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RESUMO

Os estratos do Devoniano da Bacia do Parana sédo reconhecidos no registro
estratigrafico como uma unidade de ampla escala e se caracterizam por
condigbes marinhas representadas por sucessdes sedimentares que definem
ciclos transgressivo-regressivos ligados a oscilagdes do nivel relativo do mar.
Essa sucessdo, com idade Lochkoviana a Frasniana, é representada pelo
Grupo Campos Gerais que engloba as Formacdes Furnas, Ponta Grossa e S&o
Domingos. A fauna féssil encontrada é representante do contexto endémico
paleobiogeografico Gondwanico, conhecido como Dominio Malvinocéfrico. Este
trabalho teve como objetivo, estudar em detalhe a génese das associacdes
fosseis por meio de sua distribuicdo bioestratigrafica em quatro secgbes
estratigréficas de superficie, a fim de se estabelecer e reconhecer uma
correlacdo entre as assinaturas tafondmicas e as condicdes dos ambientes
responsaveis pela sua génese. Os resultados obtidos mostraram uma
amplitude e as zonas de maior e menor abundéancia da fauna, tendo sido muito
marcante, em termos de perda de diversidade, os limites Emsiano Inferior\
Emsiano Superior e Eifeliano Superior\ Givetiano Inferior. Apesar disso, é
impossivel afirmar que houve uma extincdo no final do Neoemsiano, por néo
existirem, ainda, provas contundentes para isso. O que foi de fato registrado &
a ocorréncia de um evento de extingdo de maior magnitude na passagem
Eifeliana\ Givetiana, atribuivel ao Evento Global de Extincdo Kacéak. Os estudos
tafondmicos dos fésseis ocorrentes em todas as secOes estratigraficas (do
Praguiano superior ao Givetiano Inferior), puderam evidenciar sete tafofacies
abrangendo ambientes que vao do shoreface ao offshore, quais sejam: (i)
shoreface médio, dominado por turbuléncia; (ii) shoreface médio a distal,
turbulento e influenciado por tempestades; (iii) shoreface médio a distal,
dominado por tempestades; (iv) shoreface distal, influenciado por tempestades;
(v) offshore transicional, influenciado por tempestades; (vi) lamas de offshore
estagnadas, influenciadas por tempestades; (vii) offshore, dominado por
tempestades. A partir deste estudo foi possivel reconhecer os padrdes de

autoctonia e aloctonia e algumas ocorréncias in situ dos fosseis registrados nas



tafofacies diagnosticadas. Os dados aqui evidenciados mostraram que a acao
de ondas normais, correntes e de ondas causadas por tempestade foi
responsavel pela geracdo de grande parte do registro fossil. Além disso, ficou
claro que os eventos de tempestades foram muito ativos e determinantes para
0s modos tafondbmicos de preservacao, durante o Eo-mesodevoniano. O
reconhecimento da amplitude de habitacdo, hébitos ecoldgicos e das
assinaturas tafondmicas dos taxa ocorrentes, forneceram informacdes
importantes para a geracdo de dados que permitiram reconstrucdes
paleoambientais e paleoecolégicas por meio de critérios de estudo de
tafofacies.



ABSTRACT

The stratigraphic interval studied herein corresponds to the second sequence
order, named the “Parana Supersequence,” ranging from the latest Silurian? to
Devonian. It is a succession lithostratigraphically divided into three formations:
Furnas, Ponta Grossa and Sao Domingos. Is here addressed the endemic
invertebrate Malvinokaffric fauna, which inhabited the cold epeiric seas from
Parana Basin during Devonian. In this study it is shown the bioestratigraphic
distribution of fossils in four stratigraphic sections (Latest Pragian to Early
Givetian) and how their distribution may have been controlled by preferential
taphofacies preservation. The biostratigraphic record show that most of the
fauna is concentrated to the Ponta Grossa Formation (Latest Pragian to early
Emsian). Nevertheless, it is impossible to say that there was an extinction at the
end Late Emsian, because, there is no overwhelming evidence for this.
However, it is recorded here is the occurrence of an extinction event of greater
magnitude in the Eifelian\ Givetian passage attributable to Global Extinction
Kacak Event. Is here approached how different energy levels of storm and
normal waves controlled the generation of the recognized taphofacies, in all
sections analysed. From this study, it was possible to recognize the
authochtony and allochtony patterns, as well as some in situ fossil occurrences.
The results obtained in all sections analyzed evidenced seven taphofacies,
namely: (i) middle shoreface turbulence-dominated, (ii) turbulent mid shoreface
storm-influenced, (iii) middle to lower shoreface storm-dominated, (iv) lower
shoreface storm-influenced, (v) transitional offshore storm-influenced, (vi) mud-
stagnated storm influenced, (vii) offshore storm-dominated. Data here analyzed
show that the fair-weather waves, currents and storm waves were responsible
for most taphonomic features observed. Furthermore, it is clear that storm
events were very active and responsible for the taphonomic modes of
preservation during Lower and Middle Devonian. Taphofacies analysis offer
criteria for recognizing habitat range, ecological preferences and taphonomic
signatures in every occurring taxonomic group, making possible to build

important paleoenvironmental and paleoecological reconstruction.
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Sobre a estrutura da Tese

Esta tese de doutorado estd estruturada em torno de artigos publicados ou
submetidos em periédicos cientificos. Consequentemente, sua organizacao
compreende as seguintes partes principais:

a) Parte |: Introducéo sobre o tema e descricdo do objeto da pesquisa do
Doutorado, consiste na revisdo bibliografica referente ao escopo principal desta
tese, apresentando as informacdes sobre o Devoniano da Bacia do Parang,
tais como, a estratigrafia e tafonomia do intervalo estudado, além dos métodos
e objetivos principais empregados para o desenvolvimento do trabalho.

b) Parte II: Artigos publicados em peridédicos ou submetidos a periédicos
internacionais com corpo editorial, escritos pelo autor durante o
desenvolvimento de seu Doutorado.

c) Parte lll: Anexos compreendendo as cartas de submissdo dos artigos
nos quais o pés-graduando € autor.
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1. Introducéo

Os estratos do Devoniano do estado do Parana séo reconhecidos no registro
estratigrafico da Bacia do Parana como uma unidade de ampla escala
(Supersequéncia Parana de Milani et al., 2007) e se caracterizam por condi¢cdes
marinhas representadas por sucessfes sedimentares que definem ciclos
transgressivo-regressivos ligados a oscilacdes do nivel relativo do mar. Essa
sucessao, que se estende do Lochkoviano ao Frasniano, € representada pelo Grupo
Campos Gerais que engloba as Formacdes Furnas, Ponta Grossa e Sdo Domingos

(incluso o Membro Tibagi), conforme a recente proposta de Grahn et al., (2013).

No final do século XIX e inicio do século XX, houve uma intensa fase marcada
pelos trabalhos pioneiros descritivos e classificatorios sobre o Devoniano da Bacia do
Parand que refletiu as tendéncias da Historia Natural da época. Posteriormente, entre
as décadas de 1940 e 1970, uma segunda fase de estudos foi promovida. Neste novo
ciclo buscou-se por respostas e questionamentos de carater interpretativo, onde foram
abordados temas e proposicées de modelos envolvendo a autoctonia ou aloctonia dos
fésseis, seu aparente endemismo e suas relagdes com outras bacias sedimentares
contemporaneas. Nesta época, o0s estudos também avancaram na &rea de
Sedimentologia e Estratigrafia, e a paleogeografia do periodo comecou entdo a ser
desvendada. No atual estidgio do conhecimento sobre o Devoniano sul brasileiro,
observa-se uma tendéncia a reavaliagcdo dos conceitos classicos, bem como a
reinvestigacdo dos jazigos fossiliferos sob a perspectiva da tafonomia e da

estratigrafia de sequéncias.

Além de trabalhos ja consagrados na literatura, tanto na paleontologia (Clarke,
1913; Kozlowski, 1913; Boucot & Gill, 1956; Melo, 1985) como na estratigrafia
(Oliveira, 1912; Maack, 1946; Petri, 1948; Lange & Petri, 1967, Schneider et al., 1974,
dentre outros), ou mesmo aqueles realizados sob novas perspectivas em relacdo aos
anteriores (Quadros, 1987; Bosetti, 1989; Ciguel, 1989; Rodrigues et al., 1989; Bolzon
et al.,, 1994; Fernandes, 1996; Mussa et al., 1996; dentre outros), ferramentas de
trabalho mais modernas vem sendo aplicadas nos estratos devonianos,
reinterpretando os sistemas deposicionais e a relacdo da fauna vinculada aos
mesmos. Trabalhos de cunho tafonémico (e.g. Simdes et al., 2002; Simbes et al.,
2003; Rodrigues et al., 2001; Rodrigues, 2002; Rodrigues et al., 2003; Ghilardi, 2004;
Zabini, 2007; Zabini et al., 2010; Ghilardi, 2004; Bosetti, 2004; Horodyski, 2010; Bosetti
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et al.,, 2011, dentre outros) ou que se utilizam da estratigrafia de sequéncias como
ferramenta (Assine, 1996; Assine, 2001; Bergamaschi, 1999; Bergamaschi & Pereira,
2001), trouxeram novas interpretacfes tanto para o controle estrutural no
empilhamento estratigrafico dos sitios, como para o0s sistemas deposicionais
associados a paleofauna encontrada. As mais recentes interpretacdes das superficies
estratigraficas tém demonstrado que a distribuicdo vertical e horizontal dos bioclastos
ocorrentes nas camadas devonianas, assim como sua composicdo taxonémica

aparente, foi fortemente controlada pela histéria deposicional vigente a época.

A fauna féssil encontrada nesta sucessdo € composta por braquidpodes,
trilobites, equinodermos, anelideos, moluscos bivalves, gastropodes, ostracodes e
tentaculitdideos, além de ocorrem fragmentos de plantas e tragos fosseis associados.
Esta se caracteriza pelo predominio dos braquiépodes e, paleobiogeograficamente, é
incluida no Dominio Malvinocafrico (Richtter, 1941; Melo, 1985), uma provincia que
teria florescido essencialmente no Hemisfério Sul, desenvolvendo-se na América do
Sul, Antéartica e Africa do Sul durante o Eodevoniano, e que desapareceu da Bacia do
Parand no Devoniano Médio (e.g. Eogivetiano; Horodyski, 2010; Bosetti et al., 2010;
Bosetti et al., 2011; Horodyski et al., 2013).

A fauna Malvinocéfrica, assim denominada, viveu sob condi¢cdes ambientais
drasticas, principalmente, devido a grande e rapida inundacdo marinha ocorrida na
passagem Eifeliano/ Givetiano, que modificou os fatores ecolégicos vigentes a época
(incluindo oxigenacédo, temperatura e producdo primaria), resultando na formacédo de
uma fauna relictual. Horodyski (2010) e Bosetti et al., (2011) reconheceram que a
ocorréncia dos fenétipos subnormais de tamanho, no inicio do Givetiano (logo apoés a
inundacdo), ndo seria resultado de simples vieses tafondmicos, mas uma real resposta
adaptativa as condicbes de estresse, assinalando uma sindrome pds-evento de
modificacdo ambiental. Desta forma, para confirmar esta historia evolutiva da fauna,
estudos tafondmicos e estratigraficos de alta resolugdo no Devoniano Inferior e Médio,
com énfase, nas camadas referentes a passagem Eifeliana/ Givetiana, fazem-se

necessario. Com este intuito, a presente tese foi concebida e realizada.
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2. Justificativa

Os estratos do Devoniano da Bacia do Parana apresentam-se atualmente com
razodvel quantidade de estudos sob o ambito da tafonomia e paleontologia
estratigrafica. Apesar dos novos achados inusitados de fésseis na Formacdo Sao
Domingos, representados por fendtipos subnormais de tamanho que caracterizariam
uma fauna remanescente da crise bibtica registrada na passagem Neoeifeiliano/
Eogivetiano (Horodyski 2010; Bosetti et al., 2010; Bosetti et al., 2011; Horodyski et al.,
2013), as faunas do intervalo Eifeliano/ Givetiano carecem ainda de melhor
detalhamento (tafondmico e estratigrafico), devido a novas areas fossiliferas
ocorrentes em camadas estratigraficas pré e pos evento KACAK ja diagnosticadas
Bosetti et al., (2011) e Horodyski et al., (2013). Neste sentido, é necessario um maior
refinamento do grau de conhecimento dos aspectos estratigraficos, tafondmicos e
paleoecoldgicos deste intervalo, tendo como base, tanto a aquisicdo e analise de
novos dados, como a reinterpretacao dos dados ja existentes, provenientes de secdes
de superficie. Um trabalho de detalhe podera contribuir na melhoria do conhecimento
acerca da distribuicdo espacial (estratigrafica e geografica) e do inter-relacionamento
entre as associacdes de tafoficies e os tratos de sistemas, aprimorando, através da
aplicacdo dos métodos de andlise estratigrafica e tafondmica, a correlagédo

bioestratigrafica e interpretacfes paleoecoldgicas das sec¢bes de estudo.

Um dos aspectos mais importantes que serdo abordados neste
trabalho foi o de tentar elucidar a "real” amplitude estratigrafica dos taxa
ocorrentes no Devoniano da Bacia do Parana. Uma ampla reviséo bibliografica
e intensivos trabalhos de campo de serviram como base para essas
investigacoes. Com excecdo de Clarke (1913), Richter (1941) e Melo (1985),
nenhum outro trabalho foi desenvolvido com o intuito de se ocupar do controle
da variacdo vertical da paleobiodiversidade do Eo/Meso-devoniano. Estudos
mais acurados, abordando-se os grupos recentemente mais estudados, com
certeza auxiliardo no estabelecimento da amplitude bioestratigrafica dos taxa
da Provincia Malvinocéfrica durante o Neo-praguiano ao Eogivetiano
(principalmente, nas sequéncias B, C, D e E de Grahn et al., 2013). Notou-se

ainda, a partir das inumeras coletas realizadas, que a precariedade do registro



14

féssil associada a ma preservacdo de certos grupos de organismos pode

resultar num controle sistematico errbneo dos elementos da fauna em questao.

Por fim, cabe salientar que House (1989, 1996, 2002) ao destacar 0s
eventos de extingdes assinalados em diferentes intervalos cronoestratigraficos
ao redor do mundo durante o Devoniano, salientou que estes eventos estado
normalmente relacionados aos ciclos transgressivo-regressivos de variagcdo do
nivel eustético, os quais interferiiam de modo significativo nos fatores
ambientais vigentes a época. Desta forma, uma analise detalhada da variacéo
na paleobiodiversidade, realizada com o auxilio de um arcabouco fornecido
pela estratigrafia de sequéncias, de datacBes relativas e da andlise de
tafofacies possibilitard, possivelmente, a identificacdo de outros eventos de
extincbes ou desaparecimento, de menor magnitude, relacionados a
determinados grupos para a sucessao devoniana da Bacia do Parana, além de
auxiliar, como ja foi dito, no estabelecimento das reais amplitudes

estratigraficas dos taxa.
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3. Objetivos

O presente projeto de tese teve como seguintes objetivos:

1°. Aplicar métodos de analise tafonémica, como o de classes tafonémicas e
u i u ia, iaco inv i
raus de aloctonia e autoctonia, em associacdes de invertebrados marinhos

encontradas em afloramentos selecionados do intervalo Devoniano;

2°. Interpretar os ambientes dos afloramentos estudados do Devoniano
paranaense, com base em analises tafondmicas e de tafofacies e na aplicagdo de

métodos de coleta sistematicos;

3°. Buscar o empilhamento e posicionamento dos afloramentos estudados no
arcabouco estratigrafico de sequéncias sedimentares ja estabelecido por Bergamaschi
(1999), Bergamaschi & Pereira, (2001) e Grahn et al., (2013);

4°. Aliar os dados tafondmicos aos fornecidos pelo arcabougo estabelecido a
partir do uso da Estratigrafia de Sequéncias (por Bergamaschi, 1999; Bergamaschi e
Pereira, 2001; Grahn et al., 2013), com o objetivo de vincular os taxa ocorrentes aos

tratos de sistemas;

5°. Observar a paleobiodiversidade e amplitude estratigrafica da fauna
Malvinocafrica no intervalo de estudo, através de trabalhos de campo e revisdo
bibliogréfica, a fim de diagnosticar os possiveis niveis e causas dos desaparecimentos

(extincdo versus viés tafondmico) de determinados grupos;

6°. Diagnosticar, interpretar e explicar o Evento Global de Extincdo Kacék,
ocorrente no Devoniano médio da Bacia do Parana, com base na estratigrafia local,

tafonomia e bioestratigrafia.

Deste modo, espera-se para o intervalo estudado: (a) estabelecer um modelo
tafondmico-estratigrafico que expliqgue as associacfes existentes e a distribuicdo
estratigrafica dos fésseis de invertebrados marinhos, (b) confirmar e interpretar os
eventos de extincdo, com especial énfase no Evento Kacak, e (c) estabelecer a

reconstrucdo paleoecoldgica dessas comunidades e seus habitats.
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4. Material &Métodos

4.1. Area de Estudo

As areas foram escolhidas nos arredores da cidade de Tibagi devido a maior

concentracdo de afloramentos que representam os estratos referentes ao Devoniano.

E importante destacar que as interpretacbes das secbes estratigraficas de
superficies levantadas, listadas a seguir, contaram com o apoio dos estratigrafos
vinculados ao Projeto intitulado “O Devoniano do Estado do Parana revisitado: uma
acao integrativa de areas e ferramentas de trabalho” [Edital MCT/CNPq n°® 032/2010 -
Fortalecimento da Paleontologia Nacional - CNPq — 401796/2010-8], no qual o

presente ator desta tese foi membro participante.

As é&reas utilizadas no presente estudo séo abaixo listadas e comentadas, e se

encontram situadas no mapa da Figura 1.

A. Secdao colunar Tibagi - Telémaco Borba (Bergamaschi, 1999) (PR-340. Tibagi):

- Area ja explorada sob o ponto de vista paleontologico (e.g. Ghilardi, 2004; Zabini,
2010; Zabini et al. 2012; Bosetti et al. 2011). Os afloramentos prospectados sdo
correlatos ao intervalo Neopraguiano/ EoGivetiano (Formacdes Ponta Grossa [Seq. B]

e Sao Domingos[Seq. C, D e E)).

B. Secdo colunar Tibagi - Alto do Amparo (Bosetti & Horodyski, 2008) (BR-153.
Tibagi):

- A érea foi parcialmente descrita em detalhe por Bosetti & Horodyski (2008) e
Horodyski (2010). Os afloramentos prospectados sdo correlatos ao intervalo
Neopraguiano/ EoGivetiano (Formagdes Ponta Grossa [Seq. B] e S&o Domingos [Seq.
C, D e E]).
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C. Secéo colunar Tibagi - Ventania (BR —153. Tibagi - Ventania):

- Ampla area de afloramentos significativos, dado o estado de conservacao e extensao
lateral dos mesmos. Os afloramentos prospectados séo correlatos ao intervalo
Neopraguiano/ EoGivetiano (Formagdes Ponta Grossa [Seq. B] e S&o Domingos [Seq.
C, D e E]).

D. Secdo colunar Serra do Barreiro  (Petri, 1948; Melo, 1985; Horodyski, 2010;
Bosetti et al., 2011; Bairro S&do Domingos - Tibagi):

- A area possui notoria importancia pelo fato de ser detentora de registro da grande
crise biotica (Evento Ka¢ék), ocorrida na passagem Eifeliana/ Givetiana (importante
datum para correlacdo) e apresentar extensas areas de afloramentos. Esta area esta
muito bem definida sob o ponto de vista de analise tafonébmica, paleontoldgica e
estratigrafica (Horodyski, 2010; Bosetti et al., 2011; Horodyski et al., 2013).

E. Area tipo de Euzébio de Oliveira (1912) (BR-153, Tibagi):

- Area inicialmente estudada por Euzébio de Oliveira (1912) e ndo mais desde aquela
época. A area apresenta todos 0s contatos litoestratigraficos descritos originalmente
para o Devoniano paranaense (Oliveira, 1912) e, portanto, o resgate de sua situacao
geografica bem como sua prospeccédo, utilizando-se para isso de novas ferramentas
de trabalho, foi fundamental. Esta &area foi levantada sob o ponto de vista estratigréafico

(Grahn et al., 2013) e paleontolégico, através de coletas de alta resolucao tafondmica.
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Figura 1 — (A) Mapa de localizacdo da area de estudo na sub-bacia de Apucarana, Bacia do
Parana; (B) Mapa de localizacdo dos afloramentos estudados nos arredores da cidade de
Tibagi (Parana). A = Secédo Tibagi-Telémaco Borba; B = Tibagi-Alto do Amparo; C = Tibagi-
Ventania; D = Sec¢éo Barreiro; E = Sec¢éo tipo de Oliveira (1912).
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4.2. Metodologia

O presente projeto adotou as seguintes etapas de trabalho apoiadas nos

respectivos métodos:

12, Revisdo bibliografica, utilizando-se dos acervos das bibliotecas
especializadas em Geociéncias e dos periédicos disponibilizados junto ao Portal
CAPES;

22 Realizacdo de trabalhos de campo mediante coleta de alta resolugéo
tafondmica (seguindo o Protocolo tafonémico/paleocautoecolégico de Simdes &
Ghilardi, 2000) e estratigrafica (utilizando o arcabouco estabelecido por Bergamaschi,
1999, atualizado por Bergamaschi & Pereira, 2001, e Grahn et al., 2013), sendo que a
coleta do material féssil teve como um dos principais objetivos a busca de bioclastos
preservados nos limites das sequéncias e das unidades litolégicas ocorrentes nas

secdes de estudo;

32, Analise da paleobiodiversidade de toda a fauna da sucesséo aflorante do
intervalo da area de estudo, buscando estabelecer a amplitude estratigrafica com o
auxilio do arcabouco estratigrafico ja estabelecido para as sec¢des analisadas, a fim de
diagnosticar a ocorréncia de desaparecimentos de menor ou maior magnitude no

registro (i.€, em diferentes niveis estratigraficos e/ou idades);

42, Interpretacdo dos dados: (i) tafondmicos - identificar as feicOes
bioestratindmicas (graus de empacotamento, graus de selecdo, distribuicdo dos
bioclastos na matriz, bioerosdo, arredondamento e incrustacdo, dentre outros) e
buscar a relagcéo entre as assinaturas tafonémicas das concentracdes e seu possivel
significado paleoambiental (Speyer & Brett, 1988; Speyer & Brett, 1988; Speyer &
Brett, 1991; Holz & Simdes, 2002); (ii) estratigraficos - contextualizar os dados obtidos
e as respectivas interpretacdes tafondmicas e de tafofacies junto aos tratos de
sistemas identificados, utilizando-se, para isso, 0s principios da estratigrafia de
sequéncias e modelos integrativos (paleontologia-estratigrafia) j& apresentados por
alguns pesquisadores em trabalhos anteriores (Holz & Dias, 1997; Ghilardi, 2004;
Bosetti; 2004; Zabini et al., 2010; Zabini et al., 2012);

52 Andlise integrativa reunindo todos os resultados obtidos dos estudos

tafondbmicos, faciolégicos, paleontolégicos (taxon6micos), estratigraficos e
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bioestratigraficos, a fim de estabelecer (i) modelos paleoecolégicos relativos as
paleocomunidades e seus habitats, bem como (ii) a sucesséo faunistica do intervalo
analisado em detalhe, caracterizando assim os tipos e as causas das mudancas

ocorridas através do tempo.
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5. Contexto Geoldgico

5.1. Bacia do Parana

A Bacia sedimentar do Parand (Fig. 2A), localizada no continente sul-
americano, é classificada como uma bacia cratbnica intercontinental e de natureza
policiclica. E uma sinéclise de grande extensdo que ocorre na porgéo territorial do
Brasil meridional (estados do Mato Grosso, Mato Grosso do Sul, Goids, Sé&o Paulo,
Parang, Santa Catarina e Rio Grande do Sul), Paraguai oriental, nordeste da Argentina
e norte do Uruguai, possuindo uma area de 1,5 milhdo de quildmetros quadrados
(Milani et al., 1994; Milani et al., 2007) (Fig. 2). Ocorrem em seus limites diversos
arcos estruturais soerguidos paralelamente as suas bordas. Os arcos de Séo Vicente
e 0 da Canastra delimitam a por¢do norte, enquanto que os arcos de Martin Garcia,
Pampeano, Ocidental-Oriental e de Assunc¢ao fazem o limite da porgéo sul, sudeste e
oeste, respectivamente. Devido a forca do tectonismo de ruptura ocorrido no
Mesozéico, devido a fragmentacdo do Supercontinente Gondwana, o limite para leste
nao fica em territorio brasileiro. No Brasil, a bacia é subdividida em dois depocentros, a
sub-Bacia de Alto Garcas, ao norte, e a sub-Bacia de Apucarana, ao sul, separados

pelo arco estrutural de Campo Grande-Trés Lagoas.

