as a subelliptical shell, in Figure 10E-F, the
shell outline of this species appears more elongate. Indeed, this is because it had to be
photographed from a dorsal and slightly oblique angle. This precaution was necessary
due to the fragility of the specimen, exacerbated by the effects of the fire. Excessive
handling posed a risk of turning the specimen into burnt sediment powder, thereby
restricting intensive manipulation. However, this same figure clearly shows that the hinge
is edentulous. Based only on the general shell shape, the edentulous hinge, and the
presence of radial ribs, it is very difficult to define the affinity of this specimen. Certainly,
it does not belong to Anodonta or Anodontites, especially considering the radial
ornamentation. However, it is challenging to determine where the specimen fits within
the Unionoidea Rafinesque, 1820. White (1887) had already noticed this difficulty, thus
commenting that this specimen “is not a true Anodonta, and it is referred to that genus
only because it cannot, with our present knowledge, be referred to any other genus with
greater propriety”. It is a more gibbous shell than Anodonta usually possesses, and if the
appearance of radiating lines is natural, it adds still further doubt as to its relations with

that genus.”
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5. DISCUSSION

5.1. Freshwater bivalve mollusk families of Lower Cretaceous deposits from
northeastern Brazil and their significance

Prior to the discovery of 4. elliptica, C. novaolindensis, and M. bellaradiata in the
Aptian Crato Formation of the Araripe Basin (Silva et al., 2020a, 2020b), the freshwater
bivalve mollusk faunas of the Brazilian Mesozoic were primarily known from the Late
Cretaceous Marilia (Maastrichtian) and Adamantina Formations (Turonian to Santonian
or late Coniacian to late Maastrichtian), Bauru Group in southeastern Brazil (see a
discussion in Van Damme et al., 2015). Notably, the data from White (1887) and Maury
(1924) were often overlooked in the paleobiogeography discussions of naiad families of
West Gondwana (see, for example, Van Damme et al., 2015). Additionally, mentions of
naiad bivalves in brief communications were also disregarded, as is the case of the
presence of Castalia and Anodontites in the Itapecuru Formation (Ferreira et al., 1995),
likely due to inadequate descriptions or illustrations.

Based on the data presented in White (1887) and Maury (1924), it is noted that all
Lower Cretaceous bivalves from Bahia were referred to extant genera (Anodonta or
Anodontites in Simone and Mezzalira, 1994), also including Sphaerium Scopoli, 1777.
However, White (1887) himself, while describing 4nodonta? mawsoni, acknowledged
the challenge of precisely determining the generic characteristics of some of the described
species. White (1887) stated that some are not true Anodonta, but are labeled as such
simply because, given the knowledge at the time, they could not be confidently assigned
to any other genus. White (1887) also drew attention to the poor preservation of the shells
and the lack of diagnostic characters, making the precise taxonomic interpretation

difficult. However, White (1887) also noted that "in any case, this Cretaceous freshwater
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fauna, whose known species are all depicted in plate XXVI, has a very modern
appearance".

Part of the freshwater bivalve mollusks in Melo Junior and Oliveira (1939), from
the Tucano sedimentary basin, is also referred to as living genera (e.g., Anodonta), and
the others are considered marine. As revised in the section above, Anodonta of Melo
Junior and Oliveira (1939) is undoubtably Araripenaia elliptica Silva et al., 2020. In the
same way of preceding authors, Ferreira et al. (1995) also considered the freshwater
bivalves found in the Itapecuru Formation as belonging to living genera, including
Castalia and Anodontites. The material of the genus Castalia mentioned in Ferreira et al.
(1992, 1995) is the one analyzed here, in which the specimens are now referred to
Monginellopsis bellaradiata. Indeed, at first glance Castalia can be easily confused with
Monginellopsis because this extant genus has equilateral triangular shells with high
umbones and, most importantly, prominent radial umbonal sculpture extending over a
large part of the valve (Bonetto, 1967). In addition, the posterior ridge is sharp, and the
anterior shell margin is well defined (Bonetto, 1967), as in Monginellopsis (Fig. 5).
Despite their superficial morphological resemblance, the internal shell characters of both
genera, including the hinge and muscle scars, are remarkably distinct. Furthermore, the
external ornamentation of Monginellopsis is distinguished by 6—7 well-defined, fold-like
radial ribs located solely in the posterior half of the shell, a feature markedly different
from the ornamentation of Castalia. Therefore, based on the examined collections,
Castalia does not appear to be present in the Itapecuru Formation. The other extant genus
cited by Ferreira et al. (1992, 1995) was Anodonta, which the specimens are here referred
to Cratonaia novaolindensis. Hence, when all the old data are considered without a
critical review, the Lower Cretaceous freshwater bivalves in Brazil seem to belong mostly

