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Those who compare the social organism with the
animal body leave unconsidered the fact that
men do not differ like various cells or organs, but
only in degree of their capacity. [...]. While it is
positively true that in the struggle for existence
those animals that are strong, healthy and well
survive; yet this does not happen under capitalist
competition. Here victory does not depend upon
perfection of those engaged in the struggle, but
in something that lies outside of their body. [...].
It is not the personal qualities, but the
possession of money that decides who the victor
shall be in the struggle. [...]. It is the capitalist
system that causes so many strong and healthy
ones to succumb. [...]. Thus the Socialists prove
that different from the animal world, the
competitive struggle existing between men does
not bring forth the best and most qualified, but
destroys many strong and healthy ones because
of their poverty, while those that are rich, even if
weak and sick, survive.

ANTON PANNEKOEK, 1912, Ch. 5

How smooth must be the language of the whites,
when they can make right look like wrong, and
wrong like right.

BLACK HAWK, 1882, p. 30

The economic anarchy of capitalist society as it
exists today is, in my opinion, the real source of
the evil. [...]. | am convinced there is only one
way to eliminate these grave evils, namely
through the establishment of a socialist
economy, accompanied by an educational
system which would be oriented toward social
goals.

ALBERT EINSTEIN, 1949, p. 59-61

One does not sell the earth upon which the
people walk.

CRAZY HORSE in BROWN, 1970, p. 292



RESUMO

A Formacédo Crato, Aptiano, € uma das principais unidades litoestratigraficas da
sucessdo sedimentar mesozoica da Bacia do Araripe, NE do Brasil. A unidade é
reconhecida por conter um dos mais importantes depdsitos do tipo Konservat-
Lagerstatte do Gondwana. Tais depdsitos sao representados por calcérios laminados
contendo fosseis excepcionalmente bem preservados. Investigacdes estratigraficas e
paleontoldgicas, combinadas com mapeamento detalhado da unidade na borda Leste
da Bacia do Araripe, tornaram possivel o reconhecimento de um importante intervalo
contendo siltitos e argilitos ricos em fésseis de moluscos (gastropodes, bivalves e
restos vegetais incarbonizados), com ampla distribuicao lateral. O intervalo, com 0,3-
2,25 m de espessura, é representado por camadas tabulares de lamitos acinzentados,
intensamente bioturbados e intercalados em folhelhos, arenitos finos e facies
heteroliticas. No presente estudo sdo descritas, pela primeira vez, as espécies de
moluscos bivalves encontradas nesta camada e discutidas as suas implicacdes
paleoambientais e paleobiogegraficas. Espécimes foram coletados em quatro
localidades distintas (i.e., Trés Irmdos, Batateira, Caldas e Estiva), e foram
posteriormente submetidos a minuciosa analise de caracteres-chave (e.g., cicatrizes
musculares, charneira e ornamentacédo). Sao descritos dois novos géneros (Cratonaia
gen. nov. e Araripenaia gen. nov.), pertencentes a Silesunionoidea Skawina e Dzik,
2011 e Trigonioidoidea Cox, 1952, respectivamente. Ambos 0S géneros sao
monoespecificos e representados pelas novas espécies Cratonaia novaolindensis
gen. et sp. nov. e Araripenaia elliptica gen. et sp. nov., respectivamente. O género
Monginella aparentemente também esta presente, e representado pela nova espécie
?Monginella bellaradiata sp. nov. Tal género é tipico das assembleias de moluscos
cretaceos do norte da Africa. Assim sendo, sdo registradas a primeira ocorréncia de
membros da Subordem Silesunionidina Skawina e Dzik, 2011 e da Superfamilia
Trigonioidoidea para o Cretaceo Inferior da América do Sul. Os fésseis estudados sdo
representados, em geral, por moldes compostos com variavel qualidade de
preservacao. Estdo comumente preservados com valvas articuladas (abertas ou
fechadas), sugerindo curto transporte lateral (i.e., fauna autdctone a parautéctone). As
caracteristicas paleoautoecolégicas da fauna, com bivalves escavadores rasos ou de
semi-infauna, suspensivoros, e as observacfes estratigraficas e sedimentoldgicas
disponiveis sugerem que o ambiente deposicional ocupado pelos moluscos constituia
uma imensa planicie lamosa de uma laguna de aguas doces a salobras. Isso significa
que a camada fossilifera rica em bivalves registra mudancas ambientais em larga
escala, representando evento regional de curta duracdo, imediatamente apos a
deposicao dos calcarios laminados, indicativos de condi¢ges lacustres hipersalinas.
Finalmente, a possivel presenca de bivalves da superfamilia Trigonioidoidea, familia
Plicatounionidae Chen, 1987, permite estabelecer relacdes com assembleias de
moluscos do Aptiano do norte da Africa, mais especificamente dos depoésitos
Barremianos-Aptianos do Grupo Djoua, Argélia.

Palavras-chave: Sistematica, Ambiente Lagunar, Cretaceo, Bacia do Araripe,
Formacéao Crato, Mollusca, Bivalvia.



ABSTRACT

The Aptian Crato Formation is one of the main litostratigraphic units of the Mesozoic
sedimentary succession of the Araripe Basin, northeastern Brazil. This unit is widely
known for containing one of the main Konservat-Lagerstatte deposits of the
Gondwana. Such deposits are represented by laminated limestones enclosing
exceptionally well-preserved fossils. Stratigraphic and paleontological investigations,
combined with detailed mapping of the unit in the eastern border of the Araripe Basin,
enabled the recognizing of a key interval encompassing shell-rich siltstones and
claystones, with wide lateral distribution. The 0.3-2.25-m-thick interval is represented
by tabular layers of intensely bioturbated grayish mudstones, intercalated in shales,
fine sandstones and heterolithic facies. In this study, for the very first time, bivalve
molluscs found within this layer are described, and their paleoenvironmental and
paleobiogeographic implications are discussed. Specimens have been collected in four
different locations (i.e., Trés Irmaos, Batateira, Caldas and Estiva), and then submitted
to careful analyses of key morphological characters (e.g., muscle scars, hinge and
ornamentation). Two new genera are herein described (Cratonaia gen. nov. and
Araripenaia gen. nov.), each one of them belonging to the superfamilies
Silesunionoidea Skawina and Dzik, 2011 and Trigonioidoidea Cox, 1952, respectively.
Both genera are monospecific and represented by the new species Cratonaia
novaolindensis gen. et sp. nov. and Araripenaia elliptica gen. et sp. nov. The genus
Monginella also seems to be present, represented by the new species ?Monginella
bellaradiata sp. nov. This genus is typical of north African cretaceous mollusc
assemblages. Therefore, bivalves of both the suborder Silesunionidina Skawina and
Dzik, 2011 and the superfamily Trigonioidoidea are recorded for South American Early
Cretaceous deposits for the first time. The studied fossils are generally represented by
composite molds with variable preservation quality. They are commonly preserved with
articulated valves (closed or splayed), suggesting short lateral transportation (i.e.,
autochtonous to parautochtonous fauna). The predominantly shallow-burrowing, or
semi-infaunal, suspensivorous fauna paleoautoecological attributes, along with the
available stratigraphic and sedimentological observations, suggest that the
depositional environment inhabited by these molluscs consisted in a huge muddy flat
of a freshwater to brackish lagoon. This means that the bivalve-rich fossiliferous layer
records large-scale environmental changes, representing a short-timed event,
immediately after the deposition of the laminated limestones, which, in turn, are an
indicative of hypersaline lake conditions. Finally, the potential presence of the bivalve
family Plicatounionidae Chen, 1987, may suggest affinities with mollusc assemblages
from the Aptian of north Africa, more specifically, with Barremian-Aptian deposits of
the Djoua Group, Algeria.

Keywords: Systematics, Lagoon Environment, Cretaceous, Araripe Basin, Crato
Formation, Mollusca, Bivalvia.
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1 INTRODUCAO
1.1 Os fosseis da Bacia do Araripe

Situada na regido nordeste do Brasil, a bacia sedimentar do Araripe se estende
por aproximadamente 9.000 km? (CATTO et al., 2016), ocupando parte dos territorios
dos estados do Ceara, Pernambuco e Piaui. A geologia da bacia vem sendo estudada
desde o século XIX (CARVALHO; SANTOS, 2005), e, desde entdo, diferentes
descricdes e interpretacdes estratigraficas e paleoambientais, bem como datacges,
foram produzidas (veja, por exemplo, MAISEY, 1991; ASSINE, 1992; MARTILL, 1993;
VIANA; NEUMANN, 2002; CARVALHO; SANTOS, 2005; ASSINE, 2007; MARTILL et
al., 2007a; ASSINE et al., 2014; ARAI, 2016; CATTO et al., 2016). Trata-se de uma
das importantes localidades fossiliferas do Mesozoico do Brasil e do mundo,
abrigando um impressionante arquivo da biodiversidade cretacea. Conforme sugerido
por varios autores (MAISEY, 1991; MARTILL et al., 2007a; WARREN et al., 2016), a
espetacular preservacado dos fésseis, e sua abundancia em determinados estratos,
foram propiciadas por condicdes ambientais e diagenéticas singulares, em
determinados intervalos, durante a evolucdo geoldgica da bacia (OSES et al., 2017;
VAREJAO et al., 2019), que se desenvolveu concomitantemente & abertura do

Oceano Atlantico e ao desmantelamento do supercontinente Gondwana.

Os estudos paleontoldgicos na Bacia do Araripe tiveram inicio com a chegada
da comitiva da arquiduquesa da Austria, e futura Imperatriz Consorte do Brasil, Maria
Leopoldina, no inicio do século XIX. Entre os cientistas que a acompanhavam,
estavam presentes Johann Baptist von Spix e Karl Friedrich Philipp von Martius, dois
membros da Academia de Ciéncias de Munique que, por sua vez, realizaram uma
viagem exploratoria pelo Brasil, tendo como resultado a publicacdo do livro Reise in
Brasilien, onde consta a primeira ilustragdo de um peixe fossil advindo da Bacia do
Araripe (CARVALHO; SANTOS, 2005; SPIX; MARTIUS, 1854).

Durante o século XIX, mais estudos foram conduzidos por naturalistas,
merecendo destaque as descrigdes de peixes fésseis do cientista suico Louis Agassiz.
Seu trabalho foi pioneiro em classificar as camadas fossiliferas como sendo de idade
cretacea (AGASSIZ, 1833). Ictiofésseis continuaram a ser o foco quase exclusivo dos

estudiosos da Bacia do Araripe até a metade do século XX (COPE, 1871;
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WOODWARD, 1887; 1890; JORDAN; BRANNER, 1908; D’ERASMO, 1938; DUNKLE,
1940; SILVA-SANTOS, 1945; 1947; 1958; 1960).

Na década de 70, diversos trabalhos jogaram luzes as impressionantes
diversidades faunistica e floristica contidas nas camadas fossiliferas do Grupo
Santana. Foram descritas varias espécies de plantas (DUARTE; JAPIASSU, 1971,
SILVA, 1975; LIMA, 1978), centenas de artropodes (BATE, 1972; SILVA, 1978a,
1978b; SILVA; ARRUDA, 1976), e diferentes grupos de peixes (SILVA-SANTOS,
1970; 1971; TAVERNE, 1974; 1976; WENZ, 1977), tartarugas e pterossauros (PRICE,
1971; 1973; WELLNHOFER, 1977).

Somente a partir da década de 80 e, mais recentemente (vide OSES et al.,
2017; VAREJAO et al., 2019), a Formacéo Crato, em particular, comeca a se destacar
como fonte de fésseis preservados de modo extraordinario. Desta época, sdo famosas
as descricbes de diversos artropodes (CAMPOS, 1986; PINTO; PURPER, 1986;
BRITO, 1987; MARTINS-NETO, 1987; 1988a; 1988b; MARTINS-NETO; VULCANO,
1988; 1989a; 1989b), uma pena de ave (MARTINS-NETO; KELLNER, 1988) e um
anuro (KELLNER; CAMPOS, 1986). O reconhecimento da preservacédo excepcional
dos fosseis encontrados na sucesséo de calcarios laminados caracteristicos desta
formacao geologica, permitiu que estes depdsitos fossem classificados como sendo
do tipo Konservat-Lagerstatte (sensu SEILACHER, 1970; SEILACHER et al., 1985),
isto é, depodsitos contendo fosseis extraordinariamente bem preservados, por vezes
incluindo tecidos moles conservados (e.g., SCHWEITZER et al., 2007; MALDANIS et

al., 2016) e, portanto, capazes de prover informacdes paleobiologicas relevantes.

1.2 Motivacao: Por Que Estudar os Bivalves Cretaceos da Formacéao Crato, Bacia do

Araripe?

Apesar do longo histérico de pesquisas paleontoldgicas na Bacia do Araripe,
em especial no Grupo Santana, esses estudos foram concentrados nos fosseis
provenientes dos depdsitos de calcarios laminados da Formacao Crato e concregdes
carbondticas da Formacdo Romualdo, em detrimento de outros intervalos

estratigraficos também fossiliferos.

Especialmente, no que se refere a malacofauna do Grupo Santana em

especifico, existe maior conhecimento acerca daqueles provenientes da Formacao
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Romualdo (destaque para os trabalhos de BEURLEN, 1969; 1966,
MABESOONE;TINOCO, 1973 e PEREIRA et al., 2016) do que os da Formacéao Crato.
Esta Gltima recebe a primeira menc¢éo da presenca de bivalves em estudo conduzido
por Beurlen (1963), limitando-se, no entanto, somente a cita-los.

Outras citacfes interessantes sdo as de Matrtill et al. (2005) e Martill (2007),
onde é relatada a presenca de bivalves unionideos na Formacéo Crato, em um estrato
ndo pertencente aos calcarios laminados da sucessdo sedimentar. De acordo com
Martill (2007), tais bivalves seriam provenientes de um lamito situado acima do
“Membro Nova Olinda”. Chama-se atencao para o fato de que nenhum desses autores
realizou uma descricdo detalhada e/ou ilustracdo, algo bastante peculiar para o
Cretadceo brasileiro, visto que a fauna de bivalves fésseis deste periodo foi
extensamente estudada em outras bacias, contando com trabalhos classicos como os
de White (1887) e Maury (1925; 1937).

Em breve nota, Barbosa et al. (2004) chegaram a mencionar a ocorréncia
inédita de quatro formas de bivalves encontrados na Formacdo Crato. Os fosseis
foram registrados em quatro diferentes niveis da unidade, na porcao leste da Bacia
do Araripe (i.e., estado do Ceara), incluindo, da base para o topo da unidade: o perfil
do rio da Batateira, na cidade do Crato, e os afloramentos das pedreiras Caldas, do
André e Pedra Branca, em Nova Olinda. Os autores se referem a presenca de Yoldia
Moller, 1842, Barbatia Gray, 1842, Pseudohyria Morris, 1936 e Malletia Desmoulins,
1832. Esses bivalves sdo apenas citados novamente — e precariamente figurados —
em Bruno e Hessel (2006) e Neta et al. (2017), ou seja, mesmo apés mais de uma
década do comunicado original de Barbosa et al. (2004), ndo receberam, até o

momento, qualquer tratamento ou descricédo formal.

O aspecto mais notavel dessas ocorréncias, em especial daquelas registradas
na sec¢do aflorante na area das pedreiras de Nova Olinda, diz respeito ao fato dos
bivalves ocorrerem acima do nivel de calcérios laminados tdo caracteristicos da
Formacédo Crato. Esses calcarios foram originados durante eventos transgressivo-
regressivos, associados a expansdo e contracdo de imenso sistema lacustre
(NEUMANN, 1999), desenvolvida em associacdo a abertura do Oceano Atlantico.
Admiravelmente, das quatro formas mencionadas por Barbosa et al. (2004), apenas
Pseudohyria ndo € marinha. Nesse sentido, os bivalves da Formacédo Crato séo

extremamente relevantes para o entendimento de questdes paleoambientais,
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paleoecoldgicas e paleobiogeograficas do nordeste brasileiro, em momento anterior a

deposicao das formacgdes Ipubi e Romualdo.

1.3 Problemética Envolvida e Hipétese de Trabalho

O presente trabalho teve como finalidade central a pioneira descricéo formal da
fauna de bivalves da Formacao Crato, bem como a interpretacdo de seu significado
paleoambiental, somado a um conjunto de dados obtidos através de detalhadas
observacdes estratigraficas e sedimentoldgicas da unidade. Por meio destas anélises,
tornou-se possivel uma descricdo mais precisa e detalhada do histérico deposicional
da unidade, cuja necessidade de profunda reavaliacéo é evidenciada pelo sisteméatico
foco exclusivo nos calcéarios laminados Konservat-Lagersttate da unidade, muitas
vezes ignorando a verdadeira complexidade envolvida no passado geoldgico

completo da Formacéo Crato.

Em se tratando especificamente dos bivalves fésseis desta unidade, ja foram
aqui mencionados o0s escassos trabalhos que citam a possivel presenca de
“‘unionoides” em camadas nao pertencentes aos famosos calcarios laminados
(BEURLEN, 1963; MABESOONE; TINOCO, 1973; MARTILL et al., 2005; 2007a;
SALES, 2005). No entanto, devido a completa auséncia de ilustracdes e descricbes
detalhadas dos mesmos, assim como o fato de outros trabalhos apontarem para a
presenca de uma malacofauna marinha na Formacao Crato (BARBOSA et al., 2004;
BRUNO; HESSEL, 2006), autores chegaram ao ponto de considerar as afirmacdes
acerca da presenca destes “unionoides” como provavelmente errbneas (VAN DAMME
et al., 2015).

E neste contexto de lacunas taxondmicas que se insere o presente estudo, o
qual, mediante inédita andlise pormenorizada destes fésseis, foi capaz de, pela
primeira vez, aloca-los da maneira mais precisa possivel dentro de categorias
taxondmicas abaixo de Familia, corroborando assim as observagfes prévias antes
consideradas errbneas por Van Damme et al. (2015). Essas descobertas,
concatenadas ao arcabouco de dados estabelecido por observacbes
sedimentoldgicas de detalhe (vide VAREJAO, 2019), forneceram importantes
informagdes acerca dos ambientes deposicionais que sucederam o sistema lacustre
hipersalino associado aos calcarios laminados da Formacdo (CATTO et al., 2016;
WARREN et al., 2016; VAREJAO et al., 2019).
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1.4 Justificativa

Em 1994, o Prof. Dr. Marcello Guimaraes Simdes teve a oportunidade de, pela
primeira vez, visitar a Bacia do Araripe, a convite da Prof.2 Dr.2 Eva Batista Caldas, do
Departamento de Geologia da Universidade Federal do Ceara (UFC). Durante os
trabalhos de campo no municipio do Crato, foram encontrados bivalves fésseis em
folhelhos cinza-esverdeados na Formacao Crato, pertencentes a sucessao do Rio da
Batateira. Bivalves similares também ja estavam disponiveis em uma pequena
colecdo do Departamento de Geologia da Universidade Federal do Ceara. Esses
bivalves foram doados ao Laboratério de Paleozoologia Evolutiva do Instituto de
Biociéncias de Botucatu (IBB), UNESP, onde foram incorporados a colecdo de
invertebrados fosseis, porém, por diversas razdes, nunca haviam sido estudados.
Mais recentemente, nos anos de 2015 e 2016, durante os trabalhos de campo relativos
ao Projeto CNPqg 401039/2014-15, foram revisitados os afloramentos da Formacao
Crato na area de exploracao dos calcarios laminados no municipio de Nova Olinda,
Ceara (CE). Em abril de 2017, juntamente com o Prof. Franz Theodor Firsich,
Friedrich-Alexander-Universitat Erlangen-Nurnberg, e a po6s-doutoranda Suzana
Aparecida Matos, IBB/UNESP, foram coletados diversos espécimes de bivalves e
gastropodes na sucessao sedimentar acima dos calcarios laminados. A colecéo,
atualmente, contém mais de duas centenas de exemplares, varios deles relativamente
bem preservados, representados por moldes internos, externos e compostos. E,
certamente, a maior colecdo de bivalves da Formacdo Crato disponivel em
universidades do Sudeste e Sul do Brasil. Mais importante ainda, os fésseis provém

das mesmas camadas reportadas por Barbosa et al. (2004).

Dito isso, e levando em consideracdo a relevancia paleontolégica destes
animais, somada ao fato de nunca terem sido formalmente descritos, ou hnem mesmo
interpretados de maneira apropriada na literatura até o momento, justifica-se o
trabalho de analise taxondmica realizado, bem como as interpretagbes de natureza

paleoambiental.

1.5 Objetivos
1.5.1 Objetivos gerais

O presente estudo visa, primeiramente, descrever formalmente os bivalves da

Formacédo Crato, Eocretaceo, da Bacia do Araripe, a partir de exemplares
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provenientes de quatro localidades principais: as sucessfes sedimentares da Pedreira
Trés Irmaos; do Rio da Batateira; da Mina Caldas; e de Estiva (vide apéndices). Além
disso, visou fornecer dados sedimentol6gicos que permitiram interpretar a génese das
camadas portadoras dos foésseis em termos de processos e produtos sedimentares.
Finalmente, objetivou lancar luz sobre as condicGes paleoambientais reinantes nos
sistemas deposicionais da Formacao Crato, durante o intervalo representado pelas
camadas fossiliferas localizadas acima do principal banco de calcarios laminados da
unidade.

1.5.2 Objetivos especificos

O presente estudo visa, especificamente:

a. Através da realizacdo de procedimentos paleontolégicos padrédo e
pormenorizada analise de caracteres-chave, a classificacdo taxondmica dos bivalves

da Formacéao Crato a nivel de género e espécie;

b. A descricdo da importante camada estratigrafica situada imediatamente
acima dos calcéarios laminados da Formacdo Crato, de onde os fésseis analisados

foram coletados;

c. A partir da obtencdo destes resultados, realizar uma avaliacdo de suas

consequentes implicacdes paleoambientais.