A Bacia mostra-se hoje como uma estrutura razoavelmente integra na sua
extensao brasileira, apesar do longo periodo de erosado a que foi sujeita. Isso talvez se
deva ao seu comportamento tecténico, mas em boa dose deve-se também a protecdo
fornecida pelas camadas de basalto e pelo emaranhado de inje¢cdes de rochas
intrusivas basicas, sob a forma de diques, no fim da Era Mesozdica. O registro
estratigrafico da bacia compreende um pacote sedimentar-magmatico com cerca de
sete mil metros de espessura total no eixo deposicional, que coincide geograficamente
com o depocentro estrutural da sinéclise da calha do rio que lhe empresta o0 nome
(Milani et al., 2007). Milani et al., (2007) reconheceu no registro estratigrafico da Bacia
do Parand seis unidades de ampla escala ou Supersequéncias (Vail et al., 1977; Fig.
2B), na forma de pacotes rochosos que materializam, cada um deles, intervalos
temporais de algumas dezenas de milhGes de anos de duracdo e que sé&o
envelopados por superficies de discordancia de carater inter-regional, sao elas:

Supersequéncia Rio Ivai  (Ordoviciano-Siluriano), Supersequéncia Parana
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(Devoniano), Supersequéncia Gondwana | (Carbonifero-Eotriassico), Supersequéncia
Gondwana Il (Meso a Neotriassico), Supersequéncia Gondwana Il (Neojurdssico-
Eocretaceo) e Supersequéncia Bauru (Neocretdceo). As trés primeiras sao
representadas por sucessfes sedimentares que definem ciclos transgressivo-
regressivos ligados a oscilagdes do nivel relativo do mar, ocorridos no Paleozoico,
enquanto que as trés ultimas correspondem a pacotes de sedimentos continentais

com rochas igneas associadas.

m.a. Periodos Supersequenmas
Norte Sul

Superséquencia Bauru
—100 Cretaceo

Juréssico

—200

Supersequéncia Gondwana ||
Triassico

Legenda do mapa geologico

- Cretaceo
l:l Juro-Cretaceo

Eo-Paleozoico a
Jurassico

Embasemento cristalino

M Area de estudo

Permiano

~300

Carbonifero

- 47 Devoniano .
. 4 ia Parana
- é\\“v’ 400 '
?‘Q_O ; Siluriano
. 30'5—
! 1
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/ . R Cambriano
: 50 W 48w ‘_
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Figura 2 — (A) Mapa de localizacdo da Bacia do Parana na América do Sul e faixa de
afloramentos da margem leste da bacia, onde destaca-se as exposi¢cdes do intervalo Eo-
Paleozd6ico a Juréassico; (B) intervalo estratigrafico de interesse, situado na Superseqiiéncia
Paran& — note retadngulo pontilhado (modificado de Milani et al., 1997).



23

5.2. A sucessdo Devoniana na sub-Bacia de Apucara - Bacia do Parana

As primeiras tentativas de organizacado dos estratos devonianos do que hoje se
compreende como Supersequéncia Parana (Milani et al., 2007), foram escritas pela
primeira vez por Derby (1878). A Oliveira (1912) é atribuida a pioneira divisdo do
pacote devoniano da regido meridional da bacia, a partir da base, em “Grés de

Furnas”, “Shistos de Ponta Grossa” e “Grés de Tibagi”. Os aspectos sedimentoldgicos
e paleontolégicos deste pacote foram investigados inicialmente por Kayser (1900),
Clarke (1913) e Kozlowski (1913). Posteriormente, Petri (1948) formalizou as unidades
devonianas de acordo com o Cadigo Norte Americano de Nomenclatura Estratigréfica,
propondo as denominagbes Formagdes Furnas e Ponta Grossa. Mais tarde, Lange &
Petri (1967) formalizaram a litoestratigrafia do Devoniano paranaense propondo a
divisdo tripartite da Formacdo Ponta Grossa, constituida, a partir da base, pelos
membros Jaguariaiva, Tibagi e Sdo Domingos. Através de dados de subsuperficie,
Northfleet et al., (1969) e Schneider et al., (1974) adotaram a designagado “Grupo
Parand”, para englobar as duas formagfes, sem mencionarem membros, tratando-as
assim como indivisas. Melo (1985), baseado na prioridade dos termos conferidos por
Maack (1947), redefiniu a unidade superior, designando-a de Formacdo Santa Rosa
definindo-a com seus respectivos membros: Ponta Grossa, Tibagi e Sdo Domingos (da
base para o topo). Com base no estudo de microfésseis, Grahn (1992) prop6s uma
divisdo tripartite do Devoniano do estado do Parana, a saber: Formacdo Furnas, na
base, Formacao Ponta Grossa, na por¢do média, e Formacdo Sdo Domingos, no topo.
Sob a odptica da Estratigrafia de Sequéncias, os sedimentos devonianos foram
estudados por Assine (1996) que resumiu o arcabouco estratigrafico devoniano em
trés sequéncias deposicionais, correlacionado-as em parte com as unidades

litoestratigréficas existentes, estabelecendo a seguinte ordem do topo para a base:

Sequéncia Eifeliana-Frasniana:  r, ponta Grossa — Topo do Mb. Tibagi e Mb S&o

Domingos

Sequéncia Praguiana-Eifeliana: Fm. Furnas — Unid. Ill e Fm. Ponta Grossa — Mb.
Jaguariaiva e Mb. Tibagi

Sequéncia Lochkoviana: Fm. Furnas — Unid. l e Il
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Bergamaschi (1999), também usou os principios da Estratigrafia de Sequéncias
e resumiu as sequéncias devonianas do Parand, correlacionando-as com as unidades

litoestratigréaficas pré-existentes, na seguinte ordem, do topo para a base:

Seqliéncia Deposicional “F” Frasniano — Fm. Ponta Grossa

Sequéncia Deposicional “E” ?Neo-Eifeliano/ Neo-Givetiano — Fm. Ponta Grossa
Sequéncia Deposicional “D” Eifeliano — Fm. Ponta Grossa

Sequiéncia Deposicional “C” ?Neo-Emsiano/ ?Eo-Eifeliano — Fm. Ponta Grossa
Seqliéncia Deposicional “B” ?Neolochkoviano/ Emsiano — Fm. Ponta Grossa
Sequéncia Deposicional “A” ?Pridoliano/ Lochkoviano — Fm. Furnas

Mais recentemente, varios autores (Grahn 1992; Grahn et al., 2000; Gaugris &
Grahn (2006); Mendlowicz Mauller et al., 2009; Grahn et al., 2010; Grahn et al., 2013),
resgatando a proposta original de Oliveira (1912), propuseram a divisdo
litoestrafigradfica do siluro-devoniano nas formacdes Furnas (Pridoliano-Neo-
Lochkoviano), Ponta Grossa (Neo-Praguiano/Eo-Emsiano) e Sdo Domingos (incluindo

0 Membro Tibagi - Neo-Emsiano/Frashiano).

O arcabouco litoestratigrafico original de Grahn (1992), de estratigrafia de
sequéncias de Bergamaschi (1999), e a consequente correlacdo entre ambos,
elaborada em Grahn et al., (2013), é o utilizado para o presente trabalho. As
justificativas para isso tém varias razdées. Em primeiro lugar, as seis sequéncias
deposicionais de Bergamaschi (1999) estdo dentro do intervalo hierarquico de poucos
milhdes de anos de duracéo e sao de facil reconhecimento in loco, proporcionando o
controle especifico sobre a sedimentacdo ocorrida. Adicionalmente, ha no trabalho de
Bergamaschi (1999) uma secdo de superficie completa (sec¢do colunar Tibagi-
Telémaco Borba) na &rea de desenvolvimento do presente estudo, o que facilitou a
identificacdo e o trabalho de campo na regido de Tigabi, PR. Ainda, todos os limites
estratigraficos da proposta de Bergamaschi (1999) foram reavaliados e redatados por
Grahn et al., (2013). Por outro lado, o arcabouco litoestratigrafico de Grahn (1992)
também € facilmente reconhecivel em campo (dos sedimentos mais finos, da

Formagdo Ponta Grossa, aos mais grossos, da Formacdo S&o Domingos),
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principalmente os seus limites, atribuidos ao estratétipo original, estabelecido no
trabalho de Oliveira (1912). Além disso, coincidentemente, a ocorréncia dos fésseis da
fauna de invertebrados, torna-se muito menos abundante e diversificada na Formagéao
Sdo Domingos. Fato este que deveria ser investigado, pois pode ser fruto de um
momento de extingdo (c.f. Bosetti et al., 2012) ou de processos preservacionais
tafondmicos negativos. Portanto, uma breve descricdo das formacdes conforme
estabelecido pelos autores citados acima € aqui apresentada, e seu posicionamento

cronoestratigrafico pode ser também observado na Figura 3.

5.2.1. Formacéao Furnas

A Formacao Furnas (Siluro-Devoniano) € frequentemente descrita como uma
mondtona sequéncia de arenitos quartzosos brancos, de granulacdo média a grossa,
feldspaticos e/ou caulinicos, portadores de estratificacbes cruzadas de varias
naturezas, aos quais se interestratificam a delgados niveis de conglomerados,

sobretudos na porcao basal (Assine, 1996).

Com espessuras entre 250 e 300 metros, a Formagao Furnas aflora no flanco
leste da bacia, desde o sul do Parana até as imediacbes de Itapeva (SP), voltando a
ocorrer no flanco norte, em Goias e Mato Grosso, sendo recoberta em grande parte da
bacia pela Formacdo Ponta Grossa. Discordantemente € também recoberta pelo
Grupo Itararé em areas restritas, como no centro-leste do Mato Grosso, e pelas

formac@es Botucatu, Bauru e Cachoeirinha (Lange & Petri, 1967).

Segundo Bergamaschi (1999), a Formacgdo Furnas representa uma deposicéo
litorAnea/marinha-costeira. Para Sanford & Lange (1960), Bigarella et al., (1966) e
Lange & Petri (1967), a unidade é de origem marinha, enquanto que Northfleet et al.,
(1969) e Schneider et al., (1974) a consideram como fluvial. Os icnofosseis de
invertebrados marinhos sdo muito comuns na formacdo e de importancia
paleoambiental significativa, pois conferem origem marinha aos sedimentitos onde se
fazem presentes (Lange, 1942; Acendlaza & Ciguel, 1986; Rodrigues et al., 1988,
1989; Fernandes, 1996; Fernandes et al., 2002; Assine & Gois, 1996; Assine, 1999;
Netto et al., 2012). Embora a discussdo quanto aos ambientes ainda exista, pois ha a
ocorréncia de fragmentos de plantas fésseis no pacote superior da unidade (Gerrienne

et al., 2001), a Formacéo Furnas foi datada recentemente por Grahn et al., (2010), a
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partir do que foi constatado a existéncia de um hiato entre as formac¢des Furnas e
Ponta Grossa. O contato, segundo 0s autores, constitui-se em uma superficie de
ravinamento, gerada pelos processos transgressivos marinhos observados no contato
das duas formag@es. Esta unidade equivale a Sequéncia A de Bergamaschi (1999) e

tem idade de Lochkoviano (Figura 3).
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Figura 3 — Arcabouco cronoestratigrafico da sucesséo devoniana na margem leste da Bacia do
Parana (Grahn et al.,, 2013). Sequéncias (A-F) de acordo com Bergamaschi (1999). Outras
legendas: A = Zoneamento de miosporos para a Europa Ocidental ap6s Streel et al., (1987) e
Steemans (1989). B = Zoneamento de miosporos para o Gondwana Ocidental (Norte do Brasil),
apos Melo & Loboziak (2003). Mb Tib. = Membro Tibagi da Formacdo Sao Domingos. ** =
Biozona informal. *** = Zona Angochitinapra edensibaculata.
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5.2.2 Formacao Ponta Grossa

A Formacdo Ponta Grossa esta assentada sobre a Formacdo Furnas.
Litologicamente constitui-se em folhelhos pretos a cinza claros, argilitos escuros
macicos ou laminados e siltitos, intercalados por pacotes arenosos ou lentes de areia,
com wavy ou estruturas do tipo hummocky (Grahn et al., 2013). Nédulos e concre¢des
sdo observados em niveis estratigraficos distintos. A formacao é ricamente fossilifera.
Icnofésseis e fosseis de invertebrados marinhos sdo notaveis e abundantes em
praticamente todos 0s pacotes rochosos. Esta unidade se caracteriza por depdsitos
marinhos de shoreface a offshore, em contexto transgressivo, desde o contato com a
Formacdo Furnas. A Formacdo Ponta Grossa se equivale a Sequéncia B de
Bergamaschi (1999) e é bem representada nos municipios de Ponta Grossa, Tibagi e

Jaguariaiva. A idade desta formacéo é de Neopraguiano a Eoemsiano.

5.2.3. O Membro Tibagi da Formac¢ao Sao Domingos

O Membro Tibagi foi definido por Oliveira (1912) como um pacote de arenitos e
siltitos arenosos, micaceos, com wavy ou estruturas do tipo hummocky. No geral, o
membro tem no maximo 20 metros de espessura na localidade tipo. O Membro Tibagi
esta posicionado na por¢do mais basal da Formagcdo S&o Domingos e em contato
direto com o topo da Formacao Ponta Grossa, no neoestratétipo definido por Grahn et
al.,, (2013), exposto a seis quildbmetros a oeste de Tibagi. O neoestratotipo deste
membro é bastante fossilifero, com destaque para os lingulideos infaunais. A idade do

membro é Neoemsiano.
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5.2.4. Formacéo Sao Domingos

A Formacdo Sdo Domingos estad posicionada estratigraficamente acima da
Formacdo Ponta Grossa. E litologicamente composta por argilitos, folhelhos, siltitos,
arenitos e arenitos conglomeraticos. Ocorrem acamamento wavy e estruturas
sedimentares do tipo hummocky (Grahn et al., 2013). Nas por¢cGes mais basais (=
Membro Tibagi) e no topo predominam siltitos e arenitos, intercalados por corpos de
argilitos, podendo alcancar alguns metros de espessura e apresentando fésseis de
restos de plantas. Esta formacgéo é bastante fossilifera, mas em comparacdo com a
formacdo subjacente, é muito menor (Bosetti et al., 2012). Na passagem Eifeliana/
Givetiana, é registrado 0 maximo transgressivo na bacia, evidenciado por meio de
folhelhos pretos aparentemente afossiliferos (Grahn et al., 2013; Horodyski et al.,
2013). Esta formacédo se equivale as sequéncias C, D, E e F de Bergamaschi (1999)
(Figura 3). Em superficie, é possivel reconhecer apenas as sequéncias C, D e E,

correspondentes a esta formagédo. A idade é Neoemsiano a Mesofrasniano.

5.3. A passagem Eifeliana/Givetiana

O estratotipo global (GSSP - Global Stratigraphic Section and Point) do limite
Eifeliano/ Givetiano foi estabelecido na secdo estratigrafica Mech Irdane, localizada
nas montanhas Mech Irdane, no Marrocos (Walliser et al., 1995; Ellwood et al., 2010).
Este limite coincide com a passagem que registra o Ultimo aparecimento do conodonte
Polygnathus pseudofoliatus e o primeiro aparecimento do conodonte Polygnathus
hemiansatus. O limite coincide com a aparecimento do amondide Maenioceras que é
usado como divisor do Devoniano Médio e aparecimento do dacryoconarideo Nowakia
otomari. No Brasil, conodontes foram apenas registrados no Devoniano superior da
Bacia do Amazonas (norte do Brasil) por Lemos et al., (1987). Porém, nas camadas
rochosas devonianas brasileiras ndo foram assinalados ainda a presenca dos
biomarcadores estabelecidos pela proposta da GSSP. Duas hipbteses podem ser
levantadas em relacdo a ndo ocorréncia de amondides ou conodontes na Bacia do
Parand: ou os fatores paleocliméaticos ndo favoreceram o estabelecimento ecoldgico
destes dois grupos, talvez pelo posicionamento da bacia em altas latitudes na época;

ou eles existiram, mas néo ficaram preservados devido aos processos de perdas



30

tafondmicas, como a dissolugédo. De qualquer modo, o registro do intervalo Eifeliano/
Givetiano na sub-Bacia de Apucarana é estabelecido através de palinomorfos
quitinozoarios, acritarcos e esporos, conforme apresentado nos trabalhos de diversos
autores (sintese em Grahn et al., 2013). A passagem Eifeliana/ Givetiana € marcada
pela ocorréncia do quitinozoario Alpenachtina na base do Givetiano, correlato a

Palinozona "Per" de Melo & Loboziak (2003).

5.3.1. Evento KA CAK

A principal crise biética global registrada no Devoniano Médio ocorre na
passagem Eifeliana/ Givetiana e constitui-se no principal evento de extingdo ja
diagnosticado na Bacia do Parana durante o Periodo Devoniano, o Evento KACAK
(Bosetti et al., 2011; Horodyski et al., 2013). O Evento KACAK (House 1989, 1996,
2002), denominado assim em homenagem ao Membro KACAK, da Formac&o Sbhiro,
Bacia de Praga, na Republica Checa (Chlupa¢ & Kukal, 1988; House, 1989), foi
registrado por House (1985), Chlupac¢ (1960, 1995), Chlupac¢ & Kukal (1988) e Hladil &
Kalvoda (1993) na transicdo Eifeliano-Givetiano, através da bioestratigrafia de
tentaculitdideos e conodontes. Walliser et al., (1995) e Ellwood et al., (2010) também
registram o evento no nivel GSSP da passagem Eifeliana-Givetiana, no Marrocos.
Mawson & Talent (1989) e Talent et al., (1993) registraram o evento na Formacao
Papilio, em Queensland na Australia. House (1991) sugeriu que o0 evento estivesse
representado nas facies Old Red Sandstone, nas camadas Achanarras Fish Bed, da
Escocia. House (1996), ainda indicou a possivel ocorréncia do evento KACAK no
Membro St. Mary's Bay, da Formag&o Nordon, no sudoeste da Inglaterra, na
Formacg&o Huergas, na localidade de Catabrian Montains (norte da Espanha), e no sul
da Franca, na regido de Montagne Noire. O evento foi ainda identificado por Sun & Bai
(1995) na Zona ensiensis de conodonte, no sul da China. Nos folhelhos Giesdorf e
Freilingen da Eifel Mountains (Alemanha), ele foi registrado por Diener et al., (1996).
Por fim, o evento foi registrado recentemente em &reas correlatas na Formacao
Onondaga, do Grupo Hamilton, Estados Unidos, por Brett et al.,, (2010a, 2010b) e
Desantis & Brett (2010).

Segundo os autores (House, 1985, 1986, 2002) que conceberam o Evento

KACAK, este corresponderia a um periodo de anoxia global, marcado pela presenca
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de extensos depésitos de folhelhos pretos em ambientes marinhos. O pico
transgressivo associado com o Evento KACAK causou mudancas drasticas no meio
ambiente, incluindo a alteragdo na temperatura, oxigenagéo e, consequentemente, na
producdo priméria. House (1996) sugeriu que 0 evento estivesse associado as
seguintes caracteristicas: i) sedimentacdo de folhelhos ou calcarios pretos ou cinza
escuros, representando ambientes andxicos ou diséxicos; ii) curto intervalo de tempo
de deposicdo; iii) ampla distribuicdo global, com maior registro na Eurasia e estratos
menos estudados nas Américas; iv) associacdo diferenciada da fauna, com
propagacdo de alguns taxons oportunistas; v) extingdo de grupos taxondmicos
subjacentes; vi) associacdo de significativas anomalias geoquimicas, mudancgas nos

isétopos de Carbono Orgénico Total (COT), niquel, carbono e oxigénio.
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6. Sobre a Tafonomia

A Tafonomia (do grego: taphos = sepultamento; nomos = leis) é o termo
proposto por Efremov (1940) para designar o estudo das “leis” que governam a
transicdo dos restos organicos da biosfera para a litosfera. E um termo amplo e
constitui parte dos estudos sobre os processos de fossilizacdo, paleobiologia,
bioestratinomia e actuopaleontologia. Behrensmeyer & Kidwell (1985) definem a
Tafonomia como “o estudo dos processos de preservacdo e como eles afetam a
informacgé&o no registro fossilifero”. A Tafonomia é o estudo da perda de informacdes
originais dos organismos que foram afetados por fatores quimicos, fisicos ou

bioldgicos.

A Tafonomia abrange a bioestratinomia e a diagénese dos fésseis (Fig. 4). A
bioestratinomia abrange a histdria sedimentar dos restos esqueléticos até o
soterramento, incluindo as causas de morte de um determinado organismo e sua
decomposicdo, seu transporte e soterramento (Holz & Simdes, 2004). A diagénese
dos fésseis estuda os processos fisicos e quimicos que alteram os restos esqueletais,
apos o soterramento e o metamorfismo (Seilacher, 1970; Flessa et al., 1992). A
tafonomia atua na paleoecologia quando o tafbnomo busca informacdes perdidas na
interagdo organismo-ambiente. Portanto, as assinaturas tafonébmicas sdo o conjunto
de caracteristicas tafonémicas de uma determinada associagéo féssil resultantes da

dindmica ambiental (fisico/ quimico/ bioldgico).

O conceito de Tafofécies foi, inicialmente, proposto com objetivo de estudar em
detalhe a génese das associacdes fosseis (Brett & Baird, 1986; Speyer & Brett, 1986;
Speyer & Brett, 1988). Ele postula que ha uma intima correlagédo entre as chamadas
assinaturas tafonémicas e as condi¢6es dos ambientes responséveis pela sua génese
e, portanto, implica em uma avaliacdo das caracteristicas ambientais existentes. Estas
assinaturas podem ser discriminadas em termos quantitativos ou qualitativos, por meio
de atributos tais como graus de articulacdo, desarticulagéo e fragmentacao, orientacédo
dos bioclastos, posicdo dos bioclastos em relagdo ao plano de acamamento, dentre
outros, no caso de macroinvertebrados (Speyer & Brett, 1988; Speyer & Brett, 1991;
Holz & Simdes, 2002). Deste modo, uma tafofacies consiste em uma associacao
fossilifera com assinaturas tafondémicas distintas em um determinado nivel sedimentar
que evidencia com maior seguranca a historia deposicional dos restos [esqueléticos]

em estudo.
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Figura 4 — Esquema da tafonomia e suas subdivisdes com 0s eventos responsaveis pela
origem das associacdes fosseis (retirado de Holz & Simdes, 2002).

As tafofacies ndo podem ser confundidas com litofacies, pois nado séo
caracterizadas por atributos sedimentologicos ou estruturais das rochas, ou biofacies,
por que ndo sao delimitadas pelo tipo de taxon ou associacdo de taxons ocorrentes
(Holz & Simbes, 2002). Contudo, € obvio que o reconhecimento dos taxons ocorrentes
€ importante, uma vez que se uma determinada tafofacies for reconhecida pela
exclusividade de seus bioclastos em posicdo de vida, por exemplo, a mesma pode
servir como base para se determinar a zona hipotética de habitacdo, ainda duvidosa,
de algum taxon. Assim sendo, o termo é conceituado por se tratar de uma entidade
autbnoma e desvinculada de qualquer atributo que ndo seja tafonébmico (Holz &
Simdes, 2002). Por exemplo, algumas tafofacies podem ocorrer (i) associadas as
mesmas litofacies de diferentes idades ou de areas correlatas, desde que o mesmo
processo deposicional seja reconhecido (Bosetti et al., 2009). Ainda, os mesmos
processos tafondmicos podem ser identificados independentemente da similaridade

litologica e do contetdo paleontologico/taxonémico (Souto-Ribeiro & Holz, 1998).

O conceito de tafofécies foi introduzido pela primeira vez no trabalho de Speyer
& Brett (1986), no estudo de trilobitas do Devoniano Médio (Grupo Hamilton) do estado
de New York (EUA). Os resultados deste estudo pioneiro evidenciaram que 0s
bioclastos ndo estavam distribuidos aleatoriamente na matriz sedimentar e que 0s
atributos tafondmicos reconhecidos foram utilizados para se caracterizar diferentes
tafoféacies, estas, controladas pelo regime sedimentar. Para sistematizar os resultados

alcancados, os autores propuseram quatro tafofacies. A tafofacies 1 (= T1) indicava
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preservacdo de trilobitas desarticulados e fragmentos préxima ao nivel de base de
ondas normais. Ou seja, neste caso, teria ocorrido um tempo maior entre a morte do
organismo até o soterramento final (tempo de residéncia). Ja a tafoféacies 2 (= T2)
indicava que a associacao de trilobitas inteiros e desarticulados fora preservada em
regibes um pouco mais distais, com alta taxa de sedimentacéo e tempo de residéncia
mais curto. A tafofacies 3 (= T3) englobava camadas sedimentares contendo trilobitas
articulados e desarticulados (0s exoesqueletos foram desarticulados devido a acéo de
necrofagos escavadores). E por ultimo, a tafofacies 4 (= T4) foi registrada em
ambientes mais profundos, onde a taxa de sedimentacéo era baixa a moderada, com

preservacdo de carcacas completas estendidas ou enroladas.

