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RESUMO

A Formacao Crato é um dos mais importantes Lagerstéatte do periodo Cretaceo, pois encerra
fosseis de invertebrados, vertebrados, plantas e icnofdsseis extremamente bem preservados,
depositados em camadas carbonéticas lacustres. Neste trabalho procuramos entender os
processos envolvidos na excepcional fossilizacdo de Ensifera (grilos), utilizando técnicas
ndo destrutivas - MEV-EDX e espectroscopia Raman — conseguimos caracterizar
composicdo quimica, mineral e morfologia em escala micrométrica, aumentando Nnosso
entendimento das transformacGes tafondmicas e diagenéticas que possibilitaram essa fiel
preservacao. Nosso estudo comparou fosseis de diferentes camadas da Formacdo Crato. Os
resultados sugerem que bactérias anaerdbicas tiveram extrema importancia durante o
processo, e que o0s Ensifera estdo preservados por dois processos principais:
Querogenizacdo e Piritizacdo. A querogenizacdo ocorre como produto de repolimerizacéo
in situ de tecidos alifaticos oriundos da cuticula do proprio organismo durante a
mesodiagénese, enquanto que a piritizacdo ocorre imediatamente ap6s a morte, durante a
decomposicdo do individuo na eodiagénese. NGs sugerimos que esses diferentes estilos
preservacionais sdo governados pela posicdo e tempo de residéncia das carcacas em zonas

geoquimicas distintas do paleolago Araripe.

Palavras-chave: Tafonomia. Formacdo Crato. Ensifera.



ABSTRACT

The Crato Formation from Araripe Basin, northeast Brazil, is one of most significant
Cretaceous Lagerstatte since it records well-preserved fossil invertebrates, vertebrates,
plants and icnofossils deposited in lacustrine carbonate beds. In this dissertation we seek to
understand the preservational processes responsible for fossilization of Ensifera, insect,
through SEM-EDS and Raman spectroscopy. Using these non-destructive techniques we
have got to characterize morphology, chemical and mineral compositions in micrometre
scale. We compared soft-tissue preservation in different layers of Crato limestone. Our
results reveal that anaerobic bacterial respiration processes played a key role in the
preservation of labile- tissues. Ensifera fossils display preservational stages ranging from
kerogenization to pyritization. Kerogenization seems to be product of repolymerization in
situ aliphatic molecules from the cuticle of the organism itself during mesodiagenesis,
while pyritization occurs immediately following the decaying of carcass during early
diagenesis. We suggest that these preservation processes are governed principally by
variations in the positioning and residence time of the carcass in different microbial zones

of the Araripe paleolake.

Keywords: Taphonomy .Crato Formation. Ensifera.
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1 INTRODUCAO

A Bacia do Araripe situa-se nos estados do Ceard, Pernambuco, Piaui e Paraiba,
com aproximadamente 9.000 km?2 de extensdo e idade predominantemente cretacea. Esta bacia
destaca-se por possuir o registro geoldgico mais completo dentre as bacias interiores do
Nordeste compreendendo as fases Pré-rifte, Rifte e Pds-rifte, sendo consequéncia da evolugdo
do oceano Atlantico Sul. A bacia é reconhecida como um dos dez mais importantes sitios
paleontologicos do mundo, pois apresenta a maior paleodiversidade da vida existente em
nosso pais ha cerca de 112 milhGes de anos atras, excepcionalmente bem preservada e
mundialmente conhecida. A prova deste reconhecimento foi a criagdo de um GEOPARK pela
UNESCO nesta area.

De todas as unidades que preenchem a Bacia do Araripe, a Formacdo Crato se
destaca pela relativa abundéncia e diversificacdo dos fdésseis de artropodes, principalmente
insetos. Além de outros invertebrados (ostracodes, conchostraceos, aracnideos e gastrépodes),
vertebrados (actinopterigios, celacantos, pterossauros, queldnios, crocodilianos, lagartos, aves
e anuros) e vegetais (algas, gimnospermas e angiospermas), além de icnofdsseis (coprolitos,
pistas de invertebrados) e palinomorfos (VIANA & NEUMANN, 2002). Devido a
abundancia e a qualidade dos fosseis encontrados nesses calcérios, este € considerado um
Lagerstétte, ou seja, um local com uma quantidade de fésseis acima do normal (Konzentrat-
Lagerstatten) ou cujo estado de preservacdo dos fosseis € excepcional (Konservat-
Lagerstatten) (MAISEY, 1991; BOTTJER et al., 2002).

Os fossil-Lagerstatten, segundo Seilacher et al., (1985) sdo verdadeiras janelas
paleobioldgicas que favorecem a visualizagdo do desenvolvimento da vida ao longo do tempo
geoldgico. Outros exemplos de féssil Lagerstatten atestam a importancia destes depésitos
para o atual entendimento da evolucdo da vida no planeta: O Apex Chert (SCHOPF, 1993) na
Australia, revela os primeiros passos da vida microbiana no arqueano; No Proterozoico,
Mistaken point, no Canada, e Pilbara na Australia, fornecem ampla visualizacdo da fauna de
Ediacara; Burguess Shale, no Canada, apresenta uma diversificada vida marinha. Rhynie
chert, na Escocia, onde se registram as primeiras ocorréncias de plantas terrestres (TREWIN,
2003), ambos no Paleozoico; No Mesozoico, se destacam o plattenkalk solnhofen, na
Alemanha, onde se encontra, provavelmente, a primeira ave descrita, o archaeopteryx.
Também sdo destaque os bem preservados insetos da Jehol biota do eocretaceo da China;
Finalmente, a extraordinariamente bem preserva da fauna de mamiferos, aves entre outros do

Folhelho de Messel, Eoceno da Alemanha, que se tornara ponto chave para a compreensao
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dos ecossistemas no Cenozoico.

A Formacdo Crato constitui um dos sitios mais importantes do ponto de vista
paleontologico e possui uma abundante colecdo de espécimes, dentro dos quais 0s insetos
assumem papel importante, pois sdo diversificados e extremamente bem preservados. Nos
calcérios laminados da Formacdo Crato ja foi descrita cerca de 360 espécies. De fato, o
conhecimento taxonémico acerca dos insetos fosseis da Formacdo Crato se encontra bem
avancado. No entanto, os processos fisico-quimico-bioldgicos que possibilitam a
extraordinaria preservacdo ainda carecem de mais investigacdes, embora consideravel avanco
tenha ocorrido nesta &rea nos Ultimos anos (HEADS et al., 2005; MENON & MARTILL,
2007; SILVAet al., 2013; DELGADO et al., 2014; BARLING et al., 2015; OSES et al., 2016).
A fim de responder essas questdes alguns paleont6logos, gedlogos, bidlogos e fisicos tém
recorrido a utilizacdo de técnicas ndo destrutivas de alta resolugdo, como Espectroscopia
Raman, Microscopia Eletronica de Varredura (MEV), laser Confocal etc. Este conjunto de
técnicas aplicadas a Paleontologia ficou conhecido como Paleometria (RIQUELME et al.,
2009).

Neste trabalho analisamos Ensifera fosseis pertencentes a diferentes camadas de
calcarios oriundos do municipio de Nova Olinda, Ceara. O critério de escolha das amostras foi
a coloracdo da rocha na qual o féssil estd encerrado. Os espécimes LP/UFC CRT 2455;
LP/UFC CRT 1822 e LP/UFC CRT 122 pertencem, respectivamente, ao calcério cinza,

calcario amarelo/branco e calcario vermelho.

Os Ensifera sdo de comum ocorréncia na paleofauna de insetos da Formacao
Crato. Por isso, desdobramentos tafonémicos relacionados a essa ordem sdo importantes para
auxiliar em problemas como: questdes posicionais singenéticas e pds-deposicionais,
diagenéticas. Além de propiciar um modelo tafondmico que pode ser estendido para outros

grupos de insetos fosseis desta Formacao.



14

1.1 JUSTIFICATIVA

A Formacéo Crato do Grupo Santana, Bacia do Araripe, possui um dos melhores e
mais importantes jazigos fossiliferos do Cretaceo Inferior. Os fdsseis contidos nesta unidade
sdo relativamente abundantes e diversificados, principalmente os invertebrados. Mas ainda
sdo poucos os trabalhos voltados para andlises tafondmicas e quimicas em insetos fdsseis da
bacia do Araripe, 0 mais comum sdo analises puramente taxonémicas. Esse tipo de trabalho
busca investigar possiveis alteracbes singenéticas e/ou diagenéticas, que possam ter
contribuido para o atual estado preservacional dos ensifera fosseis, uma vez que a natureza
desse processo é pouco compreendida. Duvidas a respeito da composi¢do quimica dos fésseis,
também anseiam por respostas: se integralmente constituidos de minerais, ou detentores de

componentes organicos importantes na sintese da cutila.

Deste modo, o presente trabalho busca preencher uma lacuna no conhecimento
paleontoldgico deste grupo, pois o reconhecimento de processos fdssildiagenéticos também

pode contribuir para posteriores trabalhos de carater paleoambiental.
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1.2 OBJETIVOS

Este trabalho tem por objetivo principal investigar a relacdo entre o grau de
preservacdo dos Ensifera e os diferentes tipos de coloracdo dos calcarios laminados da
Formacdo Crato, Bacia do Araripe, Cretaceo Inferior. Para tal propdsito foi necessario o

desenvolvimento de objetivos especificos como:

I-Verificar ultraestruturas a fim de caracterizar e entender os mecanismos
fossildiagenéticos responsaveis pela mineralizacdo dos Ensifera fosseis da Formacéo

Crato.

Il - Analisar a composi¢do quimica dos espécimes fosseis buscando

informacdes referentes aos processos de fossilizagdo comuns a essa ordem.

I11 — Entender a dindmica paleoambiental do Paleolago Araripe e as possiveis
condigdes ambientais que possibilitaram essa excepcional preservacao.

V — Propor possiveis modelos tafondmicos.

1.3 LOCALIZACAO DA AREA

A Bacia do Araripe (FIGURA 1) se localiza no interior da regido Nordeste do

Brasil, entre os estados do Ceard, Pernambuco e Piaui, e recobre uma area de cerca de 9.000

km2. A Bacia é limitada pelas seguintes coordenadas geograficas: 38°30° a 40°65’ a oeste de
Greenwich e 7°07° a 7°49’ de latitude sul.

Figura 1 - Mapa Geol6gico da Bacia do Araripe.

4

Legenda:
Fms.

Fms. Fm. Abaiara
Exu e Araripina Grupo Santana Barbalha Missao Velha
Brejo Santo

Fonte: Modificado de Assine (2007).

Fm.
Cariri
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O afloramento, pedreira do Idemar, onde foi feita a coleta dos fosseis estudados se
localiza no municipio de Nova Olinda (FIGURA 2), estado do Ceara.