1.6 Organizacgéao da Dissertacéo

A presente dissertacdo estad organizada em duas partes principais, sendo a
primeira delas o documento em si, aqui apresentado sob a forma classica dos itens
“Introducaon”, “Contexto Geoldgico”, “Materiais e Métodos”, “Resultados”, “Discussao”,
e “Consideracgdes Finais”; e a segunda, na forma dos Apéndices A, B e C, cada um
deles contendo um artigo cientifico produzido a partir dos dados obtidos durante o
periodo de pesquisa aqui abrangido que, por sua vez, compdem um solido arcabouco
de dados que contribuem grandemente para a elucidagéo das questdes associadas a
composicdo da malacofauna de bivalves da Formacao Crato, bem como a natureza
deposicional de intervalos contendo os fosseis destes bivalves dentro da unidade.
Adiante, serdo apresentados trés subitens explicativos acerca do conteudo de cada

um dos Apéndices.
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1.6.1 Apéndice A. The “Trés Irmaos” Bed, a key regional stratigraphic marker bed from

the Crato Formation, Araripe Basin, NE Brazil

Este apéndice apresenta dados obtidos através de minuciosa analise
estratigrafica, bem como mapeamento de toda a Formacédo Crato ao leste da Bacia
do Araripe (vide VAREJAOQ, 2019). Tais investigacfes evidenciaram a existéncia de
um notavel intervalo rico em fésseis de bivalves, e que representa um importante
episédio no passado geologico da unidade. O objetivo central deste apéndice é
explicitar a importancia do referido intervalo, propondo uma definicdo formal do
mesmo como “Camada Trés Irmaos”; uma camada-chave persistente por dezenas de
quildmetros e de grande importancia para a correlacdo regional durante o Aptiano.
Além disso, destaca-se a relevancia o de uma ampla e abrupta alteracdo ambiental
que teria se dado posteriormente a deposi¢cdo dos insignes calcarios laminados da

unidade.

O texto integral devera ser submetido ao periédico Brazilian Journal of Geology.

1.6.2 Apéndice B. Cratonaia novaolindensis gen. et sp. nov. (Unionida:
Silesunionoidea) from the Aptian of Brazil (Araripe Basin), and its implications on the

early evolution of freshwater mussels

Neste apéndice, traz-se a tona o primeiro registro de bivalves da subordem
Silesunionidina na América do Sul. Esta seria ainda a ocorréncia mais recente da
histéria do grupo que, até entdo, seria reconhecido apenas para o Triassico da
Australia, Africa, Europa e, possivelmente, india. Através de uma minuciosa
investigagdo de caracteres-chave, tais como cicatrizes musculares, morfologia da
charneira e ornamentacao, é também proposta uma nova espécie, denominada
Cratonaia novaolindensis gen. et sp. nov. Trata-se de uma descoberta inédita que traz
consigo diversas informagdes paleoambientais, baseadas na paleoautoecologia dos
individuos pertencentes a subordem Silesunionidina. Além disso, a ocorréncia deste
taxon no Eocretaceo Sul-americano indica que a musculatura de bivalves mesozoicos
dulciaquicolas necessita ser precisamente descrita para que seja possivel uma

alocacao a nivel de familia.

Este texto foi submetido para ao peridédico Cretaceous Research, Elsevier.
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1.6.3 Apéndice C. First record of trigonioidids (Unionida bivalves) from the Brazilian

Cretaceous (Aptian Crato Formation, Araripe Basin)

O apéndice detalha a primeira ocorréncia de membros da superfamilia
Trigonioidoidea no Cretaceo Inferior da Bacia do Araripe. Cerca de 172 espécimes
foram examinados em assembleias fossiliferas amostradas na borda leste da bacia.
A andlise pormenorizada dos principais caracteres morfologicos das conchas
indicaram que pelo menos dois novos taxons estdo presentes. Dito isso, s&o
propostas as novas espécies Araripenaia elliptica gen. et sp. nov. e ?Monginella
bellaradiata sp. nov. No momento, seguimos trabalhando nestes fésseis, visto que sua
identificacdo precisa tem implicacdes paleogeograficas importantes. A possivel
presenca destes tdxons na unidade, além de dialogar diretamente com os dados
obtidos nos dois apéndices anteriores, permite estabelecer relacbes com assembleias
fossiliferas cretaceas do norte africano. Ademais, este registro estende a distribuicédo
paleogeografica da superfamilia Trigonioidoidea para o nordeste do territério Sul-

americano.

O referido apéndice foi submetido ao periddico cientifico Geobios, Elsevier.
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2 CONTEXTO GEOLOGICO

2.1 Aspectos Gerais da Area de Estudo

O registro geologico do mesozoico da Bacia do Araripe (Fig. 1) é caracterizado
por quatro sequéncias estratigraficas, a saber: (1) pré-rifte (Andar Dom Joao); (2) rifte
(Andar Rio da Serra); (3) pos-rifte | (Andar Alagoas, Aptiano) e (4) poés-rifte I
(Albiano/Cenomaniano) (ASSINE, 2007). As sequéncias pOs-rifte recobrem em
discordancia angular unidades das sucessdes mais antigas ou repousam diretamente
sobre 0o embasamento cristalino, sendo a segunda configuracdo particularmente
comum na porcao oeste da bacia. A sucesséao pos-rifte | inclui as rochas atribuidas ao
Grupo Santana, representado da base para o topo pelas formagdes Barbalha, Crato,
Ipubi e Romualdo, e abrangendo o intervalo Aptiano aos primeiros estagios do Albiano
(ASSINE et al. 2016).
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Figura 1 - Mapa geolégico da Bacia do Araripe. Fonte: Assine et al. (2014)

O perfil estratigréfico vertical da Formacdo Barbalha compreende dois ciclos
deposicionais fluviais apresentando granodecrescéncia ascendente, cujos topos sao
marcados pela presenca de intervalos pelitico-carbonaticos depositados em sistemas
lacustres. Este empilhamento, repetitivo em todos os perfis levantados no Vale do
Cariri por Chagas (2006), também caracteriza o registro sedimentar preservado na
sub-bacia de Feira Nova, como pode ser observado no intervalo compreendido entre
480 a 722 m do pogo 2-AP-1-CE (Fig. 2).
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O primeiro ciclo se encerra com um intervalo de folhelhos betuminosos pretos,
ricos em laminas carbonaticas de origem algalica, coprolitos, ostracodes, restos de
peixes (Dastilbe elongatus SILVA-SANTOS, 1947) e fragmentos vegetais
carbonificados (ASSINE, 2007). Este intervalo, em meio ao qual se encontra uma
camada decimétrica de calcario com aspecto brechoide, mineralizado em sulfetos, foi
denominado informalmente "sequéncia plumbifera do Araripe” por Farina (1974).
Devido a sua grande extensao lateral e pequena espessura (<10m), as “Camadas
Batateira” constituem marco estratigrafico de importancia regional na Bacia do
Araripe. Representam o registro da implantacdo do primeiro sistema lacustre na bacia
caracterizado por condicfes de anoxia, 0 que propiciou a preservacao de significativa

quantidade de matéria organica.

Arenitos grossos e conglomerados fluviais sobrepdem as “Camadas Batateira”
em contato erosivo, representando o inicio do segundo ciclo sedimentar da Formacéao
Barbalha. Em dire¢&o ao topo os arenitos se tornam mais finos, com intercalagdes de
folhelhos calciferos de cor verde que se tornam dominantes no topo da unidade. O
segundo ciclo de granodecrescéncia ascendente termina com os calcarios micriticos
laminados da Formacdo Crato, que formam bancos descontinuos com espessuras
gue ultrapassam duas dezenas de metros, interdigitados lateralmente com folhelhos
verdes. O registro fossilifero é abundante e muito diversificado (MABESOONE;
TINOCO, 1973), estando presentes, conforme ja parcialmente explicitado no item 1.1,
insetos, ostracodes, crustaceos, aracnideos, pequenos peixes (pouca diversidade,
sobressaindo-se o onipresente Dastilbe elongatus SILVA-SANTOS, 1947), quelbnios,
lagartos, pterossauros, entre outros. E também digno de nota que a associacio
fossilifera presente nos calcéarios laminados e folhelhos associados € caracterizada
pela auséncia de formas marinhas, sugerindo deposicdo em ambiente lacustre
(NEUMANN, 1999).

Sobre a secdo de calcéarios laminados ocorrem camadas descontinuas de
gipsita, com espessura maxima da ordem de 30 m, em associacdo com folhelhos
verdes e pretos. Embora existam varias ocorréncias destes niveis no Vale do Cariri,
as camadas de gipsita concentram-se, sobretudo, na porcao oeste da bacia, de Ipubi
a Araripina, no Estado de Pernambuco. A descontinuidade das camadas (lentes), a
existéncia de intercalacdes de folhelhos portadores de conchostraceos e a intima

associacado com folhelhos pirobetuminosos pretos ricos em ostracodes nao-marinhos
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e fragmentos vegetais carbonificados, apontam para o sentido de que a
paleogeografia ndo era a de uma ampla bacia evaporitica marinha (ASSINE, 2007). A
interpretacdo assumida é de que o0s evaporitos foram originados em ambientes
costeiros (supramaré), sujeitos a variacoes relativas do nivel do mar, em condi¢cfes
de clima arido a semi-arido. As camadas de gipsita constituem a Formacao Ipubi
(BEURLEN, 1971) e sdo cronocorrelatas aos evaporitos das bacias marginais
brasileiras (REGALI, 1989).

O topo da Formacéao Ipubi é marcado por uma descontinuidade erosiva de curta
duracéo, caracterizando um contato diastémico com a Formacdo Romualdo (ASSINE,
2007). A parte inferior da Formacdo Romualdo é caracterizada pela presenca de
arenitos interestratificados com folhelhos (CARVALHO; BARRETO, 2015). Para o
topo, o empilhamento é transgressivo e 0s arenitos costeiros cedem lugar a uma
secdo de folhelhos verdes, ricos em ostracodes (ASSINE, 2007; CUSTODIO, 2017;
CUSTODIO et al., 2017; FURSICH et al., 2019). Segundo Arai e Coimbra (1990), os
folhelhos recuperados nos testemunhos do poco 2-AP-1-CE apresentam uma
assembleia féssil composta por gréos de pélen, esporos, dinoflagelados, ostracodes,
foraminiferos e moluscos tipicos de ambientes costeiros mixohalinos, tais como
estuarios e lagunas, no entanto, a ocorréncia dos géneros Spiniferites Mantell, 1850
e Subtilisphaera Jain e Millepied, 1973 indica seguramente influéncia marinha.

Em direcéo ao topo, os folhelhos adquirem progressivamente colora¢cdes mais
escuras, culminando em um intervalo de cerca de 20 m de folhelhos cinza escuros e
pretos, ricos em matéria organica, caracterizados pela presenca de um nivel com
concrecdes fossiliferas, que alcanca cerca de 5 m de espessura na borda leste da
Chapada do Araripe (ASSINE, 2007; CUSTODIO, 2017; CUSTODIO et al., 2017;
FURSICH et al., 2019). O nivel de concrec¢des ocorre em toda a bacia, constituindo
também um importante marco estratigrafico, possivel registro de evento de
mortandade em massa. As concre¢fes encerram rica paleoictiofauna considerada
marinha (SILVA-SANTOS; VALENCA, 1968), havendo também a presenca de
tartarugas marinhas (PRICE, 1973) e pterossauros (PRICE, 1971; CAMPOS;
KELLNER, 1985).

Alguns metros acima do nivel das concrec¢fes, destaca-se a existéncia de uma
camada de coquinas, que pode atingir um metro de espessura. A presenca de
moluscos marinhos (turritelideos) e de equinoides (BEURLEN, 1966) confirma
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inquestionavelmente condicbes marinhas francas. Trata-se de um nivel reconhecivel
em toda a area, mesmo nos limites ocidentais da bacia, como mostram os perfis de
Sales (2005), que, por sua vez, interpretou tais depdsitos como sendo tempestitos. As
coquinas, aparentemente, constituem depoésitos de lags residuais e seu contato basal
€ interpretado como uma superficie de ravinamento por onda, correspondendo o nivel

de coquinas a superficie de inundacdo maxima de toda a sequéncia

Para o topo, interdigitados aos folhelhos, paulatinamente voltam a ocorrer
siltitos e arenitos com fésseis de agua doce, tais como conchostraceos e moluscos
(BEURLEN, 1971), caracterizando condicdes regressivas ao final da sequéncia. Esta
secdo superior da Formacgdo Santana nem sempre ocorre, podendo estar ausente
devido a erosao durante a geracao de discordancia que a separa da sequéncia pés-

rifte 11 (Albiano/Cenomaniano).

A sequéncia poés-rifte | materializa um ciclo transgressivo-regressivo, reflexo de
eventos eustaticos globais de elevacdo do nivel do mar, que criaram espacgo de
acomodacéo para a deposicdo e preservacao de depdsitos marinhos neoaptianos no
interior do Nordeste brasileiro (ASSINE, 1992; 2007; ASSINE et al., 2014; 2016).
Trata-se de um ciclo quase completo, uma vez que é truncado no topo, faltando facies
aluviais dos tratos de sistemas de mar alto do final deste.

2.2 Formacao Crato, Cretaceo Inferior, Bacia do Araripe: Breve Histérico e Aspectos

Geologicos da Unidade

Em seu trabalho, considerado como sendo o primeiro concernindo a geologia
da Bacia do Araripe, Small (1913) identificou uma série de estratos variaveis entre
duas sequéncias de arenitos no Vale do Cariri, e os batizou de “Calcario Sant'Anna”;
nome que, provavelmente referia-se aos calcarios laminados da atual Formacao Crato
(MARTILL, 2007; BARDOLA, 2015). Moraes (1928) corrobora as observacdes de
Small (1913), mas sem aprofundar-se em detalhes associados a situagcéo geologica

das unidades.

Cinquenta anos depois, Beurlen (1963) reconhece a necessidade de
estabelecer uma discussdo de cunho estratigrafico mais pormenorizada e, apos
extenso trabalho realizado ao longo de quatro anos, apresenta uma descricdo que

propde as formacgbes Cariri, Missdo Velha, Crato (assim nomeada em referéncia a
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cidade homdnima, no estado do Ceara — porcéo leste da Bacia), Santana e Exu. No
entanto, pouco tempo depois, 0 proprio autor se retifica, relegando a Formacao Crato
para a condicdo de Membro da “Formagéo Santana” (BEURLEN, 1971). Esta foi a
divisdo estratigrafica mais utilizada até as revisdes de Ponte e Appi (1990) e Viana
(1990).

Alguns anos mais tarde, Martill e Wilby (1993) restauram ao Crato seu status
de formacédo, apoiando-se no fato de que teriam encontrado, na época, trés tipos
distintos de calcéarios contidos na unidade que, por sua vez, requeriam classificacao
como membros (i.e., Membro Nova Olinda, Membro Barbalha e Membro Jamacaru).
Durante algum tempo, no entanto, tal classificagdo encontrou alguma relutancia dentro
da comunidade cientifica (MARTILL et al., 2007a).

Mais recentemente, Neumann e Cabrera (1999) propuseram o Grupo Santana,
o qual incluiria as formagOes Rio da Batateira, Crato, Ipubi, Romualdo e Arajara;
proposta bem-vista por Martill (2007), que a considerou benéfica principalmente por

conservar elementos da nomenclatura estratigrafica original (BARDOLA, 2015).

Existem ainda alguns outros trabalhos importantes que abordam o tema (e.g.
GARDNER, 1841 e SILVA, 1986a; 1986b; 1988), mas que nao serdo aqui analisados

a fundo, visto que néo € essa a intencéo do estudo.

Ressalta-se que no presente trabalho reconhece-se a classificagédo da unidade
Crato como Formacéo, estando ela de acordo com o Cdédigo Brasileiro de
Nomenclatura Estratigrafica (CENE/SBG, 1986), e utiliza-se o arcabouco estratigrafico

estabelecido por Assine et al. (2014).

No que concerne aos aspectos geoldgicos da unidade, os calcarios laminados
constituem os depdsitos mais notaveis da Formacgédo Crato, os quais foram alvo de
estudo de diversos autores (NEUMANN, 1999; MARTILL et al., 2007a; HEIMHOFER,;
HOCHULI, 2010; CATTO et al., 2016; WARREN et al., 2016). Com aproximadamente
60 metros de espessura, a unidade compreende pacotes carbonaticos, métricos,
interdigitados com folhelhos esverdeados e arenitos finos (SILVA; NEUMANN, 2003).
A sucesséo sedimentar exposta nas facies de exploracao de calcéario da Pedreira Trés
Irméos (Fig. 3), Nova Olinda, CE, é a mais completa da Bacia do Araripe, incluindo
laminitos tabulares com cerca de 10 metros de espessura, caracterizado por

mondtona sucessdo de estratos horizontais, sub-milimétricos, de carbonatos
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intercalados em calcarios macicos (CATTO et al.,, 2016; WARREN et al., 2016).
Conforme informacdes recentes, os calcarios laminados foram depositados sob a
influéncia de atividade microbiana (CATTO et al., 2016), em ambiente lacustre com
flutuacdes na salinidade (MARTILL et al., 2007b; HEIMHOFER; HOCHULI, 2010). Os
foésseis sdo extremamente bem preservados, podendo incluir a presenca tecidos
moles (SAYAO; KELLNER, 1998; MALDANIS et al., 2016), cuja fossilizacdo deve ter
ocorrido em condi¢cdes de precipitacdo de calcita mediada organicamente, em
ambiente salino, conforme indicado pela presenca de pseudomorfos de sal e camadas
de gipsita (CATTO et al., 2016). De fato, varios autores, tais como Mohr e Eklund
(2003), Makarkin e Menon (2005), Martill et al. (2007b), Carmo et al. (2008) e Baez et
al. (2009), sugeriram que os carbonatos da Formagao Crato foram depositados em
um sistema lacustre hipersalino, possuindo conexao restrita com mar epicontinental
localizado a sudeste (ASSINE et al., 2016). Porém, a notéria auséncia de fosseis
tipicamente marinhos nos calcarios laminados aponta para um ambiente com baixa
salinidade, condicdo ja aventada pelos primeiros pesquisadores que estudaram a
bacia. Provavelmente, a descarga episédica de dgua doce deveria dulcificar ou
contribuir para a flutuacdo da salinidade no lago (NEUMANN et al., 2003), cujas
condicbes de fundo devem ter sido andxicas a disoxicas (MARTILL et al., 2007b). As
condicBes climaticas durante a deposicdo dos calcarios laminados devem ter sido
umidas a secas (MAKARKIN; MENON, 2005; MARTINS-NETO, 2006). Imediatamente

acima dos calcarios laminados ocorrem folhelhos e arenitos finos (Fig. 3), onde séo

encontrados o0s bivalves fosseis descritos no presente estudo (Fig. 4).

7 folhelhos e arenitos

Figura 3 - Vista geral da Formacao Crato, na pedreira Trés Irmaos, Nova Olinda, CE. Os bivalves
fésseis estudados ocorrem cerca de 30 cm acima dos calcéarios laminados da porcao basal da
unidade. Fonte: Catto et al. (2016).
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Figura 4 - Araripenaia elliptica gen. et sp. nov., a forma mais comum nos lamitos
fossiliferos da Formacao Crato. Escala: 10 mm. Fonte: Acervo (Dra. Suzana Aparecida
Matos)

2.3 Secao Estudada na Localidade de Nova Olinda, CE

O texto a seguir esta fundamentado em dados da equipe (IGCE-IBB/UNESP)
que ha alguns anos vem trabalhando na &rea de estudo, representada pelas pedreiras
da Formacao Crato, na area de Nova Olinda, CE, e em descri¢cdes e discussdes
organizadas pelo Prof. Dr. Méario Assine do IGCE/UNESP-Rio Claro. Dados
atualizados se encontram disponiveis em estudo conduzido por Varejao (2019).
Conforme ja mencionado anteriormente, as coletas dos bivalves foram realizadas em
quatro localidades fossiliferas distintas (vide artigos cientificos nos Apéndices A, B e
C, deste documento), sendo elas, Pedreira Trés Irméos, Rio da Batateira, Pedreira
Mina Caldas e Estiva. Tomamos aqui como referéncia a sucessao sedimentar na
frente de lavra da pedreira Trés Irmaos, na regido de Nova Olinda, visto que se trata
da secéao-tipo da camada homoénima, formalmente proposta no Apéndice A do
presente documento. A secao estratigrafica levantada apresenta aproximadamente 29
m de espessura, sendo que a maior parte da sucessao € formada por laminitos (=
calcarios laminados) (Fig. 6A). Os calcarios formam camadas tabulares horizontais
gue na base chegam a espessuras de 10 m e afinam no topo do perfil, chegando a
espessuras minimas inferiores a 0,5 m. Essas camadas estendem-se lateralmente
sem apresentar variacao de espessura ou mudanca lateral de facies, constituindo uma
sucessdo bastante monoétona. Os litotipos terrigenos sdo constituidos por lamitos,

folhelhos, siltitos e arenitos, organizados em camadas com espessuras que raramente
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ultrapassam 2 m e que estéo interdigitadas com as camadas de laminitos, em contato

bem marcado e horizontal.