Mas foi o trabalho de Speyer & Brett (1988) que serviu como a alavanca
principal para o inicio dos estudos com tafofacies. Os autores abordaram nesta
contribuicdo a metodologia béasica de investigacdo das assinaturas tafonbmicas,
estabelecendo os modelos de tafofacies em ambientes marinhos epeiricos durante o
Paleozoico médio para os diferentes tipos de esqueletos, tais como 0s macicos (e.g.
corais), os arborecentes (e.g. briozoarios), os multielementos (equinodermas
pedunculados como os crinoides, blastdides ou cistéides), os univalves (e.g.
gastropodes) ou os bivalves (e.g. braquidpodes ou moluscos bivalves). Os autores
consideraram as assinaturas de desarticulacdo, reorientacdo, segregacao,
fragmentacdo, abrasdo e corrosdo como etapas a serem consideradas na pesquisa e
analisadas quando identificadas. Atualmente, essas etapas fazem parte das premissas
da andlise tafonbmica basica na trajetéria hipotética de um resto organico até sua
fossilizacdo, ou seja, desde o nascimento do organismo, passando pela morte,
transporte, soterramento, diagénese e soerguimento de seus restos resistentes
(esqueléticos). Estes séo todos 0s processos responsaveis pela origem dos acumulos
fossiliferos (Behrensmeyer & Kidwell, 1985). Portanto “a elaboracdo de modelos de
facies tafondmicas deve levar em consideragdo, entretanto, o fato de toda acumulacéo
esquelética exibir, em maior ou menor grau, mistura de feiges produzidas pelos
processos que operam no dia-a-dia, chamados de processos de fundo (background
process) e 0s processos episoddicos (episodic process) responsaveis pelo
soterramento final dos bioclastos” (Holz & Simdes, 2002). Os aspectos tafonbmicos e
suas respectivas interpretacdes a serem considerados nos estudos de tafofacies estédo

resumidos abaixo, na Tabela 1:
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Tabela 1. Resumo das assinaturas tafonémicas a serem consideradas em estudo de
Tafofacies. Para o significado das assinaturas foram utilizados os trabalhos de Speyer & Brett
(1988), Holz & Sim&es (2002) e atualizacdes elaboradas por Erthal (2012).

Aspecto tafonémico Descricao e significado

Desarticulagao Processo pds-morte. Causada por necroélise e/ou pela agitacao
da 4gua de fundo e acdo de necrofagos. Pode ocorrer tanto em
ambientes muito calmos como em de alta energia. A
temperatura da agua pode influenciar no tempo da
desarticulacdo total de um organismo, como foi testado por
Schaefer (1962) para asteroides, Smith (1984) para equinoides,
e Kidwell & Baumiller (1990) com os estudos de equinoides

(todos para o caso de esqueletos multielementos).

Fragmentacgéo Processo pés-morte. O bioclasto neste momento é considerado
como particula sedimentar (Seilacher, 1973). Por isso, através
dos processos de correntes ou ondas (processos hidraulicos),
as particulas entram em suspensao e se chocam umas com as
outras e se fragmentam, estando por isso relacionada com
ambiente de maior energia. A fragmentacdo também varia de
acordo com o tamanho e espessura do taxon. Elementos
esqueléticos do tipo bivalve de conchas com valvas mais
espessas e pesadas sdo menos susceptiveis a serem colocados
em suspensdo por maior tempo do que conchas com valvas
mais leves e mais finas, as quais sdo mais frageis e, portanto,
com maior chance de serem mais fragmentadas. Ainda, a
fragmentacdo pode ocorrer por processos hiogénicos como
predacdo. Para ser considerado fragmento, o bioclasto deve

possuir menos de 90% do seu tamanho e formato originais.

Reorientacao O processo de reorientacdo pode estar relacionado ao
transporte conduzido por correntes. Quanto maior o0
distanciamento causado pelo transporte menor sera o tamanho
das particulas sedimentares e dos bioclastos. Pluricolunais de
crinoides orientadas (esqueletos multielementos), conchas de
valvas desarticuladas orientadas com a convexidade voltada
para cima (esqueletos bivalves), univalves orientados
(esqueletos univalves), todos paralelamente posicionados no
plano de acamamento, podem evidenciar direcdo da corrente,

redeposicao, ou até mesmo posi¢do de vida in situ (Kidwell &
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Posicéo do bioclasto

Bioeroséao

Dissolucéo

Arredondamento

Tamanho

Bosence, 1991). Vale destacar que nem sempre 0 agente de
transporte retira por total o organismo do seu sitio original de
vida (isso pode depender da geomorfologia do ambiente, como
taludes que podem gerar depoésitos de turbiditos; c.f. Kidwell &
Flessa, 1996), e isso implicara nos padrdes de autoctonia e
aloctonia. Ainda, a reorientacdo pode acontecer por animais

escavadores da infauna.

E a identificacdo da posicéo do bioclasto em relac&o ao plano de
acamamento no registro sedimentar, que foi controlada pelo
ciclo exégeno (e.g. correntes) ou ndo antes do soterramento
final, comparada ao habito de vida original do taxon investigado.
Os bioclastos podem estar paralelos, obliquos ou verticais em
relacdo ao plano de acamamento. O registro da posicao vertical
em relagdo ao plano de acamamento de um organismo da
infauna pode gerar interpretacdo de soterramento in situ, por
exemplo. Ja valvas desarticuladas ou colunais isolados de
crindides, ambas paralelas ao plano de acamamento podem
gerar interpretagbes como pouco transporte, orienta¢éo e tempo
de residéncia relativamente longo. A posicdo obliqua de
organismos infaunais (e.g. lingulideos; Godoy et al., 2005) pode

ser gerada por animais escavadores.

Processo corrosivo por agentes biolégicos através da perfuracéo
e predacdo das partes duras esqueléticas. Ocorre em maior

parte nos ambientes marinhos. Indicam tempo de residéncia.

Processo pos morte. E o efeito de dissolver os elementos
organicos por mudancgas quimicas (Ph ou pCO2) nas aguas de
superficie ou intersticiais. Por exemplo: a silica se dissolve sob
condicdes de alcalinidade (pH>7) e o carbonato de célcio se

dissolve sob condi¢fes de acidez (pH <7)

Combinacdo de fragmentagéo, bioerosdo ou dissolu¢do. Ocorre
em ambientes relativamente mais energéticos com tempo de

residéncia maior.

Podem ocorrer bioclastos de diversas dimensfes em uma
associacdo, e isso € gerado através da selecdo de tamanhos
causada pela intensidade (equivaléncia) hidraulica. Ocorre em

diversos ambientes.
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Incrustacao Recobrimento das partes duras esqueléticas por organismos
epibiontes. Bom indicador ambiental, porque fornece o tempo

residéncia.

Abrasédo Pode ocorrer por processos biolégicos como a bioerosao.
Também pode ocorrer por desgaste fisico quando o bioclasto
entra em choque com lito- ou bioclastos devido as correntes ou
ondas geradas em ambientes de maior energia. Acontece mais

em ambientes proximais como praias.

Corrosao Combinacdo de abrasdo, dissolucdo e/ou bioerosdo em
bioclastos. Indica tempo de residéncia na interface

agua/sedimento.

Ainda, Speyer & Brett (1988) exemplificaram quais os fatores ambientais numa
bacia, tais como a taxa de sedimentacao, turbuléncia e oxigenacéo, poderiam ser 0os
agentes controladores que caracterizavam as tafofacies esperadas para
macroinvertebrados (Fig. 5). Deste modo, o0s niveis de abrasdo, corroséo,
desarticulacdo, fragmentacao e reorientagdo nos bioclastos variavam de acordo com a
distribuicdo dos mesmos na bacia. Nas por¢gdes mais proximais (de maior energia), 0s
bioclastos apresentavam-se normalmente mais fragmentados, desarticulados, com
maiores graus de abrasdo/corrosdo e reorientagdo, enquanto que em regides mais
distais, o contrario deveria acontecer se comparado com 0s bioclastos encontrados

nas mais proximais (Fig. 5).

Analisando-se o0 modelo proposto por Speyer & Brett (1988), tém-se as
seguintes interpretacdes das sete tafofacies mostradas na Figura 4: Tafofacies 1 (T1)
— representada em ambiente bem oxigenado, de baixa taxa de sedimentacdo e muita
turbuléncia onde, portanto, os bioclastos sofrem intensivamente os processos de
desarticulacédo, fragmentacédo, abraséo e, por final, reorientagdo, neste processo pode
haver retrabalhamento e redeposicéo; Tafofacies 2 (T2) — aconteceria em ambiente de
alta turbuléncia e oxigenado, porém com alta taxa de sedimentacdo, por isso as
assinaturas ocorrerdo em menor grau que a T1, por que o tempo de exposicdo na
interface agua/sedimento € menor e por se tratar ainda de um ambiente muito
proximal; Tafofacies 3 (T3) — ocorre em ambiente diséxico, de turbuléncia moderada e
taxa de sedimentacao baixa, deste modo, a diminui¢cdo da turbuléncia favorecera uma

menor intensidade de fragmentacdo mecanica e reorientacdo, porém, ainda tera
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razoavel destruicdo dos restos esqueléticos por que o tempo de residéncia é alto pelo
fato da taxa de sedimentacéo ser baixa; Tafofacies 4 (T4) — € semelhante a T3, porém
a diferenca esta na tendéncia dos bioclastos articulados ocorrerem em maior
quantidade devido a taxa de sedimentacdo ser mais moderada, dando menos tempo
ao processo de perdas tafonémicas; Tafofacies 5 (T5) — ocorre em ambiente de taxa
de sedimentacdo alta e os bioclastos sédo soterrados rapidamente apds a morte, por
isso, os graus de desarticulacdo (bioturbacdo) e corrosdo sdo menores do que os de
reorientacdo (bioturbacdo) e fragmentacdo; Tafofacies 6 (T3) e 7 (T7) — refletem
condicBes de oxigenacdo mais severas, 0s ambientes de extrema baixa oxigenacao
limitam o grau de biodiversidade e de material para processo tafonémico, a T7 sugere
soterramento mais rapido pelos baixos graus de desarticulacdo, fragmentacao,

abraséo e reorientacéo devido a taxa de sedimentac&o ser maior do que na T6.

Figura 5 — Tafofacies esperadas em mares epeiricos durante o Paleozoico, refletindo as
condicdes de preservagdo nos diferentes ambientes na bacia. As condicbes ambientais estdo
representadas por trés parametros, i.é taxa de sedimentacdo, turbuléncia e oxigenagdo
(adaptado de Speyer & Brett, 1988).
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O tafénomo, ao analisar as concentragfes fossiliferas, esta “normalmente”
preocupado com (i) 0os processos bioestratinbmicos (causas de morte, transporte e
soterramento) responsaveis pela preservacdo das associagcdes estudadas
(Behrensmeyer & Kidwell, 1985), que resultam nos padrdes de autoctonia/aloctonia, e
(i) em quais ambientes deposicionais elas foram preservadas (e.g. Ghilardi, 2004,
Bosetti, 2004; dentre outros). Deste modo, uma integracédo de dados da tafonomia com
0s advindos da Estratigrafia de Sequéncias pode ser favorecida, pois 0s processos e
eventos estudados pela tafonomia sdo semelhantes aos que atuam na formacédo de
um depdsito sedimentar. Por isso, as tafofacies, quando interpretadas utilizando-se de
um arcabouco estratigrafico de sequéncias, tornam-se mais confidveis, devido ao alto
grau de resolucdo que pode ser obtido em relagdo as mudancas do nivel de base por
meio desta abordagem. O reconhecimento dos niveis de base, dos ambientes e dos
tratos de sistemas € de extrema importancia. Portanto, conclui-se que o uso e a
aplicacdo de tafofacies feita pela analise tafondmica e distribuicdo vertical dos fosseis
dentro de um arcabouco devem, preferencialmente, estar vinculado a um arcabouco
de sequéncias, paradigma este atuante desde a década 90 e desenvolvido ao longo
dos anos por trabalhos como os de Brett (1995), Holland (1995), Holland (2000),
dentre outros. O trabalho de Holland (1995), por exemplo, € muito importante por que
evidencia que os primeiros e Ultimos aparecimentos dos taxa (em porcentagem) dentro
de um arcabouco de sequéncias coincidem com os limites dos tratos de sistemas.
Assim sendo, os estudos de tafofacies, somadas a distribuicdo vertical dos fésseis,
podem fornecer, além de um controle ambiental mais rigoroso, informacdes sobre a
causa da auséncia brusca de grupos taxonémicos comuns numa secao geoldgica,

relacionados a um possivel evento de extingcdo, por exemplo.

Um exemplo dos potenciais de preservacdo numa sec¢do colunar de estudo
pode ser visto no trabalho de Holland (1995). O maior potencial de preservacdo dos
organismos estd no Trato de Sistemas Transgressivo (TST), onde o0 espaco para a
acomodacao de sedimentos na bacia é maior em comparagao aos tratos de Nivel de
Mar Baixo (TSMB) ou Alto (TSMA). Concluindo, o autor evidencia que a tendéncia €
ter variagbes na abundancia dos taxa durante a distribuicdo vertical, devido ao
deslocamento natural da zona hipotética de habitacdo em concomitancia com as
subidas e decidas do nivel de base em cada trato de sistemas. Brett (1995), realizou
um estudo semelhante numa secao Paleozéica de New York. Baseado no modelo de
Holland (1995), Brett demonstrou que os acumulos fossiliferos s@o controlados

também por variacdes menores huma sequéncia sedimentar. Estas sdo as chamadas
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parasequéncias, que sdo pacotes sedimentares delimitadas por superficies de
inundagdo marinha (Posamentier & Allen, 1999). Os resultados mostraram que a
abundancia relativa dos fosseis variava conforme havia mudanc¢a do nivel de base.
Por isso é necessario se obter um rigoroso controle da distribuicao vertical dos tdxons
num arcabougo estratigrafico de sequéncias nas se¢des colunares em estudo, para
que assim se evitem os vieses tafonbmicos, tais como hiatos, superficies de
condensacao temporal ou até mesmo o efeito Signor-Lipps (o efeito postula que um
evento paleobiolégico de curta duracdo como um evento de extincdo, pode parecer

gradual no registro féssil devido ao problema de amostragem; Signor & Lipps, 1982).

6.1. Alguns exemplos sobre estudos tafonémicos no Devoniano (com énfase na

Bacia do Parand)

Rodrigues et al., (2003) reconheceram, pela primeira vez, classes tafonémicas
para os Conulatae (Cnidaria) da Formacéo Ponta Grossa, Devoniano (Neopraguiano/
Eoemsiano) da Bacia do Parana, no Estado do Parana. O estudo se fundamentou nas
ocorréncias de conuldrios na Sequéncia B do arcabouco de sequéncias de
Bergamaschi (1999) e Bergamaschi & Pereira (2001). Os dados indicaram que 0s
conularios (Conularia quichua e Paraconularia africana) estavam preservados segundo
trés classes tafondmicas, identificadas por quatro critérios bdasicos: a) atitude em
relacdo ao plano de acamamento; b) tipo de distribuicdo dos individuos, se isolados ou
agrupados; c) grau de bioturbacdo dos estratos; d) grau e tipo de deformacédo

apresentado pelas tecas.

A classe tafondmica 1 incluiu conularios isolados e agrupados, verticalmente
orientados. Estes se encontravam inflados e completos, preservados em siltitos
maci¢cos ou incipientemente laminados, as vezes, associados com icnofésseis
isolados, discretos. A classe 2 englobava conularios isolados e agrupados,
preservados inclinados, inflados e completos, e em siltitos com icnofdsseis isolados (p.
ex., Zoophycos) ou zonas com generalizada bioturbacéo. A classe 3 era representada
por conularios isolados, horizontalmente orientados, incluindo quatro subclasses (I a

IV) com histérias tafondmicas distintas.

Os conularios verticais (classe 1) foram interpretados como tendo sido

soterrados vivos (in situ) por uma rapida deposi¢cdo de sedimentos finos, devido ao
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aumento brusco nas taxas de sedimentacdo associado a eventos de tempestades. Os
conularios inclinados (classe 2) ou horizontais (classe 3-l), preservados em
sedimentos com alto indice de bioturbacdo, seriam registros autéctones a
parautoctones. Ocorréncias de conularios horizontais com tecas infladas, associados a
pavimento de conchas de Australospirifer inheringi ou preservados em siltitos com
estruturas do tipo hummocky (classe 3-Il) foram interpretados como registros
parautéctones a aléctones. Por sua vez, os conularios horizontais, achatados e
incompletos, preservados em folhelhos cinza escuro (classe 3-lll) ou em siltito
intensamente bioturbado, com marcas onduladas (classe 3-1V), revelaram uma historia
tafondmica mais complexa, com exposicdo das tecas na interface agua/sedimento e
perda de partes esqueletais. Os autores observaram ainda que a distribuicédo vertical
dos conularios ndo foi aleatéria, pois os mesmos ocorreram em dois intervalos
estratigraficos bem definidos, de 29 a 32 metros e de 44 a 48 metros do topo da
Formacdo Furnas, respectivamente. Tais intervalos incluiam depdsitos de
sufocamento, situados logo abaixo de superficies de maxima inundagéo. Este foi um
trabalho importante de integracao da tafonomia com a estratigrafia de sequéncias por
gue, esta unido, péde-se finalmente definir, além do range de habitacdo, o hébito do
grupo. Existiam davidas até entdo se o grupo poderia se locomover por conta propria,
com a teca voltada para cima, ou se eram sésseis, com a teca voltada para baixo.
Com este trabalho ficou, entdo, demonstrado que os colunérios eram sésseis e viviam

abaixo do nivel de base de ondas de tempestade.

Bosetti (2004), em sua tese de doutorado, identificou duas tafofacies de
macroinvertebrados marinhos denominadas de T1 e T2, ocorrentes na se¢ao colunar
Desvio-Ribas, no municipio de Ponta Grossa, Estado do Parana, que representa parte
do Trato de Sistema Transgressivo (TST) da Sequencia C de Bergamaschi (1999) e
Bergamaschi & Pereira (2001), formada durante o Emsiano, na Formacdo Ponta

Grossa, sub-bacia do Apucarana, Bacia do Parand, a saber:

- Tafofacies T1: reunia os bioclastos desarticulados, fragmentados e fragmentos

minusculos;

- Tafofacies T2: reunia os bioclastos articulados, inteiros e em aparente posicdo de

vida.

Devido as caracteristicas intrinsecas de cada tafofacies ocorrente (graus de
fragmentacdo, desarticulacdo, articulacao e posi¢cdo de vida), o autor optou ainda por

uma subdivisdo de cada tafofacies em dois subtipos:
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- Tla (grau de fragmentacéo e retrabalhamento muito alto): composta por fragmentos
minasculos (lingulideos infaunais e Orbiculoidea), valvas parcialmente fragmentadas
(lingulideos indet., Bivalvia), valvas desarticuladas no plano de acamamento

(lingulideos indet., Australocoelia, Bivalvia);

- T1b (grau de fragmentacdo e retrabalhamento moderado): composta por valvas
fragmentadas (lingulideos indet., Australocoelia e Australospirifer) e valvas

desarticuladas no plano de acamamento (lingulideos indet., Bivalvia);

- T2a (grau de articulacdo e posi¢cdo de vida moderado): composta por valvas em
aparente posicdo de vida (lingulideos indet., Bivalvia, Australocoelia), univalves
perpendiculares ao plano de acamamento (Tentaculites, Styliolina), mudas de trilobitas

homalonotideos inteiros ou ainda térax/pigidio;

- T2b (grau de articulacdo e posicdo de vida muito alto): composta por valvas em
posicao de vida (lingulideos indet., Australospirifer, Australocoelia, Orbiculoidea collis),
hastes de crindides muito longas, articuladas e no plano de acamamento, univalves

perpendiculares ao plano de acamamento, trilobita homalonotideos inteiros.

Nesta sec¢do, o autor acompanhou a evolugdo do ambiente e a presenca das
tafofacies, conforme as parassequéncias iam se alternando. A paleobiodiversidade
também foi alterada neste processo, segundo Bosetti (2004), ocorrendo ai mudancas
na composicao faunistica da base da secéo para o topo, onde ocorria a entrada da

tipica epifauna malvinocafrica sobre camadas com uma endofauna cosmopolita.

A secdo iniciava com marcada presenca de fragmentos minusculos de
conchas, associados a valvas fragmentadas de lingulideos infaunais e moluscos
bivalves (Tla), indicando acentuada energia de fluxos bidirecionais (ondas).
Imediatamente acima destas camadas, a litologia era mais fina e os fésseis em
aparente posicado de vida foram reconhecidos nesta facies (T2a). Com a recorréncia
no perfil de camadas de arenito fino a médio que apresentavam estrutura hummocky,
os graus de desarticulagcdo e fragmentacdo das valvas e pecas se elevavam
novamente, mas fragmentos minasculos ndo foram mais reconhecidos nestes estratos
(T1b). J& na regido média da secdo, finas camadas de argilito apresentavam
novamente fésseis em aparente posi¢cdo de vida, pertencentes aos mesmos grupos
taxonbmicos sotopostos (T2a). Por fim, camadas de arenito associadas outra vez a
ocorréncia de bioclastos fragmentados e desarticulados se sobrepunham a esta facies
(T1b).
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Em todo o perfil, ocorreu a mudancga dos atributos tafonémicos de acordo com
a mudanca litolégica que, por sua vez, indicava as oscilagbes do nivel do mar. Logo
acima da ultima camada de arenito assentava-se um siltito grosso, muito endurecido,
portador de fauna singular ao afloramento, apresentando elevado nimero de fosseis
em aparente posicdo de vida (e.g. Australospirifer spp., Australocoelia tourtelotti e
Crinoidea) (T2b). Este novo conjunto representava, segundo Bosetti (2004), a epifauna
pedunculada e cimentada de crinoides e de trilobitas homalonotideos da Provincia
Malvinocafrica. Este foi um trabalho interessante, pois, realizou estudos dos
macroinvertebrados devonianos utilizando-se dos modelos de tafofacies de Speyer &
Brett (1988).

Ainda em 2004, Ghilardi reconheceu duas classes tafonémicas para o registro
dos trilobitas da sucesséo devoniana da Bacia do Parana: Classe 1, os articulados,
onde todos os segmentos do corpo estavam associados; Classe 2, os desarticulados,
onde pelo menos um dos escleritos corpéreos estava dissociado do restante. Dentro
da Classe 1, dos articulados, foi possivel ainda distinguir: a) restos de carcacas
estendidas; b) restos de carcacas enroladas; c) restos de carcacas torcidas. Ja dentro
da Classe 2, dos desarticulados, foi possivel distinguir: a) restos de carcacas
parcialmente desarticuladas, onde ao menos dois escleritos permaneciam articulados;
b) restos de carcacas enroladas, onde havia a preservacdo de apenas um dos

escleritos.

Posteriormente, Bosetti et al., (2009) trabalharam com tafofacies
caracteristicamente semelhantes, ocorrentes em quatro afloramentos localizados no
municipio de Ponta Grossa, Estado do Parana, e estratigraficamente posicionados na
base da Formacdo Ponta Grossa (idade Neopraguiana). Neste estudo, os autores
usaram estas tafofacies como ferramenta auxiliar de apoio para correlacédo
estratigrafica de superficie. Este é, até 0 momento, o Unico trabalho para a sucesséo
devoniana da Bacia do Parana onde as caracteristicas tafonémicas foram utilizadas
com este objetivo. Os afloramentos foram correlacionados de acordo com (i) seus
aspectos litolégicos, (i) suas ocorréncias taxondmicas e (iii) suas respectivas
assinaturas tafonémicas. Os dados obtidos revelaram qual foi a sucesséo de eventos
paleoambientais ocorridos logo apdés o recobrimento dos depodsitos do topo da
Formacé&o Furnas. Cabe ressaltar que, posteriormente, Grahn et al., (2010) dataram as
mesmas sec¢des por meio de microfésseis e corroboraram a correlagdo inicialmente

proposta com base na utiliza¢do das tafofacies.
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Recentemente, Zabini et al., (2010) reconheceram, em grande parte da
sucessao devoniana da sub-bacia de Apucarana, Bacia do Parand, tafofacies de
lingulideos ocorrentes em ambientes: (i) de shoreface, com lingulideos inteiros em
posicdo de vida e, portanto, de preservacao in situ, revelando padréo de autoctonia; (ii)
de offshore transicional, com niumero elevado de lingulideos preservados no plano de
acamamento, inteiros ou fragmentados, associados aos demais elementos da fauna
Malvinocafrica com caracteristicas tafondmicas semelhantes, ocorrendo de forma
cadtica, em cordas ou rosetas; (iii) de offshore, no qual, segundo a autora, 0S poucos
lingulideos encontrados em posicdo de vida estariam in situ, sugerindo assim a
ampliacdo do intervalo de habitacdo desse grupo, estes estariam associados ao
icnogénero Zoophycos. Os autores consideram que nao € possivel se comparar essas
tafofacies com o modelo de tafofacies proposto por Speyer & Brett (1986), por que nédo
existiam sinais de corrosdo e os graus de desarticulacdo e fragmentacdo eram muito
altos. Esta interpretacdo foi reafirmada em Zabini et al., (2012). Posteriormente, Zabini
& Bosetti (2011) obtiveram uma interpretacdo alternativa e consideraram que 0s
lingulideos foram transportados para o offshore ainda vivos e se restabeleceram e
sobreviveram, mesmo que por pouco tempo, naquele ambiente até o seu soterramento
final. Portanto, o estudo dos lingulideos revela o quao ardua pode ser a tarefa de se

interpretar corretamente as tafofacies.