Figura 2 — Mapa de localizacdo de Nova Olinda.

Assaré -
Altaneira
Q Farias Brito
- -\'% D 2o
~—_
Q_?92‘ < 1 L
Nova Olinda I
& |
& Crato
& ] ,// -t p
Santana do Cariri / VATV
2 s \
2,
— £
x | 1
@
Convencgoes Cartograficas
Sistema Vidrio | Nova Olinca | Ceard | Bras

Fonte: O autor.

1.4 CONTEXTO GEOLOGICO

A Bacia do Araripe é uma bacia alongada, com eixo de direcdo W-E, sendo uma
das maiores bacias do interior do Nordeste brasileiro (FIGURA 3). A bacia esta situada sobre
a Provincia Borborema, uma provincia geotectdnica pré-cambriana de estruturacdo complexa.
Possui lineamentos de direcbes E - W e NE - SW, dentre os quais se destacam dois,
Lineamento de Patos (ao norte) e Lineamento de Pernambuco (ao sul), ambos de direcdo E-W,
que delimitam a “Zona Transversal” da Provincia Borborema (Ponte e Ponte Filho, 1996).
Rand e Manso (1984), com base em dados gravimétricos e magnetométricos perceberam pela
primeira vez a compartimentacdo da bacia, e a dividiram em duas sub-bacias, chamaram as
sub-bacias de Oeste e Leste. Estes autores também notificaram falhamentos nas bordas da
bacia. Depois, com base em modelagem gravimétrica 3D confirmaram a existéncia das duas
sub-bacias, definindo profundidades de até 1.600m para o topo do embasamento. Segundo
estes autores, estas duas sub-bacias, chamadas de Feitoria (oeste) e Cariri (leste) sdo separadas

pelo Horst (ou alto) de Dom Leme.
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Figura 3 — Mapa da Bacia do Araripe no contexto regional da Provincia Borborema.

O O
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Fonte: Jardim de Sa et al. (2008).

O arcabougo estratigrafico da Bacia é constituido por sequéncias estratigraficas,
limitadas por discordancias regionais, que representam o registro fragmentario de
embaciamentos gerados em ambientes tectdnicos distintos. Cada sequéncia tectono-
sedimentar apresenta um contexto paleogeografico diferente, integrado a outras bacias e
também marcam seus distintos estagios de evolucdo. O arcabougo tectono-sedimentar da
Bacia do Araripe é constituido por cinco sequéncias: as sequéncias Paleozlica; Pré-Rifte;
Rifte; Pos-Rifte | e Pés-Rifte 11 (ASSINE, 2007).

A primeira sugestdo de divisao estratigrafica para a sequéncia sedimentar da Bacia
do Araripe foi feita por Small (1913), que propos trés sequéncias distintas, chamadas de: a)
Arenito Inferior, com um conglomerado basal; b) Calcario Santana e c¢) Arenito Superior.
Depois, outros autores contribuiram para a evolugdo da compartimentacéo estratigrafica da
bacia, dentre os quais Beurlen (1962, 1971), Mabesoone e Tinoco (1973), Assine (1990, 1994,
2007, 2014), Neumann (1999), Martill e Heimhofer (2007). A proposta de Assine et al.,
(2014) é a prevalecente neste trabalho.
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Figura 4: Coluna Crono-litoestratigrafica simplificada da Bacia do Araripe baseada em

Assine (2007).
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Fonte: Santos et al. (2017).

A sequéncia Paleozobica € constituida por uma Unica unidade litoestratigrafica,
denominada Formacgdo Cariri por Beurlen (1962) ou Formacdo Mauriti (GASPARY &
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ANJOS, 1964). A Formacgdo Mauriti representa um registro residual de uma extensa
sedimentacdo desenvolvida durante o paleozéico do nordeste brasileiro e caracteriza-se por
arenitos grossos, com niveis conglomeraticos intercalados, de cores claras (branco, réseo,
cinza), compostos essencialmente por grdos de quartzo, e secundariamente feldspato, os
niveis de conglomerados ocorrem comumente na base, onde incluem fragmentos liticos do
embasamento.

A sequéncia Pre-Rifte de idade Juro-Neocomiana (ASSINE, 1992) é composta
pelas formacdes Brejo Santo e Missdo Velha. A Formacdo Brejo Santo apresenta uma
espessura de aproximadamente 400m, e sua exposi¢cdo também se restringe a norte e nordeste
da bacia. Foi definida por Gaspary e Anjos (1964). Caracteriza-se por argilitos bem
estratificados de cor marrom e por margas esverdeadas. Representa a base da primeira fase
lacustre da Bacia. No tocante a idade, a presenca de ostracodes Bisulcocypris princei e
Darwinula oblonga Roemer, posiciona a Formagdo Brejo Santo no Andar Dom Jo&o
(BRAUN, 1966). A Formagdo Missdo Velha, que sobrepde concordantemente a Formagéo
Brejo Santo, tem espessura maxima de cerca de 200m e é caracterizada por porta fragmentos

de madeira fosseis silicificados, atribuidos a conifera Dadoxilon benderi.

A sequéncia Rifte Neocomiana corresponde a Formacdo Abaiara unidade que
apresenta significativa variacdo facioldgica lateral e vertical, caracterizando sedimentacdo
numa calha tectonica. A unidade dispbe-se em contato discordante, tanto com a Formacéo
Missdo Velha, inferiormente, como com a Formacao Barbalha, superiormente. As associacdes
faciologicas e o conteudo fossilifero indicam sedimentacdo em tratos deposicionais
continentais, num cenario aonde lagos rasos vao sendo paulatinamente substituidos por

planicies fluviais de canais entrelacados (ASSINE, 2007).

A sequéncia Poés-Rifte de idade Aptiana-Albiana é constituida pelo Grupo
Santana, constituido pelas formacdes Barbalha, Crato, Ipubi e Romualdo (ASSINE et al,
2014). A Formacao Barbalha de Assine (1990) representa o inicio da Tectono-sequéncia Pds-
Rifte da Bacia do Araripe. Apresenta espessura de cerca de 200m e o predominio de arenitos
com intercalagbes de folhelhos de coloracdes avermelhadas e de niveis delgados de
conglomerados. As rochas da Formagdo Crato representam um sistema lacustre carbonético. A
Formacdo lpubi representa as facies evaporiticas do sistema lacustre Aptiano-Albiano, sendo
composta essencialmente por corpos descontinuos de gipsita e anidrita intercalados com

folhelhos escuros ricos em ostracodes (ASSINE, 2007). A Formacdo Romualdo é constituida
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lutitos de cor variando entre o cinza e o verde, com niveis de concre¢des carbonaticas
fossiliferas e alguns niveis de folhelhos pirobetuminosos.

A sequéncia Pés-Rifte 11 constitui o Grupo Araripe; as formacgdes Araripina e Exu
(ASSINE, et al. 2014). A Formacéo Araripina corresponde ao Membro Inferior da Formacao
Exu de Beurlen (1963) e Mabesoone e Tinoco (1973) e € constituida por facies heteroliticas
restrita a porcdo oeste da bacia (ASSINE, 2007). A Formagdo Exu é composta de arenitos
grossos e argilosos, intercalados com niveis conglomeraticos, com cores variando do roxo ao
amarelo e estratificacdes cruzadas, interpretados como sistemas fluviais entrelacados (PONTE
& PONTE FILHO, 1996).

1.5 TAFONOMIA: UMA COMBINAGCAO DE PROCESSOS

A preservacdo de um fossil pode envolver um ou diversos processos, ja 0S
processos responsaveis pela preservacdo excepcional podem variar ainda mais, por exemplo,
os fosseis ediacaranos pertencentes ao Membro Gaojiashan no sul da China, estudados por
Cai et al., (2012), sdo famosos por apresentarem aluminosilicificacdo, piritizacdo e
guerogenizacdo (BRIGGS, et al.,, 1991; GABBOTT, 1998; GAINES, et al., 2008;
RAISWELL, et al., 2008). Outros exemplos incluem: fosseis calcificados/fosfatizados de
Libros, Espanha (MCNAMARA et al., 2009); aluminosilicificados e querogenizados em
depdsitos Burgess Shale-type (Orr et al., 1998; NARBONE, 2005; ANDERSON, et al., 2011,
LAFLAMME et al., 2011); fosseis fosfatizados/piritizados/calcificados em Eocene London
Clay (ALLISON, 1988); microfésseis fosfatizados e silicificados da Formacdo Doushantuo,
China (MUSCENTE et al., 2015). Todos esses exemplos pressupem que as carcacas
permaneceram em microambientes responsaveis por conduzir diferentes processos
tafonébmicos sob circunstancias globais comuns. Na grande maioria dos casos 0
desenvolvimento destes microambientes é, em parte, causado pela atividade metabdlica
bacteriana na interface sedimento/coluna d agua e os processos em si vdo se sucedendo a
medida que as carcagas vao se posicionando através das diferentes zonas geomicrobioldgicas
(CAIl, etal., 2012; SCHIFFBAUER et al., 2014).

Os fosseis preservados por multiplos processos tafonémicos fornecem evidéncias
para a formulagdo de um modelo conceitual unificado, baseado na Geomicrobiologia e nas
defini¢cbes da Geologia Sedimentar. Assim, as distintas zonas microbiais na coluna sedimentar
dependem da disponibilidade de requisitos geoquimicos (O2, matéria organica, ferro reativo,

pH, SO%, HS, PO+, SiO2, etc) essenciais para a degradacdo ou a mineralizagéo do fossil.
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1.6 FORMACAO CRATO

1.6.1 Idade

A idade da Formacdo Crato sempre foi motivo de muito debate e incertezas. No
entanto, a maioria dos trabalhos converge para uma idade Aptiana ou limite Aptiano/Albiano,
Cretaceo Inferior. Uma das primeiras tentativas de datar essas camadas foi feita por Braun
(1966), comparando ostracodes com outras assembleias do oeste africano. Depois, Lima
(1979a, 1979b e 1980) levantou e comparou uma série de palinozonas chegando a uma
possivel idade aptiana. Porém, a bioestratigrafia da Bacia do Araripe baseia-se no trabalho de
Coimbra et al., (2002), que zoneou a sequéncia aptiana-albiana verificando que, em direcéo
ao topo da sequéncia, os ostracodes tornam-se mais abundantes e com baixa diversidade. Em
contraste, a riqueza e diversidade de palinomorfos, permitiu aos autores o reconhecimento de
duas palinozonas: A Zona Sergipea variverrucata, Aptiano Inferior, ocorrendo na Formacéo
Barbalha até a base da Formagdo Crato; e a Zona Cicatricosisporites avnimelechi, Aptiana
Superior/Albiana, ocorrendo na por¢do média da Formacdo Ipubi e Formagdo Romualdo.