to living genera. However, on the contrary, we found specimens belonging to uncertain
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families of Unionidae, hitherto considered endemic to the Araripe Basin, Crato and
Romualdo Formations (4. elliptica, C. novaolindensis, M. bellaradiata, Silva et al.,
2020a, 2020b; Guerrini, 2023), as well as forms that are difficult to taxonomically
classify, but do not readily resemble living species.

According to Van Damme et al. (2015), the Brazilian Late Cretaceous freshwater
bivalve assemblages of the Bauru Group contain a diverse fauna belonging to at least four
or five families, as follows: Mulleriidae Deshayes, 1832 (part Mycetopodinae J. Gray,
1840), Hyriidae Swainson, 1840, Sancticarolitidae Simone and Mezzalira, 1997, and
probably Iridinidae Swainson, 1840 (Mezzalira, 1974; Simone and Mezzalira, 1993,
1994, 1997; Mezzalira and Simone, 1999; Ghilardi et al., 2011; Ghilardi and Maranhao,
2010). As highlighted by these authors, the Late Cretaceous presence of Iridinidae on the
South American continent remains doubtful. Hence, no freshwater bivalve families are
shared with Africa or other sector of the Gondwana supercontinent (see Van Damme et
al., 2015, p. 188, table 3). Notably, except for Sancticarolitidae, which is an extinct group,
all others are extant families.

Therefore, when the known freshwater mussels of Brazilian Cretaceous are brought
together it appears that there are two relatively distinct Lower Cretaceous molluscan
faunas, which are also different of those of the Upper Cretaceous deposits of the Bauru
Group. One, dating back to the Berriasian-Barremian deposits, recorded in the Mont
Serrat Conglomerate, Reconcavo Basin, which are associated to fan delta deposits,
including a mixture of extant genera of pearly mussels (Mycetopoda, Anodontites) mixed
with Cratonaia and possibly Musculiopsis? and hyriids. The other, discovered in fine-
grained fluvio-lacustrine deposits of the Araripe, South Tucano, and Parnaiba basins,
characterized by members of Unionida, including A. elliptica, and C. novaolindensis

(Silesunionoidea), and Trigoniida (M. bellaradiata, Trigonioidoidea), as well as other
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forms including Mytilida (Modiolus? sp., Mytilidae, see Silva et al., 2024), and
unidentified genera and species. Except perhaps for mycetopodids and hyriids it seems
that the Lower Cretaceous assemblages do not include members of the ancestral stocks
of the Late Cretaceous forms found in the Bauru Group.

Unfortunately, the number of well described Brazilian Lower Cretaceous
freshwater bivalves remains limited, and there are numerous taxonomic uncertainties. In
addition, Cenomanian-Turonian freshwater molluscan assemblages are still missing.
Therefore, there is a preservational gap between the Berriasian-Albian assemblages and
those of the Upper Cretaceous Bauru Group. These factors collectively make it
challenging to establish an accurate paleobiogeographical and evolutionary scenario for
the Brazilian Cretaceous freshwater bivalve mollusks. Finally, although South America
and North Africa were still linked during most of the Lower Cretaceous period, no

freshwater bivalve genera and species are shared.