Apesar de que ainda ndo existe nenhum trabalho referente a tafofacies de
equinodermas ocorrentes nas bacias sedimentares brasileiras, vale destacar a
utiidade desta investigagdo. O estabelecimento de uma tafofacies baseada em
equinodermas é uma tarefa mais complexa, se comparado com 0s demais grupos, por
se tratarem de animais de esqueletos do tipo multilemento, os quais podem se
dispersar em centenas ou milhares de ossiculos quando desarticulados. Os
equinodermas, no geral, fornecem importantes informacbes sobre as condi¢cbes
vigentes nos ambientes de sedimentacdo por serem organismos multielementos e, por
isso, extremamente suscetiveis aos processos tafonémicos (Lewis et al., 1990; Brett &
Baird, 1986; Scheffller, 2010). Num caso especifico, como por exemplo, o dos
pelmatozodrios pedunculados (Cystoidea, Blastoidea e Crinoidea), eles podem
apresentar estreita relacdo entre morfologia dos bracos, do pedunculo e da estrutura
de fixacdo com a quantidade de energia, direcdo das correntes, taxa de sedimentacao,
tipo de substrato e outras caracteristicas do meio, segundo varios autores (Breimer,
1978; Ausich, 1980; Brett, 1981; Brett et al., 1997; Baumiller, 1993). Deste modo, eles

podem auxiliar de modo significativo na reconstituicdo do ambiente de vida pretérito.
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Dentro desse ponto vista, a tafonomia deste grupo reflete facilmente os tipos de
processos ocorridos, se de fundo ou episodicos (Speyer & Brett, 1991; Brett et al.,
1997). Estes processos caracterizam desde tafofacies formadas por elementos
totalmente desarticulados, devido a energia do meio (Brett et al., 1997), até mesmo
tafofacies que evidenciam rapido soterramento (depdsitos de obrution; Speyer & Brett,
1986), representando preservacBes excepcionais conhecidas como Lagerstatten
(Seilacher, 1970), constituidas por crinoides completos, ricamente conservados (Brett

et al., 1997) e contendo extraordinérias informacdes paleontoldgicas.

O trabalho de Brett et al., (1997) exemplificou isso ao dividir o grupo dos
equinodermas em trés categorias baseado nos tipos de desarticulagéo: (i) o tipo 1 que
englobaria os ofiuroides, asteroides, carpoides, paleoequinoides, eocrinoides e
edrioasteroides; (i) o tipo 2 que englobaria os crinoides, cistoides e equinoides
regulares; (iii) o tipo 3 que englobaria os microcrinoides, blastoides e equinoides

irregulares.

Para os ambientes siliciclasticos foram identificadas por Brett et al., (1997),
através das assinaturas tafonémicas, cinco tafofacies que variavam na sua distribuicdo
de acordo com os niveis de base, que sua vez, controlaram o modo tafonémico de
cada uma delas. A tafofacies denominada IIF estava localizada em ambientes
estagnados de lama disOxica, onde os fésseis eram mais raros, com crinoides
excepcionalmente completos, e poucos ossiculos, ambos no plano de acamamento.
Ocorria abaixo do nivel de base de ondas de tempestade. A tafofacies IIE foi
registrada em folhelhos de offshore, contendo restos esqueléticos muito bem
preservados, paralelamente ao plano de acamamento, esqueletos in situ, com
ocorréncia de pirita. Poderiam ocorrer nesta quaisquer taxa das trés categorias.

Ocorria abaixo do nivel de base de ondas de tempestade.

A Tafofacies IID poderia ser registrada em camadas influenciadas por
tempestades, apresentando muita bioturbacdo, maior porcentagem de ossiculos do
que fésseis completos, que eram mais raros. Poderiam ocorrer quaisquer taxa das trés
categorias nesta tafofacies, localizada logo abaixo nivel de base de ondas de
tempestades segundo o modelo proposto pelos autores. A Tafofacies IIC foi registrada
em ambientes de shoreface distal dominado por tempestades, ocorrendo detritos
esqueletais, com pluricolunais podendo estarem alinhadas (orientadas) por correntes.
Estaria localizada entre o nivel de base de ondas de tempestades e o nivel de base de

ondas de bom. A Tafofacies IIA foi registrada em ambientes de shoreface proximal
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dominado por tempestades, onde ocorreriam muito poucos fésseis articulados ou finas
lentes com ossiculos. Ocorreriam na transicdo entre o nivel de base de ondas de

tempestades e acima do nivel de base de ondas de tempo bom.
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7. Andlise integrativa dos dados

Os resultados obtidos na presente tese forneceram dados para a confeccdo de
trés artigos cientificos. Em primeiro lugar, optou-se por dar continuidade ao estudo dos
afloramentos ocorrentes na regido da Serra do Barreiro (Sec¢ao Barreiro, Tibagi-PR).
Esta € uma area-chave, pois foi nela que aconteceram as primeiras investigaces a
respeito de possiveis extingdes do Devoniano Médio (Petri, 1948; Lange & Petri, 1967,
Daemon et al., 1967; Lange, 1967; Mello, 1985; Bosetti, 2004; Horodyski, 2010; Bosetti
et al., 2010). Desta forma, além de varios trabalhos de campo, optou-se pela
construcdo de um arcabouco estratigrafico local de detalhe, em uma tentativa de se
comparar 0 evento de extincdo observado nesta area com o registro das demais
secOes em estudo. A ocorréncia e o diagnoéstico do Evento Global de Extingdo Kacak
(House, 1996; House, 2002) na Bacia do Parang, durante a passagem Eifeliana\
Givetiana, foi fundamental por ser considerado um marco estratigrafico, passivel de
ser reconhecido pela extenséo de seus folhelhos pretos em outra secéo, e.g. a Secdo
S&do Bento (topo da secdo Tibagi-Telémaco Borba de Bergamaschi, 1999). Com isso,
a tafonomia dos bioclastos ocorrentes nestas duas se¢cfes serviu como um ponto de
partida para as pesquisas das rochas do intervalo Neoeifeliano\ Eogivetiano na regido

de Tibagi, cujo resultado foi publicado no Artigo 1 desta tese (Horodyski et al., 2013).

O levantamento de mais duas secdes inéditas, denominadas Tibagi-Ventania e
Tibagi-Alto do Amparo, forneceu os dados que levaram a suspeita de que havia mais
ocorréncias de extensdo local referentes ao Evento Kacak. Porém, por se tratar de
duas sec¢Bes que englobavam rochas de um amplo intervalo, ou seja, ndo apenas
exclusivamente do Eifeliano e Givetiano, mas que se estendiam desde o
Neopraguiano — contato basal da Formacdo Ponta Grossa — até o Givetiano/
Neocarbonifero — contato com sedimentitos do Grupo Itararé — optou-se entdo, pelo
levantamento dos dados de coleta em todos os afloramento ocorrentes a fim de se

estabelecer um arcabouco estratigréafico confiavel.

A secdo Tibagi-Ventania foi a primeira secdo completa levantada para a
presente tese e a ter todos os dados paleontolégicos e tafondmicos reunidos e
interpretados. Por isso, um artigo exclusivo sobre esta secdo foi confeccionado, ou
seja, o Artigo 2. A idéia foi tentar compreender quais foram o0s mecanismos

tafondmicos geradores das concentracfes fossiliferas que influenciaram e resultaram
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nas diferentes tafofacies reconhecidas. A partir deste estudo, foi possivel reconhecer
0s padrdes de autoctonia e aloctonia e algumas ocorréncias in situ dos fosseis
registrados nas seis tafofacies diagnosticadas. Estas tafofacies forneceram dados
suficientes para evidenciar paleoambientes que vdo do shoreface ao offshore.
Concluiu-se entdo, que as tafofacies de invertebrados marinhos foram geradas e
controladas pela acdo de ondas normais, correntes de retorno e de ondas de
tempestade. Foram também efetuadas algumas tentativas de andlises palinoldgicas
nos niveis sedimentares de interesse, mas infelizmente as laminas se mostraram
estéreis. Portanto, a referéncia que se faz ao Evento KaCdk nesta secdo é, por
enquanto, especulativa e determinada apenas pela andlise estratigrafica. E além
disso, foi possivel fazer uma reconstrucdo paleoambiental dos ambientes
representados pelos sedimentitos da secdo estudada, mostrando 0s grupos
taxondmicos ocorrentes nas tafofacies apresentadas, com as informacbes de
autoctonia e aloctonia de cada uma delas. Observando esta reconstrucdo foi possivel
visualizar de forma mais clara como na verdade estes organismos de distribuiam

originalmente e como foram preservados no registro féssil.

Desta forma, tendo como base de dados tafonbmicos e estratigraficos das
secdes Tibagi-Ventania, Barreiro e Sado Bento (topo da sec¢éo Tibagi-Telémaco Borba
de Bergamaschi, 1999), novas localidades foram levantadas na secdo Tibagi-Alto do
Amparo, e na por¢cao basal da secdo Tibagi-Telémaco Borba (Bergamaschi, 1999). A
propdsito, é oportuno destacar que todos os afloramentos ocorrentes em todas as
secOes sedimentares foram prospectados no ponto de vista de coleta paleontolégical
tafondbmica. Portanto, foram considerados quaisquer dados paleontoldgicos onde
fésseis puderam ser descobertos. No entanto, deduz-se que a aparente auséncia de
fésseis na grande maioria das rochas investigadas trata-se de vieses tafonémicos ou

preservacionais ou decorrentes da coleta.

As tafoféacies reconhecidas na secédo Tibagi-Ventania puderam ser comparadas
aos dados tafonémicos das demais se¢Bes. Com isso, foi possivel reconhecer e
estender o registro tafofaciolégico e paleobiolégico de maior resolugéo, através de
evidéncias, em mais de uma sec¢do geoldgica que abrangesse todas as idades,
formacdes e sequéncias estratigraficas marinhas de superficie ocorrentes no estado
do Parana (regidao do municipio de Tibagi), na sub-Bacia de Apucarana. Esta andlise

integrativa gerou o Artigo 3 desta tese.
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Desta forma, os trés artigos em conjunto geraram informacdes importantes,
guanto a distribuicdo vertical (amplitude bioestratigrafica) de todos os taxa ocorrentes
durante o intervalo Neopraguiano\ Eogivetiano. Essas informagbes mostraram uma
amplitude e as zonas de maior e menor abundancia da fauna, tendo sido muito
marcante, em termos de perda de diversidade, os limites Emsiano Inferior\ Emsiano
Superior e Eifeliano Superior\ Givetiano Inferior. Todos estes dados, somados aos
dados tafonémicos, puderam evidenciar ainda potenciais de preservacdo nas
diferentes formacdes e tratos de sistemas e vieses tafondmicos, que auxiliaram (e
auxiliardo) nos trabalhos referentes a reconstrucdes paleoecoldgicas e

paleoambientais.
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8. Consideracdes finais

1 - A andlise bioestratigrafica dos invertebrados devonianos da sub-Bacia de
Apucarana (Bacia do Parand) demonstrou que a grande maioria dos taxa esta
posicionada estratigraficamente na Formac&o Ponta Grossa e na base da Formacao

Sado Domingos. Estas camadas tém idade Neopraguiana a Neoemsiana.

2 - O climax da biodiversidade da fauna paranaense no intervalo Neopraguiano/
Neoemsiano coincide com o do Dominio Malvinocéfrico no Gondwana durante o
Eodevoniano, fortalecendo as consideracdes ja previamente estabelecidas sobre esta

questéao.

3 - O empobrecimento no registro fossilifero da biodiversidade nas camadas mais
jovens (Eifeliano - Formagdo S&o Domingos), pode ser um fator puramente
preservacional-tafondmico negativo. A presenca de facies mais rasas na Formacgéo
Sdo0 Domingos, atestadas por uma maior presenca de corpos de arenitos com
estratificacdo cruzada hummocky e de siltitos muito bioturbados, corroboram esta
hip6tese, uma vez que a Zona Tafonomicamente Ativa (TAZ) € um importante agente
de destruicdo de informacgfes originais. No entanto, estudos futuros relacionados a
esta tematica deverdo ser efetuados para confirmar ou ndo esta hipétese. Portanto, é
impossivel afirmar categoricamente que houve uma extingdo no final do Neoemsiano,
mesmo que de pequena magnitude, por ndo existirem, ainda, provas contundentes

para isso.

4 - O que foi de fato registrado aqui neste estudo é a ocorréncia de um evento de
extincdo de maior magnitude na passagem Eifeliana\ Givetiana, atribuivel ao Evento
Global de Extincao Kacak. @] aparecimento dos biomarcadores
quitinozoarios Alpenachitina matogrossensis e Alpenachitina petrovinensis da
associacdo Alpenachitina da biozona Alpenachitina eisenackimarca a base do
Givetiano e o final do Evento Ka¢ak na Bacia do Parana. Ainda, ap0s as camadas
"KacCak" foi registrado em abundancia conchas univalves atribuidas com duvidas ao
cefalopode Ctenoceras. Este pode ser considerado também um biomarcador, por
ocorrer nas quatro sec¢fes estudadas e ndo ter sido reconhecido nas camadas

subjacentes.
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5 - Os folhelhos pretos "Kacak", referentes a rapida subida do nivel do mar ocorrentes
na passagem Eifeliana\ Givetiana, estdo associados a um maximo transgressivo, num
contexto de Trato de Sistemas Transgressivos (TST), tendo sido reconhecidos em
duas secdes estratigraficas: Secao Barreiro e Secado S&o Bento. Nas demais litofacies,
ocorrentes nas outras duas sec¢Oes correlatas (Tibagi-Ventania e Tibagi-Alto do
Amparo), estes ndo puderam ser ainda totalmente constatados, isto por que, ha se¢ao
Tibagi-Alto do Amparo, ndo foram assinaladas camadas rochosas com tais
caracteristicas facioldgicas, e na se¢ao Tibagi-Ventania, os folhelhos pretos presentes
contém alguns niveis com lentes de areia, 0 que indicaria um posicionamento da area
em uma regido mais proximal nos tempos do Evento Kacak. Além disso, a analise
palinoldgica destes provaveis "folhelhos "Ka€ak" forneceu resultados estéreis, mesmo
ap0s muitas tentativas. No entanto, em todas as sec¢des, ocorrem ?Ctenoceras sempre

na base do Givetiano.

6 - Imediatamente ap0s as camadas "Kacak", foi registrado a presenca de
invertebrados de pequeno tamanho, j4 anteriormente atribuidos ao fenémeno de
nanismo dos taxa, denominado "Lilliput Effect", resultado da sindrome po6s evento de
extincdo Kacak. No entanto, este fendmeno foi observado apenas nas secbes Barreiro

e Tibagi-Telémaco Borba (S&o Bento).

7 - Foram diagnosticadas sete tafofacies nas secdes trabalhadas, diferenciadas entre
si, através das diferentes dinAmicas dos ambientes marinhos nos tempos devonianos,
com idades que variaram do Neopraguiano até o Eogivetiano. As tafofacies
reconhecidas abrangeram os seguintes ambientes: (i) shoreface médio, dominado por
turbuléncia; (ii) shoreface médio a distal, turbulento e influenciado por tempestades;
(i) shoreface médio a distal, dominado por tempestades; (iv) shoreface distal,
influenciado por tempestades; (v) offshore transicional, influenciado por tempestades;
(vi) lamas de offshore estagnadas, influenciadas por tempestades; (vii) offshore,

dominado por tempestades.

8 - A partir deste estudo foi possivel reconhecer os padrdes de autoctonia e aloctonia
e algumas ocorréncias in situ dos fésseis registrados nas tafofacies diagnosticadas.
Os dados aqui evidenciados mostraram que a acao de ondas normais e correntes e de
ondas causadas por tempestade foi responsavel pela geracdo de grande parte do
registro fossil. Além disso, ficou claro que os eventos de tempestades foram muito
ativos e determinantes para os modos tafondbmicos de preservacdo, durante o Eo-

mesodevoniano.
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9 - Nas regifes proximais da bacia, o soterramento final ocorreu em épocas de
aumento nas taxas de sedimentacgéo, devido (i) ao maior entrada de sedimentos da
area fonte ou (ii) acdo de tempestades de maior magnitude na regifes proximais. A
zona tafonomicamente ativa (TAZ), bem como sua migracdo vertical pOs-
soterramento, foi um agente tafondmico importante de destruicdo de informagfes das

biocenoses originais nestas regides da bacia.

10 - Nas regides mais distais da bacia, o soterramento final aconteceu quando
correntes de retorno causadas por épocas de tempestades de maior magnitude
ocorreram. Estas correntes transportaram os bioclastos de aguas mais rasas para as
mais profundas, ocorrendo nas associagdes o fendmeno da mistura temporal (time

averaging) por advecéao e/ou por diferentes tempos de residéncia.

11 - O reconhecimento da amplitude de habitacdo, habitos ecoldgicos e das
assinaturas tafonémicas dos taxa ocorrentes, forneceram informagfes importantes
para a geragcdao de dados que permitiram reconstru¢cdes paleoambientais e

paleoecoldgicas por meio de critérios de estudo de tafofacies.

12 - O critério de estudos de tafofacies aqui utilizado mostrou-se bastante confiavel
para auxiliar estudos de reconstrucdes paleoambientais. Por isso, é necessario que
pesquisadores, 0S quais se preocupam com as reconstrucdes paleoambientais e de

paleocomunidades pretéritas, levem sempre em consideracdo a analise das tafofacies.
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Abstract The Eifelian—Givetian (Middle Devonian)
transition constituted an important paleoenvironmental
event for the Malvinokaffric Realm in the Apucarana Sub-
basin (Parana Basin). This study highlights integration
between taphonomy and sequence stratigraphy, and four
depositional sequences are identified during the transition.
In Sequence 1, the presence of a typical normal-sized
Malvinokaffric fauna is recorded. In the transgressive sys-
tems tract (TST) of Sequence 2, no benthic fossils are
present, and this is interpreted as a stratigraphic marker of
an event of significant paleoenvironmental change
(KACAK Event). In Sequence 3, the TST has abundant
bioclasts, which become rarer toward the top of the section,
i.e., within the transgressive systems tract. The original
habitat of this autochthonous to parautochthonous fauna
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was a low-energy environment between the fair weather
wave base and the storm wave base of the Devonian epi-
continental sea. In the highstand systems tract of this
sequence, the presence of normal-sized Pennaia paulianna
and lingulids demonstrates the return of more ambient
conditions. Sequence 4 is of Carboniferous age. Its limit is a
second-order sequence boundary recording a lowstand
systems tract formed by a fluvial depositional system. The
low diversity and the disappearance of taxa are not the result
of a taphonomic bias, but reflect the post—KAéAK Event.

Keywords Taphonomy - Sequence stratigraphy -
Devonian - Parana basin - Apucarana Sub-basin

Introduction

The KACAK Event, named after the KACAK Member of
the Srbsko Formation in the Czech Republic (Chlupac and
Kukal 1988; House 1989), took place close to the Eifelian—
Givetian transition. It is dated by the ensensis conodont
zone and corresponds to an interval within the Eifelian/
Givetian boundary GSSP at Mech Irdane in the Anti Atlas
Mountains of Morocco (Walliser et al. 1995; Ellwood et al.
2011). It is also recorded in North America (De Santis and
Brett 2011) and Bolivia (Troth et al. 2011). This was a
period of global hypoxia that caused widespread deposition
of black shale in hemipelagic, pelagic and some neritic
facies (House 1996). The transgressive peak associated
with the KACAK Event caused drastic changes to the
environment, including alteration in the oxygenation,
temperature and consequently primary production (House
1996, 2002).

In the Brazilian intracratonic Parana Basin, the Devo-
nian is represented by a fine-grained sandy to shale
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succession with a rich fossil record (e.g., Melo 1988; Bo-
setti et al. 2012), where a black shale succession of the
same age as the KACAK Event is recorded in the central
part of the Apucarana Sub-basin (Fig. la, b).

The aim of the present paper is to study this section,
applying sequence stratigraphy and facies analysis, com-
bined with the recognition of taphonomic signatures in
order to discuss and characterize this succession as the
actual record of the KACAK Event in Apucarana Sub-
basin.

Biostratigraphy of the KACAK Event is based on con-
odonts and goniatites (House 1985, 1996). Unfortunately,
these guide fossils are not recorded in the Devonian suc-
cession of the Apucarana Sub-basin, and therefore, bio-
stratigraphy and age dating are based upon miospores and
chitinozoans (e.g., Bosetti et al. 2011; Grahn et al. 2011).

Geologic setting

The Parana Basin is a huge intracratonic basin on the South
American platform, located in southernmost Brazil and
north/northwestern Uruguay, parts of Paraguay and
Argentina (Fig. la, c¢). In Brazil, it is represented by two
sedimentary depocenters, i.e., the northern Alto Gargas and
southern Apucarana Sub-basins (Bosetti et al. 2011). The
Parand Basin covers a surface area about 1,700,000 km?,
has actually a NE-SW elongated shape and is approxi-
mately 1,750 km long and 900 km wide. The sedimentary
fill of the basin was influenced by tectonic—eustatic cycles
linked to the evolution of the Western Gondwana during
Paleozoic and Mesozoic times.

The basin has developed over different geotectonic
domains, comprising Archean and Paleoproterozoic cra-
tonic terranes and Neoproterozoic mobile belts related to
the Pan-African and Brazilian cycles, responsible for the
assemblage of Western Gondwana. Hence, the geotectonic
framework of the basement is characterized by several
cratonic blocks and intervening mobile belts, forming a
complex framework of lineaments and crustal discontinu-
ities which influenced sedimentation due to differential
subsidence and uplift of the tectonic blocks (Holz et al.
2006).

The eustatic—tectonic cycles controlled sedimentation in
the Parana Basin, and they generated a stratigraphic record
that is marked by numerous subaerial events that produced
erosion and non-deposition surfaces. Milani and Ramos
(1998) and Milani et al. (2007) considered the fill of the basin
is constituted of six second-order depositional sequences,
ranging in age from Late Ordovician to Late Cretaceous. The
stratigraphic interval studied herein corresponds to the sec-
ond sequence of Milani et al. (2007), named the “Parana
Supersequence,” ranging from the latest Silurian? to
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Devonian (early Givetian in outcrops and early late Frasnian
in subsurface of the Apucarana Sub-basin). It is a succession
lithostratigraphically divided into three formations: Furnas,
Ponta Grossa and Sdo Domingos (Grahn et al. 2011).
Stratigraphic and paleontologic data presented herein
were acquired from two composite sections located in
Tibagi County, Parana State (Figs. 1b, 2). All investigated
outcrops belong to the Sao Domingos Formation (Grahn
1992; Grahn et al. 2000; Mendlowicz Mauller et al. 2009;
Grahn et al. 2011) and spans a late Eifelian to early Gi-
vetian age. Figure 2 shows these composite stratigraphic
profiles, herein referred to as the Barreiro and Sdo Bento
sections. They are approximately 25 km apart (Fig. 1b).

Methodology

The studied material is stored at Universidade Estadual de
Ponta Grossa (Paleontology Laboratory of the Geosciences
Department, Parana State) under designations DEGEO/
MPI (numbers 3,230-3,930). A total of 700 rock samples
collected contain one or more fossil specimens each. The
taxa registered are in the paleobiogeographic context of the
Malvinokaffric Realm, which was initially described by
Richter (1941), revised by Melo (1985, 1988) and with
recent new insight given by Bosetti et al. (2012). Other,
non-Malvinokaffric taxa also occur. Table 1 gives a sum-
mary of the fossil fauna.

The field data acquisition follows the taphonomic/
paleoautoecologic protocol of Simdes and Ghilardi (2000).
The taphonomic analysis identifies the following attributes:
(a) fragmentation degree; (b) disarticulation degree;
(c) spatial position of the bioclastic grains; (d) packing; and
(e) levels of distribution and abundance.

Concerning sequence stratigraphic analysis, the basic
threefold scheme of systems tract as depicted by the classic
sequence stratigraphic model (i.e., Posamentier and Vail
1988) was used. However, this model does not take into
account other stratigraphic elements (such as the falling
stage systems tract and its bounding surfaces). The
nomenclature of the stratigraphic surfaces is found in
(Catuneanu et al. 2009, 2010). The surface that separates
the lowstand and the transgressive systems tracts is labeled
the “maximum regressive surface” instead of the previous
designation “transgressive surface.”