Os calcérios laminados séo constituidos pela variacdo de laminas com cores
claras e escuras e, ocasionalmente, algumas com alto teor de matéria organica (Fig.
5A). E comum encontrar fragmentos lineares escuros, muitas vezes descritos por
Neumann (1999) como algas do género Botryococcus Kutzing, 1849. Também séo
encontrados restos de vegetais vasculares fossilizados. Niveis ondulados delgados e
um nivel contendo hoppers de halita ocorrem a cerca de 4 metros acima da base da
secao (Fig. 5B). Logo acima do nivel com os hoppers de halita (aproximadamente a 6
m da base da sec¢&o) ha um nivel de mortandade de peixes. Os calcarios laminados
sdo constituidos pela variacdo de laminas com cores claras e escuras e,
ocasionalmente, algumas com alto teor de matéria organica (Fig. 5A). E comum
encontrar fragmentos lineares escuros, muitas vezes descritos por Neumann (1999)
como algas do género Botryococcus Kutzing, 1849. Também s&o encontrados restos
de vegetais vasculares fossilizados. Niveis ondulados delgados e um nivel contendo
hoppers de halita ocorrem a cerca de 4 metros acima da base da secéo (Fig. 5B).
Logo acima do nivel com os hoppers de halita (aproximadamente a 6 m da base da
secao) ha um nivel de mortandade de peixes. De acordo com Martill et al. (2008), as
possiveis causas da morte dos peixes na “Formacao Santana” sdo de dificil
especificacao, e sdo provavelmente multifatoriais. Dentre as hipoteses mais provaveis
propostas pelos autores, incluem-se anoxia, eflorescéncias de dinoflagelados,

flutuacOes de temperatura e hipersalinidade.

Dada a presenca de pirita (MARTILL, 1988), um evento de anoxia é uma
possibilidade. Da mesma maneira, a larga presenca de dinoflagelados em alguns
horizontes da sucessao sedimentar da Bacia do Araripe (ARAI; COIMBRA, 1990) é
uma possivel evidéncia de eflorescéncias destes organismos, também podendo
resultar em mortandade massiva da ictiofauna local. Ainda que ndo haja estudos
isotdpicos que tenham determinado com exatiddo os parametros de temperatura, sua
elevacao € considerada como uma possivel causadora deste fenébmeno, visto que a
posicao geografica do corpo d’agua (10° ao sul do Equador durante o Albiano) somada
a sua relativa baixa profundidade (algumas centenas de metros) podem ter resultado
em grandes flutuagdes de temperatura; além disso, a natureza restrita do corpo d’agua

pode também ter sido fator contribuinte para uma situacédo de hipersalinidade. Os
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supracitados hoppers de halita e os evaporitos da Formacéo Ipubi servem como
evidéncia para a ocorréncia de periodos de salinidade elevada na sucessao
sedimentar da Bacia do Araripe (MARTILL et al., 2007b). Levando os dados de Martill
et al. (2008) em consideracdo, bem como o provavel carater multifatorial do evento
que resultou na mortandade massiva destes peixes, pode-se dizer que a grande
flutuacdo de parametros como temperatura e salinidade, acompanhados de uma
toxificagdo/anoxia causados por organismos microbiais, foram os responséaveis pelo

fendbmeno observado na ictiofauna da unidade.

Tais alteracfes fisico-quimicas da agua, tendo dizimado boa parte da biota
lacustre, fez com que permanecessem apenas 0S Micro-organismos bacterianos
(CATTO et al., 2016; WARREN et al., 2016). Acima do nivel de mortandade de peixes

ocorrem camadas centimétricas macicas de carbonato.

Acima da camada de calcarios laminados ocorre uma sucessao sedimentar
com cerca de 60 cm de espessura de arenito fino/siltito bioturbados e com
estratificacdes cruzadas cavalgantes (SANTOS et al., 2017). Conchas de bivalves e
gastropodes ocorrem dispersas nesse litétipo, que representa deposicdo por fluxos
episédicos desconfinados e hipopicnais (SANTOS et al., 2017). Acima dessas
camadas ocorrem arenitos médios com estratificacdo cruzada tangencial na base e
presenca de argila nos foresets, concentrada na base das clinoformas. Também é
possivel notar a presenca de clastos de pelitos dispersos na facies de arenitos com
estratificacdo cruzada tangencial (Fig. 5D). Essas feigdes levaram Neumann (1999) a
interpretar os arenitos como sendo formados pela deposicdo em contexto de frente
deltaica. Acima do intervalo marcado pela abundancia de facies terrigenas, voltam a
aparecer camadas finas de laminitos, interdigitadas a folhelhos que se espessam para
o topo chegando a espessuras de trés metros (Fig. 6A). No topo da secao predominam
camadas de arenito.

A presenca de laminitos e pelitos sugere deposicdo em ambiente de baixa
energia, com eventuais influxos de sedimento terrigeno. Facies de arenitos com
laminagédo cruzada e outras estruturas de tragcdo também indicam a incidéncia de
eventos episodicos de alta energia em meio as condicfes calmas e estaveis da
sedimentacdo de fundo, quando as conchas de bivalves e gastropodes deviam ser

exumadas, retrabalhadas e lateralmente transportadas por curtas distancias
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Figura 5 - Féacies tipicas da Formagé&o Crato, encontradas na frente de lavra Trés Irm&os. (A) Detalhe
dos laminitos com camadas milimétricas a centimétricas plano-paralelas regulares; (B) pseudomorfos
(hoppers) de halita; (C) arenitos finos/siltitos com acamamento flaser e lamitos, com pequenas
camadas onduladas com argila preta; (D) arenito com estratificacdo cruzada tangencial na base, com

clastos de pelito e argila no foreset. Fonte: Assine et al. (2014)
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Figura 6 — (A) Secéo colunar da Pedreira Trés Irmaos. A camada portadora dos bivalves esta
indicada por uma seta; (B) vista geral da camada acima dos calcéarios laminados Konservat-
Lagerstatte; (C) gretas no lamito, preenchidas com folhelhos siltosos; (D) visdo planar evidenciando
feicdes poligonais. Fonte: Acervo (Filipe Giovanini Varejao)
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3 MATERIAIS E METODOS

3.1 Atividades de Campo

Para realizacéo do presente estudo foram realizados dois trabalhos de campo,
durante os quais foram amostrados quatro afloramentos da Formagéao Crato, sendo
dois deles — “Batateira” e “Mina Caldas” — proximos ao municipio de Crato, na borda
leste da Bacia, e os outros dois — “Estiva” e “Trés Irmaos” — proximos ao municipio
de Santana do Cariri, na extremidade norte da Bacia (vide Fig. 1). Além das coletas,
também foram realizados levantamentos tafonémicos de detalhe, seguindo as
recomendacgdes em Kidwell et al. (1986), Brett e Baird (1986) e Holz e Simdes (2002).
O registro tafondbmico consiste em uma base de dados com informacfes acerca de
396! espécimes das quatro localidades. Também foram levantadas secdes
estratigréficas de detalhe, das unidades fossiliferas visitadas, com auxilio dos
geologos Dr. Filipe G. Varejao, Mariza G. Rodrigues e Prof. Dr. Mario Assine.2

As atividades de campo, somadas a colecdo preexistente no Laboratorio de
Paleozoologia Evolutiva (IBB/UNESP), tornaram disponiveis para estudo 2193
amostras fosseis de moluscos bivalves que se encontram armazenadas no
Departamento de Zoologia. Esta ampla colecdo viabilizou minuciosa analise

taxondmica, a qual é apresentada nos Apéndices deste documento.

3.2 Atividades de Laboratorio

Aspectos das atividades de laboratério, incluindo métodos de preparacédo e
referéncias as decisbes metodoldgicas tomadas estdo expostas em detalhe nos
artigos dos Apéndices A, B e C. Assim, nos itens a seguir, serdo brevemente

comentados apenas alguns pontos essenciais.

1Este nimero refere-se ao total de amostras analisadas. Ou seja, estao abrangidas tanto
amostras cujas informac6fes tafonémicas foram somente registradas em campo, quanto amostras que
foram efetivamente coletadas e transportadas ao Laboratério de Paleozoologia Evolutiva
(IBB/UNESP).

2A0 leitor recomenda-se verificar a informacgéo detalhada nos Apéndices A, B e C.

3Este nimero refere-se exclusivamente as amostras que foram de fato coletadas, e
encontram-se disponiveis na colegdo do Laboratério de Paleozoologia Evolutiva (IBB/UNESP).
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3.2.1 Preparacao das amostras

Os espécimes foram, inicialmente, limpos a seco com o0 uso de pincéis.
Posteriormente, as amostras mais frageis receberam a aplicacdo de um agente
consolidante (i.e., solucdo de verniz e tiner). Amostras que sofreram fragmentacéo
durante a coleta e/ou manuseio foram coladas com cola instantdnea. Todos os
espécimes foram depositados na colecao do Laboratério de Paleozoologia Evolutiva,

sob o codigo DZP (i.e., Departamento de Zoologia, Colecdo de Paleontologia).

Além disso, as amostras foram preparadas com ferramentas de preciséo, afim
de expor os fésseis em relacdo a matriz e possibilitar exame mais elucidativo das

feicbes anatOmicas internas e externas das conchas.

3.2.2 Moldagem dos espécimes

O processo de moldagem teve como objetivo ressaltar feicdes morfoldgicas de
amostras fosseis de moluscos bivalves, tais como impressdes musculares, estruturas
da charneira e ornamentacéo. Especialmente (mas ndo exclusivamente) no que se
refere as amostras de moldes externos, a moldagem em laboratério torna possivel a
geracdo de uma amostra de molde interno que, por sua vez, possivelmente acentua

caracteristicas importantes para a alocacao taxonémica destes animais.

De forma simplificada, a moldagem seguiu as seguintes fases: (a) inicialmente
0s espécimes foram limpos a seco com o auxilio de pincéis; (b) em seguida foram
aplicadas sucessivas camadas de latex diluido em agua e pigmentado com tinta
nanquim preta; (c) a fase anterior foi repetida, aumentando a concentragdo de latex a
cada aplicacédo, até que uma espessa camada fosse formada; (d) tiras de gaze foram
intercaladas com a camada espessada; (e) ap6s a secagem completa, o molde foi

retirado do fossil, e suas bordas aparadas com tesouras.

Alternativamente, € possivel utilizar-se da massa de ceramica plastica da
marca FIMO, na cor preta. Normalmente empregada em trabalhos artisticos, a
impressao dessa massa contra o fossil gera um contramolde do mesmo. Em seguida,
o molde resultante deve ser levado ao forno a 110°C durante aproximadamente 30

minutos, periodo durante o qual o molde devera adquirir uma consisténcia rigida.
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3.2.3 Fotodocumentacéao

Precedente ao processo de fotodocumentacéo, realizou-se um procedimento
visando o realce de feicbes que poderiam ser importantes para o diagndstico
taxondmico dos espécimes. Cada féssil foi pintado com tinta nanquim preta, e
posteriormente impregnado com fumaca proveniente de fita de magnésio metéalico em
combustdo. Os moldes produzidos através da metodologia descrita no item 3.2.2
também foram submetidos a este processo. Tal procedimento destaca estruturas
elevadas na concha, gerando um efeito de contraste.

ApoOs os procedimentos acima, cada espécime foi individualmente fotografado
com uma camera DSLR Nikon, modelo D3200, equipada com uma lente AF-S VR
Micro-Nikkor 105mm f/2.8G IF-ED. A fim de gerar uma imagem com ampla
profundidade de campo, o uso desta lente exigiu a execucao de varias fotografias de
cada espécime, que, foram posteriormente mescladas em um processo de stacking
(i.e., empilhamento de imagens), através do software Adobe Photoshop CC v. 20.0.5.
Visto que cada exemplar féssil pode exigir a geracdo de, em média, cerca de 15 a 20
imagens, e que o processo de mesclagem pode levar aproximadamente 10 minutos
por amostra (a depender do processador do computador utilizado), um universo de
centenas de amostras torna necessario um tempo consideravel para a documentacao
fotogréafica. Posteriormente as fotografias foram tratadas através do software de
edicdo Corel PHOTO-PAINT X8 (64-bit), com a finalidade de melhorar parametros

como saturacao e contraste.

3.2.4 llustragéo e confeccédo de pranchas

Alguns dos espécimes foram selecionados para serem ilustrados. Parte destes
foi primeiramente esbhocada a mao através do uso de camara clara. Os demais foram
ilustrados diretamente no software de edicao vetorial grafica CorelDRAW X8 (64-bit),
o qual também foi utilizado para a elaboracdo das pranchas utilizadas nos artigos

cientificos.

3.2.5 Anélise taxonOmica

A analise taxonémica dos organismos respaldou-se, principalmente, em Bieler
et al. (2010) e Carter et al. (2011) para categorias supragenéricas. Cox et al. (1969)

também foi empregado como referéncia basica. Finalmente, Skawina e Dzik (2011) e
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Van Damme et al. (2015) foram utilizados com respeito a taxonomia dos bivalves
pertencentes as familias Unionellidae Skawina e Dzik, 2011 e Silesunionidae Skawina
e Dzik, 2011.
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4 RESULTADOS

Os resultados obtidos através das andlises realizadas incluem a descri¢éo
taxonémica de trés novas espécies advindas de uma camada chave da
Formacédo Crato, bem como a proposicdo formal desta camada, segundo o
Cddigo Brasileiro de Nomenclatura Estratigrafica. Tais dados serviréo de pilar
para a futura elucidacéo de questdes paleoecoldgicas e paleoambientais acerca

do contexto deposicional da Formacao Crato.

Todos os resultados estéo apresentados em maior detalhe nos Apéndices
A, B e C do presente documento, 0s quais consistem em artigos submetidos e/ou
em fase de preparacao, todos derivados do presente estudo. Sendo assim, neste

item serdo apresentadas breves exposi¢ces do contetdo destes artigos.*

4.1 A Camada “Trés Imé&os”, Uma Camada-Chave para Correlacdes

Estratigraficas Regionais na Formacao Crato, Bacia do Araripe, NE do Brasil

A Formacdo Crato (Aptiano) é uma das principais unidades
litoestratigraficas pertencentes a sucessao sedimentar do Cretaceo Inferior na
Bacia do Araripe, nordeste brasileiro. A unidade é conhecida pelos depésitos do
tipo Konservat-Lagerstatte que, por sua vez, sdo representados por calcéarios
laminados de origem microbial, contendo fdsseis excepcionalmente

preservados.

Investigacdes estratigraficas de detalhe (camada a camada), bem como
o0 mapeamento dos até 90 m de espessura da Formacao Crato na borda leste da
bacia, viabilizaram o reconhecimento de um importante intervalo lamoso e
fossilifero. Aqui, este intervalo de sedimentos finos é definido formalmente como
Camada “Trés Irmaos”, uma unidade regionalmente persistente, e de grande

valor no contexto de correlagdes regionais dentro da Formacéo Crato.

Em sua localidade-tipo, a pedreira Trés Irméos (UTM 422,950/9,213,344),
na regido da cidade de Nova Olinda, estado do Ceara, esta camada de até 1,1
m de espessura, e situada imediatamente acima dos calcarios Konservat-
Lagerstatte, € caracterizada por acamamentos tabulares de lamitos
intensamente bioturbados intercalados com folhelhos, arenitos finos e facies

heteroliticas. Este intervalo foi também reconhecido em diversas localidades ao

40Os subitens 4.1, 4.2 e 4.3, fazem referéncia direta aos Apéndices A, B e C, respectivamente.
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longo do cinturdo de afloramentos da unidade, mais especificamente em Estiva
(UTM 413,948/9,210,049), Batateira (UTM 449,866/9,198,487), e Caldas (UTM
459,349/9,186,302). A espessura da camada varia entre 0,3 € 2,25 m, e 0
contato inferior com os calcéarios laminados é sempre abrupto, enquanto que o

contato superior com arenitos e facies heteroliticas é transicional.

Bivalves, pequenos gastropodes, alguns ostracodes e restos
carbonizados de plantas, além de icnofésseis, podem ser encontrados na
camada. Bivalves e gastropodes parecem ser indicativos de condicdes
dulciaquicolas a salobras e sdo mais diversos e abundantes na localidade-tipo.
Em suma, a Camada “Trés Irmaos” € um lamito que contém conchas fosseis,
provavelmente associado a deposi¢cao em planicies lamosas que se estenderam
por toda a area leste da Bacia do Araripe ap0s a deposicao dos calcarios
laminados ricamente fossiliferos que, por sua vez, sdo indicativos de condicdes
lacustres hipersalinas. Sendo assim, a Camada “Trés Irmaos” € um registro de
profundas, abruptas e amplas mudangas na bacia, bem como nas
paleocomunidades bentbnicas associadas.

De fato, a camada representa um evento regional e isécrono de curta
duracdo no paleoambiente local, durante o qual o tipo de sedimentacao,
batimetria, salinidade, oxigenacdo e quimica da agua, entre outros parametros
ambientais, foram alterados. Consequentemente, a Camada “Trés Irmaos” prové
excelentes dados estratigraficos, pertinentes para correlacdes regionais no que
diz respeito a sucessdo Aptiana da Formacdo Crato, Bacia do Araripe. Um
detalhamento destes resultados, bem como discussdo de suas implicagdes,

pode ser observado no Apéndice A deste documento.

4.2 Cratonaia novaolindensis gen. et sp. nov.. Um Excepcional Bivalve
(Subordem Silesunionidina) do Cretaceo Inferior da Formacéo Crato, Bacia do

Araripe, NE do Brasil

Os depositos carbonéticos ricamente fossiliferos da Formacgédo Crato
(Aptiano), Grupo Santana, Bacia do Araripe, nordeste do Brasil, sé&o
mundialmente conhecidos como um dos principais Konservat-Lagerstéatten

cretaceos do Gondwana. No entanto, informacdes e descricbes referentes a



38

fosseis advindos de outros depdsitos além dos famosos laminitos da porcao

basal desta unidade ainda sdo escassos.

Aqui, bivalves da subordem Silesunionidina, ordem Unionida Gray, 1854
sdo descritos para a América do Sul pela primeira vez. O material estudado
advém de um lamito cinza-amarelado de 0,3 a 1 m de espessura, localizado 30
cm acima dos principais calcérios laminados da porcao inferior da Formacéao
Crato, na cidade de Nova Olinda, estado do Ceard, e compreende dezenas de
espécimes bem-preservados (moldes compostos, internos e externos) e que
conservaram caracteres anatémicos fundamentais para descricoes taxondmicas
de detalhe. A analise de cicatrizes musculares, charneira e ornamentacao
(Apéndice B, Figs. 3-6), indicam que estes bivalves podem ser alocados em
novos género e espécie, aqui denominados Cratonaia novaolindensis gen. et sp.

nov.

A presenca de uma série de pequenas cicatrizes musculares de
elevadores pediais arranjados linearmente na parede externa da cavidade
umbonal também sdo indicativos de que o0 novo taxon se assemelha
grandemente a outros bivalves Mesozoicos da subordem Silesunionidina. Este
€ 0 registro mais recente da ocorréncia deste grupo até o momento, visto que
bivalves estreitamente relacionados (Silesunionidae e Unionellidae) foram
previamente reportados somente em depdsitos Tridssicos da Australia, Africa,

Europa e, possivelmente, india.

Observacdes estratigraficas, sedimentolégicas e tafonémicas de detalhe
indicam ainda que o novo taxon habitava planicies lamosas de agua doce. Dados
e figuras com maior detalhamento podem ser observados no Apéndice B desta
Dissertacao.

4.3 Primeiro Registro de Trigonioidoidea (Bivalves Unionida) do Cretaceo

Brasileiro (Formacgé&o Crato, Aptiano, Bacia do Araripe)

Membros da superfamilia Trigonioidoidea (Ordem Unionida) da sucessao
cretacea inferior na Bacia do Araripe, nordeste brasileiro, séo aqui descritas em

detalhe pela primeira vez. Os espécimes fosseis estudados compreendem 150
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individuos encontrados em localidades situadas na borda leste da bacia, em

depdsitos da Formacao Crato (Aptiano), Grupo Santana.

Bivalves da superfamilia Trigonioidoidea sdo mormente restritos a um
intervalo de lamitos tabulares intensamente bioturbados, intercalados com
folhelhos, arenitos finos e facies heteroliticas, com aproximadamente 85 cm de
espessura. Os lamitos portadores de bivalves fdésseis estdo situados
imediatamente acima dos calcarios laminados ricamente fossiliferos que
caracterizam os depoésitos Konservat-Lagerstatte da Formacgéo Crato. Analises
detalhadas dos principais caracteres morfologicos (i.e., cicatrizes musculares,
charneira, ornamentacdo) indicam que pelo menos dois novos taxons estao

presentes.

Araripenaia elliptica gen. et sp. nov. (Familia ?Trigonioididae Cox, 1952)
€ o Trigonioidoidea mais abundante e amplamente distribuido da Formacédo
Crato (Apéndice C, Figs. 3-6), enquanto que ?Monginella bellaradiata sp. nov.
(Familia Plicatounionidae) é restrita a somente uma localidade (Pedreira Trés
Irméos, Nova Olinda) (Apéndice C, Figs. 7-8). O possivel registro de Monginella
Starobogatov, 1970 sugere a existéncia de afinidades entre as assembleias de
Trigonioidoidea da Formacdo Crato e as assembleias aptianas do continente

africano.

Em todas as assembleias fosseis, 0s espécimes sdo comumente
preservados com as valvas articuladas (abertas ou fechadas), mas nédo ocorrem
in situ. Isso sugere minimos transporte tracional lateral e tempo de residéncia na
interface agua-sedimento. Como o0s outros Unionida, os Trigonioidoidea da
Formacédo Crato podem ter tido habitos semi-infaunais em fundos lamosos, de

agua doce a salobra.

Por fim, nosso registro estende a distribuicdo paleogeografica de
Trigonioidoidea para o nordeste do territorio Sul-americano. Todos os dados sao
apresentados e analisados em detalhe no Apéndice C.
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5 DISCUSSAO

O estudo sedimentoldgico/estratigrafico da Camada “Trés Irmé&os” (vide
também VAREJAO, 2019), bem como a descricdo formal de seus bivalves
associados sédo o foco deste estudo. Dentre as caracteristicas marcantes da
Camada “Trés Irmaos”, destaca-se a persistente presenca de bivalves fésseis, a
qual, por si s0, ja se trata de um traco-chave para distinguir a referida camada
daquelas localizadas imediatamente acima e abaixo dela. Situado acima dos
depositos lacustres da porcao inferior da Formacéo Crato, este intervalo pode
ser definido como um lamito facilmente detectavel por dezenas de quildmetros
(Apéndice A, Fig. 2).