5.2. A. elliptica, C. novaolindensis, and M. bellaradiata are not endemic of the Araripe
Basin

When documenting a novel assemblage of fossilized invertebrates including new
genera and species with challenging taxonomic affinities, there is often a tendency to
speculate that these organisms thrived in a geological interval lacking prior
documentation. An alternative perspective suggests that such organisms may have
evolved under conditions of profound geographic isolation (see Runnegar and Newell,
1971; Wesselingh, 2007). Recently, an endemic molluscan-dominated assemblage from
the Aptian Crato Formation (Araripe Basin) was described (Silva et al., 2020a, 2020b,
2024). During the Lower Cretaceous, the basin represented an almost isolated body of

water in the Brazilian interior (see Arai, 2016; Assine et al., 2016). The distinctive bivalve
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fauna of the Crato Formation is characterized by well-preserved shells or molds of
freshwater species within predominantly fine-grained terrigenous sediments (Varejao et
al., 2021b; 2021c). Its uniqueness lies in the inclusion of at least three new genera of
freshwater bivalves previously unknown elsewhere in the world (Silva et al., 2020a,
2020b, 2024).

Despite being recently described, these Crato bivalves have been known since the
early 1960s (Beurlen, 1963; Mabesoone and Tinoco, 1973; Martill et al., 2005, 2008;
Sales, 2005). Initially, the fauna was assumed to be composed of Arcidae Lamarck, 1809,
Malletidae Adams and Adams, 1858 (1846), and Yoldiidae Dall, 1908, due to superficial
resemblance to some marine forms (Bruno and Hessel, 2006). However, until now these
assemblages from the Lower Cretaceous of the Araripe Basin shows no resemblance to
those of the same age found on the South American or African continent (Van Damme et
al., 2015), what might suggest at first glance an endemic evolution within the freshwater
system of the Araripe Basin during the Cretaceous. Therefore, the record of C.
novaolindensis in the Berriasian-Barremian Mont Serrat Conglomerate, 4. elliptica in the
Aptian Marizal Formation, and of C. novaolindensis and M. bellaradiata in the Aptian-
Albian Itapecuru Formation is noteworthy. There is no doubt that the identified bivalves
belong to those freshwater bivalve species previously documented for the Crato
Formation, suggesting that these forms were extensively distributed throughout the
Lower Cretaceous fluvial networks that drained the northeastern Brazilian territory.
Notably, the association of those three genera occurs in the Aptian-Albian interval, with
potential temporal and biocorrelation significance for the Lower Cretaceous fluvio-

lacustrine deposits.
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5.3. General shell preservation

Contrary to the preservation of freshwater bivalve mollusks in the Crato Formation,
where in some cases the shells can still be preserved (see Silva et al., 2020a, 2020b, 2024),
most of the Lower Cretaceous specimens examined in this study have not had their shells
preserved or replaced. Specimens of A. elliptica of the Marizal Formation are preserved
in very fine-grained sandstone, preserved primarily as molds, particularly internal molds,
but there is no evidence of deformation or compaction of these shells. This suggests that
the dissolution took place under diagenetic conditions within a slightly lithified matrix.
This condition may have contributed to the faint preservation of internal shell features,
such as the pallial and anterior muscle scar (Fig. 9). This preservational condition differs
from the specimens of the Itapecuru Formation (Figs. 3, 5, 7A-F, 10A-D), which are also
preserved as molds (external, internal, composite), but are strongly plastically deformed,
although not compressed. Consequently, in the bivalve-rich fossil beds of the Itapecuru
Formation, the dissolution of the carbonate shell likely occurred prior to the onset of
compaction, as evidenced by the absence of fracturing in the strongly deformed molds.
In addition, the bivalve-bearing strata of the Itapecuru Formation are deeply weathered
as well as the shell molds. In both cases, the porewaters might not have been
supersaturated with respect to silica or other common replacing minerals at the time

fossilization.