O conteudo micropaleontologico das formacdes Barbalha e Crato sugerem
fortemente que o Andar Alagoas € Aptiano Superior para as duas primeiras formacdes e
Aptiano/Albiano para as formagdes Ipubi e Romualdo.

Rios-Neto et al., (2012) optaram por ndo definir um biozoneamento local para o
intervalo estudado; em vez disso, eles buscaram reconhecer as unidades bioestratigraficas do
biozoneamento proposto por Regali et al., (1974) para o Brasil. Neste trabalho concluiu-se
que o intervalo correspondente as formag6es Barbalha e Crato sdo correlaciondveis com 0s
intervalos estudados por Antonioli (2001); forma¢des Codo, Bacia do Parnaiba, Rosseti et al.,

(2001); Formacao Codo e Dino (1992); Formacéao Alagamar, Bacia Potiguar.
1.6.2 Litologia e Paleoambiente

A Formagéo Crato inicia com a passagem do ultimo ciclo fluvial da Formacéo
Barbalha e foi originalmente denominada de “calcario Santana” por Small (1913). A
Formac&o Crato € basicamente composta por carbonatos laminados intercalados com camadas
siliciclasticas e niveis centimetros de gipsita. Apesar das rochas carbonaticas serem o
componente litolégico significativo da unidade suas diversidades sdo extremamente baixas,
com calcarios micriticos milimetricamente laminados dominando quase toda a segédo
(MARTILL et al., 2008).

Neumann e Cabrera (2002) identificaram seis niveis carbonaticos (denominados
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de C1 — C6) geradas nas zonas centrais e marginais da bacia, protegidas do aporte sedimentar,
com distintas espessuras e variada extensdo lateral. Cada unidade inclui: litofacies ritmito
argila- carbonato (submicrofacie Sm1l) e a litofacies calcario laminado. Segundo estes autores,
os calcarios sdo predominantemente constituidos por calcita com baixo teor de magnésio e
possuem as submicrofacies: Sm2, laminas onduladas e estruturas loop bedding; Sm3,
peloides; Sm4, l1aminas onduladas do tipo microslumps e microripples; Sm5, ld&minas plano-
paralelas e onduladas; Sm6, laminas plano-paralelas ricas em ostracodes.

A origem dos carbonatos lacustre desta unidade é tradicionalmente atribuida a
precipitagdo quimica associados com sedimentos finos sem ou com restrita mediacdo de
agentes bioldgicos (HEIMHOFER, et al., 2010). Recentemente, Catto et al., (2016) prop6s
que a deposicdo dos calcarios foi intensamente influenciada por agentes microbioldgicos.
Neste estudo, os autores subdividiram os carbonatos laminados em quatro microfacies
baseados em suas caracteristicas mineraldgicas, textura e componentes bioldgicos: microfécie
Ritmito, Nodular, Laminado Planar e Crustiforme.

As feicGes diagenéticas compreendem ocasionais concrecdes carbonaticas
eodiagenéticas, raras concrecdes silicosas, barita autigénica e pequenos agregados de galena e
esfarelita na base do Membro Nova Olinda ou base da Formacdo Crato (MARTILL et al.,
2008). Pequenas fraturas preenchidas por calcita recristalizada sdo frequentemente observadas
ao longo do deposito. Estruturas verticais distintas (“pipe-like”), compostas por dolomita,
foram observadas na porcdo oeste da bacia. Alguns intraclasticos carbonaticos ocorrem dentro
dos “pipes”, estes ocorrem proximos aos limites da bacia, que sdo marcados por
megaestruturas cisalhantes, mas ndo possuem nenhuma relacdo clara entre as
descontinuidades ¢ os “pipes” (MARTILL et al., 2008). Segundo Martill et al., (2008), a
dolomitizacao destes “pipe-like” pressupde um fluido oriundo de uma fonte marinha rica em
magnésio.

A Formacao Crato foi considerada por K. Beurlen (1971) como depositada em um
ambiente lacustre de &guas doces em uma bacia relativamente restrita. Para Neumann e
Cabrera (2002), a baixa diversidade da paleobiota (apesar da grande quantidade de fdsseis
encontrados) e as acumulagfes de peixes juvenis do género eurihalino Dastilbe sugerem
eventos de mortalidade em massa que poderiam ser causados por possiveis mudancas de
salinidade que afetaram o sistema lacustre. A presenca de raros representantes de Cladocyclus
gardneri Agassiz 1841, de celacantos tidos como de ambientes salinos e de Yoldia, Barbatia e
Malletia, géneros de bivalvios atualmente marinhos, reforcam essa teoria. Porém, segundo

estes autores, apesar dos indicios de aumento de salinidade durante algumas etapas evolutivas
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do sistema, a presenca de algas do género Botryococcus em véarias amostras indicam que em
alguns setores do lago a &gua era doce, como por exemplo, préximo a desembocaduras fluvio-
deltéicas. Ainda ocorrem bivalvios Pseudohyria, tipicamente dulceaquicola.

Neumann et al., (2003) postularam que a Formacdo Crato foi depositada em um
sistema lacustre salino com certa influéncia de aguas doces. Periodicamente, por ocorréncia
de tormentas e enchentes fluviais, as &guas desta bacia lacustre relativamente restrita
(Beurlen, 1971) tornavam-se estratificadamente menos salinas, 0 que € registrado pela
deposicdo de folhelhos com bivalvios do género Pseudohyria e conchostraceos. Algumas
espécies de peixes marinhos poderiam ingressar em aguas menos salinas em tempos de
reproducdo, como sugerido por Brito et al., (2005).

Do Carmo et al., (2008) enfatiza a presenca de ostracodes do género Harbinia,
originalmente descritos como ndo-marinhos, mas que poderiam suportar no minimo
condi¢cBes marinhas restritas. Harbinia micropapillosa é registrada na Bacia do Araripe na
Zona 011, também conhecida como Zona Cytheridea? spp proposta por Moura (1987),
juntamente com H. salitrensis, H. angulata, H. sinuata e H. symmetrica. Esta foi renomeada
para Harbinia spp. 201-218 por Do Carmo et al., (2008). Esses ostracodes postulam
ocorréncia de ambientes marginais do proto-oceano Atlantico sul, um estagio de golfo,
quando o proto-oceano ja estava formado.

1.6.3 Paleogeografia

A Bacia do Araripe em sua extensdo original era maior que sua atual area de
ocorréncia, sendo testemunho a Bacia de Socorro, a Bacia de Cedro e Sdo José do Belmonte
(Ponte, 1994). Isto pode ser uma das ragdes da paleogeografia do intervalo Aptiano-Albiano
ser um assunto controverso, sendo tema de intenso debate até hoje. J& foram aventados pelo
menos trés sentidos para a ingressao marinha na Bacia do Araripe, a partir da Bacia Sergipe-

Alagoas, a partir da Bacia Potiguar e a partir da Bacia do Parnaiba.

Arai (2007) usou o fato de os dinoflagelados serem termdfilos, ou seja, sua
distribuicdo é controlada pela isoterma de 15 - 16°C, sendo mais abundantes nas aguas
tropicais quentes, para propor uma reconstrucdo paleogeografica para sequéncia aptiana-
albiana da Bacia do Araripe. Arai e Coimbra (1990) registraram a presenca, em grande
quantidade, de dinoflagelados dos géneros subtilisphaera e Spiniferides na por¢do mais basal
da Formacdo Romualdo, o que indica que o pacote ja poderia ter sofrido uma ingressao

marinha. No mesmo intervalo os autores registram uma monofauna de ostracodes, o que
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indica condi¢BGes ambientais desfavoraveis para estes espécimes, uma possivel explicacdo para
esse cendrio é que o aumento subito da salinidade contribuiu para o decréscimo dos
ostracodes e para o aumento dos dinoflagelados.

Arai (2009) sugere que o0 processo de separacio entre América do Sul e Africa ndo
interferiu no trajeto das ingressdes marinhas (FIGURA 5). O autor supde que a incursao
marinha € ocorrida a partir do Mar de Tetis no norte (Bacia S&o Luis), e utiliza a Ecozona
subtilisphaera (REGALI, 1989) de ocorréncia globalmente diacrona, mas no Brasil essa zona

sO ocorre no aptiano, para basear sua hipotese.

Fonte: Modificado de Arai (2009)

Arai (2014) postula que no final do Aptiano ao Albiano, todas as bacias da
margem continental brasileira (BCMB) exceto a Bacia de Pelotas (Margem Sul) estavam sob
influéncia das aguas do Atlantico.

Todavia, Assine (1994) utilizando dados de paleocorrentes chegou a uma hipotese
diferente. O autor verificou que as paleocorrentes das formagdes Barbalha e Marizal,
respectivamente, Bacia do Araripe e Bacia Tucano norte, indicam drenagem fluvial para sul e
sudeste. Considerando que a agua flui de cotas topograficas mais elevadas para cotas menos
elevadas e que o destino final destes rios seria 0 mar. Entdo, o sentido mais I4gico da
ingressdo seria 0 oposto ao da paleodrenagem continental, ou seja, a partir da Bacia Sergipe-
Alagoas. Assine et al., (2016), criticam a hipétese de Arai (2014) afirmando que o contetdo
de Subtilisphaera é mais diversificado em espécies em depdsitos relacionados ao Mar de Tetis
do que os encontrados no nordeste do Brasil. Os autores sugerem um cenario paleogeografico
onde as bacias do Parnaiba, Potiguar e as bacias do Araripe, Tucano — Jatoba configurariam

trés bacias de drenagem distintas. Assim, a direcdo de incursdo marinha é possivel ao longo de



25

rios contemporaneos por pelos menos trés caminhos diferentes (FIGURA 6).

Figura 6 — Cenério paleogeogréfico para o Aptiano do Nordeste do Brasil, baseado em
paleocorrentes.
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Fonte: Assine et al. (2016).

1.7 ENSIFERA

Os Ensifera atuais (FIGURA 7) sdo conhecidos popularmente como grilos e
esperancas. Ocorrem em todos os continentes, a exce¢do dos polos e grandes altitudes, sendo
mais abundantes nos tropicos onde formam um importante componente da fauna (EADES et
al., 2010). Sdo insetos de tamanho médio a pequeno, sendo as formas pequenas as mais

comuns.
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Figura 7 - Morfologia externa béasica de Ensifera.
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Os Ensifera sdo conhecidos principalmente pela sua capacidade de “cantar”, ou
seja, emitir sons através do atrito entre duas partes do corpo. Esse som é emitido pelo macho
com pretexto de atrair uma fémea para acasalar (ALEXANDER, 1964). Os grilos e
esperancgas emitem esse som de “chamado” atritando as asas anteriores, que possuem nervuras
modificadas chamadas de aparelho estridulador, que sdo responsaveis pela reproducdo e
propagacao deste som ou estridulacao.