Possuindo espessuras que variam entre decimetros e metros, pode-se
considerar a camada como sendo pouco espessa. Os supracitados bivalves
fésseis ocorrem associados a gastropodes (ainda ndo formalmente descritos) e,
conforme sera exposto ainda nesta secao (e detalhado nos Apéndices B e C),
pertencem a taxons que costumam habitar aguas doces a salobras. Salienta-se
que, com a excecao de algumas referéncias isoladas (ALLPORT, 1859;
MAWSON; WOODWARD, 1907; MELO JUNIOR; OLIVEIRA, 1939; BARBOSA,
1950; BEURLEN, 1963; MARTILL et al., 2005; MARTILL, 2007; SALES, 2005),
bivalves ndo-marinhos séo praticamente desconhecidos para o Cretaceo Inferior

do Brasil.

A espessura da camada decresce em direcdo a margem norte da bacia.
Em éareas distais, a espessura aumenta, e as facies lamosas sdo sobrepostas

por facies de granulacao grossa.

Os depdsitos mais terrigenos acima da camada portadora de bivalves
fésseis apontam para um padrdo regressivo, posterior ao importante evento de
transgressdo que teria viabilizado o estabelecimento de depdsitos marinhos
acima do sistema lacustre originador do importante intervalo Konservat-
Lagerstatte. Neste contexto, a Camada “Trés Irm&os” se caracteriza como uma

evidéncia do inicio de um novo ciclo transgressivo na unidade (VAREJAO, 2019).

No concernente aos bivalves fosseis descritos, a minuciosa andlise de
caracteres importantes do ponto de vista taxondémico, tais como cicatrizes

musculares, estruturas da charneira e escultura umbonal, permitiu a detecgéo de
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pelo menos trés novas espécies presentes na malacofauna da Formacéo Crato.
Ressalta-se que tais espécies ndo parecem possuir relacdo alguma com o0s
taxons reportados por Barbosa et al. (2004), Bruno e Hessel (2006) e Neta et al.
(2017).

O primeiro bivalve descrito é aqui alocado nos novos género e espécie
Cratonaia novaolindensis gen. et sp. nov., subordem Silesunionidina (maiores
detalhes podem ser encontrados no Apéndice B deste documento). A deteccéo
da presenca de cicatrizes musculares de elevadores pediais arranjadas em
linhas, na parede externa do umbo em moldes internos foi fundamental para a
atribuicdo destes espécimes a superfamilia Silesunionoidea. De fato, Cratonaia
novaolindensis gen. et sp nov. assemelha-se bastante a outros tAxons da mesma
superfamilia, encontrados em depositos triassicos da Africa, Australia e Europa
(COX, 1932; ETHERIDGE, 1888; SKAWINA; DZIK, 2011; VAN DAMME et al.,
2015), especialmente no que se refere aos tracos observados externamente. No
entanto, significativas diferengas no arranjo das cicatrizes musculares e o pouco
entendimento das estruturas da charneira e ligamentos da nova espécie, tornam
desafiadora a classificacdo de Cratonaia gen. nov. a nivel de familia, parecendo,
a principio, estar a parte das duas familias inseridas na superfamilia
Silesunionoidea (i.e., Silesunionidae e Unionellidae). Para uma discusséo
detalhada acerca deste imbréglio taxondémico, recomenda-se a leitura do

Apéndice B.

Por apresentarem baixo grau de fragmentacdo e ndo haver indicios de
abrasdo e selecdo por transporte, os espécimes analisados parecem ser
elementos parautoctones (sensu KIDWELL et al., 1986), fossilizados em
ambiente de baixa energia. A orientacdo das conchas, muito provavelmente, tem
relacdo com a intensa bioturbacdo que, conforme citado acima, € ubiqua na
Camada “Trés Irmaos”. Essa bioturbacédo pode ser um indicativo de ambiente

com fundo lamoso oxigenado.

Outro aspecto notavel observado foi o fato de que os espécimes de
Cratonaia novaolindensis gen. et sp nov. apresentam dimensdes semelhantes
(aproximadamente 30 mm de comprimento), ndo havendo nenhum registro de
conchas menores que, porventura, poderiam ser consideradas juvenis desta

espécie. Sao levantadas algumas hipoteses para explicar este fato: (1)
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individuos adultos e juvenis podem ter habitado ambientes distintos. Existem
diversos registros de Unionoida juvenis (até 10 mm de comprimento) com habitos
de escavacio mais profunda (BAUER; WACHTLER, 2001), ndo habitando assim
0S mesmos estratos que os individuos adultos; (2) os bivalves juvenis ndo foram
preservados devido a processos seletivos de preservacao (e.g., dissolucao de
pequenas conchas aragoniticas antes da fossilizacdo); (3) os juvenis foram
seletivamente predados por vertebrados moluscivoros — tubardes,
crocodilomorfos e peixes sdo conhecidos predadores de bivalves durante o
Mesozoico (VAN DAMME et al., 2015); e (4) os juvenis ndo foram notados pela

equipe durante a amostragem em campo.

Baseando-se em atentas observacdes e evidéncias fosseis, pode-se dizer
que todas essas quatro hipéteses sdo muito pouco provaveis. Conforme ja
explicitado (Apéndice A), as camadas exploradas foram analisadas em escala
centimétrica, tornando bastante improvavel que espécimes juvenis possam ter
passado desapercebidos. Além disso, também conforme ja exposto, a presenca
de pequenos gastropodes e ostracodes (Fig. 6) torna pouco plausivel a hipétese
de dissolucao seletiva para explicar a auséncia de bivalves juvenis. Ademais, o
fato de ser observada pouca ou nenhuma fragmentacéo nos bivalves coletados

pouco contribui para a hipotese dos vertebrados moluscivoros.

Dito isso, a explicacdo mais parcimoniosa aqui proposta € a de que 0s
bivalves encontrados podem ser membros adultos de uma Unica coorte.
Unionideos costumam apresentar altas taxas de mortalidade durante a fase
juvenil e, uma vez que conseguem emergir na superficie como adultos, eles,
muito frequentemente, sobrevivem e crescem até a morte por senescéncia
(BAUER; WACHTLER, 2001).

Ademais, a presenca de Cratonaia novaolindensis gen. et sp. nov. no
Cretéaceo Inferior da América do Sul é algo, por si s@, de grande relevancia para
o0 registro paleontologico da superfamilia Silesunionoidea. Tendo sido reportada
somente em depositos tridassicos de outros continentes, esta nova espécie
chama atencao para o fato de que o registro fossil da referida superfamilia ainda
€ deveras incompleto e pouco conhecido. Uma extensa discussdo acerca de
implicagBes paleoecoldgicas e paleogeograficas desta descoberta esta presente

no Apéndice B deste documento.
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Além de Cratonaia gen. nov., outros dois novos taxons foram encontrados
na mesma unidade. S&o eles Araripenaia elliptica gen. et. sp. nov. e ?Monginella
bellaradiata sp. nov., aqui descritos e alocados na superfamilia Trigonioidoidea.
Assim como outros bivalves desta mesma superfamilia, as novas espécies
descobertas provavelmente possuiam habitos semi-infaunais (ou infaunais
rasos) e suspensivoros (SKAWINA, 2013; BUSCALIONI; POYATO-ARIZA,
2016). As caracteristicas tafonémicas observadas para os espécies de ambas
as espécies assemelham-se aquelas observadas para Cratonaia novaolindensis
gen. et sp. nov., no sentido de que as conchas sao normalmente encontradas
articuladas, podendo também ser classificadas como parautdctones (sensu
KIDWELL et al.,, 1986), tendo sofrido transporte limitado. No entanto, sua
significativa abundancia dentro da Camada “Trés Irmaos” abre espago para uma
outra explicacdo: néo teriam sofrido nem mesmo transporte limitado, sendo
genuinamente autdctones e tendo colonizado os mesmos substratos, todavia em

periodos distintos.

Tal caréater populacional diacrono pode ter sido facilitado por regimes de
salinidade  flutuantes, variando entre ambientes marinhos e
dulciaquicolas/salobros. Dito isso, a ocorréncia conjunta de elementos faunais
marinhos e dulciaquicolas poderia ser interpretada como condensacdo
ambiental (environmental condensation), onde faunas correspondentes a
diferentes cenérios paleoambientais e planos temporais sdo preservadas no
mesmo plano de acamamento. Este termo foi introduzido por Firsich e Kauffman
(1984) ao descreverem uma situagao similar para o Albiano do Mar interior
ocidental no Wyoming (Formacgdo Bear River). Desta maneira, a mixordia de
faunas com adaptacbes fisiologicas distintas pode ser explanada por um
retrabalhamento in situ de pequena escala, ao invés do transporte de somente
parte dos elementos faunais. Neste contexto, animais ecologicamente
incompativeis podem ter habitado a mesma éarea, porém em regimes de

salinidade divergentes, em intervalos de tempo préximos, mas distintos.

Araripenaia elliptica gen. et sp. nov. provavelmente se tratava de uma
espécie endémica para o Cretaceo Inferior da Bacia do Araripe, enquanto o
género Monginella ja teve sua presenca registrada no continente africano (VAN

DAMME et al., 2015). Caso a alocacgao taxonémica aqui proposta esteja correta,
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como as caracteristicas analisadas nos espécimes sugerem, este possivel
registro do género Monginella seria a primeira ocorréncia da familia
Plicatounionidae para o0 Mesozoico da América do Sul. Se trataria ainda da Unica
familia de bivalves ndo-marinhos compartilhados entre o oeste do Gondwana e
0 noroeste Africano durante todo o Mesozoico (VAN DAMME et al., 2015). Uma
breve discussdo paleogeografica acerca da importancia destes dados esta
presente no Apéndice C deste documento. No momento, trabalhamos ainda para
0 reconhecimento mais preciso do género Monginella, visto que a musculatura
anterior dos espécimes brasileiros ndo apresenta bom estado de preservacao.
Este género é caracterizado por possuir a cicatriz do muasculo retrator pedial

anterior distintamente separada daquela do adutor anterior.
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6 CONCLUSAO

A partir dos dados obtidos e analisados na presente pesquisa, foi possivel
tracar uma série de conclusdes relevantes no contexto da evolugéo geologica da
Bacia do Araripe durante o Albiano, bem como da composicdo de sua

malacofauna.

Investigacbes estratigraficas pormenorizadas, somadas a um
mapeamento detalhado da Formacao Crato, permitiram o reconhecimento de
uma nova camada-chave dentro da sucessdo sedimentar da unidade, aqui
referida como Camada “Trés Irmaos”. Possuindo espessura centimétrica a
métrica, a Camada “Trés Irmaos” apresenta um conjunto de atributos litolégicos
e paleontolégicos que tornam-na facilmente detectdvel em amplas areas ao
longo da faixa de afloramentos da Formacao Crato. Ademais, a Camada “Trés
Irmaos” representa uma abrupta mudanca nos processos deposicionais da
Formacdo Crato, onde um ambiente hipersalino e predominantemente
carbonatico foi subitamente substituido por um ambiente preponderantemente
siliciclastico, com prevaléncia de sedimentacdo fina. As caracteristicas
paleoambientais detectadas na camada correspondem as de uma grande laguna
de 4gua doce, com uma ampla planicie lamosa, por sua vez, contendo intensa
bioturbacdo. Em suma, os atributos litolégicos e paleontoldgicos descritos para
a Camada “Trés Irmaos” fornecem-na uma significativa importancia para a
realizacdo de correlacfes litoestratigraficas intrabasinais, sendo ela, portanto,

uma importante ferramenta para estudos geologicos regionais.

Outrossim, na Camada “Trés Irmaos” foram encontrados bivalves
autoctones a parautéctones e, notavelmente, nenhum deles pbéde ser alocado
em taxons marinhos, ainda que isso tenha sido largamente feito pela escassa
literatura que trata do assunto. Dentre os elementos faunisticos encontrados na
unidade, inclui-se o0 novo género descrito Cratonaia gen. nov. Este, por sua vez,
detém caracteristicas morfolégicas tipicas da subordem Silesunionidina, e o
arranjo de suas cicatrizes musculares anteriores assemelham-se aquelas da
superfamilia Silesunionoidea. A alocacdo deste novo género a uma familia
especifica dentro de Silesunionoidea permanece nebulosa, visto que as
cicatrizes de musculos pediais apresentam divergéncias concernentes ao

arranjo, tamanho e distribuicdo quando comparadas aquelas das familias
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Silesunionidae e Unionellidae, ambas pertencentes a superfamilia
Silesunionoidea. Foi, ainda, descrita uma nova espécie, Cratonaia
novaolindensis gen. et sp. nov. que, por sua vez, muito provavelmente se tratava

de uma espécie endémica da Bacia do Araripe durante o Cretaceo Inferior.

A presenca de Cratonaia novaolindensis gen. et sp. nov. na Bacia do
Araripe demonstra que bivalves da superfamilia Silesunionoidea ndo estéo
restritos ao Triassico, como previamente pensado. Sua presenca teria se
estendido também ao Cretaceo, sendo esta ocorréncia de Cratonaia
novaolindensis gen. et sp. nov. a mais recente conhecida até o momento para

este grupo.

Além de Cratonaia novaolindensis gen. et sp. nov., mais duas novas
espécies foram também descritas para a Formacao Crato. S&o elas Araripenaia
elliptica gen. et sp. nov. e ?Monginella bellaradiata sp. nov. Estas espécies
constituem o primeiro registro de membros da superfamilia Trigonioidoidea
(Ordem Unionida) para o Cretaceo Inferior da América do Sul. O reconhecimento
destas espécies confiirma o fato de que Trigonioidoidea possuem uma
distribuicdo geogréfica bem mais ampla do que o estabelecido até entéo,
ocorrendo também no oeste do Gondwana. Finalmente, chega-se também a
conclusédo de que o registro paleontolégico de ambas as superfamilias (i.e.,
Trigonioidoidea e Silesunioidoidea), é pouco conhecido e/ou incompleto. A
paleobiogeografia destes taxons estd distante de ser inteiramente

compreendida.

Tendo isso em mente, € possivel pensar em diversos possiveis caminhos
para abordagens cientificas futuras, como por exemplo a conduc¢éo de um estudo
paleoautoecolégico destas novas espécies. A realizacdo de andlises
morfofuncionais destes fésseis pode propiciar uma compreensdo mais detalhada
acerca de seus habitos de vida, bem como de aspectos paleoecoldgicos e
paleogeograficos da unidade. Salienta-se que aspectos paleogeograficos
constituem discussdo de grande importancia cientifica para a geologia do

Gondwana.

Pode-se pensar ainda em uma avaliacao tafonémica de detalhe. Dada a
quantidade de espécimes e informacdes tafonémicas obtidas ao longo do
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periodo abrangido por este estudo, tornar-se-ia possivel a geracdo de um
robusto e confiavel arcabouco de dados que poderia ser de grande auxilio a
compreensao de aspectos paleoambientais e sedimentologicos associados ao
depodsito. A importancia de um estudo abordando este tema é ainda mais

potencializada dado o pouco desenvolvimento acerca do tépico.

Finalmente, pode-se pensar, a longo prazo, em novas prospeccoes
paleontolégicas em areas que possam estar correlacionadas com a unidade
descrita. Isso poderia auxiliar a preencher lacunas taxonOmicas e
paleobiogeograficas que ainda persistem na paleontologia das superfamilias

Silesunionoidea e Trigonioidoidea.
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APENDICE A56

The “Trés Irméaos” Bed, a key regional stratigraphic marker bed
from the Crato Formation, Araripe Basin, NE Brazil

« Bhales and sandstones

SEste apéndice é um artigo em co-autoria com F.G. Varejado, M.L. Assine, L.V. Warren, S.A.
Matos, M.G. Rodrigues, F.T. Fursich e M.G. Simdes.

60 artigo encontra-se em estado de preparacgédo, e sera submetido ao periédico Brazilian
Journal of Geology
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Apéndice A

The Trés Irmaos Bed, a key regional stratigraphic marker bed from
the Crato Formation, Araripe Basin, NE Brazil

ABSTRACT

The Aptian Crato Formation is one of the main lithostratigraphic units of the Lower
Cretaceous sedimentary succession of the Araripe Basin, NE Brazil. The unit is famous
for its Crato Konservat-Lagerstétte that is mainly represented by microbially-induced,
laminated limestones with exceptionally well-preserved fossils. Detailed (bed-by-bed)
stratigraphic examination and mapping of the up to 90-m-thick Crato Formation in the
eastern border of the basin, allowed the recognition of an important fossil-bearing muddy
interval within this remarkable sedimentary unit. Herein, this fine-grained interval is
formally defined as the Trés Irmaos Bed, a key, regionally persistent, marker bed within
the Crato Formation. In its type locality, Trés Irmaos quarry (UTM 422,950 / 9,213,344),
Nova Olinda county, Cearéa State, the bed is an up to 0.85-m-thick interval characterized
by tabular beds of intensely bioturbated mudstones that are intercalated with shales, fine-
grained sandstones and heterolithic facies, right above the Konservat-Lagerstatte
limestones. This interval was recognized in distinct localities along the outcrop belt of the
unit, particularly at the Estiva (UTM 413,948 / 9,210,049), Batateira (UTM 449,866 /
9,198,487), and Caldas (UTM 459,349 / 9,186,902) localities. Bed thickness varies from
0.3 to 1.3 m, and the lower contact with the shales and the laminated limestones is always
sharp, whereas the upper contact with the sandy siltstones, sandstones and heterolithic
facies is transitional. Bivalves, small gastropods, rare ostracods, and carbonized plant

remains, plus trace fossils are recorded in the bed. Bivalves and gastropods seem to be
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indicative of freshwater to brackish conditions and are more diverse and abundant in the
type locality. In summary, the Trés Irmdos Bed is a shell-bearing mudstone bed,
interpreted to be deposited in a freshwater muddy flat that occupied the entire eastern area
of the Araripe Basin after the deposition of the fossil-rich laminated limestones, which
are indicative of hypersaline lacustrine conditions. Therefore, the Trés Irmaos Bed
records abrupt and widespread changes in the basin and associated benthic
paleocommunities as a result of regional changes in environments. Indeed, the bed is
representative of a short-term isochronous regional paleoenvironmental event, when the
type of sedimentation, bathymetry, water salinity, oxygenation and chemistry, among
other environmental parameters, changed. Consequently, Trés Irmaos Bed offers us a
well-tied stratigraphic bed for regional correlation within the Aptian Crato succession of

the Araripe Basin.

Keywords: bivalves, gastropods, trace fossils, epicontinental marine ingression, marker

bed, Aptian.
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INTRODUCTION

The Aptian Crato Formation of the Santana Group (sensu Assine et al. 2014,
Neumann & Assine 2015), Araripe Basin, northeastern Brazil, is worldwide renowned
for its exceptionally well-preserved fossils, which are found in lacustrine laminated
limestones. These represent one of the main Cretaceous Konservat-Lagerstatten of the
Gondwana (Maisey 1991, Martill et al. 2007a). Based on the absence of marine fossils
(Neumann et al. 2003, Heimhofer et al. 2010) and the occurrence of clam shrimps,
ostracodes and other continental fossils in some particular strata (e.g., Coimbra et al.
2002, Neumann et al. 2003, Heimhofer et al. 2010), the Crato Formation is interpreted as
a mixed carbonate-siliciclastic succession deposited in a lacustrine system.

This scenario is not entirely corroborated by sedimentological and paleontological
data (i.e., Bruno & Hessel 2006, Goldberg et al. 2019). Indeed, the recent record of
microforaminifers in the top of the unit, right below the deposition of characteristic
evaporite beds, attest the occurrence of a marine ingression in the unit (Goldberg et al.
2019). Before this, marine deposition was also verified by the presence of marine (or
brackish) bivalves (Bruno & Hessel 2006) possibly in association with freshwater forms
(see Beurlen 1963), suggesting that (1) the depositional history of this unit is much more
complex than previous thought and (2) must be deeply reevaluated. Moreover, the
exclusive occurrence of typical continental allochthonous fossils (e.g., pterosaurs,
angiosperms, clam shrimps) in some particular stratigraphic intervals (all associated to
limestone beds), does not necessarily indicate that the whole unit was exclusively
deposited under lacustrine conditions.

The recognition of intervals that are relevant for paleoenvironmental and
paleogeographic purposes is of ultimate importance in the better characterization of the
depositional record of the Crato Formation. Within the last years, during the detailed

mapping and stratigraphic investigation of the Crato Formation in the scope of a broad
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investigation of the Santana Group, we were able to (1) establish a stratigraphic-
sedimentologic framework to the fossil occurrences other than those tied to the fossil-rich
laminated limestones; and (2) identify intervals that are regionally relevant to
paleoenvironmental interpretations and basinal correlation. Among them, the so-called
Trés Irméos Bed is here formally described constituting a key datum for intrabasinal

correlation.

GEOLOGICAL SETTING

The Araripe Basin developed by the Cretaceous fault reactivation of two major
Neoproterozoic shear zones within the Borborema Province, in response to the opening
of the southern and equatorial branches of the Atlantic Rift System (Matos 1992). The
Aptian transitional phase of this basin is represented by the Barbalha, Crato, Ipubi and
Romualdo formations that integrate the Santana Group (Assine et al. 2014, Neumann &
Assine 2015). This was an important moment in the evolution of the Atlantic rifting due
to the occurrence of the first marine connection between Central and South Atlantic
waters (Koutsoukos et al. 1991). During this moment, the Araripe Basin was reached by
an important epicontinental marine ingression that took place from the south to the north
(Assine et al. 2016, Custddio et al. 2017, Fursich et al. 2019).