In order to recognize sequence boundaries and geo-
metric systems tracts within the studied successions
(Fig. 2), two criteria were used:

1. contacts between facies indicative of deep water and
more shallow water settings, recording a base-level fall
and a conceptual sequence boundary (i.e., a unconfor-
mity or its correlative conformity);
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Fig. 1 Map showing the localities discussed in this study. a General the Apucarana Sub-basin. ¢ Gondwana paleogeographic map during
map of the Parana Basin modified after Milani and Ramos (1998) and the Eifelian—Givetian transition (modified after Scotese et al. 1999)
Milani et al. (2007). b Detailed map of the investigated localities in
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«Fig. 2 Composite stratigraphic profiles of the study area showing
main sedimentary facies (see also Table 2), taxonomic distribution
(modified after Bosetti et al. 2011), taphonomic signatures and
sequence stratigraphic interpretation as discussed in the text. LST
lowstand systems tract, TST transgressive systems tract, HST high-
stand systems tract, MRS maximum regressive surface, MTS maxi-
mum transgressive surface

2. vertical variations of facies in order to detect retro-
gradational and progradational stacking patterns.

Summary of the palynomorph biostratigraphy
and the paleoenvironmental significance

The Devonian part of the Barreiro Section represents a
succession of latest Eifelian beds, immediately below the
KACAK extinction event, to early Givetian beds above
(Fig. 3) the post-extinction event (Bosetti et al. 2011). The
latter are associated with the collapse of the classic
Malvinokaffric shelly fauna and a “Lilliput Effect”
(Fig. 2). Palynomorphs are scarce immediately before and
after the extinction event. The scarcity of acritarchs and
chitinozoans may be a response to a geochemical
sequestration of carbon and nutrients such as nitrogen and
phosphorus during the black shale formation that charac-
terized the KACAK Event (Bosetti et al. 2011), thus
tending to deprive the marine palynomorphs of essential
food sources. The occurrence of the fresh water algae
Chomotriletes vedugensis and Tasmanitids below the
extinction level (Bosetti et al. 2011) indicates a stressed
shallow marine environment with temporary influence of
fresh (brackish) water. In the post-extinction beds (Seq. 3)
appear Lunulidia micropunctata, an ecological phenotype

of Navifusa bacilla, suggesting stressed shallow marine
environments during this interval as well. Biostratigraph-
ically significant assemblages occur in the upper part of
the post-extinction event, dated as earliest Givetian, and
younger Givetian beds. At the S&o Bento Section, the
earliest Givetian chitinozoan species Alpenachitina mato-
grossensis and Alpenachitina petrovinensis have been
reported from beds representing the post-extinction inter-
val (Bosetti et al. 2011). The youngest Devonian beds of
the Barreiro Section are characterized by a typical early
Givetian marine palynomorph association with chitinozo-
ans such as Ancyrochitina langei, Ramochitina aff. R.
boliviensis and R. ramosi, and the spores Acinosporites
acanthomammillatus,  Archaeozonotriletes  variabilis,
Chelinospora ligurata, C. timanica, Grandispora libyen-
sis, Verrucosisporites scurrus and others (Bosetti et al.
2011). According to Walliser et al. (1995), the miospore
Geminospora lemurata is an important species to mark the
base of the Givetian. It is a common species in the in-
tracratonic basins of Brazil and adjacent areas (e.g.,
Loboziak et al. 1988, 1992; Perez-Leyton 1990; Ottone
1996; Melo and Loboziak 2003; Grahn et al. 2006, 2010;
Breuer and Grahn 2011; and others), where it is an index
species for the early Givetian Lli Zone (Melo and Lob-
oziak 2003). This spore zone is present above beds rep-
resenting the KACAK Event. The Eifelian/Givetian
boundary as defined by the base of the hemiansatus
conodont Zone (Clausen et al. 1993; Walliser et al. 1995)
is close to, but slightly below the first occurrence of G.
lemurata (Streel and Loboziak 1996; Melo and Loboziak
2003). This stratigraphy is the same in the Parana Basin
(Loboziak et al. 1988; Gaugris and Grahn 2006) and in
agreement with that of Morocco (Ellwood et al. 2011).

Table 1 Systematic overview of the Malvinokaffric fossils from the studied taphocoenosis

Orbiculoidea baini Sharpe, 1856—epifaunal attached by pedicle, suspension feeders

Orbiculoidea excentrica Lange, 1943—epifaunal attached by pedicle, suspension feeders

Australospirifer iheringi Clarke, 1913—infaunal corps supportive, suspension feeders

Derbyina whitiorum Clarke, 1913—epifaunal attached by pedicle, suspension feeders

Australocoelia palmata. Boucot and Gill, 1956—epifaunal attached by pedicle, suspension feeders

Schuchertella cf. agassizi Hartt, 1874—epifaunal attached by pedicle, suspension feeders
Nuculana? viator Reed, 1925—infaunal non-siphonate deposit feeder, partly buried
Pennaia pauliana Clarke, 1913—mobile detritivorous benthic epifauna

Cnidaria Conulatae Conularia quichua Ulrich 1890—sessile epifaunal
Paraconularia ulrichana Clarke 1913—sessile epifaunal
Brachiopoda Lingulata Discinidae
Lingulidae Lingulids indet.—infaunal

Spiriferida

Rhynchonellata

Strophomenata
Mollusca Bivalvia
Arthropoda Trilobitomorpha

Crustacea Ostracoda indet—epifaunal benthic detritivorous
Ichnofossils - Phycosiphon isp. Von Fisher-Ooster, 1858
Tool marks - Roll marks
Nematophytophyta Spongiophytaceae Spongiophyton spp. Kriusel, 1954
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Table 2 Description of the facies of the Barreiro Section

ID Texture Color Structure Sedimentary Process

SH Shales Very dark gray, black Laminated Settling of suspended sediments

SL-p Fine siltstone, argilaceous Very dark gray Laminated, parallel lamination Settling of suspended

sediments near the SWB

SL-hcs Médium to sandy siltstone Light yellowish gray Parallel lamination with Deposition under oscillatory flow,
milimetric sandstone lens and between SWB e FWWB
intercalation with centimetric
hummocky cross-bedding

SS-hcs Coarse to medium sandstone Light yellowish gray Massive, some centrimetric Deposition under oscillatory
hummocky cross-bedding flow near FWWB,

SS-f Fine sandstone Light yellowish gray Massive Deposition above FWWB,

SS-gr Conglomeratic sandstone Light yellowish gray Massive Deposition above FWWB

FWWRB fair weather wave base, SWB storm wave base

Fig. 3 Stratigraphic chart
showing the Middle Devonian
stratigraphy of the Apucarana
Sub-basin and the position of
the KACAK Event. I. Spore
zones after Melo and Loboziak
(2003). 2. Chitinozoan zones
after Grahn et al. (2011). ass
Association

Facies and depositional systems

The Middle Devonian rocks in the studied region are
dominated by mudstones and fine-grained sandstones with
wave-influenced bedding and with minor medium to
coarse-grained sandstone and conglomerate interbeds.
Since no palynofacies (rare palynomorphs) or geochemical
data are available, depositional interpretation is based
exclusively upon composition, texture and sin/post-depo-
sitional sedimentary structures. Six facies were identified in
the Barreiro and Sdo Bento sections (Fig. 2; Table 2).

The vertical succession of lithofacies summarized in
Table 2 leads to the identification of three depositional
systems, indicative of a paralic to open marine environ-
mental setting.

The most proximal depositional system in the studied
area is represented by lithofacies SS-gr (coarse sandstone
and gravel), which is interpreted as the record of the upper
shoreface and foreshore of that section (Fig. 4e). This is
associated with the SS-f (fine-grained sandstones) lithofa-
cies (Fig. 4d), interpreted as the less proximal portion of
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the foreshore/shoreface zone. Since the sedimentary
structures of those facies are mostly obliterated by biotur-
bation or erosion, our environmental interpretation is based
on (1) the association with wave-originated facies (SS-hcs
and SL-hcs; Fig. 4b) and (2) the well-sorted, quartzitic
nature of the sediments.

This shallow water depositional system is spatially
associated with a lower shoreface system (or transitional
offshore system by some authors; e.g., Zabini et al. 2010),
formed by a facies association with fine-grained sandstones
and siltstones with hummocky bedding (lithofacies SS-hcs
and SL-hcs). The SS-hcs facies (Fig. 4f) is indicative of
oscillatory flows, with deposition between storm and fair
weather wave base, and represent the more proximal part
of the shoreface—offshore transition, which distally grades
to the finer SS-hcs Facies.

The typical offshore depositional system consists of
siltstones and shales—lithofacies SL-p (Fig. 4c) and SH
(Fig. 4a), representing deposition of suspended sediments
(hemipelagic sedimentation) in a depositional environ-
ment below storm wave base, with the possible
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Fig. 4 Facies in the investigated sections. a Facies SH, b Facies SL-hcs; ¢ Facies SL-p, d Facies SS-f, e Facies SS-gr, f Facies SS-hcs. For

explanation of facies, see Table 2

Fig. 5 Location of the sections
with marine deposition in the
Apucarana Sub-basin, Parana
Basin. FWWB fair weather wave
base, SWWB storm weather
wave base

contribution of muddy turbidity currents, indicated by the
incipient graded beds associated with the massive
mudstones.

Interpretation of the facies succession and the respective
depositional systems indicates that both sections are loca-
ted in a comparatively deeper (middle to outer shelf)
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Fig. 6 Selected fossils from the
“Lilliput” fauna. a Phycosiphon
isp. b Roll Marks; ¢ Flatted
conulariid associated with
Spongiophyton.

d Australospirifer iheringi.

e Fragments of Spongiophyton.
f ?Ctenoceras

environment than the foreshore; but it seems that the
Barreiro Section is located in a more proximal setting with
regard to the Sdo Bento Section (Fig. 5).

Sequence stratigraphy

Based upon the criteria as described above, the following
sequences have been recognized (Fig. 2).

Sequence 1

The lower sequence boundary of this sequence is not
present in the study area. The coarse facies (conglomeratic
sandstone) at the base is interpreted as the record of a
shallow coastal environment and characterizes the lowstand
systems tract of the sequence. The overlying dark mudstone
deposited in an offshore setting records the transgressive
systems tract. Highstand deposits are not recorded, probably
due to the erosion that formed the next sequence boundary.

@ Springer

Sequence 2

Basal sandstones interpreted as foreshore/shoreface depo-
sition, forming the lowstand systems tract of that sequence.
The middle to top portion of the sequence forms the
transgressive systems tract, characterized by a retrograda-
tional facies trend, grading from fine-grained sandstones
and siltstones to dark mudstones representing the KACAK
Event, as discussed below. Again, highstand deposits are
not recorded, probably due to the erosion that formed the
next sequence boundary.

Sequence 3

The base is marked by a thin coarse foreshore/upper
shoreface sandstone, followed by an aggradational to
slightly retrogradational succession of fine-grained sand-
stones, siltstones and mostly dark mudstones, representing
the transgressive systems. At the topmost portion of that
sequence, the progradational patterns of the facies
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Fig. 7 Summary of the taphonomic signatures and the vertical
distribution of the above described faunas. Significant base-level falls
(recorded by the sequence boundaries) influence the specimen
abundance and the vertical distribution of the different faunas.

succession are taken as an indicative of a highstand sys-
tems tract, recording the normal regression that followed
the transgressive phase. The maximum transgressive sur-
face is tentatively marked at a fine-grained siltstone in the
Barreiro Section. The highstand systems tract is eroded by
the overlying sequence boundary.

Sequence 4

The base is marked by a coarse-grained fluvial sandstone,
interpreted as a lowstand systems tract. This sequence is
Carboniferous in age, hence, that limit between sequences
3 and 4 is actually a second-order sequence boundary,
separating the Parana Sequence from the Gondwana 1
sequence in the scheme of Milani et al. (2007), enclosing a
hiatus.

However, no significant correlation between the taphonomic signature
and the stratigraphic position of the fossils within the different
systems tracts is detected

Taphonomy
Sequence 1

The base of Sequence 1 (LST) records the typical suspen-
sion-feeding Malvinokaffric fauna (Australospirifer iheringi
(Fig. 6d), Orbiculoidea baini and Schuchertella agassizi—
see Fig. 7; Table 1). The bioclasts are articulated, not frag-
mented, preserved parallel to the bedding planes in sandstone
facies (SS-gr) and very densely packed (a common feature in
Malvinokaffric sandstones, see Fig. 4e and Zabini et al.
2012). The taphonomy and the paleoecology of this fauna
suggest autochthony to parautochthony, with almost no
transport but significant in situ reworking, reflecting the
regressive nature of the sedimentation regime, where the
coastline advances seawards and the available space is easily
filled by relatively shallow water facies.

@ Springer



Int J Earth Sci (Geol Rundsch)

Fig. 8 Diagram showing the differences sizes of Malvinokaffric
Lilliput fauna, compared to normal phenotypes of Ponta Grossa
Formation (sensu Oliveira 1912; for references, see Grahn et al. 2011)
and base of Sdao Domingos Formation (sensu Maack 1947; for
references see Grahn et al. 2011 and Bosetti et al. 2012):
a Paraconularia ulrichana; b Australocoelia palmata, ¢ Orbiculoidea
baini, d infaunal Lingulids indet. A/, BI, CI and DI represent
subnormal phenotypes species, A2, B2, C2 and D2 represent the same
species with normal size. Note that the reduction size in some cases
may reach 90 %

The LST is topped by the TST, which records the
landwards migration of the coastline and increasing
accommodation space. In the fine-grained sediments of the
transgressive systems tract, infaunal lingulids occur, with
moderate to intense bioturbation. Bioclasts are not frag-
mented and positioned horizontally to the bedding planes.

Sequence 2
The base of Sequence 2 (LST) shows an unfossiliferous sand-

stone (Facies SS-f), reflecting a shallow regressive depositional
setting. The LST is topped by the TST, which registered the
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landwards migration of the coastline under a regime of
increasing accommodation space. In this transgressive systems
tract, fine-grained sediments with infaunal, unfragmented
lingulids, positioned parallel to the bedding planes. The TST
encompasses the FEifelian/Givetian transition, and it shows
some bioturbated sediments at the base and records facies of
black shales resulting from a maximum transgression, modi-
fying the environmental factors as the oxygenation, tempera-
ture and primary production (KACAK Event). No ichnofossils
nor macrofossils in this facies were found.

Sequence 3

The base of Sequence 3 (LST) shows a thin layer of coarse-
grained, non-fossiliferous sediments of upper shoreface
setting. This facies is overlain by fine-grained sandstones
and mudstones of the TST, containing an abundant relictual
Malvinokaffric fauna (for comparison see basic tapho-
nomic analysis by Bosetti et al. 2011), represented by
subnormal size phenotypes (Lilliput Effect sensu Urbanek
1993), as described below:

Conulariids

Conulariids (see Table 1; Fig. 8a) are incomplete (i.e.,
missing the opening region. A common feature in Malvi-
nokaffric conulariids with uncertain ontogenetic implica-
tions) and are positioned parallel to the bedding planes of
bioturbated siltstone (Facies SL-p). Two preservation types
are identified:

1. horizontally preserved, laterally flatted, torn and/or
partially fragmented fossils (this type of preservation
was also described from the Emsian of the Parana
Basin by Rodrigues et al. 2003);

2. flatted fragment of a transverse ribs being articulated
by the medium line; or flatted fragment of two or more
transverse ribs linked by the midline; or flatted
fragment of one or more transverse ribs with the
absence of articulation of the midline, in other words,
just one side of a face.

The second type is more abundant, but in many cases,
the conulariid fragments occur in both preservation styles,
showing different levels of fragmentation, associated with
valves of shells and remains of fragmented Spongiophyton
of different sizes (Fig. 6¢c, e). This suggests that the
members of the taphocoenosis were not significantly
transported; hence, it is considered parautochthonous;

Trilobites

Both complete and disarticulated trilobites occur. The
partially disarticulated trilobites (see Table 1) found can be
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interpreted as exuviae in the first stages of disarticulation,
caused either by disintegration of the organic tissue or
sufficient movements in the water (cf. Ghilardi 2004). This
attribute, added to the absence of abrasion and bioerosion
of the bioclasts, indicates a low residence time at the
water—sediment interface.

Five preservation patterns were observed (in order of
predominance):

(1) Complete preservation of the carcass; (2) articulation
preservation of the thorax/pygidium; (3) isolated pygidi-
ums; (4) isolated cephalons; and (5) isolated thorax. The
data suggest autochthony to parautochthony for this
taphocoenosis;

Brachiopoda

Rhynchonellata and Strophomenata All bioclasts (Der-
byina whitiorum, Australocoelia palmata (see Fig. 8b)
and Schuchertella cf. agassizi; see Table 1) are disar-
ticulated and preserved parallel to the bedding planes.
Only in Schuchertella cf., agassizi was there partial
fragmentation due to the flattening of the valves, possi-
bly caused by sediment compaction. No bioerosion,
abrasion or rounding was observed, suggesting a non-
transported, autochthonous to parautochthonous fossil
concentration;

Discinidae The common ventral-dorsal flattening in the
brachial valves as registered in other facies of the Devonian
succession was not observed. The Discinidae (see Table 1;
Fig. 8c) in the taphocoenosis preserves their original con-
ical form. Preservation of brachial valves with disarticu-
lated pedicle is common, and in some cases, it refers to the
same specimen (Orbiculoidea baini and/or O. excentrica).
The preserved bioclasts occur parallel to bedding planes.
Fragmentation and abrasion were not diagnosed, indicating
that no significant transport occurred during the formation
of the taphocoenosis, which is considered autochthonous
and parautochthonous.

Lingulids indet Lingulids (see Table 1; Fig. 8d) occur
parallel to the bedding planes and some valves occur dis-
posed in scissors. Fragmentation was not diagnosed. Res-
idence time at the water—sediment interface of infaunal
lingulids, according to Kowalewski (1996) and Emig
(1982) does not exceed the period of weeks. Zabini (2007)
reports the importance of the record of ichnofossil associ-
ated with lingulids suggesting autochthony of such bio-
clasts, which is not the case of the current situation.
However, the signatures mentioned above are an important
indicator to corroborate the hypothesis of non-significant
transport of the bioclasts, which are considered as
parautochthonous.

Bivalvia

Specimens of the Nuculana? viator (see Table 1) are dis-
articulated and disposed parallel to the bedding planes. No
fragmentation, bioerosion, abrasion or rounding of valves
was observed, suggesting autochthonous to parautochtho-
nous preservation.

Ostracoda indet

Molds (with no observed muscular impressions and orna-
mentations; see Table 1) occur preserved parallel to the
bedding planes. No fragmentation, bioerosion, abrasion or
rounding of valves was observed, once again suggesting
autochthonous to parautochthonous preservation.

Ichnofossils

Phycosiphon—Planolites composite ichnofabric domi-
nated by Phycosiphon. Phycosiphon (Fig. 6a) was regis-
tered for the first time by Bosetti and Silva (2010) for the
Devonian succession of the Apucarana Sub-basin. It con-
sists of small burrows disposed as frequently ramified “U”
shape laces parallel or slightly oblique to the bedding
planes. These organisms suggest salinity fluctuations and
are better preserved in highly dysoxic or anoxic subtrates
(personal communication, Renata Netto 2010). This indi-
cates low oxygen levels during the post-extinction event.
Low oxygen levels are, however, common in the Malvi-
nokaffric of Apucarana Sub-basin.

Tool marks

Roll marks (Tool mark). Initially, these grooves were
interpreted, with uncertainty, as molds or shell impressions
of the ?Ctenoceras orthoceratid cephalopod by Horodyski
(2010) and Bosetti et al. (2011). However, Bosetti et al.
(2010) present a different interpretation for fossils in some
of the samples, based on the fact that molds would be
elongated, with annular ornamentation and no preferential
orientation. Its width would vary, and they could show
some curvatures or also be straight. Nevertheless, the
curvature of the observed specimens is never positioned in
the same longitudinal region of the samples. It does not
have any apical opening, which should be easily recog-
nized. All of this favors the interpretation of those features
as the record of a fossil roll or tool mark, not of a mold of
bioclasts. Similar structures are shown by Seilacher (2007),
who illustrated roll marks produced by cephalopods in the
German Triassic.

Samples of the ?Ctenoceras orthocone cephalopods
(Fig. 6f) are at present studied for taxonomy and environ-
mental significance.

@ Springer
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The marks described here (Fig. 6b), as well as the
presence of Phycosiphon isp (Fig. 6a), can be interpreted
as the product of activities of an opportunistic immigrant
fauna (immigrant species taken over empty niches from
extinct precursors) during the earliest Givetian (sensu Bo-
setti et al. 2011).

The transgression prevails until the limit with the HST,
where the fossil record becomes more rare. There are some
occurrences of bioturbation and of plant fragments easily
transported by currents due to their low density. The lack
of macroinvertebrates in these beds suggests that condi-
tions became too deep and dysoxic. During coastal
encroachment (retrogradation), the organism ideal distri-
bution zone also shifted upramp so that the depositional
environment were not favorable for fossil preservation.
Additionally, the Malvinokaffric fauna significantly
declined by this time (e.g., Bosetti et al. 2011 and refer-
ences therein). During formation of the maximum trans-
gressive surface (MTS, Fig. 2), sedimentation occurred at a
very low rate, and it provided a perfect environment for the
more soft-substrate dwelling organisms, as recorded in
these beds.

During the highstand systems tract (HST), the coastline
advanced seawards, progressively shallowing the deposi-
tional environment. Facies displays hummocky cross-bed-
ding, indicating deposition between fair weather and storm
weather wave bases. Autochthonous to parautochthonous
Pennaia pauliana thoraxes and disarticulated valves of
lingulids indet (see Table 1) of normal size occur, suggesting
that the growth-restraining conditions had past and that the
fauna had recovered part of its original size distribution.

Sequence 4

This sequence is Carboniferous. Its boundary is a Type 11
unconformity recording a lowstand systems tract formed by
global glacio-eustacy depositional system. No fossils were
found in this systems tract.

Paleobiodiversity, abundance and extinction

Analyses of the taphonomy, sequence stratigraphy and
facies successions, have provided confirmation of an
extensive extinction of the Malvinokaffric shelly fauna.
This fauna ranges from Pragian to the early Givetian (e.g.,
Bosetti et al. 2011; Bosetti et al. 2012).

Figure 7 shows a summary of the taphonomic signatures
and the vertical distribution of the above described faunas.
It seems clear that significant base-level falls (recorded by
the sequence boundaries) influence the specimen
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abundance and the vertical distribution of the different
faunas, but there is no significant correlation between the
taphonomic signature and the stratigraphic position of the
fossils within the different systems tracts.

Since conodont and goniatite biostratigraphy (sensu
House 1989, 1996) cannot be used for precise age deter-
mination due to the absence of global index fossils in the
Devonian succession of the Parana Basin, biostratigraphy
and approximate age determination of the shales recording
the extinction event and the later Lilliput effect displayed
by the surviving fauna are based upon miospores and
chitinozoans (e.g., Bosetti et al. 2011; Grahn et al. 2011).
This biostratigraphy correlates very well with the age of the
KACAK Event as given by House (op cit), Ellwood et al.
(2011) and other authors.

Summary and Conclusions

The Eifelian—Givetian Devonian sequences of the Apu-
carana Sub-basin (Parana Basin) show a non-random ver-
tical distribution of bioclasts. The black shales near the top
of Seq 2, interpreted as a flooding event, indicate a maxi-
mum transgressive system. Those shales are coeval with
the global KACAK Event. The taphonomic signatures of
the “Lilliput fauna” in the earliest Givetian succession
show that the original habitat of this autochthonous to
parautochthonous fauna was a low-energy environment
between the fair weather wave base (FWWB) and the
storm wave base (SWB) of a Devonian epicontinental sea.
The association of the high abundance of the ichnofossil
Phycosiphon isp with shelly fossils affected by the “Lilli-
put Effect” support the hypothesis of the primary produc-
tion decline caused by the Eifelian/Givetian transgression,
perhaps as a persisting result of the KACAK bioevent.
Even under unfavorable conditions, these “Lilliput” taxa
would have their feeding needs satisfied. Yet, this associ-
ation also shows evidence of recolonization of the substrate
after the biotic crises which caused the collapse of the
Malvinokaffric shelly fauna (Bosetti et al. 2011).
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ABSTRACT

The purpose here is to evaluate the taphofacies of invertebrate-bearing rocks from the
Devonian Gondwana, Parana Basin (Brazil). We approached the influence of different
energy events such as storm and fair-weather waves over the recognized taphofacies.
Our findings alowed recognizing different patterns of fossil transport, along with
several in situ occurrences, in the six taphofacies here identified, which unveil offshore
through shoreface palecenvironments. At proxima basin regions, increased
sedimentation rates, and high magnitude events such as proximal events (generating
tempestites), controls the final burial. Intense post-burial vertical migration of the
taphonomically active zone was a leading agent in the destruction of original
biocoenosis information in this basin region. At distal basin sites the fina buria
occurred due to return currents caused by high magnitude storms, with obruption
deposits included by fines sedimentation at offshore. These currents bring skeletal
remains from shallower to deep waters. Taphofacies anayses offer criteria for
recognizing habitat range, ecological preferences and taphonomic signatures in every
occurring taxonomic group, making possible to build important paleoenvironmental and

pal eoecol ogical reconstruction.