5.4. Mollusk bivalve-bearing facies

In the Reconcavo Basin, a sedimentary succession of interbedded conglomerates,
sandstones and lacustrine shales was developed during the initial evolution of the basin
(Magnavita et al., 2005). The clastic wedge accumulated close to the borders of the faults

representing fan-delta deposits (Magnavita et al., 2005). The so-called conglomerate of
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Mont Serrat, and related strata outside the city of Salvador, Bahia, belong to the
Berriasian-Barremian Salvador Formation (Barbosa et al., 2007), and is from where most
of freshwater fossil mollusks come from, as indicated in the early literature (Allport,
1860; Hartt, 1870; Mawson and Woodward, 1907; Mawson, 1913). Unfortunately, there
is limited stratigraphic information available for the bivalve-bearing strata from those
early studies. However, a relatively detailed stratigraphic section can be found in Barbosa
et al. (2007), which describes the outcrop of Mont Serrat conglomerate, and the interval
containing shales housing those bivalves. The fossil-bearing strata are interdigitated with
conglomerates and sandstones, forming locally part of the sedimentary succession of the
Salvador Formation. In this context, it should be stressed that the few specimens
remaining from White (1887) collection have been entirely extracted from their original
sedimentary matrix, making it challenging to determine the original lithology of the rock
that once held them. Nonetheless, a small slab housed in the British Museum collection,
from the Mawson (1913) original material, provides some insights. This slab contains
chaotically oriented bivalve specimens within a greenish shale matrix, along with
granules of crystalline basement rocks and clay intraclasts, a condition we should expect
for the distal lacustrine facies associated to a fan delta system. Observations of the shells
of White (1877) and Mawson (1913) slab, indicate that they are preserved either closed
articulated or with splayed valves, suggesting limited lateral transport. This suggests that
the bivalves have not been extensively removed from their original habitat. Hence, the
bivalve species found within the Mont Serrat Conglomerate may have inhabited fine-
grained lacustrine bottoms associated with a fan delta system. On the other hand, in the
Aptian Crato Formation of the Araripe Basin the three freshwater bivalve species (i.e.,
Cratonaia novaolindensis, Araripenaia elliptica, and Monginellopsis bellaradiata) occur

in a regionally persistent fossil-bearing muddy interval, known as the Caldas Bed
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(Varejao et al., 2021c¢). At its type locality (i.e., the Trés Irmaos quarry, Nova Olinda,
Ceard), the bed is an up to 2-m-thick coarsening-upward succession of grey/green
mudstone and interbedded sandy siltstone and claystone and is bounded by sharp
contacts; the lower with the laminated limestone of the famous (Crato Konservat-
Lagerstitte) and upper one with sandstone and heterolithic facies. Shells of A. elliptica,
the commonest species found in the Caldas Bed, are typically found articulated, mainly
splayed out and eventually closed. Specimens with closed, articulated valves are usually
preserved parallel to the bedding, but the shells are heavily compressed dorso-ventrally.
These specimens are interpreted as preserved almost in their original live position
(autochthones), indicating that A. elliptica was likely a semi-infaunal bivalve, with their
shells positioned slightly inclined in relation to the sediment-water interface. The shells
of M. bellaradiata can also be found as closed, articulated valves, but no spread-out
specimens have been documented (see Silva, 2019). These shells are considered
autochthones to parautochthones elements in the Caldas Bed. Yet, the three bivalve
species above could be found alongside small gastropods, spinicaudatans, plant remains,
trace fossils, and occasional ostracods, indicating a freshwater lacustrine system (Varejao
et al., 2021c). They have never been observed in limestone or coarse-grained siliciclastic
rocks, indicating a preference for fine-grained siliciclastic substrates.

In the Aptian Marizal Formation, Tucano Basin, shells of A. elliptica occurs in the
Riacho da Guia locality (Melo Jinior and Oliveira, 1939). Unfortunately, during the
fieldworks in the Tucano Basin, it was not possible to rediscover the exact fossil sites of
those authors. However, the matrix of the fossils within the collection examined bears a
striking resemblance to that of the fossil-rich Amargosa Bed (refer to Souza et al., 2022).
Particularly noteworthy is the manner in which the shells of 4. elliptica are preserved,

resembling occurrences in the Crato Formation where shells are found articulated (i.e.,
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splayed), indicating they are parautochthonous. The Armargosa Bed of the Marizal
Formation is interpreted as having been deposited in a lacustrine setting with oxygen-
depleted bottom waters (Souza et al., 2022; Voltani et al., 2023).