The Aptian record of the Araripe Basin is marked by mixed carbonate-evaporite-
siliciclastic depositional successions (Assine et al. 2014, Fig. 1B), emphasizing the Crato
Formation, an up to 90-m-thick succession of interbedded limestones, shales, mudstones
and sandstones interpreted as lacustrine system deposits (Heimhofer et al. 2010, Warren
et al. 2017, Fig. 1). The Crato Formation holds a world-famous, fossil-rich deposit
yielding exceptionally preserved continental fossils, making it one the most important
Cretaceous insect-bearing Konservat-Lagerstatten (Heads et al. 2008). Arthropods,

fishes, turtles, pterosaurs, gymnosperms, and early flowering plants are the best-preserved
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fossils (Martill et al. 2007a). Notably, true marine fossils are missing in most part of the
unit, a fact used to assume a lacustrine origin to the whole unit (Coimbra et al. 2002,
Neumann et al. 2003). However, the recent discovery of marine microforaminifers in the
upper part of the unit, indicates that the marine ingression event (see Assine et al. 2016,
Custodio et al. 2017, Fursich et al. 2019) in the Araripe Basin, occurred before what was

previously assumed (Goldberg et al. 2019).

MATERIALS AND METHODS

Recognition of the Trés Irmé&os Bed as key marker bed within the Crato Formation
was made based on the Article B-7 of the Brazilian Stratigraphic Code of Nomenclature
(see Petri et al. 1986, p. 373-374). Data is derived from a broad and detailed regional
stratigraphic mapping of this unit tied to a high-resolution outcrop logging, plus drill hole
core descriptions when available. Bed name is derived from the exposition available at
the Nova Olinda limestone mining area (see below). Description of the sedimentary facies
was based on the following features recorded in the deposits: geometry, texture,
sedimentary structures, paleocurrents, taphonomy, body fossil content, and trace fossil
associations.

During the field sampling of the Trés Irmdos Bed, at least 433 individuals of
mollusks (230 bivalves and 203 gastropods) were collected. These are deposited in the
scientific collection of the Department of Zoology, Sao Paulo State University, Botucatu
campus, Sao Paulo, Brazil. Taphonomy of the shells is briefly mentioned and the main
biostratinomic attributes and nomenclature used followed those of Kidwell et al. (1986),

Brett & Baird (1986), Fursich & Oschmann (1993).
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RESULTS

Within the sedimentary succession of the Crato Formation, a relatively thin (~ 0.3
to 1.3 m) mollusk-bearing mudstone bed is readily recognizable immediately above the
basal laminated limestone bank (see Fig. 1C and 2). The mudstone bed comprehends the
base of a coarsening upward succession that grades to interbedded sandy siltstones and
claystones with predominance of horizontal bioturbation. This interval is differentiated
from the successions above and below based on either its distinct physical sedimentary
properties and/or fossil content. The mud-dominated succession was mapped along the
outcrop belt of the Crato Formation at the Nova Olinda, Crato and Barbalha counties,

State of Cearé (Fig. 1), and is here formally recognized as the Trés Irmaos Bed, as follows:

Formal Proposition

Category: Lithostratigraphic unit;

Hierarchy: Bed;

Derivation Name: Trés Irmaos Bed or Three Brothers Bed (in a literal translation), given
the fact that the best exposures of the bed are in the excavation sites of the Trés Irmaos

Mining Company, at the Nova Olinda County, Ceara State, NE Brazil (Fig. 3);

Type locality: The Trés Irmaos quarry (UTM 422,950 / 9,213,344), Nova Olinda County
(Fig. 3).

Description: At its type locality, the Trés Irmaos Bed is positioned between fossil-rich
laminated limestones and a heterolithic succession (see Fig. 3). The bed varies laterally
in thickness between 0.3 m and up to 0.85 m. This is recorded in a mud-dominated interval
characterized by up to 0.3-m-thick layers of sandy siltstones with massive aspect
interbedded with very thin (up to 2 cm) laminae of claystone and gypsum. Small

gastropods are common in the lower part while bivalves dominate the upper portions of
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the sandy siltstone bed. Accumulations of bivalve shells, as cm-thick shell-beds, or
coquinas, are not recorded. The bivalves are commonly recorded as dispersed articulated
or disarticulated valves with moldic (internal, external and composite) preservation.
Closed articulated bivalve shells are not in situ (i.e., in life position). The sandy siltstones
are characterized by intense bioturbation, which obliterates the original rock fabric.
Mudstones with incipient lamination are recorded directly above sandy siltstones.
These are characterized by the presence of disperse bivalve shells that are commonly
articulated and predominantly preserved as splayed open valves. The entire interval
presents flat base and convex-up morphology with several irregular v-shaped cracks filled
by shale (neptunian dykes). Shales and heterolithic facies (linsen to wavy lamination) are
recorded above the mollusk-bearing interval and are characterized by the presence of

vertical trace fossils (i.e., Skolithos, Arenicolites and Diplocraterion).

The Trés Irmaos Bed at other localities: Estiva, Batateira, and Caldas

As commented above the bivalve-bearing mudstones of the Trés Irméos Bed can be
mapped in distinct localities of the Araripe Basin (Figs. 1 and 2). All three sites (i.e.,
Estiva and Batateira creek and Caldas quarry; Figs. 4-6) present the same stratigraphic,
sedimentologic and paleontological attributes.

At the Estiva section (see Fig. 4), the Trés Irmé&os Bed is a 0.5-m-thick gray to green
mudstone with butterfly-splayed bivalves right above black shales. Above, thickening
upward tabular layers of sandy siltstones are interbedded with claystones. Sandy
siltstones present an incipient lamination marked by possible horizontal trace fossils.
Dark shales with bioturbated (i.e., Skolithos) linsen beddings are also recorded. As
usually, the bivalves are dispersed to loosely packed in the sedimentary matrix, mainly

concordant (convex-up) to the bedding. Both articulate and disarticulate shells occur, but
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the vast majority are splayed valves. Among the few disarticulated specimens, the right
valves predominate.

The Batateira creek section has the thickest record of the Trés Irmaos Bed. Locally,
at its base, black shales are recorded followed by 1.1-m-thick tabular gray mudstone bed
(Fig. 5). The mudstones are mainly massive, although incipient lamination produced by
horizontal traces can be observed. In the basal interval, bivalves are the dominant fossils,
which are disperse in the matrix and typically preserved as splayed-out individuals, with
subordinate occurrence of gastropods. No significant left/right 50-50 valve ratio deviation
is noted within the disarticulated valves. Yet, the isolated valves are commonly recorded
in a convex-up posture. The succession thickens towards the top of the bed (see Fig. 5).
Tabular and incipiently laminated layers of siltstone occur separated by thin levels of
horizontally (Lockeia and Planolites) bioturbated claystones filled by sand. Above, black
shales and interbedded fine-grained sandstones with through cross-bedding, ripple cross
lamination and hummocky cross-stratification are recorded.

At the Caldas quarry, the Trés Irmédos Bed is a 0.9-m-thick grey mudstone bed (Fig.
6). In the mudstone, clam shrimps are commonly record in the basal portions. Bivalves
with articulated splayed-out shells are documented in the middle of the fossiliferous
interval and carbonized and plant fragments are common in the upper part. Above the
fossil-rich mudstone bed, the succession is dominated by intercalation of cm-scale tabular
beds of sandy siltstones and thin laminae (~2 cm) of claystones. The bivalves occur as
disperse elements in the mudstone and are mainly represented by articulated valves,
especially splayed-out ones. The disarticulated shells are typically concordant to bedding
plane, either convex-up or down. Among the disarticulated specimens the number of right

and left valves is similar.
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DISCUSSION
Paleontological content

As previously discussed, the presence of bivalve shells is a key feature
distinguishing the studied mud-dominated marker bed from the beds immediately above
and below. Notably, the occurrence of bivalves in this interval is known since the ‘60s,
though they are still undescribed. Beurlen (1963, p.15) was one of the first authors to note
that the mudstone recorded a distinct shell accumulation mainly dominated by small
Unionidae bivalves in association with frequent plant remains, a condition also noted by
us. Data in Beurlen (1963) was gathered from a dark mudstone of the Crato Formation
cropping out in the vicinities of the city of Crato, in the so-called Romualdo Ranch where
the rocks of the Santana Group are well exposed in deep gullies. However, neither the
shells, nor the mudstones were illustrated or described by Beurlen (1963). Bivalves in the
Crato Formation were also mentioned by Mabesoone & Tinoco (1973), mainly based on

data by Beurlen.

Martill & Wilby (1993), and Martill et al. (2005, 2007a, b) were among the first
authors to clearly state that the bivalve-bearing mudstones of the Crato Formation were
stratigraphically placed immediately above the basal laminated limestones of this unit.
Martill et al. (2005, p. 1402), also noted that the bivalves may be unionids. In a meeting
abstract, Barbosa et al. (2004) noted that the bivalve-bearing mudstones of the Crato
Formation are recorded in distinct localities of the eastern margin of the Araripe Basin,
in the sedimentary succession cropping out at the Batateira river, or in mining expositions,
such as the Caldas, André (= Trés Irmdos) and Pedra Branca quarries, all in the State of
Ceara. In all these localities, the bivalve-bearing mudstones are above the basal laminated
limestone bank (Barbosa et al., 2004). These authors mentioned the presence of marine

bivalves, such as Yoldia (Yoldia) sp., Barbatia (Cucullaearca) sp., and Malletia
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(Malletia) sp., plus the freshwater genus Pseudohyria. Again, the bivalves were not
illustrated or described. Based on data in Barbosa et al. (2004), Bruno & Hessel (2006)
commented on the presence of those marine and freshwater genera in the Crato
Formation, suggesting that they may have lived under euryhaline conditions. On the other
hand, Van Damme et al. (2015, p. 189), stated that the record of ‘unionid bivalves’ in the
upper part of the Early Cretaceous Crato Formation by previous authors is probably
erroneous, highlighting that no data has ever been published with their taxonomic

description.

Gastropods are very common in the Trés Irmé&os Bed, especially in its type section
and in the Batateira creek. The shells are preserved mainly as tiny (2.9 - 12.3 mm) internal
and external molds. Fragmentation is uncommon and the specimens are dispersed,
generally showing compaction-related deformation. Conispiral, turriform/fusiform and
high-spired shells strongly predominate, planispiral shells, in turn, are very rare. The
presence of gastropods in the Crato Formation was recognized in the literature only by
Santos et al. (2017), when they were identified as hydrobiids. Indeed, the outline of the
commonest morphotypes found in the Trés Irmé&os Bed resembles the shells of gastropods
of that family, which are characteristically colonize freshwater and brackish water
environments (Kabat & Hersher 1993). Other conispiral morphoypes show axial
ornamentation, typical of some rissoid gastropods. Most of the Rissoidae species are
marine, just few species colonize brackish waters (Ponder 1984). The poor preservation

of the specimens hampers the precise taxonomic identification of the Crato gastropods.

The formal description of the bivalves and gastropods recorded in the Trés Irmé&os
Bed is out of the scope of this contribution but, from our observations, the most common
bivalves recorded in this bed cannot be confidently assigned to true marine groups. None

of the available bivalve specimens in our collection has a typical taxodont hinge, as in
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Yoldia or Barbatia. Therefore, they cannot be easily referred to these genera. On the
contrary, the three most common bivalve species found in the Trés Irméos Bed have the
typical elliptical to subovate outline, and ornamentation, found in non-marine Unionida
bivalves (Fig. 7).

Paleoenvironmental and stratigraphic significance

The lacustrine deposits of the lower part of the Crato Formation are covered by a
mollusk-bearing mudstone interval that can be easily tracked for tens of kilometers (Fig.
2). This thin (dm- to m-thick) interval contains marine/brackish bivalves (Bruno and
Hessel, 2006, p. 36) and gastropods (Santos et al. 2017), associated to non-marine
freshwater forms (Unionoida, see Martill 2005, Bruno & Hessel 2006), suggesting
variable salinity in the system. In this scenario the freshwater forms may have lived under
a freshwater muddy flat.

The thickness of the bivalve-bearing bed decreases towards the northern basin
margin. In the distal settings, the thickness of this marker bed increases, and the mud
facies are overlain by coarse-grained facies registering a coarsening-upward succession.
Shales, heterolithic facies, and sigmoid cross-bedded sandstones with mud drapes are
recorded above the mollusk-bearing mudstones, and are characteristic of tidally-
influenced sedimentation. In this manner, the Trés Irmaos Bed registers the final moments
of a transgressive cycle that culminated into an epicontinental marine ingression in the

Crato Formation.

FINAL REMARKS

Detailed stratigraphic study and mapping of the Crato Formation of the Araripe
Basin allowed us to recognize a set of lithological and paleontological attributes that

characterizes the so-called Trés Irméos Bed. This ca. 1-m-thick siliciclastic-dominated
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interval can be recognized and mapped in vast areas of the outcrop belt of the Crato
Formation. Both geological and paleontological information suggest that the bed would
have been deposed in freshwater muddy flats with variable salinity. The Trés Irmaos Bed
marks abrupt changes in sedimentation, when the hypersaline carbonate-dominated
system was suddenly replaced by asiliclastic, fine-grained one. Among the most common
fossils in the bed, none of the bivalves can be confidently assigned to marine groups, and
they probably belong to non-marine Unionida families. Taphonomic information indicate
that these bivalves are parautochthonous to autochthonous elements in the mudstones of
the Trés Irmé&os Bed.

Recognition of the Trés Irmaos Bed is very useful in intrabasinal lithostratigraphic
correlations (Fig. 2), and those are an important geological tool in surface, regional
studies. In this context, the lower limit of the Trés Irmaos Bed is particularly useful as a
datum given its sharp basal contact with the underlying laminated limestones of the Crato

Formation (Fig. 2).
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Figure 7. Characteristic fossils from the Trés Irmé&os Bed, including probably Unionida

bivalves (A-C), carbonized plant remains (D), and possibly hydrobid gastropods (E).
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Cratonaia novaolindensis gen. et sp. nov. (Unionida:
Silesunionoidea) from the Aptian of Brazil (Araripe Basin), and
its implications on the early evolution of freshwater mussels
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Apéndice B

Cratonaia novaolindensis gen. et sp. nov. (Unionida: Silesunionoidea)
from the Aptian of Brazil (Araripe Basin), and its implications on the
early evolution of freshwater mussels

ABSTRACT

The fossil-rich carbonate deposits of the Aptian Crato Formation, Araripe Basin, Brazil,
are one of the main Cretaceous Konservat-Lagerstatten of Gondwana, and have come to
fame globally. However, information on fossils from deposits other than the famous
laminites of the basal part of the unit is scarce. Herein, we describe the first bivalves of
the suborder Silesunionidina Skawina and Dzik, 2011 in the order Unionida Gray, 1854
from South America. The specimens were collected from a 0.3-1 m thick grey to yellow
mudstone interval located 0.3 m above the laminated limestones of the lower part of the
Crato Formation at Nova Olinda, State of Ceara. They comprise exquisite composite,
internal and external moulds, preserving key anatomical characters. Based on the
analysis of muscle scars, hinge and ornamentation, these bivalves are assigned to a new
genus and species, Cratonaia novaolindensis gen. et sp. nov., herein. The presence of a
series of small pedal elevator scars linearly arranged on the external wall of the umbonal
cavity indicates that this is a member of the suborder Silesunionidina. Cratonaia
novaolindensis is the by far youngest representative of this group. Closely related
bivalves were previously reported from Triassic deposits of Australia, Africa, Europe
and potentially India. Detailed stratigraphic, sedimentological and taphonomic
observations indicate that the new taxon thrived in a freshwater lake. The occurrence of

Silesunionoidea in the Early Cretaceous of South America indicates that the condition
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of the musculature in Mesozoic freshwater mussels needs to be established to

confidently assign them at family level.

KEYWORDS
Crato Formation; taphonomy; taxonomy; systematics; palaeobiogeography; South

America.
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1. INTRODUCTION

The Aptian Crato Formation of the Santana Group is famous for its exceptionally
preserved biota, which mainly occur in laminated limestones forming the basal part of
the unit. These strata crop out at the northern, southern and eastern margins of the
Acraripe Plateau, a large and isolated flat-topped geomorphic structure forming a
prominent landmark in the Araripe Basin, northeastern Brazil (Fig. 1).

The presence of “unionoid bivalves” in mudstones of the Crato Formation had
been indicated by Beurlen (1963), Mabesoone and Tinoco (1973), Martill et al. (2005,
2007) and Sales (2005). These freshwater bivalves, assigned to the Unionida Gray,
1854, which is the sister group of the marine Trigoniida Dall, 1889 (Giribet and
Wheeler, 2002; Graf and Cummings, 2006; Hoeh et al., 1998; Huang et al., 2019;
Lopes-Lima et al., 2017), are one of the rare accounts of benthic macrofossils that do
not come from the fossil-rich laminated limestones of the basal part of this unit (Martill
et al., 2005, 2007; Varejao, 2019). However, despite their evolutionary and
paleobiogeographic relevance, no descriptions or illustrations of these “unionoid
bivalves” were published. Moreover, based on literature data, Bruno and Hessel (2006)
referred the Crato Formation bivalves to marine families, such as Arcidae Lamarck,
1809, Malletidae Adams and Adams, 1858, and Yoldiidae Dall, 1908. As a result, Van
Damme et al. (2015, p. 189) considered the record of freshwater mussels from the Crato
Formation as probably erroneous.

In this context, it should be stressed that until now, no Unionida had been
described in detail from Early Cretaceous deposits of northeastern Brazil. As well-
observed by VVan Damme et al. (2015, p. 188), Mesozoic freshwater mussels from
Brazil are mainly known from the Late Cretaceous Marilia (Maastrichtian) and

Adamantina (Turonian to Santonian or Campanian to Maastrichtian) formations of the
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Bauru Group, southeastern Brazil (Ghilardi et al., 2007, 2011a, b; Ghilardi and
Maranh3ao, 2010; Mezzalira, 1974; Mezzalira and Simone, 1997, 1999; Simone and
Mezzalira, 1993, 1994, 1997). Only members of the families Mulleriidae Deshayes,
1832 (subfamily Mycetopodinae Gray, 1840), Hyriidae Swainson, 1840 and
Sancticarolitidae Simone and Mezzalira, 1997 have been identified from Mesozoic
strata of Brazil. Notably, none of these families were found in Mesozoic or Cenozoic
strata of Africa (Van Damme et al., 2015).

The main purpose of the present contribution is to provide a detailed description
of Cratonaia novaolindensis gen. et sp. nov., the first bivalve from the Crato Formation
assigned to the Unionida, corroborating previous assumptions regarding the presence of
freshwater mussels in Early Cretaceous deposits of the Araripe Basin (Beurlen, 1963;
Mabesoone and Tinoco, 1973; Martill et al., 2005, 2007; Sales, 2005). The new taxon is
assigned to the suborder Silesunionidina, and is the first representative of this clade
reported from South America. The evolutionary, palaeoenvironmental and

palaeogeographic significance of this find are outlined and discussed.

2. GEOLOGICAL CONTEXT

The Araripe Basin is an intracontinental rift basin in northeastern Brazil, and
originated from the reactivation of the Patos and Pernambuco lineaments during the
opening of the South Atlantic Ocean (Matos, 1992; Valenga et al., 2003). The Aptian
evaporitic transitional phase sensu Chang et al. (1988) is characterised by the deposition
of the Barbalha, Crato, Ipubi and Romualdo formations of the Santana Group, which are
arranged in three transgressive-regressive depositional sequences (Assine et al., 2014;
Fig. 1). During transgressive intervals, short-lived marine ingressions reached the

Araripe Basin from the southeast, using excavated fluvial valleys developed in the
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Recéncavo-Tucano-Jatoba rift system as a seaway (Assine et al., 2016; Custadio et al.,
2017; Freitas et al., 2017; Varejao et al., 2016).

The Crato Formation is an up to 90-m-thick mixed carbonate-siliciclastic
succession of microbially laminated limestones, stromatolites, siltstones, shales and
sandstones, and is best exposed in the eastern part of the Araripe Basin (Assine et al.,
2014; Catto et al., 2016; Neumann et al., 2003; Warren et al., 2017). The unit contains a
world-class Cretaceous Konservat-Lagerstatte (Martill et al., 2007; Varejao et al.,
2019), characterized by non-marine fossil assemblages (Mabesoone and Tinoco, 1973;
Davis and Martill, 1999; Martill, et al., 2007). These are preserved in an approximately
10-m-thick succession of laminated microbial limestones in the lower part of the unit
(Fig. 2), interpreted to be deposited in a hypersaline lake system (Heimhofer et al.,
2010; Warren et al., 2017; Varejdo et al., 2019).

In addition to marine-influenced deposits, which were recently described from the
Romualdo Formation (Custédio et al., 2017; Prado et al., 2018; Farsich et al., 2019),
restricted marine connections have also been proposed for the Crato Formation (Martill
et al., 2007; Varejao, 2019), suggesting that the depositional history of this unit is more
complex than previously thought. In a critical literature review, Bruno and Hessel
(2006) indicated the presence of Yoldia, Barbatia and Malletia in the Crato Formation,
and also brought the occurrence of Pseudohyria MacNeil, 1935 to attention.
Unfortunately, these bivalves were not described or properly illustrated, and no
repositories were indicated. The bivalves were recorded from an approximately 1-m-
thick mudstone bed positioned directly above the fossil-rich laminated limestone of the
basal part of the Crato Formation. Besides the supposedly marine bivalves (Bruno and

Hessel, 2006), the mudstone bed also contains Unionida (see also Martill et al., 2007)
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and hydrobiid gastropods (Santos et al., 2017), suggesting an environment of fluctuating

salinity.

3. MATERIAL AND METHODS

The Unionida from the Crato Formation were collected at the Trés Irmdos quarry,
Nova Olinda county, State of Ceara (Figs. 1, 2), and comprise 39 specimens, mainly
representing composite moulds. The facies of the bivalve-bearing interval was analysed
in detail (mm scale), with regard to lithology, sedimentary structures and bed contacts
(Fig. 2).