INTRODUCTION
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The taphofacies concept was originaly coined as the detailed study of the
genesis of fossil associations (Brett and Baird, 1986; Speyer and Brett, 1986; Speyer
and Brett, 1988). A taphofacies consists of a fossil assemblage, from a particular
sedimentary level, with distinctive taphonomic signatures that reflect the depositional
history of the skeletal remains in study (Speyer and Brett, 1986; Speyer and Brett,
1988).

Studies on fossil preservation dynamics, such as sedimentation rates, base level
variation (Waker and Plint, 1992) and storms (Brett and Seilacher, 1992) alowed a
better understanding of the taphonomic patterns of taxonomic groups through depth
gradients in a sedimentary basin (Speyer and Brett, 1988; Miller et a., 1988; Brett and
Seilacher, 1991; Brett, 1995; Brett et al., 1997). Taphofacies studies of the invertebrates
from the Malvinokaffric Province in Parana Basin are limited mostly to Lower/early
Middle Devonian (Rodrigues et a., 2003; Bosetti, 2004; Bosetti et al., 2012; Zabini et
a., 2010; Zabini et al., 2012). These works fomented the understanding of marine
environments during middle Paleozoic, and enlightened the in situ occurrence of some
invertebrate taxa until then uncertain (e.g. infauna lingulids lived in shoreface
environments, above normal wave base level; Zabini et a., 2012). Therefore, it is
important to emphasize that taphofacies studies do not imply only in weighing
pal eoenvironmental dynamics, but is also useful for variate studies (e.g. paleoecology).
Here we addressed the invertebrate Malvinokaffric fauna sensu Melo (1988) and Bosetti
et a., (2011). This fauna, which inhabited the cold epeiric seas from Parana Basin
during Devonian, faced severe environmental changes during middle and late Emsian
(Bosetti et a., 2012), and the rapid global marine transgression occurred during
Eiffelian-Givetian passage (e.g. Melo, 1988; Bosetti et al., 2011; Horodyski et al., 2011,

Horodyski et a., 2013). During Middle Devonian, the great evidence is the Kacdk
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extinction event (House, 1989, 1996, 2002), aready diagnosed in severa localities of
Larussia (e.g. House, 1989, 1996, 2002; Walliser et a., 1995; Chlupéc, 1995; Ellwood
et a., 2010; Brett et al., 2011; Desantis and Brett, 2010), Bolivia (Troth et al., 2011) and
Parana Basin (Horodyski et a., 2011; Horodyski et al., 2013). In the later, sedimentary
layers post- Kacdk display important biogeographic, taphonomic and ecological shifts
(Bosetti et a., 2010; Bosetti et al., 2011; Horodyski et al., 2011; Horodyski et al., 2013),
with the occurrence of Lilliput Effect (sensu Urbanek, 1993; see also Bosetti et al.,
2011) and adventitious fauna. In this study, we targeted to evaluate the taphofacies
present in a sedimentary section of latest Pragian to early Givetian age. Here we
approach how different energy levels of storm and normal waves controlled the
generation of the recognized taphofacies. From this study, it was possible to recognize
the authochtony and allochtony patterns (Kidwell et al., 1986; Kidwell and Bosence,

1991), aswell as somein situ fossil occurrences.

MATERIALSAND METHODS

Fossil samples were collected at previously unknown outcrops, located between
Tibagi and Ventania municipalities (Parana state, Brazil; Figure 1) and are stored in the
collection of the Laboratério de Estratigrafia e Paleontologia, Universidade Estadual de
Ponta Grossa (Parana State, Brazil). The fossil information was collected accordingly to
the paleoauthoecol ogical protocol developed by Simbes and Ghilardi (2000), which was
also used to elaborate the taphofacies analysis, along with the criteria established by
Speyer and Brett (1986) and Speyer and Brett (1988). The taphonomic methodol ogy
consisted in recognizing the skeleton type (univalve element, bivalve element,

multielement, and flexible thecae) and taphonomic signatures (disarticulation and
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fragmentation degree, position and orientation of the relative to the bedding plane).
Signatures such as abrasion, corrosion, rounding and dissolution were not diagnosed;
however, the absence of these signatures was fundamental to interpret the different
hydrodynamic energy levels in the depositional basin. To quantify the bioturbation
index we followed the criteria of Reineck (1963). We have also considered the

lithologies and sedimentary structures in which the fossils were preserved.

GEOLOGICAL SETTING

The Parana Basin is a huge intracratonic basin on the South-American platform,
located in southernmost Brazil and north/northwestern Uruguay, parts of Paraguay and
Argentina (Fig. 2A). The basin covers a surface area about 1,700,000 km?, has actually
a NE-SW elongated shape, and is approximately 1,750 km long and 900 km wide. The
sedimentary fill of the basin was influenced by tectonic-eustatic cycles linked to the
evolution of the Western Gondwana during Paleozoic and Mesozoic times.

The basin has developed over different geotectonic domains, comprising
Archean and Early Proterozoic cratonic terranes and Late Proterozoic mobile belts
related to the Pan-african and Brazilian cycles, responsible for the assemblage of
Western Gondwana. Hence, the geotectonic framework of the basement is characterized
by several cratonic blocks and intervening mobile belts, forming a complex framework
of lineaments and crustal discontinuities which influenced sedimentation due to
differential subsidence and uplift of the tectonic blocks (Holz et a., 2006).

The eustatic-tectonic cycles controlled sedimentation in Parana Basin, and they
generated a stratigraphic record that is marked by numerous subaerial events that

produced erosion and non-deposition surfaces. Milani and Ramos (1998) and Milani et
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al., (2007) considered the fill of the basin is constituted of six second order depositional
seguences, ranging in age from Late Ordovician to Late Cretaceous. The stratigraphic
interval studied herein corresponds to the second sequence of Milani et al., (2007),
named the “Parana Supersequence,” ranging from the latest Silurian? to Devonian (Fig.
2B). It is a succession lithostratigraphcally divided into three formations: Furnas, Ponta
Grossa and S0 Domingos (Fig. 3; Grahn et al., 2011).

Stratigraphic and paleontologic data presented herein were acquired from one
composite sections located in Tibagi County, Parand State (Fig. 1). Investigated
outcrops belong to the Ponta Grossa and S&o Domingos formations (Grahn, 1992;
Grahn et al., 2000; Mendlowicz Mauller et a., 2009; Grahn et al., 2011), and span from
the earliest Pragian to early Givetian in age. Figure 3 shows these composite
stratigraphic profiles, herein referred to as the Tibagi-Ventania section. The outcrops
were stratigraphically stacked and correlated to the sequence framework of
Bergamaschi (1999), Bergamaschi and Pereira (2001) and updated by Grahn et al.,

(2011).

RESULTS

The fossils found throughout the section (see Table 1) are skeletons classified as
bivalve (Mollusca Bivalvia and Brachiopoda), univalve (?Mollusca Tentaculitoidea),
multilement (Trilobita, Echinodermata Crinoidea and Stylophora, Annelida
Polychaeta) and flexible thecae (Cnidaria Conulatae) types. The fauna found in the
studied section is composed mostly of Lingulidae, e.g. Lingulepis wagoneri, Derbyina
whitiorum, Australocoelia palmata, Schuchertella cf. agassizzi, Orbicuoidea baini,

Orbiculoidea bodenbenderi, Edmondia sp., Tentaculites sp., Conulatae, Paulinites
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paranaensis, Metacryphaeus australis, Calmonia sp., Placocystella africana,
Marettocrinus aff. M. sp. C and Encrinasteridae (Table 1). The identification of taxa
throughout the section varied according to the degree of disarticulation (whether
complete or partial, judging the type of skeleton) and fragmentation (if high, more than
90%, or low, less than 90% of the original preservation of the taxon) and relative
position to the bedding plane (vertical, oblique or paralel). The bioturbation degrees,
following Reineck (1967), varied from 1 (taphofacies T1 and T2) to 4 (taphofacies T4,
T5A, T5B and T6) and 5 (taphofacies T3). According to this information, taphofacies
are characterized as described below, and are indicated in the stratigraphic section of

Figure 3.

Taphofacies 1

The taphofacies 1 (T1) occurs in al the 247m of the Tibagi-Ventania section.
Bioclasts of the type flexible tecae (Cnidaria Conulatae) are recorded. The bioclasts are
intensely destroyed (<20% of the original size of the body) and chaotically positioned to
the bedding plane. Associated indeterminate plants microfragments also occur. The
bioclasts occur sparsely packaged in the matrix. This taphofacies occurs in medium to

coarse sandstones with wavy.

Taphofacies 2

The taphofacies 2 (T2) occurs in the laterally 11m correlative outcrop, in the

package between 240m to 256m from the main section (Fig. 3). Bioclasts with bivalve-

type skeletons (Brachiopoda Schuchertella, Australocoelia palmata and infaunal



176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

Lingulids) are present. The bioclasts are complete, disarticulated and distributed
horizontally in relation to the bedding plane, associated to the Spongiophyton spp. plant
microfragments. The bioclasts occur sparsely packaged in the matrix. This taphofacies

occurs in massive, fine sandstones.

Taphofacies 3

In this taphofacies (T3), bioclasts with complete and articulated bivalve type
skeletons occur. There may occur obliquely and/or verticaly in relation to the
bedding plane. All fossils are representatives of infaunal lingulids (Fig. 5A).
Associated with them, the vertical excavation of Lingulichnus isp. is aso present,
containing in some cases lingulid bioclasts on the top of the structure. Few
microfragments of unidentified plants are present. The bioclasts occur in loosely
packed fine sandstones with ripple marks (wavy) and hummocky cross-stratification

(HSC). Thefossils occur between levels 0 and 7m at the base of the section.

Taphofacies 4

This taphofacies (T4) occurs between 245m and 246m of section. Bioclasts of
multielement skeletons (Trilobita Metacryphaeus australis and Echinodermata:
Crinoidea Marettocrinus aff. M. sp. C, see Scheffler, 2010). The trilobites occur in three
taphonomic classes: (d) whole, articulated and extended, positioned paralel to the
bedding plane, (b) articulation thorax-pygidium, and (c) isolated cephalon, thorax and
pygidium. The class "c" is dominated by isolated cephalon. The crinoid bioclasts occur

in disarticulated isolated column elements or small pluricolumns. Horizonta and



201  vertical bioturbations, and microfragments of plants (Spongiophyton spp.) are aso
202  present. The bioclasts occur in weakly-packed fabric. This taphofacies occurs in coarse
203  grained sandstones to siltstones with wavy structure.

204

205  Taphofacies5

206

207 This taphofacies (T5) occurs in seven different stratigraphic levels. The
208 taphofacies 5 occurs on medium siltstones with paralel (and rarely wavy)
209  sedimentary structures. Due to its intrinsic characteristics, such asthe disarticulation
210 degree of the multielement skeletons, we have chosen to subdivide it into two
211 subcategories, the taphofacies 5A and 5B.

212 The taphofacies T5A occurs in five levels. In the first level, bioclasts are of bivalve
213  type (infauna lingulids, Fig. 4B). Remains are complete, disarticulated, and
214  concordant to the bedding plane. Horizontal and secondarily vertical bioturbations
215  are present, as well as unidentified plant fragments. This fossil association is |oosely-
216 packedin the sedimentary matrix.

217 The second leved (15.70 m) is composed of bivalve (infauna lingulids) and
218  multielement (Trilobita: Camonidae and Echinodermata: Ophiuroidea) bioclastic
219  types. The lingulids are complete, disarticulated and oriented parallel to the bedding
220 plane. The carcasses of trilobites are extended, entire and articulated
221 (cephaum/thorax/pygidium) and oriented paralel to the bedding plane. The brittle
222 stars are disarticulated, occurring as either a single, isolated complete arm
223  (disarticulated disc) or as three arms still connected to the disc. Bioclasts occur with
224  horizontal, a few vertical bioturbations, and indeterminate fragments of plants. This

225  association isloosely packed in the sedimentary matrix.
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In the third level (161m), the bioclasts are bivalves (Discinidae Orbiculoidea
sp.) and multielement (Polichaeta Paulinites paranaensis). The whole discinids are
positioned paralel to bedding plane, where articulated bioclasts may aso occur (with
dorsa-ventral flattening), along with disarticulated. Polychaetes occur totally
disarticulated, and chaotically distributed in the sedimentary layer. Horizontal and a
few vertical bioturbations are also present. The association is loosely packed in the
matrix.

The fourth level (232.30 m) is characterized by bioclasts of univalve skeleton
type (Tentaculitida Tentaculites sp.). The bioclasts are entire, oriented parallel to the
bedding plane, and no preferred hydrodynamic orientation. Plant fragments
(Spongiophyton spp.), as well as horizontal and a few vertical bioturbations
(bioturbation degree 4) are also present. This association is loosely-packed in the
sedimentary matrix.

In the fifth sedimentary level (261 m), univalve skeleton types are preserved
(Cephalopoda ?Ctenoceras). Fossils are entire, loosely packed, disposed paralel to
the bedding plane, without preferred orientation. Horizontal bioturbations
(bioturbation degree 4) are present.

Taphofacies 5B occurs between 240 and 246.5 m of the section, encompassing the
sixth and seventh sediment level. The sixth level is composed of multielement
(Trilobita Metacryphaeus australis [Fig. 5A- B, D] and Calmonia sp., and Crinoidea
Marettocrinus aff. M. sp. C [Scheffler, 2010; Fig. 5C] and Stylophora Mitrata
Placocystella [Fig. 4E] — both species of echinoderms not previously described for
the Parana Basin) and bivalve (infauna lingulids, Derbyina whitiorum,

Australocoelia palmata) skeleton types. Trilobite remains occur in three taphonomic
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classes: (I) entire, bent or extended, paralel to the bedding plane, (Il) articulated
thorax and pygidium (Fig. 5D), and (I11) isolated pygidia (Fig. 4C).

Disarticulated crinoids occur in the form of columnas or small
pluricolumnals, paralel to the bedding plane without preferentia hydrodynamic
orientation. The stylophorans occur partially disarticulated (with the two spines and
the aulacophar missing; see the Appendix) and entire and positioned paralel to the
bedding plane. The lingulids occur entire, disarticulated and oriented paralel to the
bedding plane. Vertical and horizontal bioturbations (bioturbation degree 4) and
plant fragments (Spongiophyton spp.). This fossil association is loosely packed in the
array.

In the seventh sedimentary level (246.50 m), with loosely packed bioclasts, skeletons
of multilement type (Crinoidea Marettocrinus.aff. M. sp. C) are present. The
bioclasts are completely disarticulated, occurring as isolated and entire columnals,
distributed paralel to the bedding plane. Horizontal bioturbations (bioturbation

degree 4) are also present.

Taphofacies 6

This taphofacies (T6) occurs in two sedimentary levels in the section. In the
first level (20 m), bioclasts of bivalve type occur (infaunal lingulids, Orbiculoidea
sp. [Fig. 4D], Lingulepis wagoneri and Edmondia sp.). The remains are entire, with
moderate disarticulation in some bioclasts, which are oriented horizontally to the
bedding plane. Horizontal bioturbations, as well as indeterminate plant remains, are
present. The association is loosely packed in the matrix. In the second sedimentary

level (150.20 m) bivalve skeleton type (Edmondia sp.) are present. The bioclasts are
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entire, articulated and a few disarticulated, oriented parallel to the bedding plane. The
bioturbations are horizontal. The taphofacies 6 occurs in silty mudstones, with

lamination, and thin sand lenses may occur.

DISCUSSION AND INTERPRETATION

Taphofacies 1

The taphofacies 1 (T1) indicates proximal environments (Fig. 6). In this
sedimentary level, bioclasts are composed exclusively of flattened and torn
conularian thecae. After death, these cnidarians are subject to taphonomic loss in
sediment-water interface, for they are easily destroyed given their soft body (Van
Iten, 1991). Simdes et a., (2000) and Rodrigues et al., (2003) first reported this
occurrence for the Brazilian Devonian. It has been reported that conularians
(Conulatae) lived in deep waters, at or below the storm wave base level (SWB; Van
Iten, 1991; Simdes et a., 2000; Rodrigues et a., 2003; Van Iten et al., 2013).
However, Bosetti (2004) and Bosetti et a., (2009; Fig. 2F) recorded the occurrence
of these organisms preserved in vertical position (in situ) in thick siltstones,
representatives of shallower waters. Two inclined specimens represent these
conularians, with the base converging to a common center (taphonomic class Il of
Rodrigues et al., 2003). According to these authors, the facies indicate that bioclasts
were preserved above the storm wave base level (SWB). These two interpretations
are opposite, regarding the bathymetric ranges where these cnidarians inhabit. Thus,
we suggest here that the bathymetric range of conularians may reach shallower levels

than SWB. Our taphonomic data corroborate the two hypotheses, since we are
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dealing here with torn bioclasts preserved in sandstones. In other words, bioclasts
suffered intense reworking and transport to more proximal basin areas, at the same
time of moderate sedimentation rate when bioclasts were transported to the shoreface
before the final burial. These factors contributed to the increase of torn bioclasts.
According to the authors, and here confirming the hypothesis, this occurrence is
considered as an alochthonous assemblage (Kidwell et al., 1986; Bosence and

Kidwell, 1991).

Taphofacies 2

The taphofacies 2 (T2) indicate facies of proxima regions, or medium
shoreface, above the fair weather wave base (FWWB; Fig. 6). The T2 indicates no in
Situ preservation, despite the bioclasts being indigenous, located on their life habitat
substrate. The sedimentation rate and the degree of turbulence may be moderate, with
no fragmentation and high disarticulation. The absence of features such as
fragmentation, abrasion, corrosion and bioerosion indicate slow permanence in the
sediment-water interface. Considering the low bioturbation rate (Fig. 6), the normal
waves (FWWB) might have been responsible for disarticulating the skeleton
remains. The presence of fragments of plants is consistent with the influence of

freshwater (in periods of moderate sedimentation rate) in the final deposition site.

Taphofacies 3

The base of the stratigraphic section is characterized by proximal shoreface

facies, above or at least near to the FWWB. These layers preserve the taphofacies T3
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(Fig. 6), with in situ infaunal lingulids. Vertical or oblique occurrences, associated
with wavy beds or hummocky cross stratification (HCS) sedimentary structures
suggest rapid skeleton burial. The ichnological association is dominated by vertical
excavations which in some cases may be Lingulichnusi sp. The facies indicate well-
oxygenated water, rich in suspended organic matter, which is also indicated by the
fauna life habits (suspensor-feeding infaunad), and shalow burrowers. Some
ichnofossils are preserved with the lingulid remain at the top, suggesting an escaping
attempt after the final burial (temporary burid). This also represents that the final
burial occurred during times of high sedimentation rate (Speyer and Brett, 1988;
Olszewski, 2004), usualy during storm events (Brett and Seilacher, 1992). In this
sensg, it is reasonable to hypothesize that the infaunal lingulids were surprised by the
large mass of sediment deposited in a short time and were buried in situ.

It is possible that benthic invertebrates, while attempting to escape from
burial in face of the rising sedimentation rate, promote the upwards vertical
migration of the Taphonomically Active Zone (TAZ; Olszewski, 1999; Bromley and
Ekdale, 1986). During this or even due to the ecologica dynamic below the
sediment-water interface (the few millimetres of oxygenated sediment), dissolution
of dead shells, with the aid of bioturbating agents take place. This process can aso
explain the occurrence of Lingulichnus isp. The paleoenvironment can be interpreted
as aproximal tempestite.

Moreover, these proximal events may show two distinct situations. the first
occurs with continuous sedimentation generating scaling in the sedimentary deposits,
followed by the vertica migration of the TAZ. The second takes place with the
substrate erosion and exhumation and transport of the fauna present there.

Taphonomic situations similar to taphofacies 3 were registered by Zabini et al.
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(2012), where these types of taphonomic attribute (vertically positioned lingulids)
occurs in sandstones of the 90m of the columnar section of Tibagi-Telémaco Borba
municipalities (Bergamaschi, 1999; Bergamaschi and Pereira, 2001). Up to now, this
is the only example of taphofacies the Parana Basin where bioclasts associated with

biogenic structure occur.

Taphofacies 4

The taphofacies 4 (T4) also indicates proxima environments in the basin
(Fig. 6). The difference to taphofacies 3 is that taphofacies 4 lacks bioclasts with
apparent life position, and the fossils are preserved in finer sediments. Moreover, the
fact of being part of different ecological guilds (Aberhan, 1994), and being
taphonomicaly different, are important factors for distinguishing them. The
exception in taphonomic mode is the occurrence of taphonomic class "a', with
extended carcasses of trilobites, positioned parallel to the bedding plane. The
taphonomy of multielement fossil skeletons indicates that the environment did not
suffer daily action of normal waves, but rather very sporadic, and therefore would be
rapidly positioned on the edge, below the norma wave base. The partia
disarticulation in trilobites (higher percentage of moults than complete carcasses),
and nearly complete disarticulation in crinoids (higher percentage of columnals than
pluricolumnals), indicates that the bioclasts were disarticulated after death by
hydraulic movements and/or scavenging organisms, as evidenced by the sedimentary
structures (wavy) and horizontal bioturbations, respectively. The environmental
energy was lower than above the FWWB, but the sediments accumulated during

times with moderate sedimentation rate. We regard the crinoids and trilobites as
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indigenous to parauthochtonous, even when advanced disarticulation occurs. Fair-
weather waves were the main driving factor for the taphonomic signatures and the
(low) vertical and (high) spatial transport. Scavenger organisms acted in moments of
apparent environmental stabilization, i.e. when the waves were weaker (in intervals
between storms) and sedimentation rates were low or absent. The final buria of the
bioclasts (in the association as a whole) took place when sedimentation rates
increased. Thisis ataphofacies can be considered with moderate temporal and spatial

mixing (Kidwell et al., 1986).

Taphofacies 5

The taphofacies 5 (T5) characterizes distal regions of the basin (Fig. 6). The
facies indicates that it is positioned in the transitional offshore transitional, between
the FWWB and SWB, in oxygenated environments, tending to more disaerobious
basin wards. This taphofacies is dominated by horizontal bioturbations, with a
smaller proportion of vertical ones. These features, coupled to the bioclasts
taphonomy aso evidence moderate sedimentation rate and turbulence. Despite the
levels of fragmentation were not determined, disarticulation is considered as low
(T5A) to moderate (T5B, only in multielement skeletons, eg. Paulinites
paranaenses, Metacryphaeus australis, Calmonia sp.).

The disarticulation was due to sporadic flow movements of bottom currents,
together with the necrolysis processes or benthic scavengers (Speyer and Brett,
1986). Overall, the degree of autochthony and allochtony vary according to the
lifestyle of each taxonomic group occurring in this taphofacies. The

parauthochtonous to allochtonous bioclasts (infaunal lingulids, Lingulepis wagoneri,
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Australocoelia palmata, Derbyina whitiorum, Schuchertella sp.) that occurs
associated to indigenous ones (Orbiculoidea bodenbenderi, Paulinites paranaensis,
Metacryphaeus australis, Calmonia sp., Placocystella africana, Marettocrinus aff.
M. sp. C and Ecrinasteridae) are interpreted as animals that were quickly transported
from their natural habitat by return currents in times of storms until the final burial.

Of particular interest is the first description of Marettocrinus aff. M. sp. C. for
this basin, in the 240 m of this section (possibly post- Kacék Event); some fossils are
poorly preserved, occurring as isolated columnals and pluricolumnals, associated to
other best-preserved fossils (whole and partially disarticulated trilobites) and the
stylophoran Placocystella afriacana (partially disarticulated). Both are well
preserved, the latter also being an unprecedented occurrence in the basin. At these
beds, considering the differential preservation features, it is possible to detect the
influence of time averaging between the bioclasts (c.f. Kidwell et a., 1986 and
Kidwell and Bosence 1991).

It is possible that individuals of Marettocrinus aff. M. sp. C were aready
dead and briefly buried in their place of origin (above FWWB), and were
subsequently exhumed and transported (together with other, of shallower habitats,
invertebrates [possibly still alive; eg. infaunal lingulids] and fragments of
Soongiophyton) to the transitional offshore.

This may be a viable interpretation, since actualistic studies have shown that
the total disarticulation of some echinoderms may take place within a few weeks
under aerobic water conditions (Schaefer, 1962; Smith, 1984; Baumiller and
Kidwell, 1990; Allison, 1990, Donovan, 1991). This fossils hardly would be strongly
disarticulated during transport until final burial (Gorzelak and Salamon, 2013),

unless signatures such as fragmentation, abrasion or corrosion are also present in
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these bioclasts (which is the case here). These signatures, accordingly to Gorzelak
and Salamon (2013), are extremely important to define the degrees of autochthony
and allochtony.

Comparisons with this actuaistic models too were also conducted by
Twitchett et al., (2005) using Early Triassic ophiuroids, and were found to be quite
reliable. Therefore, the taphofacies interpretation suggested here can also be applied
to most animals with multielement skeletons.