Os Ensifera sdo hemimetabolos e, como outros insetos com metamorfose gradual,
desenvolvem-se de ninfas a adultos por meio de uma série de estagios, que se tornam
progressivamente mais semelhantes ao adulto (KEY, 1970). Uma das principais caracteristicas
deste grupo sdo as pernas posteriores adaptadas ao salto, essas possuem maior
desenvolvimento do fémur em relagdo as demais pernas (pernas saltadoras). Outra
caracteristica que diferencia os grilos de outros insetos € o tamanho da antena, geralmente
duas vezes o tamanho do corpo. O aparelho bucal é do tipo mastigador, sendo a maioria das
espécies classificadas como onivoras (BOLFARINI, 2007). O 6rgéo auditivo se localiza nas
tibias anteriores. Segundo Grimaldi e Engel (2005) existem cerca de 22,500 espécies atuais de
ortopteromorfos. Porém, outras estimativas supdem que o nimero total de insetos neste grupo
pode ser até 30 vezes maior que 0 nimero de espécies descritas (AMORIM, 2001). Para
Sperber (1999), essa perspectiva se faz notar especialmente em ambientes tropicais, devido ao
dificil acesso a especimes que habitam grandes areas de floresta densa. Atualmente, os grilos
sdo muito utilizados como organismos modelo para estudos de comportamento territorial e
reprodutivo (HEIDELBACH & DAMBACH, 1997) e ecologia (DESUTTER-
GRANDCOLAS, 1997; SPERBER, 1999; SPERBER et al., 2003). Entretanto, estudos

taxondmicos e sistematicos séo relativamente escassos para este grupo. Desta forma, os grilos



27

podem contribuir significativamente para construgdo de um quadro com referente a mudancas
fisicas e biologicas, além de sua dindmica populacional ser altamente influenciada pela
heterogeneidade dentro de um mesmo habitat (THOMAZINI & THOMAZINI, 2000), ou seja,
dados Uteis para inferéncias paleoambientais, paleoclimaticas e paleobiogeograficas.

A fauna de Ensifera da Formacdo Crato é mais bem preservada, diversificada e
bem documentada no Mesozoico (GRIMALDI & ENGEL, 2005). As dez familias atuais de
Ensifera estdo agrupadas em quatro superfamilias: Stenopelmatoidea, compreendendo as
familias  Gryllacrididae, Raphidophoridae, Schizodactylidae, Anostostomatidae e
Stenopelmatidae; Tettigonioidea, compreendendo apenas a familia Tettigoniidae; Hagloidea
compreendendo a familia extinta Haglidae; e Grylloidea, compreendendo as familias
Gryllidae , Myrmecophilidae e Gryllotalpidae. Dessas superfamilias apenas as superfamilias
Haglidae e Grylloidea possuem representantes nos calcarios laminados da Formacao Crato
(HEADS & MARTINS-NETO, 2007).

Os Gryllidae (Grilos verdadeiros) sdo os mais abundantes dentre os Ensifera da
Formacdo Crato sendo representado por onze espécies distribuidas em quatro géneros
(HEADS & MARTINS-NETO, 2007). A familia Baissogryllidae possuem 19 espécies
distribuidas em seis géneros (MARTINS-NETO, 1998). Gryllotalpidae ou mole crickets estdo
presentes na Formacdo Crato por trés géneros diferentes e Hagloidea por dois géneros
Kevania araripensis e Cratohaglopsis santanaensis Martins-Neto (1991).

2 MATERIAIS E METODOS

2.1 Procedéncia do Material Féssil

Os espécimes fdsseis utilizados nesta pesquisa pertencem ao acervo do
Laboratorio de Paleontologia do Departamento de Geologia da UFC. Os fosseis séo
identificados pelo cédigo LP/UFC (Lab. de Paleontologia da UFC) CRT (Colecdo Reserva
Técnica). As seguintes amostras foram analisadas: LP/UFC CRT 2455; LP/UFC CRT 1822 e
LP/UFC CRT 122. Todos os fosseis sdo oriundos das pedreiras de calcario laminado do

municipio de Nova Olinda, Ceara.

2.2 Microscopia Eletronica de Varredura (MEV) e Espectroscopia de
raios-x de energia dispersiva (EDX)

O principio de funcionamento do MEV (FIGURA 8) consiste na emisséo de feixes
de elétrons por um filamento capilar de tungsténio, mediante a aplicacdo de uma diferenca de

potencial que pode variar de 0,5 a 30 KV. O feixe gerado passa por lentes que reduzem seu
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didmetro em alguns micrémetros. Apds as lentes hd uma objetiva que focaliza o feixe sobre a
amostra. Ou seja, 0 MEV ¢é basicamente composto por uma fonte emissora de elétrons
(filamento) e uma série de lentes magnéticas (GOLDSTEIN et al., 2012).

Figura 8 - Microscopio Eletronico de Varredura Quanta 450 FEG — FEI com detector de
raios-x Oxford acoplado.

Fonte: http://www.centralanalitica.ufc.br/index.php/infraestrutura/equipamentos.

O elétron oriundo do aquecimento do filamento de tungsténio chega até a
superficie da amostra, interage com a mesma e é capturado por um detector. Entdo, a imagem
é formada baseada nos pontos varridos. Caso 0s materiais ndo sejam eletricamente
condutores, a amostra deve ser metalizada com um filme fino de Au ou outro metal, antes de
serem colocados na camara. Os tipos de sinais produzidos quando o feixe de elétrons interage
com a superficie da amostra incluem: elétron secundario; elétrons retroespalhados; raios-x
caracteristicos entre outros. O MEV foi usado para criar imagens detalhadas, em microescala,
das ultraestruturas dos Ensifera fosseis.

O feixe de elétrons, além de aumentar a magnificacdo da imagem, produz raios-x
fluorescentes, emitidos pelos elementos quimicos que constituem a amostra. Esse € 0
mecanismo utilizado para determinar qualitativamente e semiquantitativamente a composi¢éo
e a distribuicdo destes elementos na amostra. Esse método de energia dispersiva (EDX) é
conhecido como microanélise.

O EDX ou EDS (energy dispersive x-ray detector) € um acessorio importante na
caracterizagdo quimica de materiais organicos e inorganicos. A microanalise é baseada nos

mesmos principios fisicos da fluorescéncia de raios-x, que possibilitam analises pontuais e
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amplos mapas, através de varredura de campo amplo. Quando um feixe de elétrons incide
sobre uma amostra, os elétrons mais externos dos atomos, os ions sdo excitados mudando para
outros niveis energéticos. Ao retornarem para sua posicao inicial, liberam a energia adquirida
como luz com comprimento de onda no espectro de raios-x. Entdo, um detector acoplado na
camara de vacuo do microscépio mede a energia associada a esse elétron. Como cada
elemento possui elétrons com energias distintas, € possivel determinar quais os elementos
presentes naquele local.

As analises foram realizadas em um microscopio eletrénico Quanta-450FEG (FEI)
equipado com um detector GAD (gaseous analytical detector) e um detector de raios-x
Oxford, na Central Analitica da Universidade Federal do Ceard. Os espécimes foram
colocados no microscopio sem nenhuma preparacdo prévia. Logo, as medidas foram

realizadas a baixo vacuo (aproximadamente 100Pa).
2.3 Espectroscopia Raman

A espectroscopia Raman é uma técnica foténica de alta resolugcdo que proporciona
em poucos segundos informacao sobre a composicao quimica e estrutural da amostra. Quando
0s materiais sdo iluminados por uma fonte de luz monocromatica visivel, os fotons incidentes
interagem com as moléculas vibrantes do material. Como consequéncia deste processo, 0s
fotons espalhados tém diferentes energias se comparados aos fotons incidentes, definindo
assim o fendbmeno do espalhamento Raman (NEUVILLE et al., 2014). Essa diferenca de
energia € medida por um espectrémetro resultando em um espectro ou grafico das moléculas
vibrantes do material. O fenbmeno Raman foi descrito pelo fisico indiano Chandrasekhara
Venkata Raman em 1928, o que lhe rendeu o prémio Nobel de fisica em 1930.

Raman deu nome ao fendmeno de dispersdo da luz que permite a identificacdo de
rotacdes e vibracBes moleculares. A técnica baseia-se em uma luz monocromatica de
frequéncia vo que € incidida sobre a amostra, a maior parte da luz dispersada possui a mesma
frequéncia da luz incidente, esse fendbmeno recebe o nome de dispersdo Rayleigh e ndo guarda
nenhuma informacdo sobre composi¢do ou estrutura. Porém, outra fragdo muito pequena de
luz que apresenta mudanca na frequéncia, proporciona informagfes sobre a composicdo da
amostra. Se o resultado da interagdo luz-amostra for um foton espalhado com frequéncia
distinta da luz incidente, tem-se um espalhamento inelastico (transferéncia de energia entre a
molécula e o foton). Se o foton dispersado tem frequéncia menor que a incidente, significa

que houve transferéncia do foton para a molécula, dando origem ao espalhamento Raman
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Stokes. Se o foton dispersado tem frequéncia maior que a incidente, significa que houve
transferéncia da molécula para o foton, esse fendmeno é chamado de efeito Raman Anti-
Stokes (FIGURA 9).

Figura 9 - Diagrama de niveis de energia ilustrando diferentes tipos de espalhamento.
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Fonte: Modificado de Franzen and Windber (2015).

A informacgdo sobre o espalhamento Raman pode ser usada para caracterizagao
quimica e mineral6gica de diferentes materiais. Sua grande vantagem, em relacdo as demais
técnicas de caracterizacdo, € o fato de essa ser uma técnica ndo destrutiva. As analises Raman
foram realizadas no Laboratério de Microscopia e Espectroscopia Vibracional do
Departamento de Fisica da Universidade Federal do Ceara, fazendo uso de um LabRAM HR
(Horiba). A informacdo Raman foi utilizada para investigar a associagdo mineralégica que

substituiu os tecidos organicos dos Ensifera estudados.
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3 MANUSCRITO PROPOSTO

From diagenisis to post-diagenesis: All taphonomic pathways of Ensifera
(Insecta) from Crato Formation, Araripe Basin.
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Abstract

The Crato Formation palaeoentomofauna from Lower Cretaceous (Aptian) of northeast Brazil
is extremely well preserved. Macro and micro cuticle details are frequently observed. The
Crato Fm. stands out for the high diversity of fossil insects with at least 360 described species,
so far. We investigate the preservational pathways through SEM-EDS and Raman
spectroscopy, non-destructive techniques. Our study compared Ensifera soft-tissue
preservation in different layers of Crato limestone. The results support that anaerobic bacterial
respiration processes influenced the labile-tissues preservation. Ensifera fossils display
preservational stages ranging from kerogenization to pyritization. Kerogenization seems to be
product of polymerization in situ during mesodiagenesis, while pyritization occurs
immediately following the decaying of carcass during early diagenesis. We suggest that these
preservation processes are governed principally by variations in the positioning and residence
time of the carcasses in different microbial zones within sediment column. Besides
early/mesodiagenetic modifications, oxidation processes during recent weathering led to some

mineral transformations that played a key role in the Ensifera preservation.