In the Aptian-Albian Itapecuru Formation, Parnaiba Basin, shells of C.
novaolindensis and M. bellaradiata are found in fluvial deposits (Gongalves and
Carvalho, 1996; Corréa-Martins, 2019), and are typically preserved as closed articulated
valves, with specimens with splayed open valves not recorded in the examined
collections. Some specimens of C. novaolindensis that are associated to M. bellaradiata
are also closed articulated and are both interpreted as parautochthonous elements in the
fossil assemblage where they occur. These bivalves are recorded in thin laminated,
reddish siltstone, with fluidization structures that are interbedded with fine sandstone with
climbing ripples. These have lenticular to tabular geometry (Gongalves and Carvalho,
1996, Corréa-Martins, 2019) and are interpreted as proximal fluvial mouth-bar deposits
flowing into a lacustrine system (Gongalves and Carvalho, 1996). Hence, the data
available from the Crato, Marizal and Itapecuru Formations indicate that the
autochthonous to parautochthonous occurrences of the three typical and widely
distributed freshwater bivalve species from the Lower Cretaceous of the NE Brazil (i.e.,
A. elliptica; C. novaolindensis; M. bellaradiata) are usually preserved in fine-grained
siliciclastic fluvio-lacustrine deposits, and not in river channels, sand bars or floodplain

deposits.

5.5. The case of Sphaerium ativum White, 1887
This species was initially proposed by White (1887), based on small, compressed
specimens extracted from rocks of the Bahia Group, located in the vicinity of Pojuca,

Bahia. White's illustration of this species can be found in their plate XX VI, figure 9, with
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the same image also featured in Simone and Mezzalira (1994, pl. 33, fig. 901). Based on
White's illustration, one would notice that their specimen is heavily ornamented by thin
concentric growth lines. This specimen (MNB-2820) is also illustrated in Figure 11A,
and it is evident that the specimen has been extensively burnt and has the anterior margin
of the shell missing. Additionally, the specimen is relatively small, as indicated by its
measurements (7 mm), but the growth lines are clearly defined. However, both the hinge
and muscle scars are not discernible. Hence, it is difficult to determine much, if anything,
about the identity of this shell solely from its shape and ornamentation.

Notably, while examining the material sampled by Melo Junior and Oliveira (1939)
at the MCT collection, we encountered a small slab (MCT-3663) of yellowish siltstone
containing minute bivalve shells labeled as Sphaerium ativum White, 1887. These are
from the Marizal Formation, Encantado Farm fossil site, Alagoinhas, Bahia. These
specimens were not described or illustrated by Melo Junior and Oliveira (1939) but are
cited in a table in the page 82 of their article. Figure 11B-F also illustrates the original
material labelled as S. ativum by Melo Junior and Oliveira (1930). It is noteworthy that
the fossils are preserved both as part and counterpart, with strongly laterally compressed
shells of orange-brown color, some still articulated. Particularly striking is the
pronounced ornamentation consisting of concentric growth lines. Signs of hinge,
ligament, or internal shell characters are not visible or were not preserved. Despite the
poor preservation of this tiny shells, it appears that there are some radial lirae in their shell
ornamentation, and this would clearly indicate that the specimens labeled as S. ativum by
Melo Junior and Oliveira (1930) are spinicaudatan crustaceans (spiny clam shrimps)
rather than bivalve mollusks. In addition, the preservation, size, and form of the valves
closely resemble those of Spinicaudata, which are notably abundant in certain intervals

of the Marizal Formation, as extensively documented in Souza et al. (2022) and Voltani
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et al. (2023). Therefore, the occurrence of freshwater mollusks of the genus Sphaerium
in the fossil record of the Marizal Formation, South Tucano Basin, Bahia, cannot be
confirmed.