It is seemly to state that, up for the moment, it is not possible to reliably
allege the authochtony/allochtony of Tentaculites sp. According to Wittmer and
Miller (2011) and Schindler (2012), the living habit of the Tentaculitoidea is still
uncertain. But, there is a tendency to believe that they would be planktonic in larval
stage (see Jarzinka and Filipiak, 2009) and vagile benthic in the adulthood (J.
Wittmer, personal communication, 2013). This paleoecological problem, in away, is
also pertinent to the univalve cephalopod ?Ctenoceras. However, it is noteworthy
that, only with a rigorous taphonomic collection and statistical analysis comparing
different facies where these organisms occur is will be possible to constrain their life
habit. In summary, the taphonomic data for taphofacies 5 suggest that there was a
mixture of bioclasts from faunas of shallow and deeper waters (including aso
different ecological guilds, Aberhan, 1994). Part of the fauna was controlled by
events of normal waves and partly by storm waves, generating time averaging, and
are interspersed with periods of stabilization energy in the environment, and
positioned between the FWWB and SWB. In the post- Kacak beds, this taphonomic
situation resembles in part with 11D taphofacies siliciclastic environments Brett et al.,

(1997) for echinoderms.
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Taphofacies 6

The taphofacies 6 indicates the most distal environments of the basin (Fig. 6).
The facies showed that, despite being located offshore, there might still be sporadic
action of return currents caused by storm waves, given the presence of (thin) lenses
of sand and some invertebrates typical of shallow water (infaunal lingulids that lived
in shoreface). This environment was much less oxygenated, dysaerobic to anoxic,
with the occurrence of pyrite. The bioturbation is characterized exclusively by
horizontal traces, which indicate a low energy environment. The taphonomic and
pal eoecologic features demonstrate an association of indigenous taxonomic groups
(e.g., Edmondia sp.) with transported species (infauna lingulids, Orbiculoidea sp.,
Lingulepis wagoneri). The Edmondia remains are usually articulated and associated
to a few disarticulated valves; therefore, it is very difficult to assign an in situ
situation for them. Besides being Edmondia individuals shallow-burrower organisms
(Runnegar and Newell, 1971), mollusks in general are among the most resistant
organisms to taphonomic loss (Kowaewski, 1997). Kotzian and Simdes (1997)
suggested suggest that this group lived in deep environments, out of direct wave
action, what allow them to be considered indigenous, even when occurring as
disarticulated valves. These features allow suggesting that they lived below or near
the limit of SWB.

According Mergl (2001) and Comniskey (2011), the habit of life
Orbiculoidea sp. indicates that they lived in shallow waters, and probably isolated
bioclasts buried in transitional offshore to offshore sediments are allochthonous. This
is possible if considering that when the fossils are found clustered, preserved in

coarse sediments, they can be interpreted as grouped for protection against predation,
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or to facilitate reproduction. The occurrence of different ecological guilds (Aberhan,
1994) in this taphofacies and different degrees of durability of bioclasts
(Kowalewski, 1997) could suggest a temporally condensed section (Simdes and
Kowalewski, 1998). However, the absence of high fragmentation degree, abrasion,
corrosion and bioerosion suggests low turbulence and very short residence time in
the TAZ. Therefore, this taphofacies indicates return currents, related to storm
events, transporting the animals from shallow waters to the offshore, preserving

concentrations generated by obruption deposits of molluscan fauna (Edmondia).

TAPHOFACIES CONTRIBUTION FOR PALEOECOLOGICAL AND

PALEOENVIRONMENTAL INTERPRETATION

As here demonstrated, the taphonomic signatures coupled with information such
as the range of bathymetric habitats and ecological habits of taxonomic groups
occurring in the taphofacies can generate secure interpretations, aong with the
application for paleoenvironmental and paleoecological reconstructions. The presence
of fossil associations of animals from different ecological guilds seems to be a purely
taphonomic factor (e.g. spatial and vertical transport, time averaging). The fauna of
marine invertebrates is always subject to loss of original information due to taphonomic
destructive environmental factors that result in the loss of information, shuffled in the
fossil record (Behrensmeyer et a., 2000).

As noted by Peck et a., (1999) and Bosetti et al., (2012), benthic communities
that inhabit cold temperate regions are subject to more inhospitable weather. The result
of these changing conditions is creating storms (Brett and Seilacher, 1992) of greater or

lesser magnitude. Thus, the benthic fauna suffers from advection caused by transport
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(vertical or lateral spreading) in unconsolidated substrates. Therefore, this may be one
explanation for the genesis of taphofacies containing bioclasts taphonomically
indigenous/parauthochtonous, of distinct ecological guilds.

The use and application of taphofacies also generate more faithful interpretations
of in situ fossil findings, like infaunal lingulids, bivalve mollusks and whole trilobite
carapaces. Figure 7 shows the paleoenvironmental reconstruction of the studied section,
displaying the taxa occurring in the taphofacies here presented, informing the degree of
transport (authochtony x allochtony) degree preserved. From this reconstruction it is
possible to see more clearly how the organisms were actually distributed and how they
are preserved in the fossil record. Each group has its vertical distribution in the basin
according to its bathymetric distribution range, as well as paeoenvironmental and

pal eoecol ogical needs, such as water energy and oxygenation.

CONCLUSIONS

The study taphofacies high latitude siliciclastic environments presented here
proved quite accurate for paleoecological and paleoenvironmental interpretations. The
six taphofacies recognized here provided sufficient data to show paleoenvironments
ranging from offshore to shoreface. The main controlling factors for taphonomic
signatures generation were normal and storm waves. In the proximal parts of the basin,
the final burial took place at times of increased rates of sedimentation, and owing to the
phenomenon of higher magnitude of proximal tempestites too. The TAZ (tafonomically
active zone), as well as its post-burial-caused vertica migration, was an important
taphonomic agent for the destruction of the original biocoenosis information in these

regions of the basin. Studying and understanding this phenomenon is important for it
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shows that the taphonomic bias may be caused by purely ecologica strategies in
response to environment/sedimentary shifts, and not only by (early) diagenetic factors.
Studies on the TAZ of Paleozoic sediments are remarkably rare; when these
sedimentary layers are fossil-depleted they tend to be richly bioturbated, and this feature
deserves further detailed studies with an integrative, taphonomic-ecological-and
environmentally directed, evaluation.

In distal regions of the basin the final burial took place when backflow currents
caused by storms of greater magnitude occurred, with the inclusion of obruption
deposits by decantation of fine offshore sediments. Those currents brought bioclasts
from shallow waters, leading to the occurrence of the phenomenon of tempora mixing
due to advection and different residence times. The recognition of the habitat range,
ecological habits and taphonomic signatures occurring across the taxonomic groups
proved to be important for generating data for paleoenvironmental and pal eoecological

reconstructions through criteria of taphofacies information analysis.
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TABLE 1 — Skeletal types and feeding habits of taxa found within the taphofacies

recognized in the stratigraphic profile here analyzed.

FIGURE 1 — Location map of the study area; the outcrops are distributed along of road
BR-153, in between of Tibagi and Ventania municipalities, Parand State, southern

Brazil.

FIGURE 2 - (A) Location map of the study area of the Parana Basin, (B) stratigraphic
position of the interval analyzed herein (= rectangle) within the Parana Supersequence

(modified of the Milani et al., 1998, 2007).

FIGURE 3 Stratigraphic profile of the Tibagi-Ventania section, showing the

distribution of lithologies, main sedimentary structures, taxa and taphofacies recognized

herein.

36



889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

FIGURE 4 — (A) Infauna lingulids (MPI-8484) preserved in situ, oriented
perpendicularly to the bedding plane, (B) infauna lingulids (MPI-8410) distributed
parallel to the bedding plane, (C) horizontal bioturbation intersecting the same plane of
acamonid pygidium (MPI-1494-A), (D) pedicle valve of Orbiculoidea sp. (MPI-6161)
oriented paralel to the bedding plane, (E) echinoderm Mitrata Placocystella africana

(MP1-9088 ) well preserved, oriented parallel to the bedding plane.

FIGURE 5 - (A) Extended carcass of a complete trilobite Metacryphaeus australis
(MPI1-8234-A), (B) complete, bent carcass of M. australis (MPI18215-A), (C) columnals
of Marettocrinus aff. M. sp. C (MPI-8268), (D) articulated thorax of M. australis (MPI-

8225).

FIGURE 6 — (A) Batimetric distribution of the six taphofacies here recognized, (B) a
summary of taphonomic information referent to them. *B.l. Bioturbation degrees

following Reineck (1967).

FIGURE 7 — (A) Paleoenvironmental reconstruction based on the taphonomic studies

carried on the Tibagi-Ventania sedimentary section, (B) taphofacies and transport

degree of the taxa herein recognized.
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Taxa Feeding habit
. . infauna suspension
Lingulidae feeder

stationary low-level
epifaunal suspension
feeder

Lingul epis wagoneri

Derbyina whitiorum stationary epifauna

suspension feeder

Australocoelia palmata stationary epifaund

suspension feeder

Schuchertella cf.
agassi zzi

stationary epifaunal
suspension feeder

epifaunal attached by
pedicle, suspension
feeders

Orbicuoidea baini

epifaunal attached by
pedicle, suspension
feeders

Orbiculoidea bodenbenderi

facultatively mobile
infaunal deposit feeder-
chemosymbiotic

Edmondia sp.

benthic or planktonic

Tentaculites sp. Suspension

Conulatae

sessile epifaunal

Paulinites paranaensis epifauna detritivore

Metacryphaeus mobile detritivorous
australis benthic epifauna
Calmonia sp. mobile detritivorous

benthic epifauna

active mobile epifauna

Placocystella africana suspension feeder

Marettocrinus aff. M. sp. C sessile epifaunal

slow-moving low-level
epifaunal detritivore-
suspension feeder

Encrinasteridae

Lifestyleinferred
Emig (1997), Zabini et al.

Skeletal type

(2012) Bivalve
Williams et al. (2000) Bivave
Williams et al. (2006) Bivave
Boucot and Gill (1956) Bivalve
Williams et al. (2006) Bivave

Mergl (2001), Mergl and
Massa (2005), Mergl (2010), Bivalve
Conminiskey (2011)
Mergl (2001), Mergl and
Massa (2005), Mergl (2010), Bivalve
Conminiskey (2011)
Runnegar and Newell (1971),
Kotzan and Simdes (1997), Bivalve
Williams et al. (2000)
Wittmer and Miller (2011), .
Schindler (2012) Univalve
Van Iten (1991), Simdes et al. Flexible
(2000), Rodrigues et al. thecae
(2003), Van Iten et . (2013)
Ericksson et al. (2012) Multielement
Fortey and Owens (1999), .
Ghilardi (2004) Multielement
Fortey and Owens (1999), .
Ghilardi (2004) Multielement
Ruta and Theron (1997) Multielement
Le Menn (1985), Scheffler .
(2010) Multielement
Scheffler (2010) Multidlement

Shackleton (2005)
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mud-stagnated storm influenced; and (T7) offshore storm-dominated. Data here
analyzed show that the fair-weather waves, currents and storm waves were responsible
for most taphonomic features observed. Furthermore, it is clear that storm events were
very active and responsable for the taphonomic modes of preservation during Lower
and Middle Devonian. Additionally, the vertical distribution of the fauna is totally
dependent upon the taphofacies preservation, and also controlled by the genetic
processes of sequence stratigraphy.

Keywords: Taphonomy; biostratigraphy; marine paleoenvironmental; Malvinokaffric

invertebrate fauna; Parana basin.

1. INTRODUTION

Taphonomic studies are among the most intriguing subjects to study in
Paleontology (for a full and up-to-date review, see Allison and Botjer, 2011). Questions
regarding taphonomic biases have been answered, more precisely, since when
taphonomy was more strongly widespread at the beginning of 1980s (e.g. Kidwell,
1982; Kidwell and Jablonski, 1983; Kidwell et al., 1986; Kidwell and Bosence, 1991;
Kidwell and Holland, 1991; Speyer and Brett,1986; Brett and Baird, 1986; Brett and
Seilacher, 1991; Brett et al., 1997; Miller et al., 1988; Davies et al., 1989; Kowalewski,
1997; Behrensmeyer et al., 2000; and others).Concepts as taphofacies (Brett and Baird,
1986), taphonomic feedback (Kidwell and Jablonski, 1983), and taphonomically-active
zone (Davies et al., 1989) demonstrate that fossil preservation is strongly, although not
totally, dependent upon environmental factors, both physical, chemical and biological.
Additionally, research conducted by Holland (1996, 2000, 2012), Holland et al., (2001),
Holland and Zafros (2011), Holland and Christie (2013), Brett (1998) and Brett et al.,

(2007a, 2007b) obtained clear information on selective preservation, which is the cause
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for sudden absences, regional migrations, faunal recurrence, and abundance of specific
taxonomic groups in stratigraphic sections within different system tracts, owing to sea
level changes. The taphonomic bias shows that the absence of fossils in a given
geologic section can sometimes be as important as the presence, when studying possible
extinction times (e.g. the Signor-Lipps Effect; Lipps and Signor, 1992).

In this study it is shown the vertical distribution of fossils representative of the
Malvinokaftric invertebrate fauna (sensu Melo, 1988 and Bosetti et al., 2011) and how
their distribution may have been controlled by preferential taphofacies preservation.
Firstly we define the main taphofacies occurring in the outcropping Devonian rocks
from Apucarana Sub-Basin (Parand Basin) and their interpretation. Secondly, we
present the vertical distribution of fossils, with their possible preservational meaning.
Additionally, we present the exceptional preservation significance of Earliest Givetian

Lilliput fauna in the Apucarana sub-Basin (Parana Basin).

2. GEOLOGICAL SETTING

The Parand Basin is a huge intracratonic basin on the South-American
platform, located in southernmost Brazil and north/northwestern Uruguay, parts of
Paraguay and Argentina (Fig. 1A). The basin covers a surface area of about
1,700,000 km?, has actually a NE-SW elongated shape, and is approximately 1,750
km long and 900 km wide. The sedimentary fill of the basin was influenced by
tectonic-eustatic cycles linked to the evolution of the Western Gondwana during
Palaeozoic and Mesozoic times (Milani et al., 2007).

The basin has developed over different geotectonic domains, comprising

Archean and Early Proterozoic cratonic terrains and Late Proterozoic mobile belts
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related to the Pan-african and Brazilian Cycles, responsible for the assemblage of
Western Gondwana. Hence, the geotectonic framework of the basement is characterized
by several cratonic blocks and intervening mobile belts, forming a complex framework
of lincaments and crustal discontinuities which influenced sedimentation due to
differential subsidence and uplift of the tectonic blocks (Holz et al., 2006).

Eustatic-tectonic cycles controlled sedimentation in Parana Basin, and they
generated a stratigraphic record that is marked by numerous sub aerial events that
produced erosion and non-deposition surfaces. Milani and Ramos (1998) and Milani et
al., (2007) considered that the fill of the basin is constituted of six second order
depositional sequences, ranging in age from Late Ordovician to Late Cretaceous. The
stratigraphic interval studied herein corresponds to the second sequence of Milani et al.,
(2007), named “Parana Supersequence,” and ranging from the latest Silurian? to
Devonian (Fig. 1B). Lithostratigraphcally it is divided into three formations: Furnas,
Ponta Grossa and Sdo Domingos (Fig. 2; Grahn et al., 2013).

The sequence stratigraphy here used was proposed by Bergamaschi (1999;
updated by Grahn et al., 2013) and Horodyski et al., (2013). The stratigraphic section
originally profiled by Bergamaschi (1999) is the Tibagi-Telémaco Borba section
(Tibagi municipality, Parana State; Fig. 3A-B), and was interpreted as encompassing
five 3™ order depositional sequences (sequences A, B, C, D and E). For the present
study we used four surface stratigraphic sections geographically close (Fig. 4), called:
Tibagi-Telémaco Borba (Bergamaschi, 1999; Fig 5 and 6), Tibagi-Alto do Amparo
(Bosetti and Horodyski, 2008; Fig. 7), Tibagi-Ventania (Fig. 8) ¢ Barreiro (Bosetti et
al., 2011; Horodyski et al., 2013; Fig. 9), all of them occurring in the Tibagi
municipality. These sections were dated and originally correlated, in part, to the main

Tibagi-Telémaco Borba section and well dated by Bergamaschi (1999) and



101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

Bergamaschi and Pereira (2001), and more recently by Bosetti et al., (2012) and Grahn
et al., (2013).

The Sequence A of Bergamaschi (1999) is represented by fluvial to
coastal/marine facies and encompasses the Furnas Formation. Despite these facies being
regarded as marine, given the presence of marine ichnofossils (Lange, 1942; Acendlaza
and Ciguel, 1986; Rodrigues et al., 1988; Fernandes, 1996; Assine and Gois, 1996;
Assine, 1999; Fernandes and Carvalho, 2002; Netto et al., 2012; Netto et a., 2014), they
present no invertebrate body fossils, and therefore this sequence was not included in the
present study. Data for sequences B, C, D and E follow the interpretation provided by
Bergamaschi (1999) and Bergamaschi and Pereira (2001) and updated by Grahn et al.,
(2013), and are considered as representative of environments ranging from shoreface to
offshore. They include the Ponta Grossa and Sdo Domigos formations. Figure 2
illustrates the chronostratigraphic and lithostratigraphic units, the sequences and the

system tracts recognized in surface outcrops, here analysed.

3. MATERIAL AND METHODS

The fossil material was collected in outcrops located at four stratigraphic sections (as
discussed in chapter 2), in the surroundings of Tibagi municipality (Parana State, Brazil;
Fig. 3A-B and Fig. 4), and are deposited at Laboratdrio de Estratigrafia e Paleontologia
of Universidade Estadual de Ponta Grossa (Parana state, southern Brazil). The fieldwork
was conducted at every sequence boundaries of the main section Tibagi-Telémaco
Borba from Bergamaschi (1999), as well in the boundaries between Ponta Grossa and
Sdo Domingos formations, including Tibagi Member (sensu Oliveira, 2012; more

stratigraphic details in Grahn et al., 2013), exposed in the Tibagi-Alto do Amparo
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section (Bosetti and Horodyski, 2008). The fossil material collection was performed
accordingly to the taphonomic protocol provided by Simdes and Ghilardi (2000), and
for taphofacies analysis we used the criteria stated by Speyer and Brett (1986) and
Speyer and Brett (1988). The taphonomic methodology consisted in recognize the
skeletal type present (bivalve, univalve, multielement, flexible thecae) and the
taphonomic signatures found on the fossils (disarticulation degree for the different
skeletons, fragmentation degree and bioclast orientation in relation to the bedding
plane). Signatures such as abrasion, corrosion, rounding and (partial) dissolution were
not diagnosed; however, the absence of those signatures was fundamental for
interpreting the different hydrodynamic/energy degrees at the basil. We also considered
lithology and sedimentary structures where the fossils were preserved. Besides,
paleontological, taphonomic and/or biostratigraphic data from Clarke (1913), Petri
(1948), Lange and Petri (1967), Melo (1985), Popp and Barcelos-Popp (1986), Ciguel
(1989), Kotzian (1995), Simdes et al., (1999), Simdes et al., (2000), Simdes et al.,
(2009), Bosetti (2004), Bosetti and Horodyski (2008), Bosetti et al., (2009), Bosetti et
al., (2010), Bosetti et al., (2011), Bosetti et al., (2012), Ghilardi (2004), Rodrigues et al.,
(2001), Rodrigues et al., (2003), Soares (2007), Scheftler and Fernandes (2007a,
2007b), Scheffler (2010), Zabini et al., (2010), Zabini et al., (2012a, 2012b), Zabini and
Bosetti (2010), Grahn and Bosetti (2010), Grahn et al., (2013), Horodyski (2010),
Horodyski et al., (2013), Matsumura et al., (2011), Comniskey (2011) and Netto et al.,

(2012) were also considered.

4. DEVONIAN TAPHOFACIES
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We diagnosed seven taphofacies from middle shoreface to offshore
environments. The chronostratigraphic distribution of the entire fauna found in Ponta
Grossa and S&o Domingos formations, correlated to the depositional sequences, can be
followed in Figure 10. Please observe that the abundance and higher biodiversity is
positioned in the Ponta Grossa Formation. See descriptions, interpretations and

discussions below.

4.1. T1 — Middle shoreface turbulence-dominated

This taphofacies (Fig. 11) occurs in medium to coarse sandstones with wavy or
hummocky structures in the Tibagi-Ventania section (sequence E, S&o Domingos
Formation; Fig. 8). Bioclasts of flexible thecae type occurs exclusively. The few
conulariid fossils are intensely ripped, much disarticulated, barely preserved and of

difficult identification. They are chaotically dispersed in the matrix.

4.1.1. Interpretation.

The taphonomy and paleoecology of this fauna indicates that the conulariids
were transported by deep currents (from near and below storm wave base — SWB) to
shallower areas (above fair weather wave base - FWWB), becoming prone to reworking
by waves (bottom processes) in high-energy mid shoreface environments (for a more
thorough taphonomic interpretation of conulariids see Van Iten, 1991; Simoes et al.,
2000; Rodrigues et al., 2003; Van Iten et al., 2013). These proximal regions are shown
to be usually very turbulent, corroborating the preservation of disarticulated and heavily

ripped thecae, giving these association an allochthonous feature. Despite the fact of
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these animals having a soft and easily destroyed body, we suggest here that the
sedimentation rates must had been relatively moderate, allowing the thecae to be almost
completely shattered, but giving chance to some remains being preserved at the final

burial.

4.2. T2 - Turbulent mid shoreface storm-influenced

This taphofacies (Fig. 11) occurs in fine to medium sandstones with wavy or
hummocky structures, or even massive. Bivalve (brachiopods; Fig. 14C) or
multielement (trilobites) skeletal types may occur. Bivalve bioclasts occur parallel to the
bedding plane, entire and disarticulated. The multielement skeletons occur as
disarticulated moulds (with either isolated thorax or pygidia). Both skeletal types
present no sign of abrasion, bioerosion or corrosion. They occur in (i) lowstand system
tracts (LST) at the base of the pre-Kacak Sequence 1 of Barreiro section (Horodyski et
al., 2013; Fig. 9); (i1) in highstand system tracts (HST) at the top of the post-Kacak
Sequence 3 of Barreiro section (Horodyski et al., 2013; Fig. 9); and (iii) in the Sequence
E of Tibagi-Ventania section (Fig. 8), which, based on ichnology/ sedimentology
presents highstand sea level conditions (Renata Netto, personal communication, 2012;

Sequence E from Bergamaschi,1999).

4.2.1. Interpretation.

The taphonomy of the bioclasts suggests an autochthonous to parautochthonous

pattern for the concentrations. The paleoecology of the faunas, summed to the

taphonomic signatures absent in the assemblage, such as abrasion, corrosion, bioerosion
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and fragmentation reinforce this interpretation. Necrolysis can be regarded as the
controlling factor for the total (in bivalve skeletons) and partial (in trilobites)
disarticulation observed, along with the occurrence of turbulent normal waves in these
proximal (shoreface) regions of the basin. Moreover, these information also confirm the
postulate that the bioclasts were quickly buried, being the residence time (in the
taphonomically active zone; TAZ) sufficient only for disarticulation. Therefore, we
suggest two hypothesis for final burial. The first is that increasingly sedimentation rates
occurred owing to continental sediments, whereas the freshwater influence is confirmed
by the presence of continental phytoclasts (given their presence in massive sandstones
of Sequence E in the Tibagi-Ventania section and in the LST of the base of Sequence 1
or Barreiro Section of Horodyski et al., 2013). The second hypothesis suggest the
increase in the sedimentation occurred through return currents during storm periods,
generating proximal tempestites accordingly the observed in the HST at the top of

Sequence 3 of Barreiro Section (Horodyski et al., 2013).

4.3. T3 - Middle to lower shoreface storm-dominated

This taphofacies (Fig. 11) occurs in regions between middle to distal shoreface.
Fine sandstones with wavy or hummocky structures are present. In these beds, only
infaunal lingulids are present. The bioclasts are complete, articulated, and vertically
oriented in relation to the bedding plane (Fig. 14H1. Vertical bioturbations, beyond
Lingulichnus isp. occur associated (Fig, 14H2. This ichnogenera can be present isolated
or with sometimes with lingulid fossils at the top of the structure. It is identified in four
localities. The first is positioned in sandstones at the basal portion of the transgressive

system tract (TST [Sequence B]) in the Tibagi-Ventania section (Fig. 8; see Table 1);
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the second occurs in the type locality sandstones of the Tibagi Member (sensu Oliveira,
1912, see also Grahn et al., 2013) that limits the Ponta Grossa and Sdo Domingos
formations, exposed in the Tibagi-Alto do Amparo section (Fig. 7; Bosetti and
Horodyski, 2008; see Table 3); the third and fourth (see Table 4) are positioned at 90 m
(at the boundary between sequences B and C) and at 168 m (at the boundary between
sequences C and D), respectively (Tibagi-Telémaco Borba section, Fig. 5 and 6;

Bergamaschi, 1999).