The specimens are stored in the Palaeontological Collection of the Department of
Zoology, Sao Paulo State University, Botucatu Campus, S3o Paulo, Brazil, and were
archived under the prefix DZP- (see below). Table 1 shows the measurements of the
studied specimens, most of them representing individuals with complete valves and
well-preserved muscle scars. Height and length were measured only on the best-
preserved specimens. Morphometric data of taxa other than Cratonaia novaolindensis
gen. et sp. nov. were extracted from the literature (McMichael, 1957; Skawina and
Dzik, 2011; Van Damme et al., 2015). All studied specimens were freed from rock
matrix using standard laboratory techniques (Feldmann et al., 1989), employing
precision mechanical tools. Latex and plasticine (FIMO brand) were used for casting.
All figured specimens were coated with magnesium oxide to enhance contrast and
emphasize internal and external anatomical characters (i.e., muscle scars, hinge and
ornamentation). The specimens were photographed using a Nikon digital camera
(D3200), equipped with a macro-lens (105 mm), producing a series of images at

different focal planes, which were merged using the focus stacking feature in Adobe
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Photoshop CC software. Schematic drawings were performed in Corel Draw X8

software.

5. RESULTS
5.1. Taphonomy and stratigraphic position of the bivalve-bearing strata

The studied specimens were collected from greenish to yellow-coloured mudstones
of the Crato Formation, cropping out in the Trés Irmaos quarry. The mudstone bed occurs
0.3 m above the laminated limestones forming the Crato Konservat-Lagerstatte, and
overlies a thin shale intercalation (Fig. 2). The bivalve-bearing bed varies laterally in
thickness, from 0.3 to 0.85 m. The bed is typically of massive appearance, due to intense
bioturbation, but at least three layers, separated by very thin, up to 2 cm thick claystone
laminae, are present. The entire bed contains loosely packed bivalves and gastropods.
Small unidentified gastropods are common in the lower part, while bivalves dominate the
upper portion of the bed. The bivalves are commonly recorded as articulated or
disarticulated valves and preserved as moulds (internal, external and composite). The
specimens are dispersed to loosely packed in the matrix and are usually complete.
Fragmentation, if present, occurred during removal from the sedimentary matrix. The
bivalves occur variably convex-up, convex-down or oblique to bedding. Of the 39
individuals collected, eight are closed articulated valves, seven are in butterfly position,
and 24 represent single valves (12 left and 12 right valves), probably from distinct
individuals. Closed articulated bivalve shells are not preserved in situ, i.e. in life position,
and were distorted by sediment compaction. Most of the disarticulated specimens exhibit
post-depositional fractures, especially along the ventral margin. The widespread features
caused by compaction suggest that the shells were originally fairly thin. Uncompacted or

slightly compacted shells range from 18.4 to 39.9 mm in length, but most of the specimens
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(n = 18) are ~32.6 mm long (Table 1). The unionid bivalves were recorded from heavily
bioturbated mudstones (Fig. 2).

Cratonaia novaolindensis gen. et sp. nov. is associated with other bivalves
resembling Trigonioidoidea, which are currently under study. Apart from the bivalves,
the most common fossils co-occurring with Cratonaia gen. nov. are gastropods, mainly
referred to Hydrobiidae Stimpson, 1865 (Santos et al., 2017). Conchostracans
(Spinicaudata Linder, 1945), which are rather common in other intervals of the Crato
Formation, were not recorded from the bed yielding Cratonaia novaolindensis gen. et sp.
nov., but unidentified ostracods are present.

Above the bivalve-rich mudstones, decimetre-thick beds of shales occur, which
grade into fine- to medium-grained ripple-laminated sandstones. Medium- to coarse-
grained trough cross-stratified sandstones, organised in up to 0.5 m-high sigmoidal bars,
and laterally continuous for dozens of metres, are also common. These sigmoidal bars
are bounded by mud drapes. Heterolithic deposits dominate the upper part of the unit,
where greenish to grey-coloured shales with lenticular bedding occur interbedded with

fine-grained sandstones, showing flaser to wavy bedding (Varejao, 2019; Fig. 2).

5.2. Systematic Palaeontology

The diagnostic characters for the classification of the superfamily Silesunionoidea
Skawina and Dzik, 2011 (order Unionida, suborder Silesunionidina), as used herein,
were defined by Skawina and Dzik (2011) and Van Damme et al. (2015). The diagnosis
of these bivalves is mainly based upon the presence and arrangement of a series of pedal
elevator muscle scars in the umbonal cavity. Yet, within the Silesunionoidea, the

ornamentation of juvenile shells is also distinctive. The hinge of the Silesunionoidea is
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still poorly studied (but see Dzik and Sulej, 2007 for a general overview), mainly due to
the limited information yielded by the fossils.

The following abbreviations are employed in the illustrations: aa — anterior
adductor, pl — pallial line, ap — anterior protractor, apr — anterior pedal retractor, ppr —
posterior pedal retractor, pe — pedal elevators, pa — posterior adductor, mct - median

cardinal tooth, act - anterior cardinal tooth.

Class Bivalvia Linnaeus, 1758

Order Unionida Gray, 1854

Suborder Silesunionidina Skawina and Dzik, 2011
Superfamily Silesunionoidea Skawina and Dzik, 2011
Family uncertain

Genus Cratonaia gen. nov.

Type species: Cratonaia novaolindensis gen. et sp. nov.

Etymology: The genus name combines the name of the Crato Formation (i.e. the
geological unit where the type species was found) with the latinised ending naia,
commonly used for freshwater mussels, referring to the water nymphs of ancient Greek

mythology, the Naiades.

Diagnosis: As for the type species.

Cratonaia novaolindensis sp. nov.

Figs. 3-7A
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Type material: Holotype, DZP-19822, right valve. Paratypes, two left valves, DZP-

19836b and DZP-19835a.

Other specimens: DZP-19828, DZP-19829, DZP-19817a, DZP-19825, DZP-19826,

DZP-19856b.

Measurements: see Table 1.

Type locality: Nova Olinda City, Trés Irmaos quarry, 3 km from the main entrance to the

city, Nova Olinda-Santana do Cariri road, State of Ceard, northeastern Brazil.

Type horizon: Massive mudstones, 0.3 m above the basal fossil-rich laminated limestone

unit of the Crato Formation.

Etymology: The species name refers to the type locality of the fossils, near Nova Olinda

City, State of Ceara, northeastern Brazil.

Diagnosis: Elliptical silesunionoid bivalve shells with a series of minute pedal elevator
scars linearly arranged along the dorsal margin of the umbonal cavity, associated with a
narrow internal ridge (corresponding to a narrow sulcus in internal moulds). Anterior
adductor muscle scar large and deeply impressed, bordered posteriorly by a strong
buttress; anterior pedal retractor muscle scar large, attached to the posterodorsal corner
of the anterior adductor muscle scar; anterior pedal protractor muscle scar distinctly
separated from the anterior adductor muscle scar; pallial line very distinct and continuous

(not dotted). Hinge of right valve with two cardinal teeth, the anterior one well-developed,
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triangular, the posterior one narrow, elongated and posteroventrally directed. Juvenile

shell ornamented with commarginal ribs.

Description: Elongated, elliptical shell attaining a maximum length of 40 mm (Figs. 3-8,
Table 1). Umbones low, prosogyrate and located at about 1/4-1/5 of the length of the
shell from its anterior end. Hinge of the right valve with two prominent, forwardly
inclined teeth: the anterior one is triangular and the posterior one is narrow; these
correspond to well-developed sockets in the left valve; other teeth unknown (Fig. 5).
Anterior adductor muscle scar is deeply impressed and bordered by a strong buttress;
large anterior pedal retractor muscle scar attached to the anterior adductor muscle scar
and placed slightly posterodorsally; isolated pedal protractor scar situated ventrally and
slightly posteriorly of the anterior adductor muscle scar. Posterior adductor muscle scar
large, oval, weakly impressed and slightly larger than the anterior one; small posterior
pedal retractor muscle scar fused with the dorsal margin of the posterior adductor
muscle scar (Figs. 3, 4). Pallial line poorly preserved, probably without sinus. A series
of small pedal elevator muscle scars linearly arranged along the dorsal margin of the
umbonal cavity. These muscles are associated with a narrow internal ridge (= a narrow
sulcus in internal moulds) (Figs. 3, 4). Ornament of relatively fine commarginal growth

lines; juvenile ornamentation consisting of more prominent commarginal ribs (Fig. 6).

Remarks: The umbonal musculature of Cratonaia gen. nov. clearly assigns the new
taxon to the Unionida. With the linear series of pedal elevator muscle scars at the dorsal
margin of the umbonal cavity, Cratonaia closely resembles members of the Mid

Triassic (Anisian) Unionella—Protovirgus group (Unionellidae). However, in this group

the pedal elevator scars are larger and very variable in number (Skawina and Dzik,
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2011, p. 872, fig. 5). For example, in Protovirgus dunstani (Etheridge, 1888), the pedal
elevator muscle scars are deeply impressed and larger than those in Cratonaia gen. nov.
In Unionella bowralensis Etheridge, 1888, the pedal elevator muscle scars are also more
numerous (Skawina and Dzik, 2011, p. 872). In Cratonaia novaolindensis gen. et sp.
nov., these muscle scars are less numerous, much smaller and delicate, and located on a
short, narrow ridge (Figs. 3, 4, 7). Detailed comparisons of the hinge structure of these
genera are difficult given the poor preservation of this character in the Australian fossils
described by Etheridge (1888). Finally, the size of the new species is similar to that
shown by other Silesunionoidea (Fig. 8), with the exception of Tihkia? silesiaca
Skawina and Dzik, 2011, which is typically much larger than all other Silesunionoidea

(80 mm and larger).

6. DISCUSSION

6.1. Cratonaia gen. nov. as a member of Silesunionoidea

Despite a considerable degree of morphological convergence, several shell
characters in the Unionida, including the hinge structure, muscle scars and umbonal
sculpture, are considered as important diagnostic features (Skawina and Dzik, 2011;
Van Damme et al., 2015). Based on these, the new taxon described here is assigned to
the superfamily Silesunionoidea. This is a paraphyletic group within the Unionida,
characterised by filibranch-type gills and seemingly free-living larvae (Skawina and
Dzik, 2011), which occupies a transitional position between the marine ancestral
Trigoniida and the Unionidina Gray, 1854 (Skawina and Dzik, 2011; Van Damme et al.,
2015). Given its umbonal musculature, the new taxon clearly belongs to the
Silesunionoidea, and closely resembles other bivalves of this superfamily from the
Triassic of Africa, Australia and Europe. Externally, Cratonaia novaolindensis gen. et.

sp. nov. is similar to members of both the Unionellidae and Silesunionidae. However,
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due to the slightly different arrangement of the muscle scars and the poor knowledge of
its hinge and ligament, the family position of Cratonaia gen. nov. remains uncertain.

Assignment of Cratonaia gen. nov. to Silesunionidae is excluded, because the
latter have the minute pedal elevator muscle scars distributed mostly at the anterior side
of the umbonal cavity, with a large amount of intraspecific variation regarding this
feature. This character is well illustrated in Skawina and Dzik (2011, p. 874, fig. 9).
However, the position and shape of the anterior pedal protractor muscle scar in
Cratonaia novaolindensis gen. et. sp. nov. is similar to that in Silesunio parvus Skawina
and Dzik, 2011 (Fig. 7).

The presence of a linear series of pedal elevator muscle scars at the dorsal margin
of the umbonal cavity indicates that Cratonaia gen. nov. closely resembles Unionellidae
(see Skawina and Dzik, 2011, p. 877). However, the arrangement of the anterior pedal
protractor muscle scar is distinct from that in Unionellidae. Therefore, the taxonomic
position of Cratonaia gen. nov. within the Silesunionoidea must remain uncertain in

absence of more detailed information on hinge and other characters.

6.2. Cratonaia gen. nov. as a member of Unionoidea Rafinesque, 1820

As argued above, Cratonaia gen. nov. is assigned to the Silesunionoidea.
However, some additional comments on its affinities are necessary. In Cratonaia
novaolindensis gen. et sp. nov., the shape, size, and arrangement of the anterior muscle
scars, including the adductor and the pedal retractor muscle scars, closely resemble
those in Unionidae Rafinesque, 1820 (e.g., Alasmidonta Say, 1818) or Margaritiferidae
Henderson, 1929. In particular, the anterior pedal retractor muscle scar touches the
postero-dorsal side of the anterior adductor muscle scar (Fig. 9), a condition shared with

members of Unionidae and Margaritiferidae. However, the hinge in Cratonaia gen. nov.
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is distinct. In Margaritiferidae the condition of lateral teeth varies from vestigial to well-
defined; vertical sculpture is present on the entire laterals or on their posterior portion
(Lopes-Lima et al. 2018). Pseudocardinal teeth in margaritiferids vary from peg like to
thick and massive in both valves (Lopes-Lima et al., 2018). In Cratonaia gen. nov., no

lateral teeth are developed.

6.3. Cratonaia gen. nov. as a member of Trigonioidoidea Cox 1952

There is no consensus whether Trigonioidoidea is a branch of Unionida or
Trigoniida (see Carter et al., 2011). As shown by Sha (1992), the umbonal musculature
of Trigonioides (T.) heilongjiangensis Sha and Gu, 1984 (in Gu et al., 1984) is similarly
arranged (possibly more towards the anterior slope of the umbo) as in Cratonaia
novaolindensis gen. et sp. nov. However, the anterior pedal retractor muscle scar in
Trigonioidoidea is distinctly separated from the anterior adductor muscle scar (see Sha,
2007); this is not the case in Cratonaia. Furthermore, the shells of trigonioidoidean
bivalves are typically ornamented with a very characteristic V-shaped sculpture. The
exception are the shells of primitive Nakamuranaiadidae Guo, 1981, in which the
external ornamentation is dominantly commarginal. The external ornamentation of
Cratonaia is generally commarginal, including a distinct juvenile stage with well-
defined commarginal ribs (Fig. 6), as in other Silesunionoidea and generally various
Unionida. The most obvious character distinguishing Trigonioidoidea from Cratonaia
novaolindensis gen. et sp. nov. (Fig. 5) is the hinge. All facets of the teeth in Cratonaia
novaolindensis gen. et sp. nov. are smooth, while enclosing facets of hinge teeth in

Trigonioidoidea are covered with prominent striation.

6.4. Cratonaia gen. nov. versus Malletia Desmoulins, 1832.
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Bruno and Hessel (2006, p. 37, fig. 3) figured a bivalve assigned to the genus
Malletia, which looks highly similar to the specimens described as Cratonaia
novaolindensis gen. et sp. nov. herein; unfortunately, no morphologic description of
Malletia was provided. Cratonaia novaolindensis gen et sp. nov. has several
morphological characters that are distinct from those in Malletia, including the (i) hinge
teeth, (ii) ornamentation, and (iii) position of the umbones. Malletia has a taxodont hinge
(i.e. numerous small similarly shaped teeth) while Cratonaia novaolindensis gen. et sp.
nov. has a reduced palaeo-heterodont hinge consisting of pseudocardinals only (Fig. 5).
In Cratonaia novaolindensis gen et sp. nov., the juvenile shell differs from the adult part
in its pronounced ornamentation (Fig. 6), a condition typical of the Unionida. Finally, the
umbones in Malletia are more or less central, while in Cratonaia novaolindensis gen et

sp. nov. they are shifted considerably towards the anterior.

6.5. Taphonomy

A detailed assessment of the up to 30-m-thick succession of the Crato Formation
in the Trés Irm3os quarry (Fig. 2) places the 0.3- to 1-m-thick mudstone bed containing
the bivalves 0.3 m above the basal, fossil-rich laminated limestone unit (Fig. 2). The
high number of articulated closed and splayed shells suggests that the bivalves were not
dislodged from their original habitat and were rapidly buried. The absence of
fragmentation, abrasion and sorting, the close to random orientation of the specimens
and the intense bioturbation of the bivalve-bearing mudstones further indicate that
intrastratal biological activity was the most likely process leading to shell displacement.
The shells are thus interpreted as parautochthonous sensu Kidwell et al. (1986). The
high level of bioturbation in the bivalve-bearing mudstone also suggests that Cratonaia

novaolindensis gen. et sp. nov. colonised oxygenated, fine-grained substrates.
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As mentioned above, 39 specimens of Cratonaia novaolindensis gen et sp. nov.
are available for study. Reliable size measurements are available for 18 individuals; the
remaining specimens were fragmented during sampling and preparation. Despite this
limited data set, some observations regarding the size of the individuals of Cratonaia
novaolindensis gen. et sp. nov. are worth mentioning. All measured specimens fall into
one size class, being approximately 30 mm in length (Fig. 10). No juvenile specimens
(<10 mm) were recorded. Potentially, the lack of small specimens may have various
reasons: (i) the juvenile bivalves were not preserved due to selective preservation
processes (i.e. the dissolution of tiny aragonitic shells prior fossilization); (ii) the
juveniles were selectively predated by molluscivorous vertebrates (i.e., Hybodus
Agassiz, 1837 sharks, crocodilomorphs or lungfish are known to predate on freshwater
bivalves at least in the Mesozoic; Van Damme et al., 2015); (iii) juveniles were
overlooked during field sampling and/or preparation.

Based on field observations and fossil evidence, all these options are very
unlikely. The bivalve-bearing mudstone was exhaustively sampled (cm by cm) in the
field and minutely screened in the laboratory, but no small (<10 mm) Cratonaia
novaolindensis gen. et sp. nov. shells were recorded. However, ostracods and small
gastropod shells were recovered from the same samples. Preferential dissolution of
small (juvenile) Cratonaia novaolindensis gen. et sp. nov., as well as a sampling bias
are thus considered implausible. Intense predation of juveniles by durophagous fish is
also very unlikely, since comminuted, fragmentary shells typical of crushing predation
are absent. Most likely, the absence of juveniles is a pristine signal, and the collected
bivalves belong to a single cohort. Extant Unionida exhibit a high mortality rate during
their larval and juvenile stages, while their mortality rate after settling at the sediment

surface is generally low (Bauer and Wachtler, 2001). The survivorship curve presented
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by Bauer (2001, fig. 9.1) for Margaritifera margaritifera (Linnaeus, 1758) clearly
supports these observations. In our example, it seems most likely that the bivalve
population resulted from a single colonisation event. The specimens are obviously no

longer juveniles, but probably died before reproduction.

6.6. Palaeoecology and Palaeoenvironment

The sedimentary succession above the Konservat-Lagerstatte limestones of the
lower Crato Formation probably records several short-lived transitional stages (Fig. 2).
Directly above the carbonates, a 0.3 m thick succession of shales and gypsites evidences
an increase of terrigenous input, but still saline conditions. During the deposition of the
bivalve bearing, heavily bioturbated mudstone bed, the lake likely had an outflow
removing the salt, and changed to well-oxygenated freshwater conditions, permitting
the molluscs to thrive. Another intermediate, more restricted stage of shale and gypsite
deposition followed. The occurrence of heterolithic, cyclic deposits including fluid mud
(up to 1-cm-thick, unbioturbated and unlaminated mud layers; Loghitano et al., 2012)
and tidal bundles (sigmoidal bars with mud drapes) in the succession above is typical of
tide-dominated deposition systems (Dalrymple and Choi, 2007). Moreover, the stacking
pattern characterises progradational tidal channels in a shallowing upward tidal flat
(Longhitano et al., 2012).

The typical lacustrine sedimentary facies of the bivalve-bearing mudstone bed
suggests that Cratonaia novaolindensis gen. et sp. nov. most likely colonised a short-
lived freshwater lake. This is in good agreement with the ecological requirements of the
bivalve fauna. Silesunionoidea have so far only been recorded from freshwater
environments (Skawina and Dzik, 2011; Van Damme et al., 2015). The co-occurring

potential Trigonioidoidea (possibly also belonging to the Unionida, according to Carter
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etal., 2011, p. 12-13) are generally interpreted as freshwater lake inhabitants, and
occasionally as residents of rivers or brackish water lakes (Tamura, 1975; Sha and

Farsich, 1993; Sha, 2007). Delvene and Munt (2011) also described Early Cretaceous

Trigonioidoidea from freshwater and brackish water deposits in Spain.

6.7. Palaeo(bio)geography

The confined geographic and stratigraphic occurrence of Cratonaia gen. nov.
within the intracontinental Araripe Basin and the absence of other Silesunionoidea in
coeval Early Cretaceous successions of NE Brazil is puzzling. Cratonaia gen. nov. is a
freshwater bivalve that existed in the Araripe Basin only during a short-lived
transitional phase from the restricted, hypersaline, carbonate-dominated lake to a tidally
influenced basin (Varejao, 2019). Accordingly, the bivalves must have come from
outside and were certainly not endemic to the Araripe Basin.

As shown by the detailed study of Skawina and Dzik (2011), Silesunionoidea
probably had gills similar to their marine trigonodid/trigoniid ancestors, but occupied
non-marine habitats typical of unionids (see also Van Damme et al., 2015). Whereas the
juvenile shell morphology of Silesunionoidea indicates an early post-larval development
comparable to that of modern unionids, no evidence for an ectoparasitic larval stage
involving fish as hosts is available (Skawina and Dzik, 2011). However, parasitic larvae
are rarely found fossilised, and the oldest undisputed glochidia are reported from the
Miocene (Gross and Piller, 2019). Therefore, the pathways taken by Cratonaia gen.
nov. to colonise the Araripe Basin are difficult to reconstruct.

The Early Cretaceous sedimentary succession preserved in the Reconcavo-

Tucano-Jatoba rift system basins (Fig. 11) may offer some clues regarding a potential

route taken by the freshwater bivalves into the Araripe Basin. The Barbalha, Crato and
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Romualdo formations of the Santana Group were also recorded from the Jatoba Basin
(Neuman and Rocha, 2014). Part of this succession, in particular an approximately 15
m-thick interval of grey shales, sandstones and laminated limestone beds, including the
Konservat-Lagerstatte interval of the lower Crato Formation, is also preserved in the
Tucano Basin (Varejao et al., 2016; Varejao, 2019). However, the correlation of the
sedimentary succession above this lacustrine interval is difficult (Varejao, 2019), and
the existence of a coeval freshwater lake stage in basins adjacent to the Araripe Basin is
not confirmed.