Key-words: Taphonomy; Post-diagenesis; Crato Formation; Ensifera; Kerogenization;
Pyritization.

1. Introduction

Fossil insects have been well studied taxonomically in the last years, but details
on their fossildiagenesis are still far from understood. However, remarkable progress has been

made in studying the insect taphonomy by analytical approaches, i.e. electron microscopy
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(Zhehikhin, 2002; Martinez-Delclos et al., 2004; Smith et al., 2006; Smith and Moe-Hoffman,
2007; McNamara et al., 2011; Thoene-Henning et al., 2012; McNamara et al., 2012; Wang et
al., 2012; McNamara, 2013; Pan et al., 2014; Barling et al., 2015; Greenwalt et al., 2015;
Osés et al., 2016; Anderson and Smith, 2017). The processes involved in the preservation of
organisms depend on type of tissue, rate of decay, time and depth of burial and geochemical
conditions during and after that (Forchielli et al., 2014). This way fossil deposits with
exceptional preservation are important for understanding the taphonomic pathways that allow
delicate tissue could be preserved.

The Araripe Basin stands out from others in the mainland Northeast Brazil
because it encompasses the most complete Cretaceous geological record and, mainly, for its
paleontological content. The Crato Formation, Early Cretaceous, is known worldwide as a
Konservat-Lagerstatte due to its well-preserved fossil record in a lacustrine paleoenvironment
(Martill and Bechly, 2007). The fossils are relatively abundant and diverse, including
vertebrates, invertebrates, plants, trace fossils and palynomorphs (Viana and Neumann, 2000).
The most abundant fossils are arthropods, mainly insects, considered as highly-fidelity
preserved and including non-mineralized tissues (Barling et al. 2015). Crato insects are
commonly complete, often 3-dimensionally, therefore revealing details like abdominal
segmentation, thoracic appendages, wings displaying well defined venation and head
appendages (e.g., antennae and eyes). Soares et al. (2013) declared than the rich
paleoentomofauna of this unit is a taphonomic window for the lower Cretaceous. The Crato
Fm. deposit is regarded as the largest in taxonomic diversity and number of individual
Cretaceous insects (Grimaldi, 1990), being represented Orthoptera, Ensifera, Isoptera,
Homoptera, Hymenoptera, Blattodea, Ephemeroptera, Odonata, Dermaptera, Raphidioptera,
Diptera, Trichoptera, Coleoptera, Neuroptera and Heteroptera orders. Among them, Ensifera
is highlighted in terms of number of individuals. From the four known superfamilies, two
(Grylloidea and Hagloidea) have been noticed in the Crato Fm. (Heads and Martins-Neto,
2007).

There is an intimate relationship between insect soft-tissue preservation and fine-
grained laminated carbonates (Martinez-Declos et al., 2004). Like in Crato Fm., other
localities are rich in fine laminated carbonates preserving diversified fossil insects such as
Solnhofen (Germany), Las Hoyas and Montsec (Spain) and Green River (USA). The Crato’s
limestone is traditionally attributed to chemical precipitation associated with fine terrigenous
sediments affected by a microbial organic mediation (Catto et al., 2016). According to

Neumann et al. (2003), two laminated limestone facies (microfacies) do occur: clay-carbonate
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rhythmite (‘blue”) and laminated limestone (‘pale’, dominated by calcite crystals), that would
correspond to a shift in the depositional balance of authigenic carbonate precipitation and
terrigenous input (Heimhofer and Martill, 2007). In fact, a notable feature of the Crato
carbonates is their color pattern, in the most of quarries varying between blue to dark gray and
light yellow to orange. Heimhofer and Martill (2007) suggested that, during the early phase of
burial of the Crato Fm., circulating calcium carbonate-rich pore fluids resulted in precipitation
of sparry cements and then forced the lithification of the soft sediment. Whereas the laminated
limestone facies shows a porosity decrease due to a widespread sparry cementation, the clay-
carbonate rhythmites are virtually unaffected by that. These distinct colors are probably due to
secondary alteration under influence of meteoric waters affecting the limestone (Heimhofer
and Martill, 2007; Menon and Martill, 2007). There is no evidence for strong mechanical
compaction in the Crato limestone, implying a shallow burial and low thermal alteration
(Heimhofer and Martill, 2007; Santos et al., 2017).

In this work we seek to analyze Ensifera fossils of the Crato Fm. from each color-
based limestone. Besides the light yellow and dark gray types, we also included a variety of
reddish limestone [(Figs. 1, B - Dark-gray limestone (DL); C - Yellow limestone (YL); D -
Red limestone (RL)]. Some previous studies have discussed fossilization processes of insects
in the Crato Fm. (Menon and Martill, 2007; Delgado et al., 2014; Barling et al., 2015; Osés et
al., 2016), but they focused in several groups of organisms and rarely analyzing possible
effects of the weathering, if so. Our main purpose is to investigate preservational taphonomic
pathways of Ensifera fossils from the Crato Fm.’s limestones, based on chemical effects from
early to late (weathering) diagenesis, and also supporting additional information on previous
taphonomic models for this unit.
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Figure 1 — Distinct coloration patterns observed in the Crato Formation limestones. A, General view of the
quarry located in Nova Olinda, Ceara State; B, Dark-gray limestone layers (DL); C, Yellow limestone layers
(YL); D, Reddish limestone layers (RL).

2. Geological Setting

The Araripe Basin located in the border area of the States of Piaui, Ceara and
Pernambuco in northeast Brazil, covers an area of approximately 9000 km? (Figure 2).

Figure 2 — Position of the Araripe Basin in in northeast Brazil and the quarry in Nova Olinda
territory. Red lines corresponds to roads.

The sedimentary evolution of this basin is related to the Gondwana rifting event
and the opening of the South Atlantic Ocean (Matos, 1999). The Araripe Basin is limited in

the south by the Pernambuco Lineament and in the north by the Patos Lineament, both
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oriented in an almost E-W direction (Ponte and Ponte Filho, 1996). Gravimetric,
magnetometric and seismic studies indicate reactivation of ancient NE-SW lineaments that
was responsible for the development of a horst-graben system under the basin, originating the
Feira Nova and Cariri sub-basins separated by the Dom Leme High (Ponte and Ponte Filho,
1996). The stratigraphic framework is organized in three major tectono-stratigraphic phases,
called pre-rift, syn-rift, and post-rift (Ponte and Ponte Filho, 1996; Assine, 2007). The pre-rift
phase is characterized by siliciclastic fluvial-lacustrine sediments deposited during the Late
Jurassic. It is composed by Brejo Santo and MissdoVelha formations. The syn-rift phase
developed in the Berriasian—Early Aptian, is fluvial and lacustrine siliciclastic sediments from
the Abaiara Formation (Assine, 2007). The post-rift phase starts with mixed siliciclastic-
carbonate-evaporite successions (Santana Group) and finishes with entirely silicilastic
deposits (Araripe Group). The main fossiliferous unit, Crato Formation, evolved in the middle
Santana Group during the Late Aptian — Early Albian.

The Crato Fm. comprises a 70-m-thick succession and is composed of metric-
scale laminated carbonate units interlayered with equally thick successions of green shales
and fine-to- coarse sandstones (Assine et al., 2014; Santos et al., 2017). The lacustrine
carbonate facies is made of micritic laminated limestones composed by calcite with low
magnesium content (Catto et al., 2016). According to Martill et al. (2007), the presence of
halite pseudomorphs in some levels suggests deposition under fluctuating salinity conditions.
The origin of the Crato carbonates was attributed to chemical precipitation from the water
column by Heimhofer et al. (2010), despite recently evidences of benthic microbial activity
described by Catto et al. (2016) and Warren et al. (2017). According to Coimbra et al. (2002),
the Crato Formation is part of the Sergipea variverrucata palynozone suggesting an Aptian

age for the unit.

3. Materials and Methods
3.1 Fossil Material

The Ensifera analyzed are deposited in the Scientific Palaeontological Collection
of the Laboratorio de Paleontologia (LP) of the Universidade Federal do Ceara (UFC), Brazil.
The material analyzed here was collected from Pedra Cariri quarry in Nova Olinda, Ceara
State. The specimens were chose according to color-type of calcareous matrix: The sample
LP/UFCCRT 2455 belongs to DL; LP/UFC CRT 1822 to RL and LP/UFC CRT 122 to YL.
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3.2 Large-field energy dispersive spectroscopy (EDS) and scanning electronic microscopy
(SEM) analysis

The SEM-EDS analysis were performed in the Central Analitica from Federal
University of Ceard (UFC). The large-field scan was carried out in a Quanta-450 electron
microscope (FEI) with a field-emission gun (FEG) equipped with a GAD (gaseous analytical
detector), 10 mm work distance and an X-ray detector (model 150, Oxford) for energy
dispersive X-ray spectroscopy (EDS). Looking the integrity of the samples for future analysis
we avoid to use a thin layer of gold-palladium on the fossil. Thus the fossil material was
inserted into the microscope chamber without previous preparation. The analyses were
performed in a low vacuum to avoid sample charging. Images were acquired at beam
acceleration voltages of 20 kV, using a resolution of 1024x884 pixels per image. To generate
the large-field images, an overlapping of marginal areas (a border which contains 20% of the
image area) of adjacent images acquired independently after dislocations of the microscope
stage along the x and y axes was performed. The images were processed and exported on

AZtec software (version 3.0/Oxford).

3.3 Raman Spetroscopy

The Raman spectra were obtained by a LabRAM HR (Horiba) spectrometer
equipped with a liquid N2-cooled CCD detector behind a 600 g/mm grating, using 785 nm
laser radiation for excitation (~2 mW at the sample surface). For the Raman images, the
sample was placed on an x-y stage and scanned under the illumination of the laser using an
objective Leica 50x and a numerical aperture (NA) of 0.80 used to focus on the sample
surface was 1 mW with an integration time of 20 s. The laser power was set at ~1 mW on the
sample. Each spectral segment and each sample was measured several times in different

positions. No sample preparation was necessary here.

4. Results
4.1 Ensifera from DL

The DL layers correspond to the clay-carbonate rhythmite facies (Neumann et al.,
2003), it is characterized by detrital clay contents and pale/dark banding. The dark part is rich
in continent-derived detrital grains/organic debris and the pale laminae is dominated by
calcite crystals. The DL layers are dominated by euhedral to subhedral calcite crystals varying

between 2.1 to 4.6 pm. Within the fossil the size of the crystals range from 3.1 to 11 pm (Sup.
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file 1) and alveolar structures with spherical calcite are preserved as well. The SEM analysis
from LP/UFC CRT 2455 reveal that the soft-tissue fossil consists of a thick dark material
along the body often covered by calcite debris. This dark material does not have any well-
defined microfabrics and contains small spaced microcracks (Fig. 3, G) possibly caused by
decompression due to decline of lithostatic pressure. Internal cavities, sometimes empty, are
filled with sub-spherical grains ranging from 0.5to 1 pm.