In South America, living Sphaerium species are found mainly in the Andean
highlands (i.e., Bolivia, Chile, Colombia, Peru), the exception being Sphaerium
cambaraense Mansur et al., 2008 that is recorded in highlands (above 800 m) of the

Atlantic coast of southern Brazil (Mansur et al., 2008).

5.6. Information gaps

Despite recent advances, the limited understanding of Lower Cretaceous freshwater
bivalve fauna of the Brazilian territory persists due to insufficient sampling efforts and
the absence of comprehensive fossil collections from various sedimentary basins and
units. Although older papers and monographs, such as those by White (1887) and Maury
(1924) offer good illustrations, they often lack the description of internal shell characters,
hampering accurate taxonomic identification of the shells. In addition, the fossils are
usually poorly preserved showing distinct degrees of taphonomic alterations due to
diagenesis and/or weathering. However, as shown here and in Silva et al. (2020a, 2020b,
2024) it is possible, to a certain extent, to recover key external and internal morphological
information useful for diagnosing the shells.

Various Lower Cretaceous bivalve species referred to extant genera are not properly
diagnosed, thus requiring adequate morphological studies for the recognition of their
taxonomic status. As discussed above, Anodonta in White (1887) or Anodontites (see

Mezzalira and Simone, 1994) is one of the examples.
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6. FINAL COMMENTS

The uncertainties about the taxonomic composition of Lower Cretaceous freshwater
bivalve mollusks assemblages of various Brazilian sedimentary basins appear to have
been adequately resolved or improved, though the precise stratigraphic location of some
occurrences is still poorly constrained. Supposedly, the freshwater endemic Araripean
taxa (i.e., those belonging to genera and species previously described for the Crato
Formation, Araripe Basin), constitute a major part of the Lower Cretaceous bivalve-
dominated assemblages of the Marizal and Itapecuru Formations, but the dispersal routes
of these bivalves and biocorrelation between the fossil-bearing strata in distinct
sedimentary basins are still poorly understood.

Based on data available, it appears that there are two relatively taxonomic distinct
Lower Cretaceous freshwater bivalve mollusk faunas within the NE Brazilian territory.
The first one of Berriasian-Barremian age, including among others, the oldest known
occurrences of Mycetopoda, Anodontites, and Cratonaia in the Gondwana. The other,
dating back to the Lower Cretaceous, which is recorded at least at the Araripe, South
Tucano, and Parnaiba basins and is characterized by the marked presence of 4. elliptica,
C. novaolindensis, and M. bellaradiata. Differences between these two distinct mussel
faunas are mainly tied to environmental conditions. Indeed, the older one probably thrived
in ephemeral stream and lake environments associated to fan delta systems, while the
other in fine-grained fluvio-lacustrine environments. Notably, Araripenaia, Cratonaia,
and Monginellopsis are unknown in the Upper Cretaceous deposits of the Bauru Group.
Finally, in all cases, there are no apparent close connections with contemporary faunas