So far, the occurrence of Cratonaia gen. nov in the Araripe Basin is restricted to a
single bed at a single locality, and ended with the palaeoenvironmental changes that
turned the freshwater lake into a tidal setting, represented by the overlying deposits of
the Crato Formation (Varejao, 2019). Consequently, Cratonaia gen. nov. probably
became extinct in the entire Araripe Basin prior to the deposition of the overlain Ipubi

and Romualdo Formations.

6.8. Implications for Freshwater Mussel Systematics

The superfamily Silesunionoidea currently comprises two families. Silesunionidae
are known from Triassic deposits of Europe, Africa, and potentially India, while
Unionellidae occur in Triassic strata of Australia (Skawina and Dzik, 2011; Van
Damme et al., 2015). Aptian Cratonaia gen. nov. is by far the youngest genus of the
superfamily, and represents the first record of this group from post-Triassic deposits.
Furthermore, it extends the range of the Silesunionidae to South America,
demonstrating that their fossil record is highly incomplete. This has considerable

implications on the systematic assignment of Mesozoic freshwater mussels in general.
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Given that Silesunionoidea are now recorded from major parts of Gondwana and
Eurasia, their occurrence on the remaining continents (North America, Asia, Antarctica)
cannot be excluded, and is rather to be expected. Moreover, they may occur in any
Triassic, Jurassic as well as Early Cretaceous freshwater strata, and thus had a
prolonged interval of parallel evolution with the Unionoidea. This does not affect the
general evolutionary scenario proposed by Skawina and Dzik (2011), but is evidence of
a more diversified Mesozoic freshwater bivalve fauna than previously thought.

The apparent absence of Silesunionoidea from large parts of the Mesozoic fossil
record may be explained in two ways. On one hand, the preservation potential of
freshwater bivalves is generally low, and consequently their fossil record is poor (see
Dunhill et al., 2014, and discussion in Araujo et al., 2017). On the other hand, exquisite
preservation is needed to assess the condition of the musculature of these bivalves,
which is crucial to distinguish Silesunionoidea and Unionoidea, and, in a second step,
Silesunionidae and Unionellidae (Skawina and Dzik, 2011), or for example Unionidae
and Margaritiferidae (rooted in Late Triassic Shifangella according to Lopes-Lima et
al., 2018). In most cases, fossil freshwater mussels are not adequately preserved to
provide this information. Mesozoic taxa, if preserved as shells, rarely retain their
original aragonitic mineralogy, but are generally recrystallized to calcite, whereby
minute details are often lost. Furthermore, mechanical removal of matrix sediment often
proves difficult in such specimens, especially within the umbonal cavity, obstructing the
observation of pedal elevator muscle scars. As outlined by Skawina and Dzik (2011)
and in the present study, the diagnostic characters of the Silesunionoidea are probably
most obvious in well-preserved internal moulds. However, many internal moulds of

freshwater bivalves did not cast the shells precisely enough to retain this information.
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Last but not least, it is quite possible that scientists have not paid enough attention
to the condition of muscle attachment scars in fossil freshwater bivalves in the past. The
considerable variability and taxonomic significance of these characters have mainly
been brought to light by Skawina and Dzik (2011), but most species and genera of fossil
freshwater mussels were described before. A critical re-assessment of these taxa with
regard to their family and superfamily assignment is necessary. It may well turn out that
Silesunionoidea were far more abundant throughout the Mesozoic, and their fossil
record may be better than we currently know. However, in all cases where the status of
the musculature cannot be assessed, we will have to refer genera and species of
Mesozoic freshwater mussels to Unionida incerte sedis from now on, and can only

speculate on their closer affinities.

7. CONCLUSIONS

a. The bivalve Cratonaia gen. nov. from the Crato Formation shows morphological
characters typical of the Silesunionidina. The anterior muscle scars closely resemble
those of Silesunionoidea, including Silesunionidae and Unionellidae.

b. Whereas the pedal elevator muscle scars attached to the dorsal margin of the umbonal
cavity suggest close affinities with the Unionellidae, the shape and location of the
anterior pedal retractor and pedal protractor muscle scars are similar to those in
Silesunionidae. The size and shape of the anterior adductor muscle scar, and the
arrangement of the anterior pedal retractor muscle scar, which is fused with the
posterodorsal margin of the anterior adductor muscle scar, differ distinctly from the
condition in typical members of the Silesunionidae and Unionellidae. Hence, family

level placement of the new genus within the Silesunionoidea is not clear.
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c¢. Morphological analysis of the new species combined with literature data (Skawina
and Dzik, 2011; Van Damme et al., 2015) indicates that the arrangement of muscle
scars is key to the differentiation of genera within the Silesunionoidea.

d. Given the poor preservation of several species of Silesunionoidea from Australia (P.
dunstani, U. bowralensis), Africa [Tihkia? karrooensis (Cox, 1932)] and Europe (T.?
silesiaca), their relationships with Cratonaia novaolindensis gen. et sp. nov. are unclear.
e. Cratonaia gen. nov. was probably an immigrant to the Araripe Basin during the Early
Cretaceous.

f. Silesunionoid bivalves are not restricted to the Triassic, but extended into the early
Cretaceous, and Cratonaia novaolindensis gen. et sp. nov. is the youngest member of
this group so far. This suggests that the fossil record of Silesunionoidea is highly
incomplete and/or still poorly known. However, Silesunionoidea and Unionoidea must
have had a long phase of parallel evolution.

g. External shell morphology is insufficient to assign Mesozoic freshwater mussels at
family or superfamily level. Information on the condition and position of muscular
attachment is required for confident systematic assignment. Inadequately preserved taxa

must be listed as incerte sedis within Unionida.
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Fig. 3. Cratonaia novaolindensis gen. et sp. nov., Crato Formation (Aptian), general
morphology and muscle scars. A-C. Internal moulds, right valve, showing the anterior
muscle scars (DZP-19826, 19822, 198174, respectively). D. Internal mould of left
valve; note the posterior adductor muscle scar (DZP-19836b). E-H. Drawings showing
details of the muscle scars, same specimens. Explanation: aa — anterior adductor, pl —
pallial line, ap — anterior pedal protractor, apr — anterior pedal retractor, ppr — posterior
pedal retractor, pe — pedal elevators, pr — pedal retractor and pa — posterior adductor.
Scale: 10 mm.
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Fig. 4. Cratonaia novaolindensis gen. et sp. nov., Crato Formation, Aptian, showing the
position and form of the muscle scars. A-C. Internal mould, right valve (DZP-19822,
19828, 19817a, 19836b). D. Internal mould, left valve (DZP-19825). Explanation: aa —
anterior adductor, apr — anterior pedal retractor, ap — anterior protractor pp — pedal
protractor, pe — pedal elevators. Scale: 5 mm.
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Fig. 5. Cratonaia novaolindensis gen. et sp. nov., Crato Formation, Aptian, showing
details of the hinge. A. Internal mould of closed articulated valves, showing the position
of the cardinal tooth (arrow) (DZP.19829a). B. Counterpart of the hinge of specimen
DZP-19829; note both the median cardinal tooth (mct) and anterior cardinal tooth (act).
Scale: A =10 mm, B =5 mm.
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Fig. 6. Cratonaia novaolindensis gen. et sp. nov., Crato Formation (Aptian), external
ornamentation. A. Shell ornament of relatively fine, commarginal growth lines, DZP-
19835a. B. Detail of the same specimen showing the more conspicuous commarginal
ribs of the umbonal area. Note that the commarginal ornamentation is less marked in the
later ontogenetic stages. Scale: A =10 mm, B =5 mm.
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Fig. 7. Drawings of the internal anatomy of shells of Silesunionina. A. Cratonaia
novaolindensis gen. et sp. nov. with tiny muscles linearly arranged along the umbonal
area. B. Silesunio parvus from the Triassic of Poland. C. Dorsal view of Silesunio
parvus, showing its linearly arranged pedal elevators. D. Dorsal view of ?Tihkia
silesiaca also from the Triassic of Poland. E. Protovirgus dunstani (Etheridge, 1888)
from the Triassic of Australia. F. Unionella bowralensis Etheridge, 1888 from the
Triassic of Australia. Abbreviations: aa — anterior adductor, ap — anterior protractor, pe
— pedal elevators, apr — anterior pedal retractor, pa — posterior adductor, ppr — posterior
pedal retractor. Scale = 10 mm.
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Specimen Length  Height Width Elongation (L/H)  Obesity (H/W)
19817A 35.0 19.1 1.83
19818 35.4 19.8 5.0 1.79 7.08
19819A 33.3 17.4 3.8 1.91 8.76
19820 29.2 14.3 5.2 2.04 5.62
19821 24.4 8.8
19822 27.8 15.1 4.6 1.84 6.04
19823 38.2
19824 30.6 16.0 5.2 1.91 5.88
19825
19826 325 17.2 5.2 1.89 6.25
19827 18.7 6.8
19828 19.5 6.4
19829A 33.8 20.7 3.2 1.63 10.56
19832 38.7 22.7 1.70
19833 14.8 2.0
19834 32.9 16.3 2.02
19835A 315 20.4 3.8 1.54 8.29
19836A 34.9 18.9 7.0 1.85 4.99
19837 18.4 9.4 1.96
19838 17.9 5.4
19839 2.9
19840 3.8
19841 3.4
19842 5.6
19843A 16.8 4.4
19874 29.0 13.9 8.0 2.09 3.63
19880 3.2
19884A 35.3 18.1 4.0 1.95 8.83
19885A 16.8 5.4
19886A 18.1 4.6
20347 30.1 12.1 2.49
20348 39.9

Table 1. Measurements of Cratonaia novaolindensis gen. et sp. nov., Crato Formation,
Avraripe Basin, northeastern Brazil. Dimensions and shell indexes (L/H, H/W) based on

Stanley (1970).
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APENDICE C910

First record of Trigonioidids (Unionida bivalves) from the
Brazilian Cretaceous (Aptian Crato Formation, Araripe Basin)

9Este apéndice é um artigo que conta com a colaboracéo de Filipe G. Varejdo, Suzana A.
Matos, Mariza G. Rodrigues, Franz T. Firsich, Aleksandra Skawina, Lucas V. Warren, Mario L.
Assine e Marcello G. Simdes.
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Apéndice C

First record of trigonioidids (Unionida bivalves) from the Brazilian
Cretaceous (Aptian Crato Formation, Araripe Basin)

Abstract

Members of the superfamily Trigonioidoidea Cox, 1952 (Order Unionida Gray, 1854) in the
Lower Cretaceous succession of the Araripe Basin, NE Brazil, are here described in detail for
the first time. The fossil specimens, recorded from the Aptian Crato Formation, Santana
Group, comprise 172 individuals found in sites at the eastern border of the basin.
Trigonioidoid bivalves are mainly restricted to a 30- to 130-cm-thick interval of intensely
bioturbated, tabular bivalve-bearing mudstones that overlie the fossil-rich laminated
limestones (the Crato Konservat-Lagerstdtte). Detailed analysis of the main morphological
shell characters (i.e., muscle scars, hinge, ornamentation) indicates that at least two new taxa
are present. Araripenaia elliptica gen. et sp. nov. (?Family Trigonioididae Cox, 1952) is the
most abundant and widely distributed trigonioidoid of the Crato Formation, whereas
?Monginella bellaradiata sp. nov. (Family Plicatounionidae Chen Jin-hua, 1987) has been
found only in one fossil site (Trés Irmaos quarry, Nova Olinda). The possible record of
Monginella Starobogatov, 1970 suggests affinities among the Crato trigonioidoid assemblages
and those of the Aptian fossil assemblages of the African continent. In all fossil assemblages,
the specimens are commonly preserved with articulated valves (closed or splayed), but they
do not occur in situ. This suggests minimum tractive lateral transport and residence time at the
sediment/water interface. Like other Unionida bivalves, the Crato trigonioidoids may have
lived semi-infaunally on muddy bottoms, under freshwater to brackish water conditions.
Finally, our record extends the palaeogeographic distribution of trigonioidoids in the

northeastern South American territory.
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1. Introduction

The paraphyletic superfamily Trigonioidoidea Cox, 1952, encompasses a group of non-
marine (fresh- to brackish water), facultatively mobile, infaunal suspension feeding bivalves
whose taxonomic position is still under dispute (Van Damme et al., 2015, p. 147) and,
according to Carter et al. (2011, p. 12), can either belong to the Order Unionida Gray, 1854 or
to the Order Trigoniida Dall, 1889. The trigonioidoideans are widely distributed in the Asian
continent, mainly in southeast Asia, Siberia, Japan, and South Korea (Sha, 1990, 1993, 2007,
2010, Tumpeesuwan et al., 2010).

The Trigonioidoidea bivalves are also known in Europe from the Barremian (Early
Cretaceous) Wessex Formation, Wealden Group, on the Isle of Wight, southern England
(Barker and Munt, 1993, Barker et al., 1997). They have also been recorded in Upper
Jurassic-Lower Cretaceous fluvial-palustral deposits in Spain, including occurrences from the
Villar del Arzobispo Formation (Upper Jurassic-Lower Cretaceous), Upper Barremian
Huérguina Formation, from the Aptian of the Cameros Basin, and from the Albian Escucha
Formation (Delvene and Munt, 2010, Delvene et al., 2011, 2013). Members of Trigonioididae
Cox, 1952 (Nippononaia sp.) have also been recorded in Cretaceous deposits of Germany
(Fischer, 1992). In addition, trigonioidoidean bivalves are known from Mesozoic deposits of
Africa, forming Cretaceous bivalve assemblages dominated by forms from Asia (Van Damme
et al., 2015).

In contrast, trigonioidoideans are thought to be absent in Cretaceous deposits of western
Gondwana. Actually, Bruno and Hessel (2006) have mentioned (but not described) the
presence of Pseudohyria Morris, 1936 in deposits of the Crato Formation. In this context,
herein we describe, for the first time, bivalves belonging to the Trigonioidoidea (Unionida)
from Aptian deposits of the Araripe Basin, Brazil. The aim of this study is to (a) describe in

detail the non-marine bivalves (Trigonioidoidea, Unionida) of the Crato Formation, Santana
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Group; (b) erect the new genus and species Araripenaia elliptica gen. et sp. nov., and (3)
tentatively assign a new species to the genus Monginella Starobogatov, 1970. The
significance of these findings for the biogeographic relationship of the bivalve fauna from the

Crato Formation is also briefly discussed.

2. Regional geological settings

The Araripe Basin (Fig. 1) has the most complete and significant sedimentary
succession of the interior basins of Northeast Brazil (Assine, 2007). The basin developed in
response to the Cretaceous fault reactivation of faults associated with two major
Neoproterozoic shear zones during events connected to the opening of the southern and
equatorial branches of the South Atlantic Rift System (Matos, 1992). The Aptian Santana
Group encompasses a mixed siliciclastic-carbonate sedimentary succession including, from
base to top the Barbalha, Crato, Ipubi, and Romualdo formations (Assine et al., 2014,
Neumann and Assine, 2015) (Fig. 1). The Aptian was a key moment in the evolution of the
Atlantic rifting due to the occurrence of the first marine connection between Central and
South Atlantic waters (Koutsoukos et al., 1991), with important implications for the
sedimentation history of the Araripe Basin (Assine et al., 2016, Custédio et al., 2017, Fursich
etal., 2019, Goldberg et al., 2019, Varejao et al., 2019a).

The Crato Formation is an up to 90-m-thick succession of interbedded limestones,
shales, mudstones and sandstones interpreted as lacustrine deposits (Neumann et al., 2003;
Fig. 1). It yields a rich, world-famous, exceptionally preserved continental biota, making it
one of the most important Cretaceous Konservat-Lagerstdatten (Martill et al., 2007, Heads et
al., 2008, Varejao et al., 2019b). Arthropods, fishes, turtles, pterosaurs, gymnosperms, and

early flowering plants are the best-preserved fossils (Martill et al., 2007).
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Within the sedimentary succession of the Crato Formation, a relatively thin (30- to 130-
cm-thick) mollusc-bearing mudstone bed (referred as the Trés Irmaos Bed by Varejao, 2019)
is readily recognizable immediately above the top of the Crato Konservat-Lagerstdtte
laminated limestones (Varejao et al, 2019b) (Fig.2). The Trés Irmaos Bed forms the base of a
coarsening-upward succession that grades from claystones to sandy siltstones with mainly
horizontal burrows. This interval differs from the layers above and below by its distinct
physical sedimentary features and/or fossil content and can be easily traced for tens of
kilometres (Fig.2). According to the literature, the Trés Irmaos Bed contains marine/brackish
bivalves (Bruno and Hessel, 2006) and gastropods (Santos et al., 2017), associated with
freshwater forms (Unionida; Martill et al., 2005, Bruno and Hessel 2006, Silva , 2019),
suggesting an environment with fluctuating salinity where the non-marine molluscs may have

lived on a muddy substrate of coastal lakes (Varejao, 2019).

3. Material and methods

In total, 172 specimens of trigonioidoidean bivalves were investigated in this
contribution. The described bivalve collection encompasses specimens already available in
the Scientific Collections of the Department of Zoology of the Institute of Biosciences, Sdo
Paulo State University as well as newly collected fossils gathered during field campaigns in
the Araripe Basin between 2015 and 2018. An initial small collection of these bivalves was
kindly made available to our laboratory by Eva Batista Caldas, a former palaeontologist of the
Department of Geology, Federal University of Ceard, Ceara State, in the early 1990’s. The
fossil material collected by us comes from four localities of the Crato Formation: the Trés
Irmaos quarry in Nova Olinda (UTM 24M 422,950E / 9,213,3445S), Estiva (UTM 24M

413,948E / 9,210,049S), Batateira River (UTM 24M 449,866E / 9,198,487S) and Caldas
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(UTM 24M 459,349E / 9,186,902S) (Figs. 1, 2). The bivalves collected by E.B. Caldas come
from the Batateira River fossil site.

The studied bivalves form two main preservational groups: (a) composite moulds (sensu
McAlester, 1962) of articulated specimens, and (b) single valves. The composite moulds
include both closed and splayed open valves (butterfly position). McAlester (1962) proposed
that the original shell composition favouring this type of fossil preservation is aragonitic or
predominantly aragonitic, which is the case of Trigonioidoidea (Skawina, 2013; Delvene et
al., 2013). Specimens belonging to this group are relatively well-preserved, some showing
signs of muscle scars and hinge details. In particular, the specimens preserved in butterfly
position allowed us to describe details of the hinge of the species. In contrast, some of the
single right and left valves (composite, internal or external moulds) preserve details of the
hinge and external ornamentation.

Most of specimens studied required preparation to some degree in order to better expose
them from the sedimentary matrix, which was done using precision mechanical tools. After
that, castings were prepared with latex and plasticine (FIMO brand). All illustrated specimens
were coated with magnesium oxide to enhance shell characters and were subsequently
photographed in as much detail as possible. This was done by using a Nikon digital camera
(D3200), with a macro-lens (105 mm). Following this, individual digital images with distinct
focal planes were merged by means of the focus stacking technique in Adobe Photoshop CC
software. Drawings were prepared with Corel Draw X8 software.

Classification of the studied bivalves in taxonomic categories above the superfamily
level followed Carter et al. (2011). The systematic classification of the superfamily
Trigonioidoidea followed in part Sha and Farsich (1993), Sha (2007), and Van Damme et al.
(2015). As recommended by Delvene et al. (2011), strong consideration was given to the

divaricate ornamentation of some of our specimens, especially because the typical anterior
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musculature of the group (i.e., a separate anterior pedal retractor muscle scar to the anterior
adductor muscle scar) is not well preserved in individuals of the newly erected genus.
However, it must be stressed that despite the vast occurrences of Trigonioidoidea in Mesozoic
deposits, most of our basic knowledge of their shell morphology comes from their
occurrences in Asia (Sha, 1990, 1993, 2007, 2010, Fang et al., 2009). Finally, all specimens

studied are housed in the Palaesontological collections of the Department of Zoology, Sao

Paulo State University, Botucatu Campus, Sao Paulo, Brazil, and were coded as DZP-.

4. Systematic palaeontology

Class Bivalvia Linnaeus, 1758
Megaorder Unionata Gray, 1854

Order ?Unionida Gray, 1854
Superfamily Trigonioidoidea Cox, 1952

?Family Trigonioididae Cox, 1952

Genus Araripenaia gen. nov.

Type species: Araripenaia elliptica gen. et sp.nov.

Derivation of the name: The genus name refers to the sedimentary basin (Araripe Basin), in

which the type species occurs, and naia, after the water nymph in the Greek mythology.

Diagnosis: As for the type species.

Araripenaia elliptica gen. et sp. nov.
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Fig. 3, Fig. 4, Fig. 5, Fig. 6

Derivation of the name: Species named after the characteristic elliptical outline of the shell.

Type Material: Holotype, DZP-1043, composite mould, conjugated valves. Paratypes, DZP-
19850B, 19914, 20336, composite moulds, splayed valves; DZP-19873, external mould,

splayed valves; and DZP-19859, external mould, splayed valves.

Measurements: Table 1.

Type locality: Nova Olinda county, Trés Irmaos quarry, 3 km from the main entrance to the

city, Nova Olinda-Santana do Cariri road, State of Ceard, northeastern Brazil.

Type horizon: Bivalve-bearing mudstones, 30 cm above the top of the fossiliferous laminated

limestone interval of the Crato Formation.

Diagnosis: Transversely elliptical Trigonioidoidea shell with distinct inverted VV-shaped
threads (or delicate ribs) in the anterior area of the valve. Radial threads dominate over
commarginal growth lines in the umbonal area. Hinge of right valve with a long lamellar
tooth running parallel to the dorsal margin; hinge of left valve with two long lamellar teeth.
Posterior teeth smooth or feebly crenulated. Each valve with a short lamellar, non-crenulated

tooth at the anterior margin. Juvenile shell with a distinct escutcheon.