The Secondary Electron (SE) analyses reveal finer details hidden by the naked eye
that resemble biogenic features, such as numerous parallel longitudinal veins, wings ribs, of
LP/UFC CRT 2455 (Fig. 3, D). We interpreted these structures as the main longitudinal veins
because the diameter thickens near the base the vein and decreases from base to extremity.
This character is commonly seen in modern venation patterns. Within each of the major veins
there is fine long fibrous-like interconnected segments (Fig. 3, E) possibly nerves or trachea
responsible for the transmission of fluids through the organism (Chapman, 1998).

In some parts individual grains of calcite micro-rhombohedra associated with the
presence of filaments cover the fossil, these structures may appear to be of biological origin.
The size of the filaments varies from 2.0 to 3.6 um (Fig. 3, F). The filaments presume that
calcite rhombohedra are product of biologically-induced precipitation by bacterial activity.
The calcitic filaments may represent the calcification of filamentous bacteria sheaths (Sup.
file 2) (Catto et al., 2016).

The concentrations of both elements C and Ca in the fossil LP/UFC CRT 2455 are
distinctly higher from each other. The EDS analysis indicates that element C is equally
distributed in the fossil (Fig. 3, B). Elemental maps for C and Ca match the profile of the
fossil and the richest areas in the C elemental map agree with the areas absent Ca (Figs. 3, B
and C). EDS analyses revealed that the carbon, sulfur and phosphorus clearly correlate in the
outline of fossil and they are substantially reduced in the matrix. The low abundance of iron

and manganese attest to the minimal weathering undergone by the sample (Sup. file 7).
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Figure 3 - SEM-EDS analyses of Crato Formation Ensifera from DL layers. A. Light
photomicrograph of LP/UFC CRT 2455, the areas analyzed shown by the red square and
arrows. Scale bar = 5 mm; B. Large-Field carbon elemental map. C. Large-Field calcium
elemental map. D. Scanning electron microscopy secondary electron of parallel longitudinal
veins. Scale bar = 50 um; E. Details of the individual vein. Scale bar = 25 um; E.1 — E.2,
Calcium and Sulfur maps, respectively, of the figure E. Scale bars = 25 um; F. Calcified
filaments covering the fossil. Scale bar = 5 um; G. Microcracks on the fossil. Scale bar = 5

pm.
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The Raman spectrum from LP/UFC CRT 2455 represented only a small
contribution because Raman scattering was superimposed on an intense luminescence
background. Increasing the acquisition time resulted in a corresponding increase in overall
spectral intensity, but no significant change in spectral shape. Then, it was not possible to

acquire Raman spectra from the sample LP/UFC CRT 2455.

4.2 Ensifera from RL

The RL layers correspond to the laminated limestone facies of Neumann et al.
(2003), often with manganese dendrites. Fossils of this layer are often 3-dimensions and
uncompacted and sometimes display iridescence (Barling et al., 2015). We analyzed the
specimen LP/UFC CRT 1822 (three-dimensional preserved) in two regions: wing and
abdomen (Fig. 4). The Secondary Electron analysis revealed that the rock matrix is composed
by euhedral to subhedral calcite rhombohedra with diameters mainly in the range of 5 - 15
um. The preservational fabric within the LP/UFC CRT 1822 is dominated by one fabric
consisting of small hollow crystals or cylindrical aggregates forming small clusters (Sup. file
3). The outer cuticle is preserved by sub-spherical to spherical grains varying of 3 — 6 um. The
cuticle is also commonly arranged into hollow spherical or cylindrical aggregates that vary in
size between 1 and 15 pm diameters; frequently the hollow spheres appear to be merged into
larger globular clusters. The exoskeleton can display a weakly laminar arrangement. The inner
cuticle is filled with grains of approximately 1 — 2 um. According Barling et al. (2015), this
pattern seems to result of a precursor mineral. These crystals replacing the cuticle, as
previously documented by Osés et al. (2016); Barling et al. (2015) and Delgado et al. (2014).
They have interpreted these minerals as pyrite framboids—pseudoframboids (Fig. 4, E).

Large-Field electron scan on the specimen LP/UFC CRT 1822 showed clear
morphological details and Fe-rich mineralization occur almost strictly into fossil outline than
the surrounding matrix (Figs. 4, B and C). EDS analyses indicate that the Fe-oxide-rich
coatings have low abundance of sulfur; Sulfur has probably been lost through diagenesis or
weathering, we inferred that the loss of sulfur has occurred by weathering (Littke et al., 1991).
The high-scattering concentration of iron plus depleted-sulfur indicate that the pyrite
framboids are early diagenetic underwent oxidation later. Thus, we follow the interpretation
of Delgado et al. (2014). Besides that, dissolution cavities in cuticle, described by Osés et al.

(2016), reinforces the oxidation hypothesis.
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Figure 4 - SEM-EDS analyses of Crato Formation Ensifera from RL layers. A. Light
photomicrograph LP/UFC CRT 2288, the areas analyzed shown by red squares and arrows.
Scale bar = 5 mm; B - C. Large-Field-EDS maps of several elements distributed in the wing
and abdomen. D.1 — D.4. Fe, Ca, Si and Mn elemental maps, respectively, for D. Scale bars =
50 um; E. Scanning electron microscopy secondary electron, revealing microfabric of the
cuticle, black arrow point pyrite framboids. scale bar =4 pm.
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The low abundance of phosphorus and zinc were attributed, respectively, to
diagenetic alteration of apatite, spharelite. Along the SEM-EDS analysis of the fossil, it was
noticeable the greater participation of terrigenous elements, such as Si, Mn and Al (Figs. D.3,
D.4; Sup. data 3) in LP/UFC CRT 1822 than the Ensifera from DL layers. Nodules composed
of Si often appear inside the fossil. The presence of aluminium has been interpreted as clay
minerals formed after K-feldspar weathering (Osés et al., 2016). Disseminated manganese is
easily seen as pyrolusite dendrites on the upper section in most of the quarries of Nova Olinda
City.

Raman data reinforces the hypothesis of Fe sulphide phase’s oxidation during
surface weathering. According to Goldhaber (1983), the pyrite oxidation begins through a
direct attachment of an Oz molecule to pyrite surface. Singer and Stumm (1970) observed that
Fe3* is the main oxidizing complex of pyrite in the acidic pH, while Oz is expected to be the
direct pyrite oxidant in neutral and alkaline pH due to the low solubility of Fe3*. However,
Moses et al. (1987) and Moses and Herman (1991) concluded that Fe** may be a very
effective pyrite oxidant even at circumneutral pH. Fe®* is evidently the preferred reactant, but
the reaction could only be sustained in the presence of Oz because the reaction mechanism
involves electron transfer from adsorbed Fe?* to O, followed by electron transfer from pyrite
to the resulting adsorbed Fe®*. In this point it is interesting to remember that goethite presents
in the Raman spectrum peaks at 225, 297 and 393 cm™, but the latter two bands are of higher

intensities. As a consequence, the defined peaks at 295 and 393 cm™ in the Raman spectra
(Fig. 5) can be attributed to the goethite (Perardi et al., 2000; Li and Hihara, 2015). Thus,
Raman spectrum revealed goethite as the main identified phase in LP/UFC CRT 1822.

LP/UFC CRT 1822
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Figure 5 - Raman spectra from LP/UFC CRT 1822.
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4.3 Ensifera from YL

The YL layers are dominated by sub-spherical calcite crystals between 5 and 8 pm.
We analyzed the specimen LP/UFC CRT 122 in three regions: head; thorax and abdomen
(Fig. 6). LP/JUFC CRT 122 presents structures/ultrastructures more diversified than the
samples of the layers DL and RL. The Secondary Electron analyses revealed that fossil
exoskeleton is preserved by spherical to sub-spherical crystals of 5 - 4 um in diameter. Some
portions of the sample are preserved as dark-colored films (Fig. 6, F) composed
predominantly by carbonaceous material and other portions composed by brownish minerals
containing Fe-oxides (Fig. 6, E). The Fe-oxide-rich grains in the specimen were arranged into
two types: microspherules and framboids. The microspherules vary in size between 0.3 to 0.4
pm in diameter (Fig. 6, E.1) and occur preferentially within the cuticle. Microspherules are
often regular in shape and size. The framboids (Fig. 6, E.2) are rarer than the microspherules
and occur irregularly in wrinkled area in the abdomen varying in size from 2 to 4 um.
Large-Field electron scan on the specimen LP/UFC CRT 122 revealed that larger
iron concentration occurs within the outline of the organism instead of the surrounding (Figs.
6, B, C and D), indicating that the Fe element is equally distributed in the fossil. The
specimen is slightly weathered. EDS analyses indicate that the microspherules and framboids
are now composed of Fe-oxides/hydroxide. The original spherical morphology of framboidal

Fe-rich diagenetic minerals as well as the microspherules was probably precipitated as pyrite.
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Figure 6 - SEM-EDS analyses of Crato Formation Ensifera from YL layers. A. Light
photomicrograph of LP/UFC CRT 122, the areas analyzed shown by red squares and arrows.
Scale bar =4 mm; B — D. Large-Field-EDS display elemental overlap in the head, thorax and
abdomen, respectively. Scale bars = 2 mm; E - Scanning electron microscopy secondary
electron for abdomen mineral characterization. Note three textural domains; black arrow
indicates microspherules grains, red arrow indicates framboids minerals and carbonaceous
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material indicated by white arrow. Scale bar = 50 um; E.1. Higher magnification scanning
electron micrograph of E, showing microspherules. Scale bar = 10 um; E.2. Higher
magnification image of E, highlighting framboidal pyrite. Scale bar = 10 um; E.3 and E.4. Fe
and Ca, respectively, elemental maps of E. Scale bars = 50 pm.

The carbon and iron concentrations are higher in the fossil than the carbonate
matrix. EDS analyses indicate occurrence of Silicon and Aluminum (Sup. file 7) in low
amount which can be attributed to siliciclastic inputs (Neumann et al., 2003; Heimhofer and
Martill, 2007; Heimhofer et al., 2010; Santos et al., 2017). The elemental mapping revealed
that manganese distribution is narrowly associated with the matrix than the fossil itself, which
probably indicates precipitation of this metal under oxidizing conditions. The presence of
sulfur is substantially reduced when compared to Ensifera from DL layer and does not match
the fossil outline.