from the African continent (see also Van Damme et al., 2015).
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Figure 1 — Simplified geological map of northeastern Brazil, encompassing Parnaiba,
Potiguar, Araripe, Jatoba, Sergipe-Alagoas and Tucano basins, and their respective main
units. Units that contain the analyzed bivalves are highlighted in orange. The approximate
location of each fossiliferous locality is given.
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Figure 2 — Comparison of the simplified chornostratigraphic chart of Lower Cretaceous
sedimentary basins from NE Brazil. Explanation: CHRON. - Chronostratigraphy; Lith. -
Lithostratigraphy; S. - Sardinha; Crat. - Crat; Ip. - Ipubi; Rom. - Romualdo; Ar. -
Araripina; M. - Marizal; Is. - Ilhas; P. - Pojuca; S.S.- Sdo Sebastido; Gr. - Group.
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Figure 3 — Bivalves of the lower Cretaceous Itapecuru Formation, Parnaiba Basin,
Maranhao, showing the pronounced shell morphology variation due to severe post-
depositional valve deformation and weathering. A-E. Specimens of Monginellopsis
bellaradiata (UFRI-137,171-1V, 177-1, 177-11 and 190, respectively). A-D. Molds of left
valves in which the external shell ornamentation has been completely worn-out during
preservation and weathering. Note a well-preserved anterior adductor muscle scar in D.
E. Closed articulated specimen, dorsal view, showing intense lateral, compressional
deformation of the valves. Note the unpaired beaks. F. A deeply deformed and weathered
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right valve, belonging to an unidentified species, showing the general morphology and
faintly preserved growth lines in the ventral part of the valve (specimen UFRJ-210). Scale
=10 mm.
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Figure 4 — Specimens of Musculiopsis sp. From the lower Cretaceous Salvador
conglomerate, Reconcavo Basin, Bahia. A. Poorly preserved composite mold of a right
valve, showing part of the posterior region of the hinge and associated posterior lateral
tooth, specimen NHMUK-19476-B, from Pedra Furada, Bahia. B. Drawing of the same
specimen, where the posterior tooth and ornamentation are visible. C. Composite mold, left
valve, lateral view, with the posterior adductor muscle scar preserved, specimen NHMUK-
19476-D, from Pedra Furada, Bahia. D. Drawing of the same specimen, note the posterior
adductor muscle scar. E. Right valve, lateral view, a slightly compressed mold with
remnants of the shell, specimen NHMUK-19476-C, from Pedra Furada, Bahia. F. A
fragmented recrystallized shell of Musculiopsis sp., specimen MCT-5421, from Mont
Serrat, Bahia. Explanation: pa — posterior adductor muscle scar, PII — lamellar posterior
tooth. Scale = 10 mm.
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Figure 5 — Specimens of Monginellopsis bellaradiata from the lower Cretaceous Itapecuru
Formation, Parnaiba Basin, Maranhdo, Brazil. A. Poorly preserved internal mold of closed
articulated specimen; lateral view of the left valve, showing a prominent buttress (arrowed),
specimen UFRJ-137. B. Drawing of the same specimen showing the anterior adductor
muscle scar and buttress. C. A fragmented left valve, composite mold, lateral view,
displaying the typical shell ornamentation of M. bellaradiata, with well-defined, fold-like
radial ribs, and the wavy pattern formed by irregularly spaced growth lines, crossing ribs
and interspaces, specimen UFRJ-171-III. D. Drawing of the same specimen, note the
external ornamentation. E. A poorly preserved left valve, composite mold, lateral view,
showing the the fold-like ribs in the posteroventral part of the valve (arrowed), specimen
UFRIJ-171-V. F. Schematic drawings of the same specimen, note the signs of radial
ornamentation in the shell margin. Explanation: aa — anterior adductor muscle scar, bt —
buttress. Scale = 10 mm.
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Figure 6 — A-D. Specimens of Mycetopoda allporti (White, 1887) and E-F. Anodontites?
hartti (White, 1887) from the lower Cretaceous Salvador Conglomerate, Reconcavo Basin,
Bahia, Brazil. A. Poorly preserved, composite mold of closed articulated specimen; dorsal
view, showing a siphonal gap (arrowed), specimen MNB-2824. B. Drawing of the same
specimen exhibiting the anterior and posterior muscle scars. C. Left valve, lateral view of
specimen in A displaying general shell morphology. D. Schematics of C, highlighting the
anterior and posterior adductor muscle scar, as well as partially preserved pallial line. E-F.