Description: Shell thin, medium-sized (16,8 to 32,8 mm long and 6 to 15,7 mm high),

inequilateral and equivalved. Valves slightly compressed laterally. Shell outline transversely
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elliptical; dorsal margin almost straight to weakly curved; anterior margin very convex;
ventral margin gently convex; posterior margin truncated (Figs. 3, 5). Shell margins non-
crenulated. With faint, rounded posterior umbonal ridge, posterior slope straight and narrow
(Figs. 3, 5). Umbones very low, slightly opisthogyrous, placed at about two-fifths of shell
length from the anterior extremity; no lunule, but juvenile shells with a distinct narrow
escutcheon (Fig. 6(E)). Ligament external, opisthodetic. Shell ornamented with (a) thin radial
ribs or radial threads, (b) inverted V-shaped ribs, and (c) commarginal growth lines (Figs. 3,
6). Thin radial ribs well visible in the posterior and central area of the shell (Figs. 3, 6).
Inverted VV-shaped ribs limited to the anterior area of the shell (Fig. 4). V-shaped angle >62°.
Irregularly spaced, commarginal growth lines conspicuous at shell flanks and margins; radial
threads dominating over commarginal growth lines in the umbonal area (Figs. 3, 6). Small
(mm-sized) pustules can be present at posterior and anterior margins of the shell (Fig. 6(A,
D)). Hinge teeth with a single, long, apparently smooth or feebly crenulated, lamellar tooth in
the right valve; two long lamellar teeth in the left valve and two small, apparently non-
crenulated ridge-like anterior teeth in each valve (Fig. 5). Muscle scars and pallial line

unknown.

Remarks: Despite the large number of available specimens of Araripenaia elliptica gen. et sp.
nov. in none of them the muscle scars and pallial line is preserved. Since in moulds of other
bivalves co-occurring with A. elliptica muscle scars and pallial line are well-preserved, the
musculature of A. elliptica was probably only weakly impressed in the shells. Consequently, a
detailed comparison with other Asian and African trigonioidids, in which the muscle scars are
well-preserved, is not possible.

The hinge of Araripenaia elliptica with two lamellar anterior teeth and two long lamellar

posterior teeth in the left and one in the right valve closely resembles the hinge of Asian the
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trigonioidids Cyotrigonioides Guo, 1981, and Danlengiconcha Liu (in Cai and Liu, 1978). Yet,
as for the less derived trigonioidids, a sub-median tooth is lacking in the hinge of the Brazilian
species. The shell outline of A. elliptica also resembles that of Danlengiconcha elongata Liu
(in Cai and Liu, 1978), but the Chinese species has a distinct posterior carina. The external
ornamentation of A. elliptica with thin radial ribs or radial threads is similar to that in the
posterior area of shells of Danlengiconcha elongata. However, in A. elliptica distinct inverted
V-shaped threads are present in the anterior area of the shell. Such ribs are also present in shells
of Koreanaia Sha in Sha and Farsich (1993), but their teeth are crenulated (Sha, 2007). The

teeth in the Brazilian species are smooth or just feebly crenulated.

Family Plicatounionidae Chen, 1987

Genus Monginella Starobogatov, 1970

Type species: Monginella flattersensis (Mongin, 1963)

?Monginella bellaradiata sp. nov.

Fig. 7, Fig. 8

Derivation of the name: Species name after the external ornamentation (radial ribs), plus bella

(i.e., nominative feminine singular of the Latin adjective “bellus”, which means “beautiful”).

Type Material: Holotype, DZP-20350A, composite mould, closed articulated valves.
Paratypes, DZP-19795, right valve, composite mould; DZP-19890A, left valve, external mould;

DZP-19897, left valve, composite mould.
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Measurements: Table 2.

Type locality: Nova Olinda county, Trés Irmaos quarry, 3 km from the main entrance to the

city, Nova Olinda-Santana do Cariri road, State of Ceara, northeastern Brazil.

Type horizon: Bivalve-bearing mudstones, 30 cm above the top fossiliferous, laminated

limestone interval of the Crato Formation.

Diagnosis: Medium-sized, inflated, subovate shell with antero- and postero-dorsal margins
almost straight to weakly incurved. External ornamentation with 6-7 thick radial ribs on the
posterior side of the shell. Ribs very distinct and feebly crenulated in the umbonal area and
less distinct when nearing the ventral margin. Chevron-shaped or inverted V-shaped ribs
absent. Shell margins smooth. Right valve with small, crenulated ridge-like anterior cardinal
tooth. Anterior adductor muscle scar large, elongated, deeply impressed and ventrally

bordered by a well-developed buttress.

Description: Specimens medium-sized (20,8-50.3 mm long and 6,4-53,5 mm high),
inequilateral and equivalve (Fig. 7). Valves slightly inflated with maximal convexity situated
ca. 10 mm behind the beak. Shell outline subovate; anterior margin rounded, grading
smoothly into antero-dorsal and antero-ventral margins (Fig. 7). Posterior margin rounded.
Antero- and postero-dorsal margins almost straight to weakly incurved. Ventral margin
broadly rounded, non-crenulated. Umbones high, prominent, projecting above the hinge line,
opisthogyrous, and placed at about two-fifths of shell length from the anterior extremity.
Ligament external, opisthodetic; lunule and escutcheon absent. External shell ornamentation

varying during ontogenetic stages. Small individuals (<20 mm in length) ornamented with up
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to 16 radial ribs covering the whole shell. Ribs are feebly crenulated in the umbonal area.
Large individuals (>50 mm in length) with 6-7 well-marked radial ribs on the posterior flank
of the shell (Fig. 7). These ribs are very distinct near the beaks but become less distinct when
nearing the ventral margin. Anterior flank of shell devoid of radial ribs (Fig. 7). Irregularly
spaced growth lines in large individuals better developed at the flank than anteriorly and
posteriorly of it. Growth lines wavy, convex towards the umbo on the radial ribs and concave
on the interspaces between ribs (Fig. 7(A, D)). Chevron-shaped or inverted V-shaped ribs
absent in all ontogenetic stages. Anterior hinge of right valve with a crenulated ridge-like
anterior cardinal tooth (Fig. 8); posterior part of hinge unknown. Anterior adductor scar large
and elongated, bordered by a well-developed ventral ridge (= buttress) (Fig. 7). Anterior pedal
retractor muscle scar small, triangular, deeply impressed and separated from the anterior

adductor scar. Other muscle scars and pallial line unknown.

Remarks: ?Monginella bellaradiata sp. nov. closely resembles some Mesozoic plicatounionids
from Africa, especially species of the genus Monginella Starobogatov, 1970. The radial
ornamentation of the Brazilian species with a few (6-7) ribs in individuals up to 50.3 mm in
length is very similar to that of Monginella flattersensis (Mongin, 1963) and ?Monginella
radieri (Goumard, 1956) from the northern Africa assemblages (Van Damme et al. 2015). The
form, size and location of the anterior adductor scar of ?M. bellaradiata is also similar to that
of Monginella flattersensis (Mongin, 1963), as illustrated in Van Damme et al. (2015, p. 146).
Yet, the anterior musculature of ?M. bellaradiata, including the form of the adductor muscle
scars and location of the anterior pedal retractor scars, resembles the anterior musculature of
Nippononaia (Subnippononaia) fordi Barker, Munt and Radley, 1997 from the Lower
Cretaceous of England (Barker et al., 1997, p. 958). Yet, in all species mentioned above the

anterior adductor muscle scar is ventrally bordered by a strong buttress. The hinge teeth of ?M.
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bellaradiata are only partially preserved in all specimens examined, but a crenulated ridge-like
anterior cardinal tooth is observed in the right valve, thus resembling the anterior teeth in
Monginella flattersensis (Mongin, 1963), and Adrarunio deserticus (Mongin, 1968). However,
the ornamentation of our species distinctly differs from that of this nakamuranaiadid species.

The radially ribbed shells of some Pseudohyriidae Kobayashi (1968) resemble to some
degree ?M. bellaradiata. Nevertheless, the posterior area of pseudohyriid shells carries
chevron-shaped or inverted V-shaped ribs and have a strongly crenulated ventral margin, which
is not the case in ?M bellaradiata.

Finally, in all studied Brazilian specimens of ?M. bellaradiata the protractor muscle
scar, pallial line and posterior muscle scars are poorly preserved or absent. Still the hinge is
not well-preserved too. Consequently, until better preserved specimens are available the

assignment of these specimens to Monginella must be viewed with caution.

5. Discussion

Except for a few scattered references (Allport, 1859, Mawson and Woodward, 1907,
Melo Junior and Oliveira, 1939, Barbosa, 1950, Beurlen, 1963, Martill et al., 2005, 2007;
Sales, 2005, Bruno and Hessel, 2006), Lower Cretaceous non-marine bivalve faunas are
virtually unknown in Brazil. The very recent record of non-marine bivalves from the same
mollusc-bearing mudstones of the Crato Formation (Silva, 2019) called our attention for the
possible presence of other fresh- to brackish water species in this bed. This is puzzling, since
literature data (Bruno and Hessel, 2006) suggest that the fauna was mainly represented by
marine to brackish forms, including Yoldia Méller, 1842, Malletia Desmoulins, 1832,
Barbatia Gray, 1842, apart from Pseudohyria, the only true freshwater bivalve mentioned).
However, these bivalves were never described or figured in detail. In this context, the non-
marine bivalves of the Crato Formation were described above and tentatively assigned to the

superfamily Trigonioidoidea. Like other bivalves of this superfamily (Buscalioni and Poyato-
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Ariza, 2016), Araripenaia gen. nov., and ?Monginella bellaradiata sp. nov. probably were
semi-infaunal or shallow infaunal suspension feeding bivalves.

Since shells of the two bivalve species are commonly articulated in the bivalve-bearing
mudstone, they could be interpreted as parautochthonous (sensu Kidwell et al., 1986)
elements in this bed, having undergone limited transport. Their relatively great abundance in
the bivalve-bearing mudstone (i.e., the Trés Irmaos Bed in Varejao, 2019), however, makes a
different explanation more plausible: Rather than having undergone limited transport, the
non-marine and the marine faunal elements may both be autochthonous, colonizing the same
substrate but at different times. This could have been facilitated by salinity regimes that
fluctuated from marine to freshwater/brackish. Thus, the co-occurrence of marine and
freshwater faunal elements could be interpreted as environmental condensation, whereby
faunas corresponding to different environmental settings and time planes have been projected
into a single stratigraphic level. The term has been introduced by Firsich and Kauffman
(1984) for a similar co-occurrence of marine and freshwater molluscs in the Albian of the
Western Interior Seaway. There, the mixing of well-preserved gastropods and bivalves with
different physiological adaptations and therefore ecologically incompatible has been
explained by small-scale within-habitat reworking rather than by transport of some of the
faunal elements, all of which inhabited the same area but during different salinity regimes.

The fossil-rich bed occurs in a major stratigraphic interval of the Crato Formation,
characterized by an 030- to 130-cm-thick interval of tabular beds of thoroughly bioturbated
mudstones that compose a siliciclastic succession overlying the laminated limestones
containing the famous Konservat-Largerstdtte of the formation (Martill et al., 2007, Varejao
et al., 2019). Apparently, within the up to 90-m-thick Crato Formation, ideal conditions for
the development of a non-marine naiad bivalve fauna and/or for its preservation were limited

to the basal part of this unit (Varejao, 2019). Therefore, the occurrence of this molluscan
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fauna is relevant for our understandings of the palaeoecology and palaeobiogeography of the
Lower Cretaceous sedimentary succession of the Araripe Basin. These aspects clearly deserve
to be studied in more detail, but this is beyond the scope of this taxonomic study of parts of
the molluscan fauna.

Araripenaia elliptica was probably endemic to the Araripe Basin during the Lower
Cretaceous, whereas specimens of Monginella are known from Africa (Van Damme et al.,
2015). If its taxonomic identification is correct, as is suggested by its shell characters, this is
the first occurrence of a member of the family Plicatounionidae in South American Mesozoic
deposits. Even more relevant, this is the only non-marine bivalve family shared between West
Gondwana and NW African terrains during the whole Mesozoic (Van Damme et al., 2015, p.
188, table 3). Indeed, Monginella flattersensis, a species that resembles ?Monginella
bellaradiata is known from reddish-greenish shales of the Barremian-Aptian Djoua Group at
Fort Flatters, Algeria, NW Africa (Van Damme et al., 2015, p. 153, table 1). The other
elements shared with NW Africa are members of the suborder Silesunionidina Skawina and
Dzik, 2011, recorded recently from the same bivalve-bearing bed (Silva, 2019). This is
interesting, since the Aptian time interval bears strong evidence for the first marine
connection between Central and South Atlantic waters (Koutsoukos et al., 1991; Assine et al.,
2016; Varejao et al., 2019c¢) and the consequent loss of continental links between both
continents.

Mongin (1963, 1968) documented clear connections between the Mesozoic naiad fauna
of Africa and Eurasia. These connections became even more pronounced after the detailed
revision of the African non-marine bivalves made by Van Damme et al. (2015), which also
demonstrated that no clear relationship existed between the West Gondwana and NW African

molluscan faunas. As noted by these authors, “the African Early Cretaceous community is

composed of Asian/Eurasian taxa, the endemics excepted” (Van Damme et al., 2015). The
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possible presence of a plicatunionid bivalve in the Araripe Basin, a bivalve family reaching its
most widespread distribution during the Upper Cretaceous (Van Damme et al., 2015),
indicates that a Eurasian affinity of part of the fauna may have existed. However, this issue

must be kept open until better preserved Brazilian specimens are available to study.

6. Conclusions

In this study, we document the first record of a member of the superfamily
Trigonioidoidea (Order Unionida) from the Lower Cretaceous of the Araripe Basin and
compare it to known taxa from Europe, Asia, North America, and Africa. This new discovery
confirms that the Trigonioidoidea are more widespread than previously thought, also occurring
in Lower Cretaceous deposits of western Gondwana. The palaesoenvironment, in which these
bivalves lived, corresponds to freshwater coastal lakes with a widespread mud flat showing
intense bioturbation and large amounts of phytoclastic material (Varejao, 2019).

Finally, our data and the newly described bivalves in Silva (2019) from the Aptian Crato
Formation conclusively support the notion that the fossil record of both the Trigonioidoidea
and Silesunionoidea Skawina and Dzik, 2011 is still poorly documented in Gondwana. Thus,
despite the recent advances in the space and time distribution of these bivalves (Van Damme et

al., 2015), our knowledge of their palaeobiogeographic history is far from complete.
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Fig. 1. Geologic map of the Araripe Basin, NE Brazil, showing the location of the studied

fossil sites from the Crato Formation. Map modified from Assine (2007).
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Fig. 2. Stratigraphy of the non-marine bivalve occurrences in the Crato Formation. A. Aptian
depositional sequences (DS 1 to 3) with the positioning of the bivalve-bearing bed (the Trés
Irmaos Bed in Varejdo, 2019) within the Crato Formation. The numbers 1 to 4 are the fossil
sites as in Figure 1. B. Columnar sections highlighting the vertical and horizontal distribution
of the bivalve-bearing mudstones in the basal part of the Crato Formation. The fossil-rich
laminated limestones of the Crato Formation are not shown. Depositional sequences modified

from Assine et al. (2014) and Custadio et al. (2017).
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Fig. 3. General morphology of Araripenaia elliptica gen. et sp. nov. Specimen DZP-20596l
with remains of original shell. B-C. Composite moulds (DZP-1042 and DZP-1036,
respectively) of closed articulate specimens. D-E. Composite moulds of splayed valves, DZP-

19912 and the holotype DZP-1043, respectively. Scale bar: 10 mm.
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Fig. 4. Araripenaia elliptica gen. et sp. nov. showing details of the anterior ornamentation. A.
Lateral view of fragmented left valve; composite mould preserving signs of the anterior
ornamentation, DZP-19855B. B. Detail of the same specimen highlighting the inverse V-
shaped ornamentation. C. Composite moulds, splayed valves, paratype, DZP-19873, showing
inverse V-shaped ribs. D. Same specimen, external mould, with well-defined inverse V-
shaped ornamentation. E. Composite mould of articulated specimen (butterfly position),

paratype, DZP-19859; note the anterior ornamentation. F. Same specimen, showing the
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distinct inverse VV-shaped anterior ornamentation. Scale bar: 10 mm (A, C, E), 5 mm (B, D,

F).
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Fig. 5. Araripenaia elliptica gen. et sp. nov. A. Composite mould of articulated valves in

“putterfly position”, teeth arrowed, paratype, DZP-19850B. B. Detail of A, showing the
anterior part of the hinge; teeth arrowed. C. Close-up of the dorsal margin with the posterior
teeth, composite mould, paratype, DZP-19850B. D. Composite mould of splayed valves,
paratype, DZP-19914. E. Same specimen as in D showing details of the posterior area of the

hinge. Scale bar: 10 mm (A, D), 5mm (B, C, E).
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Fig. 6. Araripenaia elliptica gen. et sp. nov. A. Composite mould of articulated valves

(butterfly position) showing pustules (arrowed) at the posterior margin, DZP-19876. B. Detail
of the same specimen, pustules arrowed. C. Lateral view of right valve, composite mould,

showing pustules at the anterior margin, DZP-19849A. D. Detail of the anterior margin of the
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same specimen, pustules arrowed. E. Composite mould of splayed valves, juvenile specimen,
note the well-developed escutcheon (arrows), paratype, DZP-20336. Scale bar: 10 mm (A, C,

E), 5 mm (B, D).
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Fig. 7. General morphology and ornamentation of ?Monginella bellaradiata sp. nov.
displaying the characteristic radial ribs. A. Closed valves, lateral view, specimen DZP-
20350A, holotype. B. Drawing of the specimen A, note the anterior muscle scars. C. Dorsal
view of the specimen DZP-20350A, showing details of the anterior adductor muscle scar (aa).
D. Drawing of the same specimen, note the separate anterior pedal retractor muscle scar (apr).
E. Drawing of the specimen in F, note the anterior adductor muscle scar (aa). Explanation: aa,

anterior adductor muscle scar; apr, anterior pedal retractor; pl, pallial line. Scale bar: 10 mm.



162

Fig. 8. General morphology and tooth details (arrowed) of ?Monginella bellaradiata sp. nov.
A. Composite mould, right valve showing remains of the anterior tooth, Paratype, DZP-
19795. B. Detail of the same specimen showing the crenulated ridge-like anterior cardinal

tooth. Scale bar: 10 mm (A), 5 mm (B).
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Table 1. Dimensions of Araripenaia elliptica gen. et sp. nov. shells
Specimen Length Height Width  Elongation (L/H)  Obesity (H/W)

1028 17.7 6.2 2.85
1029 237 9.3 2 2.55 11.85
1030 195 8.3 2.35
1033 227 8.6 2.64
1036 29.6
1037 107 2.2
1039 16.8 6.6 2.55
1041 112 42
1043 24 8 2.2 3.00 10.91
1044 286 9.4 3.04
1050 29.8
1071 106
1074 28.4
1077 25.9 10.1 2.6 2.56 9.96

1090A 187 85 2.20

1092A 221 8.2 2 2.70 11.05

1095B 28 96 3 2.92 9.33

19849A 29.2 109 3.2 2.68 9.13

19850A 217 76 2.86

19852A 317 157 2.02

19853A 276 121 2.28

19854A 29.2 111 36 2.63 8.11

19855A 243 96 253

19856A 106 23

19857A 272 125 2.1 2.18 12.95
19858 313 126 2.48
19859 9.7
19860 265 105 252
19861 27 114 2.37
19863 6.5

19864 103 2.4
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19865 28.2 11.9 2.37
19866 105 3.2
19867 11.7 42
19869 10.7 34
19870 10.3
19871 9.2 2
19872 10.6 2.4
19875 12.3
19877 29.6 12.6 2.35
19879 284 9.2 3 3.09 9.47

19904A 20.7 7.9 0.29
19905 276 9.7 2.85
19906 238 85 4 2.80 5.95
19907 95 34
19910 126 2.8
19911 295 10.8 2.73
19912 26.9 11 2.45
19913 105 44
19914 296 11.2 2.64

19915A 258 10.1 2.55

19916A 124
20312 105 46 2.28
20313 316 131 241
20315 265 11.7 2.26

20316A 3238 125 2.62
20318 10.3
20319 7
20320 221 115 1.92
20322 10.9
20323 24.1
20324 9.8
20325 29.2 10.4 2.81
20326 29 9.8 2.96
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20327 29.7 112 2.65
20328 95
20329 10.2
20330 106
20331 29.7 11 27
20332 87
20333 29.7 10.1 2.94
20334Al 30.8 12 257
20334All 25.8 10 258
203351 78
20338l 98
203391 9.9
20340A 28.7 104 2.76
20341 222 8.3 2.67
203421 30.2 10.8 2.80
20343 322 113 2.85
205951 26 95 2.74
2059511 27 11 2.45
205961 25 10 25
20596111 115
20597 6
20598 31 115 2.70
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Table 2. Dimensions of ?Monginella bellaradiata sp. nov. shells
Specimen Length Height Width Elongation L/H Obesity H/W

19789A 535 16.8
19790A 417 306 10.3 1.36 4.05
19791A 50.3 304 12.3 1.65 4.09
19792A 225 5.4
19793A 28.1 8.3
19794 29.7 12.6
19795 6.4 9.4
19797 243 9.8
19798 208 16.9 1.23
19799 253 193 131
19800 7.9
19801A 26.9 12.2
19803 6.3
19804 9.5
19805 11.7
19806 10.2
19809 10.3
19810 9.9
19811 95
19812 10.3
19813 42
19814 12.6
19815 10.6
19816 7.8
19891A 6.7
19892A 321 9.4
19893 284 146
19896A 122

19897 33 26.5 8.2 1.25 4.02