LP/UFC CRT 122 retains preservational details that can be found in LP/UFC CRT
2455 and LP/UFC CRT 1822, described above. This means that the Ensifera from YL layer
can have been exposed to both processes occurred in DL and RL layers.

[ o
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Figure 7 - Raman spectra of different points (p1, p2 and p3) in LP/UFC CRT 122. p1 and p2
presents peaks in the wavenumber region 1200 — 1700 cm; p3 shows peaks in the
wavenumber region 200 — 610 cm™.



45

Now we analyze the Raman spectrum of LP/UFC CRT 122, the most complex
spectra among the sample fossils (Fig. 7). Heterogeneous character of the sample is shown
through different peaks recorded at various positions. Signals were observed occurring mainly
in two spectral regions: 200 — 610 cm™ and 1200 — 1700 cm™. Fig. 7.p1 shows a spectral
region where it is possible to observe bands related to stretching vibrations of carbon in
general ways. For example, just to cite a few, carbon with a certain structural disorder can
present peaks at 1350 and 1580 cm, while graphite presents an internal band at 1580 cm™
(Ferrari and Robertson, 2001). Regarding the spectrum shown in pl, an important band
around 1210 cm™ was assigned as defect band D4 associated with disordered crystal structure.
This band is usually observed as a lower energy shoulder of Dldue to sp>-sp® bonds or
vibrations from single and double bound carbons (Sadezky et al., 2005; Herdman et al., 2011).
Jehlicka et al. (2003) reported D4 defect band in solid bitumen. Sadezky et al. (2005) also
observed similar band in glassy carbon. The band around 1297 cm™ was associated with CH;
scissors modes (Edwards et al., 2007). The peak at 1424 cm™ can be associated with the
antisymmetric stretching of COs? (Freire et al., 2014). We can observe band around 1561 cm-
L which can be assigned to G bands (Ferrari and Robertson, 2001; Alencar et al., 2015). A
band around 1690 cm™ was assigned by Giuliano et al. (2007) to the carboxylic acid groups.
Truici et al. (2014) attributed the band 1690 cm™ to the C-O bond stretching. The spectrum
presented in Fig. 7.p2 indicates high luminescence, showing the difficulty of obtaining
acceptable signals along the sample. However, it is possible to observe two huge bands.
Bands at 1211 and 1296 cm™ correspond to defect band D4 and CH2 bend, respectively. In the
present study, our Raman spectra (Fig. 7.p1 and p2) showed the presence of carbon bonds
which indicate that there is carbonaceous material in the LP/UFC CRT 122. On the other
hand, we have observed the presence of bands that can be associated with late diagenetic
phases. The spectrum showed clearly bands at 225, 243, 291, 408, 495 and 608 cm™ (Fig. 7.p3
spectrum) correspond to mineral hematite (Shim and Duffy, 2002). Bands related to pyrite
(e.g., 343, 350, 376, 379, 430 cm™); (Vogt et al., 1983; Freire et al., 2013) were not recorded
in any analyzed area. Bands associated with carbonaceous material occur in the light smooth
areas of fossil, while characteristic vibrational modes of hematite increase in the dark

wrinkled regions.
5. Discussion

On one hand insect cuticles are mainly composed of chitin or protein (Muzzarelli,

1977). On the other hand, it is difficult to demonstrate which components could be identified
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as deriving from chitin or proteins (Stankiewicz et al., 1996). Stankiewicz et al. (1997)
reported that fossil cuticles have two distinctive chemical signatures: (1) pairs of n-alk-1-enes
and n-alkanes, aliphatic cuticle, and (2) constituted by Co-Cs(alkyl)benzenes and Co-C2
(alkyl)indenes, aromatic cuticle. The survivals of these organic structures through the fossil
record are rare because intense activity of decomposing agents. However, peculiar physico-
chemical conditions may inhibited decomposition and disarticulation of the deposited
organisms. The parts of insect cuticles may survive for a long time under anoxic conditions
(Zhehikhin, 2002).

According to Martill and Heimhofer (2007), the Crato Formation had essential
conditions to preservation, based on the presence of halite pseudomorphs (oxygen solubility
in water is known to decrease with increasing salinity) and absence of sediment mixing by
bioturbation. Then, the anoxic and hypersaline bottom water result of a combination of
different processes that controlled the peculiar physico-chemical conditions of the
depositional environment. However, anoxia alone was not sufficient to retard the decay of
tissue. Only under reducing conditions, tissue decay is strongly retarded, remaining intact for
long period until mineralization occurs (Butler et al. 2015). The notion of mineralization
associated with biofilms suggests that internal biofilms are the precursors to exceptional
preservation through the mineral replication of soft tissue anatomy, is supported by previous
studies (Sagemann et al., 1999; Briggs, 2003; Raff et al., 2008; LaFlamme et al., 2011; Butler
et al., 2015; Briggs and McMahon, 2016). Therefore, the mineralization of soft tissues
requires a precise balance between rate of decay and diffusion of mineral ions in anaerobic
bacterial respiration zone within the sediment. The sediment column typically consists of an
aerobic respiration zone in the water—sediment interface, followed by an anaerobic zone with
nitrate, manganese and iron reduction, then the sulphidic zone, and finally the methanogenesis
zone at depth (Canfield and Thamdrup, 2009).

The specimen LP/UFC CRT 2455 belonging to DL is preserved by black
amorphous homogeneous material. EDS elemental map clearly shows stronger localization of
carbon within body outline. The amorphous character and absence of distinctive ultrastructure
in fossil arthropod cuticles is consistent with polymerization of epicuticular lipids within the
cuticle (Stankiewicz et al., 1997). This absence of ultrastructure may be due to degradation of
non-waxy constituents and infilling of the resultant void by polymerized cuticular and/or
tissue lipids, where the original chemical constituents should be of the organism (Stankiewicz
etal., 1998).
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The distinctive gross morphological preservation was here interpreted as kerogen,
based on Osés et al. (2017) that proposed a preservation model to dastilbe crandalli.
According to Osés et al. (2017), the fish carbonaceous probably resided for a longer period in
the methanogenesis zone (Lower sulfate percolation).

During early diagenesis stage living organisms can participate of chemical
changes in the sedimented organic matter, under oxic conditions at the water/sediment
interface there may be partial oxidation and oxygen enrichment in the organic matter
(Vandenbroucke and Largeau, 2007). The anoxic bottom water body of Crato paleolake
allowed the organic matter was no longer broken down by aerobic heterotrophic bacteria.
Once in the methanogenesis zone (Fig. 8, C), where the cracking reactions are incapable of
decomposing higher molecular weight organic compounds, tends to overestimate H.O
production at the expense of CHs formation (CH300™ + H,O —> CHa + HCOy3'). Indeed,
chitin is composed of a set of complex biomolecules such as polysaccharide and
glycolipids, this complexation may induce greater resistance to degradation (Vandenbroucke
and Largeau, 2007) and hence organic degradation is limited to labile tissues, such that only

the recalcitrant tissues become kerogen (Fig. 8, D) (Schiffbauer et al., 2014).
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Figure 8 - Taphonomic pathways of the Crato Formation Ensifera. (A — F) upper figure show
the individuals during early — late diagenesis. A and E represents early preservation stages of
Ensifera from RL and YL layers in the BSR zone. B, indicates the post-diagenetic alteration
undergone by the fossil of the RL layers. C, shows fossil from DL layers in the in the
methanic zone. D, specimen from DL layers preserved by complete kerogenization. F,
specimen from YL layers with admixed preservation mode pyrite-carbonaceous material. The
lower diagram shows the fossils located in the correspondent simplified sedimentary
microbial zone. Black diagonal lines track the position of the organism decaying in the
sediment column. Curve from left to right represents an increase in the residence time of
fossil within the geochemical zone. Microbial respiration process zonation and correspondent
reactions, based on Canfield and Thamdrup (2009). Sediment depth is represented by vertical
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black arrow. G, diagram shows initial rapid event deposition combined with thick sulphate
reduction zone making pervasive pyritization possible in RL. H, corresponding diagram
shows that in DL the fossils spent more time in the methanic zone, hence yielding complete
kerogenization. I, diagram shows a reduction on residence time in BSR zone thickness,
leading earlier termination of pyritization and onset of kerogenization, in the YL. The
hypothetical diagram is based on Cai et al. (2012); Schiffbauer et al. (2014); Osés et al. (2016)
and Oses et al. (2017).

After early diagenesis, organic matter transformation at depth is driven by
increasing temperature and time lead loss of N and O from kerogen. However, the burial of
the Santana Group must not have been too deep (Heimhofer et al., 2010; Nascimento Jr et al.,
2016; Santos et al., 2017). Thus, the carbonaceous preservation in LP/UFC CRT 2455
indicates that the remnant cuticle is not the product of random repolymerization of organic
matter in the sediment, but rather polymerization in situ, within the cuticles during
mesodiagenetic stage (Stankiewicz et al., 1998).

The fossil LP/UFC CRT 1822 from RL layers is mainly composed of iron
oxide/hydroxide spherical grains, sometimes constituting aggregates, which we interpret to be
originally preserved by framboidal pyrite as previously described by Delgado et al. (2014)
and Osés et al. (2016). The pervasive pyritization undergone by LP/UFC CRT 1822 can
provide insights into early diagenetic conditions responsible for this taphonomic style.
According to Raiswel et al. (1993), diffusion—precipitation model for pyritization is controlled
by the presence of sulfide metabolized from located organic nucleus within Bacterial Sulfate
Reduction (BSR), and reactive iron from sediment source. The intersection of sulfide with
reactive iron results in pyrite-precursor iron monosulfide precipitation (Suits and Wilkins,
1998). Briefly, the precipitation of pyrite can occur for Fe?* + S° + HS—» FeS; + H*,
presuming an estimated ratio of reservoir concentrations (C° of sulfur to iron, (C%: C%. <
0.1) for localized pyrite formation at the site of decay (Raiswel et al., 1993). In the other
words, reactive iron [Fe?*] must be greater than bisulfite [HS] to induce pyrite precipitation.

The calcareous facies of the Araripe Paleolake are commonly poor-total organic
carbon (Catto et al., 2016). Furthermore, the main iron source consists of Fe**, through pulses
of freshwater, which in anaerobic respiration is reduced to Fe?*, thus driving to the
mineralization. The low values of organic matter and sedimentary iron made possible the
pyritization process in the Crato Formation (Osés et al., 2017). Thereby, would be few decay
sites in the SRB allowing the sulphite from sulphate reduction was fixed by Fe?*, pyrite, to be

concentrated in carcasses and not diffused through the sediment.
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Soft-tissue preservation on early diagenetic pyritization depends on facilitating
conditions such as availability of sulfate, iron, metabolizable organic material and positioning
of the carcass within the BSR zone (Schiffbauer et al., 2014). The LP/UFC CRT 1822 is
completely pyrite-replaced, which suggests that initial pyrite mineralization must have
occurred rapidly and entirely in the BSR zone (Fig. 8, G), and then the decaying carcass must
stay in the BSR zone for a sufficient amount of time (Cai et al., 2012; Schiffbauer et al., 2014;
Osés et al., 2017). The specimen was quickly placed below the aerobic zone; otherwise its
three-dimensional structural integrity would have been affected.