Composite mold of a left valve, lateral view, showing the posterior adductor and protractor
muscle scars, as well as irregularly spaced growth lines, specimen 2822. Explanation: aa —
anterior adductor muscle scar, apr — anterior protractor muscle scar, pa — posterior adductor
muscle scar, pl — pallial line, ppr — posterior protractor muscle scar. Scale = 10 mm.
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Figure 7 — A-F. Specimens of Cratonaia novaolindensis from the Lower Cretaceous
Itapecuru Formation, Parnaiba Basin, Maranhdo, Brazil. A. Fragmented composite mold,
left valve, lateral view, showing the anterior adductor muscle scar, specimen UFRJ-165A1.
B. Drawing of the same specimen highlighting the anterior adductor muscle scar. C, E.
Poorly preserved internal molds with preserved adductor muscle scars and pallial lines, also
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note the pronounced buttress in C (arrowed), specimens UFRJ-165AIl and 172All,
respectively. D, F. Drawing of the same specimens note the preserved shell interior
characters. G-H. Specimens of Cratonaia sp. From the Lower Cretaceous Salvador
Conglomerate, Reconcavo Basin, Bahia, Brazil. Lateral view of internal mold, right valve,
showing anterior adductor and protractor muscle scar and posterior adductor muscle scar,
specimen MNB-2823. Explanation: aa — anterior adductor muscle scar, apr — anterior
protractor muscle scar, bt — buttress, pa — posterior adductor muscle scar , pl — pallial line.
Scale = 10 mm.
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Figure 8 — Specimens of Araripenaia elliptica from two distinct lower Cretaceous strata
from the northeastern Brazil. A. Splayed specimen showing the typical morphology and
ornamentation of 4. elliptica, DZP-1043, Aptian Crato Formation, Araripe Basin, Ceara. B.
Composite mold of splayed specimen 4. elliptica, DZP-19912, Aptian Crato Formation,
Araripe Basin, Ceard. C. 4. elliptica, internal mold, from the Aptian Marizal Formation,
Tucano Basin, Bahia, MCT-3676. D. Internal mold of a specimen showing the typical
butterflied mode of preservation of A. elliptica shells, also note the elongate lamellar
posterior lateral teeth (arrowed), Marizal Formation, Bahia, MCT-3677. E. Internal mold,
left valve, lateral view, note the pallial line, Marizal Formation, Bahia, MCT-3673. F. Lateral
view of a slightly compressed internal mold of right valve, Marizal Formation, Bahia, MCT-
3675. Scale = 10 mm.
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Figure 9 — Specimen of Araripenaia elliptica (MCT-3673) showing key anatomic
features. A. Close-up of anterior part of shell. B. Drawings in gray highlight the faintly
preserved anterior adductor muscle scar and pallial line. C. Close-up of posterior part of
shell. D. Drawings in gray highlight faintly preserved posterior adductor muscle scar and
pallial line. Note the lamellar posterior tooth (arrowed). E-F. General view of the
specimen. Scale = 10 mm.
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Figure 10 — A-D. Specimens of Gen et sp. indet. A from the lower Cretaceous Itapecuru
Formation, Parnaiba Basin, Maranhdo. A. Fragmented composite mold of a right valve
keeping remnants of the shell, where the preserved ornamentation is visible, specimen
UFRJ-167Al1. B. Drawing of the same specimen, note the characteristic ornamentation
(arrowed). C. A poorly preserved specimen, right valve, lateral view, specimen 175AIII.
E-F. Specimens of Gen et sp. indet. B from the lower Cretaceous Salvador Conglomerate,
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Reconcavo Basin, Bahia, Brazil. Composite mold of conjugated valves, lateral view,
displaying general shell shape, MNB-2823. Scale = 10 mm.
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Figure 11 — A. Left valve of charred sample of Sphaerium ativum, specimen MNB-2820.
Although heavily damaged by the fire, it is possible to observe that the general shell
morphology and ornamentation virtually differs from other S. ativum specimens
mentioned in Melo Junior and Oliveira (1939). B-F. Specimen MCT-36631-11, originally
assigned as Sphaerium ativum by Melo Junior and Oliveira (1939). B-C. Part and
counterpart of the same individual, note strongly compreesion of the shells, their orange-
brown color and the ornamentation of concentric growth lines. E-F. Part and counterpart
of the full sample, consisting in a slab collected in Encantado Farm locality. All
specimens strongly resemble spinicaudatans reported by Souza et al. (2022) and Voltani
et al. (2023). Scale = 5 mm.
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