The defined peaks at 295 and 393 cm™ in the Raman spectra are attributed to the
goethite. This fossil style of preservation strongly suggests the specimen has been oxidized in
situ over a prolonged period (Menon and Martill, 2007; Barling et al., 2015). In this paper, we
concluded that the oxidation of the specimens is closely associated with the weathering
process undergone by the laminated limestones, which in turn are related to the topographic
inversion of the Araripe Basin. Morais Neto et al. (2005-2006) identified two exhumation
events in this basin; the first event probably began during the Upper Cretaceous, and the
second one occurred during the Oligocene or later. Therefore, uplift of the Araripe plateau
promoted the establishment of fractures/faults supporting the percolation underground of
meteoric waters, hence, carrying oxide/hydroxides leading oxides/hydroxides formation from
precursor pyrite mineral (Fig. 8, B).

The specimen LP/UFC CRT 122 from YL layers, examined in this study is
preserved three-dimensionally through incomplete pyritization. Elemental map indicates
prevalence of iron and also showed positive carbon concentration in the fossil. The
pyritization is dominated by precipitation of framboids and abundant micrometric crystals
(microspherules) as are observed in some abdomen portions (Fig. 6, D.1). The distinct sizes of
pyrite framboids can be explicated through some stages of framboidal pyrite precipitation
(Butler and Rickard, 2000). Ferrand (1970) suggested that the origin of spheroidicity in
framboids depends of coagulation of the preexisting amorphous iron sulphide gel. Rickard
(1970) has concluded that the spheroidicity cannot be caused by physical property of iron-
sulphur-water system, but must be imposed by two requirements, presence of globules organic
compounds and formation of spherical vacuoles in the sediment. Although, no organic
structures pre-existence is required for the generation of pyrite framboids (Kribek, 1975). The
distinct sizes of crystals replacing LP/UFC CRT 122 suggest different nucleation rates. Thus,
the minute framboids are formed under conditions favourable for rapid nucleation (Butler and

Rickard, 2000) controlled by high decay sites. In other words, the localized distribution of
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crystals indicates that the organic surface likely plays a role in directing the onset of
nucleation, during the earliest stages of microbially induced degradation.

The Raman spectral data demonstrate a strong contrast on the preservation mode
from LP/UFC CRT 122 (Fig. 7). The intense bands around 1200 — 1700 cm™ suggest the
presence of carbonaceous material, probably invertebrate cuticle source, and bands around
200 - 610 cm™, indicate hematite (resulting from the pyrite oxidation). A possible explanation
for the difference noted in the spectroscopic results could be attributed to primary microbial
influence plus admixed interactions with the BSR and methanogenesis zones.

The thickness of the BSR zone is controlled by availability of organic carbon,
sulfate and reactive iron in the sediment column. Incomplete pyritization is also facilitated by
rapid burial, minimal organic material available, persistent anoxia, reactive iron and sulfate
availability, low bioturbation and BSR zone (Cai et al., 2012; Schiffbauer et al., 2012;
Schiffbauer et al., 2014). However, some required chemical component is restricted; such the
pyritization in the BSR zone is prematurely terminated. As such, some possible approaches
can be hypothesized, for example, the extent of the BSR zone can be reduced by diffusive
extinction of sulfate, and slow sedimentation rate can influence the availability of reactive
iron or even exhaustion of organic material. Alternatively, a high sedimentation rate could
transport the carcass from BSR zone to methanogenesis zone, making the piritization process
incomplete. In other words, pervasive and incomplete pyritization can be controlled by how
much time the decaying carcass spends within BSR zone (Schiffbauer et al., 2014). Thus, the
admixed preservation mode of specimen from YL suggests a short residence time in the BSR

zone and subsequent interaction with methanogenesis zone.
6. Conclusions

The Crato Formation Ensifera fossils analyzed are extremely well preserved.
Details of structure and ultrastructural cuticle are frequently visible. SEM-EDS and Raman
spectroscopy techniques exhibited at least two main taphonomic pathways: Kerogenized and
Pyritized fossils. Scanning electron microscopy analyses reviled that the fossil from DL
consist of opaque amorphous thick dark material that occurs along the body without
microfabric well defined. The fossil from RL has microfabrics dominated by sub-spherical to
spherical grains, frequently the hollow spheres appear to be merged into larger globular
clusters. Sometimes, the inner cuticle is filled with hollow crystals. Ensifera from YL has
mineral composition similar to RL, including microspherulites and thick hard dark material,

which suggest an intermediate-process between the two models mentioned above. The anoxic
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bottom environment bacterially mediated played a key role in the exceptional preservation.
Kerogenization—Pyritization preservation mode can be understood as the amount of time spent
by the carcass within the methanogenesis and BSR zones. Kerogenized fossils were more
rapidly buried in the methanogenesis zone. In contrast, the fossils that show pyritization spend
more time in the BSR zone. Three-dimensionality and framboidal pyrite in RL and YL fossils
are evidence that pyritization occurred quite early in the taphonomic process. The Raman date
also show that the fossils from RL and YL were later followed by oxidation of Fe sulphide
phases during surface weathering. Indeed, the quality of preserved structures of the fossil in
Crato limestone Lagerstatte was directly influenced by a combination of different particular

processes, controlling the biogeochemical conditions of the environment.
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Supplementary data

Supl.data 1 - Scanning electron microscopy secondary electron micrograph of the specimen LP/UFC
CRT 2455 (M = matrix; F = fossil). 1.1 - Matrix detail. 1.2 — Fossil detail. Upper image, scale bar = 30
pum. 1.1, scale bar = 10 pum. 1.2, scale bar = 20 pm.

Supl.data 2 -Energy dispersive X-ray spectroscopy elemental maps of calcified filaments on LP/UFC
CRT 2455, highlighting. 2.1 - Ca. 2.2 —-Pand 2.3 - C. Scale bars =5 pm.
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Supl.data 3 - Scanning electron microscopy analysis and Energy dispersive X-ray spectroscopy
elemental maps of the abdomen from LP/UFC CRT 1822. 3.1 - Electron microscopy secondary.
Elementary maps are showed in; 3.2 — Mg. 3.3 — Zn and 3.4 — Al. Scale bars = 50 um.

5 ®

Supl.data 4 — Energy dispersive x-ray spectroscopy overlap elemental maps of the abdomen from
LP/UFC CRT 122, showing the heterogeneity of the sample. 4.1 — P. 4.2 — Zn. 4.3 — Al. Scale bars
=100 pm.
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Supl.data 5 - Scanning electron microscopy secondary electron micrograph and elemental maps
of the thorax from LP/UFC CRT 122. 5.1 — Optical image, red arrow indicates the analyzed site.
5.2 — Secondary electron image, white arrows indicate organic matter and white square showing
microspherulites. 5.3 — C. 5.4 — Ca. 5.1 Black scale bar =3 mm. 5.2; 5.3 and 5.4 — Scale bars = 50
pm.

Supl.data 6 - Energy dispersive X-ray spectroscopy point spectra. 6.a — LP/UFC CRT 2455. 6.b —
LP/UFC CRT 122. 6.c - LP/UFC CRT 1822.



Table 1 — Relative abundance for elements in percentage of atom

weight
Specimens | O Ca C Fe Si Al Mg | Mn S P | Zn
LP/UFC |382|200|340 (| 02 | 02 | 0.1 06 | 00 | 20 3400
CRT 2455
LP/UFC |281|488 | 14 | 156 | 3.1 0.1 0.1 20 | 00 |01 |04
CRT 2258
LP/UFC |402| 79 | 320162 | 1.7 | 05 02 | 00 | 03 102]08
CRT 122

Obs; Relative abundance of all elements in Supplementary data.6
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Supl.data 7 — Table 1 — Relative abundance of all elements showed in Additional Information Supl.

data 6.
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4 CONCLUSAO

Os Ensifera analisados mostraram excepcional grau de preservagdo, incluindo
visiveis detalhes morfoldgicos estruturais e microestruturais a nivel celular da cuticula. Os
resultados obtidos através de Microscopia Eletronica de Varredura (MEV) e Espectroscopia
Raman revelaram pelo menos dois estilos tafondmicos distintos para os Ensifera da Formacéo
Crato, a saber: 1 — Querogenizagédo, LP/UFC CRT 2455; se apresenta consistindo de um fino
filme escuro e opaco, ao longo do corpo. Uma marcante caracteristica deste modo de
preservacdo € a alta concentracdo de carbono e auséncia de um microfabric definido. Esse
modo tafondmico ocorre nos calcérios cinza-azul escuros. 2 — Piritizagdo, LP/UFC CRT 1822;
apresenta microfabric bem definido por cristais esféricos a sub-esféricos, as vezes formando
agregados circulares. Na porc¢do interna da cuticula ocorre predominancia de microcristais
arredondados. Este espécime € oriundo de camadas calcarias avermelhadas. O Ensifera
LP/UFC CRT 122 oriundo das camadas amarelas, representa um caso especial, pois encerra
caracteristicas observadas dos dois supracitados. A composi¢do de LP/UFC CRT 122 consiste
de cristais similares aos encontrados em LP/UFC CRT 1822, incluindo grdos microesféricos e
material carbonaceo, sugerindo um processo intermediario entre querogenizacao e piritizacéo.

As condigdes fisico-quimicas influenciadas pela atividade bacteriana ocorrida no
fundo do paleolago Araripe foram fundamentais em direcionar a fossilizagdo dos insetos desta
Formacdo. O balanco entre o processo de querogenizacdo e piritizacdo pode ser entendido
pela quantidade tempo que a carcaca gasta nas zonas de metanogénese e reducdo de sulfato.
Desta forma, os fdsseis querogenizados foram rapidamente alocados nas porcdes mais
profundas (metanogénese), enquanto os piritizados passaram mais tempo nas zonas sulfato
redutora mais rasa. Os fdsseis querogenizados e piritizados transitaram por essas duas zonas
por razdes sedimentoldgicas ougeoquimicas.

Além de piritizacdo - querogenizacdo, processos ocorridos na eodiagénese e
mesodiagénese, os resultados também mostram que os fésseis LP/UFC CRT 1822 e LP/UFC
CRT 122 sofreram intenso processo de oxidacdo associada ao processo de inversdo de relevo
gue originou a chapada do Araripe atual. O presente estudo vislumbrou possiveis meios onde
diferentes fatores bioldgicos e quimicos convergiram a fim de propiciar o modo de

preservacao excepcional dos espécimes estudos.
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