4.3.1. Interpretation.

This taphofacies is dominated by infaunal lingulid. Following Zabini et al.,
(2010, 2012a), these organisms from Parand Devonian lived in sands under high energy
conditions, above the FWWB. This is a very turbulent region, where the chance for the
benthic fauna being preserved is low given the taphonomic factors, very strong in these
proximal marine environments. However, the occurrence of vertical bioclasts suggest an
autochthonous pattern (sensu Kidwell et al., 1986; Kidwell and Bosence, 1991) and a
consequent in situ condition, due to the rapid burial, with the increase in the
sedimentation rate after storm events (Brett and Seilacher, 1991). The presence of
vertical bioturbations and Lingulichnus isp. indicates an attempt of the fauna to escape

(Fig. 12), with the consequent vertical migration of the TAZ (sensu Olszewski, 1999).

4.4. T4 - Lower shoreface storm-influenced

This taphofacies (Fig. 11) occurs in fine sandstones to coarse siltstones, with

thin interspersing of sand lenses. Wavy of micro-hummocky structures are present.
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Vertical and horizontal bioturbations occur associated. Multielement (calmonid
trilobites and crinoids) and bivalve (brachiopods) skeletons are recorded. Bioclasts are
oriented parallel to the bedding plane. Complete trilobites, or with partial disarticulation
(thorax, cephalon and pigydia) may also occur. Crinoids are preserved as isolated
columnals, of pluricolumnals, and complete Echinasterella. This taphofacies occurs at
the top of Sequence B in the Tibagi-Alto do Amparo section (Fig. 7; Bosetti and
Horodyski, 2008; see Table 3) and Sequence E of the Tibagi-Ventania section (Fig. 8;

see Table 1).

4.4.1. Interpretation.

This taphofacies marks the distal shoreface region of the basin, below the
FWWB. The fair-weather waves acted in a rather sporadic way. Only storm waves
influenced both the authochtonous fauna, as well as transported remains from above
FWWRB. Therefore, the spatial and temporal mixing (Kidwell et al., 1986) is moderate
to high in this taphofacies. The association of moulds and complete carcasses of
trilobites, along with crinoid pluricolumnals and columnals indicates post-mortem
disarticulation due to bottom-level hydraulic processes, or by necrophagous organisms
(Speyer and Brett, 1986). Furthermore, the occurrence of Australospirifer fauna with
high articulation (Fig. 14A), associated to hummocky cross-stratification, horizontal and
vertical bioturbations, with the remarkable presence of Rosselia ichnogenera, indicates
an oxygenated environment of moderate energy, with a consequent increase in the
sedimentation rates after storms, burying in situ some of the fauna (complete

Echinasterella, complete trilobite carcasses and articulated Australospirifer).
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4.5. T5 - Transitional offshore storm-influenced

This taphofacies (Fig. 11) occurs in siltstones often interspersed with thin sand
lenses with micro-hummocky structures. Here we register the presence of bivalve
(brachiopods, molluscs, ostracodes; Fig. 14D), multielement (trilobites [Fig. 14E],
scolecodonts, stylophorans, ophiuroids [Fig. 14G] and crinoids), flexible thecae
(conularians) and univalve (tentaculitoids and ?Cfenoceras) bioclasts. A larger number
of articulated than disarticulated bioclasts are present. The fossil levels occur in the
Sequence E of the Tibagi-Telémaco Borba section (Fig. 5 and 6; Bergamaschi, 1999;
Table 4), in sequences B and C of the Tibagi-Alto do Amparo section (Fig. 7; Bosetti
and Horodyski, 2008; Table 3), in sequences B, C and E of the Tibagi-Ventania section
(Fig. 8; Table 1), and in sequences 1 and 3 of the Barreiro section (Fig. 9; Horodyski et

al. 2013; Table 2).

4.5.1. Interpretation.

This taphofacies marks more distal regions than the above presented. It records
transitional offshore regions, as evidenced by the lithology and taphonomy of the
associated fauna. So, the environment of this taphofacies is located between FWWB
and SWB. Moreover, they are dominated by horizontal excavations, suggesting a calm,
low energy environment, but often disturbed by storms. The taphonomy suggest that
some bioclasts recorded in these sedimentary beds suffered from little to high transport
intensity, characterizing thus a parautochthonous to allochthonous pattern (sensu
Kidwell et al., 1986; Kidwell and Bosence, 1991). In this association plant fragments

are also present to abundant, mostly in rocks of Middle Devonian age, what coincide
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with the emergence and dominance of typical plants in coastal Gondwana environments
(Di Pasquo et al., 2009; Matsumura et al., 2013). Furthermore, the influence of
freshwater is also attested by the presence of palynomorphs (see Grahn et al., 2013)
from the base of the Sdo Domingos Formation (Tibagi Member). In this way, it
becomes clear that these transitional offshore regions were perturbed by constant
influence of currents and storm waves, generating an association of parautochthonous to
allochthonous bioclasts. Some trilobites, stylophorans, ophiuroids and complete and
articulated brachiopods suggest that, whenever transport was present, it was not
significant. On the other hand, little to very disarticulated bioclasts show that time
averaging is present in the assemblage, given the occurrence of animals with different
life habits in the same sedimentary levels. It is noteworthy that this environment, for its
bathymetry, is oxygenated, but tending to dysaerobious or anoxic in some cases
(Barreiro section). This would justify the exceptional preservation such as the case of

the Earliest Givetian Lilliput fauna (see section 5.3 below).

4.6. T6 - Mud-stagnated storm influenced

This taphofacies (Fig. 11) occurs in laminate mudstones, interspersed with thin
sand lenses and dispersed pebbles, and sometimes showing hummocky structures.
Chondrites bioturbations are associated. Bivalve (brachiopods, mollusks [Fig. 14B]),
multi-element (trilobites and scolecodonts) and univalve (tentaculitoids) skeletons are
present. Articulated and disarticulated bioclasts occur mixed in the association. This
taphofacies is stratigraphically located at flooding surfaces of sequences B and C of the
Tibagi-Alto do Amparo section (Fig. 7; Bosetti and Horodyski, 2008; Table 3) and in

the Tibagi-Ventania section (Fig. 8; Table 4).
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4.6.1. Interpretation.

This taphofacies marks offshore regions, sometimes at, and sometimes below
storm waves. The evidence for the action of storm waves is attested by thin sand lenses
with some pebbles and shallow-inhabitant brachiopods (e.g. Australospirifer). The
occurrence of reworked clasts transported up to the offshore by storm events was
already recorded by Grahn and Bosetti (2010) in dark shales of Sequence B of Ponta
Grossa Formation (in Tibagi and Ponta Grossa municipalities). This interpretation is
here corroborated in the recognized taphofacies, where part of the bioclasts is in sifu
(Edmondia) and part is allochthonous (Schuchertella, Australospirifer, Derbyina,
Australocoelia, infaunal lingulids; sensu Kidwell et al., 1986; Kidwell and Bosence,
1991). These offshore regions mark environmental stability times, in some cases being
even related to temporally condensed sections, given the occurrence of lingulids in sub-
primary life-position (sensu Fernandes-Lopes, 1990) preserved in concretions formed
during early diagenesis (Sequence C of Tibagi-Alto do Amparo section; see the
geochemical interpretation by Zabini et al., 2012b). However, during these apparent
stability epochs, the environment was influenced by storms, characterizing the
taphofacies association as a whole. The spatial and temporal mixing is considered high
due to the differing allochthony and authochthony degrees. Besides, the occurrence of
Australospirifer brachidium (Sequence C in the Tibagi-Alto do Amparo section) shows
that this type preservation was only favoured in special preservation settings, such as
reducing (low oxygen) environments, which can be attested by the presence of

Chondrites, common in calm and dysaerobious environments (Bromley and Ekdale,
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1984; Seilacher, 2007). Therefore, this taphofacies is always marked in flooding

surfaces or condensed sections.

4.7. T7 - Offshore storm-dominated

This taphofacies (Fig. 11) occurs in dark, laminated claystones. Bivalve
(mollusks) and univalve (?Ctenoceras) skeletons are recorded. Bivalves are articulated,
with valves closed, and univalves are dispersed, with no preferential orientation. This
taphofacies is present in sequences C and E of Tibagi-Alto do Amparo section (Fig. 7;

Bosetti and Horodyski, 2008; Table 3).

4.7.1. Interpretation.

This taphofacies marks the deep offshore regions of the basin. It is positioned
right at and below the storm wave base level. Bivalve mollusks (Edmondia) are
articulated with the valves closed, and positioned parallel and/or oblique to the bedding
plane. The taphonomy of the fauna, together with the facies, suggests obruption
deposits, with fine’s sedimentation, attributable to storm events. The same interpretation
can be obtained for ?Ctenoceras, which are very small (less than 1 cm), light an could
have been easily transported by marine currents, being deposited in offshore settings.
Therefore, accordingly to this taphofacies features, these offshore regions suggest

obruption deposits dominated by storms (Brett and Seilacher, 1991).

5. DISCUSSION
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5.1. Taphofacies and Stratigraphy

As initially investigated by Holland (1996, 2000) and Brett (1998), the vertical
distribution of fossils in marine epeiric seas is absolutely dependent on selective
preservation (absence and presence) of facies, owing to (3" to 4™ order) sea level
changes in sedimentary basins. Besides, recent studies (Brett et al., 2007a; Brett et al.,
2007b; Holland et al., 2001; Holland and Zafros, 2011; Holland, 2012; Holland and
Christie, 2013) shown that during sea level rise and fall the fauna can regionally
migrate. Therefore, the preferential habitat range of benthic marine organisms can vary
both vertically and spatially (horizontally), adapting to ecological requirement (e.g.,
oxygenation, salinity, turbidity) in response to those base level variation. In this way,
the stratigraphic record will preserve only those beds, whenever fossiliferous, were
taphonomically favoured.

One such preservation bias can be illustrated by taphofacies 3, with in situ
infaunal lingulids. This taphofacies occurs only at the base of depositional sequences
(LSTs, or shoreface sandstones at the base of TSTs; Fig 13). The recurrence of this
taphofacies (with differing biofacies sensu Brett et al., 2007) is absent at parasequence
level (4th order). Thus, it is clear that the differential preservation of this taphofacies
occurred only due to the rapid covering (onlap) of shoreface deposits (Sequences B and
C) by transgressive retrograding silts and muds (TST), in response to the rising sea
level, generating accommodation space for the sediments and, consequently, exposing
them to no subaerial erosion.

The taphofacies T1 and T2 (Fig 13) suggest a similar preservational effect,
inasmuch they refer to proximal environments, the chance of preservation becomes even

more rare, due to the high degree of taphonomic and/or biological loss of information.
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Therefore, these taphofacies, dominated by turbulence (T1) or influenced by storm and
bottom level processes (T2), were preserved by transgressive processes, during times
when base level rising was higher than falling (sea-level variations). In turn, when
comparing to this (T1 and T2), the other taphofacies (T4 to T7) are more common and
intersperse within the depositional sequences. The deep environment taphofacies appear
to be preserved at the base of parasequences, followed, from base to top, by T7, T6, TS
and T4. This was also observed by Ghilardi (2004) in the Jaguariaiva section (Sequence
B, Ponta Grossa Formation), where the relative abundance and faunal composition in
the fossil assemblage always increased towards the top of parasequences (corroboration
the interpretations of Holland, 1996; 2000 and Brett, 1998). The T6 and T7 are always
registered in offshore shales(observed only in sequences B and C), being difficult to
state which one could be associated to a transgressive maximum (Fig 13). Also, they are
frequently interspersed within the depositional sequence, and it is known that deep
water environment-dominated sequences are difficult to be mapped at parasequence
level (Posamentier and Allen, 1999). This may be the case of Sequence B, which is
muddier than the other sequences.

Nevertheless, in sequences B and C it is possible to identify bivalve mollusks,
Australospirifer sp. and infaunallingulids preserved in concretions (Tibagi-Alto Amparo
section) at the T6 in the condensed surface at the top of the TST (Fig 13; data from
Zabini et al., 2010; 2012a; 2012b). The first two are bioeroded, and those fossils
indicate a long residence time, being this the closer taphofaciological feature to a
transgressive maximum (or maximum flooding surface). The fact is that, being this
basin of the type ramp, with low inclination angle during Devonian times (Bergamaschi,
1999; Bergamaschi and Pereira, 2001), any variation in the base level would be

significant, and therefore the taphofacies T4 to T7 are frequently interspersed through
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the sedimentary sequence, being however better recognized in Sequence B. The
taphofacies of distal shoreface environments (T4) to transitional offshore (T5) are
typical for the transgressive system tracts (Fig 13) of Parana Basin (according to
Rodrigues et al., 2003; Bosetti, 2004; Ghilardi, 2004; Zabini et al., 2010; Zabini et al.,
2012a; Horodyski et al., 2013 and others). These fossil accumulations are the most
diversified.

All these features are present because (i) these regions were less affected by
waves and reworking, being more easily preserved, and (ii) preferential habitat ranges
of the Malvinokkafric benthic fauna were wider, from distal shoreface to transitional
offshore. Besides, in the TSTs the accommodation space creation is higher than
sediment supply rate (Catuneanu et al., 2009; Catuneanu et al., 2011), favoring the
preferential preservation of storm-dominated or -influenced taphofacies. In synthesis,
the preferential preservation of the taphofacies here presented vary in terms of
recurrence, depending on the facies preservation of the two formations, e.g., the more
distal, that are more common in Ponta Grossa Formation (almost exclusively muddy),
and the more proximal, more common in Sdo Domingos Formation (of shallower

environments).

5.2. Some paleoecological remarks

As shown in Table 1, the higher diversity of the Malvinokkafric fauna is
positioned in the Ponta Grossa Formation. In fact, this occurred mainly because the
fauna reached their ecologic equilibrium mostly during Lower Devonian (Boucot, 1971;
Melo, 1988; Bosetti et al., 2012). Even though TS5, T4 and T2 display high time-

averaging, influenced by storms and with higher residence times of the bioclasts, these
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are the taphofacies with the higher diversity between all. Coincidently, the outcrops
with stalked echinoderms (crinoids, blastoids, ophiuroids and/or asteroids) showed the
higher diversity. Possibly, during lower Devonian, these environments could have
luminosity and nutrients enough to sustain high productivity and marine abundance,
forming true aquatic gardens composed by echinoderms (c.f. Scheffler, 2010) and other
marine benthic invertebrates that would benefit of the optimized conditions. On the
other hand, the taphonomy of Australospirifer spp. (mainly A. iheringi) and infaunal
lingulids demonstrates that these groups were limited to specific bathymetric ranges.
Yet, the Australospirifer sp. and infaunal lingulid clusters registered at in situ
conditions, from distal regions (taphofacies T6 [Simdes et al., 1999 for Australospirifer
in Jaguariaiva section and Zabini et al., 2012a for infaunal lingulids])and shallower
areas (taphofacies T4 and T2; Horodyski et al., 2013).However, in the distal regions,
they are here interpreted as allochthonousbioclasts in sub-primary conditions (sensu
Fernandez-Lopes, 1990). In this sense, the falses "in situ" accumulations of these
bioclasts are not good paleoenvironmental indicators, once they demonstrate tolerance
variations in salinity and oxygenation degrees, and the T6-T5 information, are too much
shuffled in the fossil record (Behrensmeyer et al., 2000).However, the infaunal lingulids
and Australospirifer demonstrate having a more restrict bathymetric zonation (Zabini
and Bosetti, 2011), colonizing only environments above the influence of fair weather
waves (T3; for lingulids) or near/ together of the FWWB (for Australospirifer), both

high energy, and its real in situoccurrence may be a good paleoenvironmental indicator.

Taphofacies and Lilliput Effect
The Lilliput Efect (sensu Ubanek, 1993), occurring in the Earliest Givetian beds

of Parana Basin as evidenced by Bosetti et al., (2011), was attributed to a marine
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dysoxic to anoxic moment as a result of the global Kac¢dk Event (House, 1989; Ellwood
et al., 2011), which was registered in the Eifelian/Givetian transition at the Apucarana
sub-Basin by Horodyski et al., (2013). The taphonomic data acquired by the authors
suggest that the Lilliput association might be related to transitional offshore taphofacies,
influenced by storms. The bioclasts (brachiopods, mollusks, cnidarians and trilobites),
which are basically parautochthonous, are registered in muddy siltstones with the
outstanding presence of the ichnogenera Phycosiphon. This ichnofossil is not only
registered in exclusive bathymetric ranges, but also in different environments
(Seilacher, 2007; Bednarz and Mcllroy, 2009), provided that stressing conditions such
as low oxygen or finer (clay) lithologies occur (Ekdale and Lewis, 1991). Therefore, the
abundant record of Phycosiphon in these beds evidences a reducing oxygenation in
Earliest Givetian times. The lack of oxygen favors the exceptional fossil preservation
(Seilacher, 1970; Speyer and Brett, 1988; Speyer and Brett, 1991).

Moreover, atualistic quantitative fidelity studies comparing Cenozoic mollusks
(Cooper et al. 2005), have demonstrated that the preservation potential for small-bodied
specimens is considerably lower than large-bodied ones from the same species, because
of negative taphonomic bias (and even negative sampling bias). Additionally, the
selective difference to destruction between taxonomic groups biases the completeness
for past biotas (Kowalewski, 1997). In fact, the taphofacies record evidenced here show
that preservation of fragments, when compared to whole bioclasts, is consistently
smaller. Obviously this observation may be purely a taphonomic artifact. In this sense,
we can consider the preservation of the Earliest Givetian Lilliput fossil fauna an
extremely rare occasion, and that this was favored by special fossilization condition,
according seen above. The fact that Lilliput fossils being much smaller (90% smaller in

some cases; Bosetti et al., 2011) and being preserved in the same taphofacies as normal-
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sized bioclasts does not exclude the possibility of a similar taphonomic history.
Therefore, we consider this environment as calm, low-energy, between FWWB and
SWB, but interrupted by times of high-energy events, such as return currents caused by

storm events.

6. CONCLUSIONS

Seven taphofacies of Devonian invertebrate fauna in the Apucarana sub-Basin,
with environments from turbulent middle-shoreface through storm-dominated offshore
have been established.

The biostratigraphic and taphonomic record show that most of the fauna is
concentrated to the Ponta Grossa Formation. In fact, given the predominance of finer
grain-size sediments, the preservation was favourable. Besides, it is well known that the
biodiversity and ecological climax was established during the Lower Devonian.

In contrast, S8o0 Domingos Formation, with as hallow environment facies,
freshwater influence could have favoured nutrients accumulation in proximal marine
regions (shoreface). Therefore, the taphonomically active zone can be acted as crucially
destructive for the fauna during temporary burial. This evidence is attested by the
apparent lack of fossil record in the abundant shallow water sedimentary facies of the
studied sections.

The data presented here indicate that fair-weather waves, currents and storm
waves were the main responsible for a large part of the fossil preservation. Furthermore,
it is clear storm events were very active and influenced the taphonomic mode of
preservation during lower and middle Devonian. Additionally, the vertical distribution
of the fauna displayed to be totally dependent on the taphofacies preservation, also

controlled by the genetic sequence stratigraphy processes.
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We are confident that this is just initial stage for high-resolution paleobiological
studies with a composite geologic section encompassing all ages, formations and
surface marine stratigraphic sections occurring in Parana State (Tibagi region) of
Apucarana sub-Basin (Parana Basin).

The criteria for the taphofacies study here presented have shown to be reliable in
advising efforts in paleoenvironmental reconstruction. Our hope is that researchers
dealing with ancient environment and community interpretation take the taphofacies
analysis into account. This is because the fossil record is immensely biased, given, e.g.,
the differing autochthony and allochthony displayed (as evidenced with the increased

specialization of taphonomy for the last forty years).
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Table 1 - Vertical distribution of the Tibagi-Ventania section fossil, and the taphonomic
features observation. Skeletal types, B = Bivalve, U = Univalve, M = Multielement, T =

Flexivel thecae.

Table 2 - Vertical distribution of the Barreiro section fossil, and the taphonomic
features observation. Skeletal types, B = Bivalve, U = Univalve, M = Multielement, T =

Flexivel thecae.

Table 3 - Vertical distribution of the Alto do Amparo section fossil, and the taphonomic

features observation. Skeletal types, B = Bivalve, U = Univalve, M = Multielement.

Table 4 - Vertical distribution of the Tibagi - Telémaco Borba section fossil, and the
taphonomic features observation. Skeletal types, B = Bivalve, U = Univalve, M =

Multielement.
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Figure 1 — (A) Location map of the Parana Basin in the south-american territory and (b)
chronostratigraphic location of the Parana Supersequence during the Devonian in the
Parana Basin, Brazil (modified from Milani et al., 1998, 2007).

Figure 2 — Litostratigraphic framework and Sequence Stratigraphy recognized only in
surface in the study region at the Apucarana sub-Basin, Parana Basin (information from

Bergamaschi, 1999; Bergamaschi and Pereira, 2001; Grahn et al., 2013).

Figure 3 — (A) Location map of the Devonian beds in the study area and (B) of Tibagi

municipality in Parana State.

Figure 4 — Location map of the surface stratigraphic sections studied in the Parana state

(A) and Tibagi municipality (B).

Figure 5 — Lower portion of the Tibagi-Telémaco Borba column section (after

Bergamaschi, 1999).

Figure 6 — Upper portion of the Tibagi-Telémaco Borba column section (after

Bergamaschi, 1999).

Figure 7 — Tibagi-Alto do Amparo column section (from Bosetti and Horodyski, 2008).

Figure 8 — Tibagi-Ventania column section.

Figure 9 — Barreiro column section (from Horodyski et al., 2013).
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Figure 10 — Biostratigraphy for the entire Devonian fauna occurring in the Apucarana
sub-Basin, Parana Basin. Part of the fauna described in this figure is not registered in
the studied sections. However, we chosen to include all species to show that abundance
and diversity is higher in Ponta Grossa Formation, and not only as part of the study here
analysed. The data for the vertical fauna distribution shown here are described in the

bibliographic references of the Material and Methods section.

Figure 11 — Taphofacies here recognized, distributed through the bathymetric profile of

Parana Basin during Devonian.

Figure 12 — Taphofacies 3 — Middle to lower shoreface storm-dominated at the
boundary between sequences C and D (base of Sequence D) in the Tibagi-Telémaco
Borba from Bergamaschi (1999). Note that at the basal portion of the drawn grid the
bioturbation index (BI) is high, and no fossil was found. In the upper portion of the grid,
the BI is low and in situ infaunal lingulids are recorded, associated to vertical
ichnofossils, and sometimes Lingulichnus isp. with the lingulid preserved at the top of
the structure. This occurrence suggests a post-burial escaping attempt after proximal
tempestites. The ichnofossils drawings in the basal part of the grid do not represent any

particular ichnogenera, only representing the high bioturbation.

Figure 13 — Vertically distributed taphofacies in the Devonian depositional sequences
of Parané Basin. The quantity of taphotacies described in this figure does not inform the

real number of identified taphofacies; which are only symbolically represented.
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Figure 14 — Fossils recorded in some taphofacies. (A) Australospirifer iheringi clusters
in taphofacies 4; (B) bivalve mollusc pavements in taphofacies 6; (C) Schuchertella
pavements in taphofacies 2; (D) mixed pavement of bivalve mollusks and brachiopods
of different sizes and densities in taphofacies 5; (E) homalonotid trilobite cephalon-
thorax in taphofacies 5; (F) Orbiculoidea and Schuchertella occurring in taphofacies 6;
(G) complete ophiuroid preserved in taphofacies 5; (H1) infaunal lingulids preserved at

the top of Lingulichnus (H2) in taphofacies 3.
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Table 1

Click here to download Table: table 1.docx

Tibagi-Ventania Section
T | Level Taxa Taphonomic features
1 247m -(T) Conulatae Bioclasts very ripped, disarticulated, flattened
and chaotically distributed in the matrix.
2 -(B) Schuchertella sp., Bioclasts disarticulated and parallel to the
11,30m (B) Australocoelia palmata, bedding plane. No fragmentation, corrosion,
(B) Infaunal Lingulids abrasion of bioerosion.
3 m -(B) Infaunal Lingulids Entire and articulated bioclasts, vertically
m -(B) Infaunal Lingulids positioned in the bedding plane.
Trilobites can occur in three distinct
taphonomic classes: (a) entire, articulated
4 | 245mto | - (M) Metacryphaeus australis, | and extended, parallel to the bedding plane;
246m (M) Marettocrinus aff. M. sp. C | (b) thorax-pygidium articulated; and (c)
isolated cephala, thorax and pygidia. Crinoid
bioclasts occur disarticulated, in the form of
isolated columnals or small pluricolumnals.
3,5m -(B) infaunal lingulids Bivalve bioclasts are positioned parallel to the
bedding plane, occurring a mixing of
15,70m - (B) infaunal lingulids, (M) articulated and disarticulated valves. Univalve
Calmonidae, (M) Ophiuroidea | skeletons are entire and parallel to the
bedding plane. Multielement skeletons:
161m -(B) Orbiculoidea sp.(M) trilobites occur entire or with partial
Paulinites paranaensis disarticulation (cephalous, thorax or
pygidium); ophiuroids occur with partial
232,80m -(U) Tentaculites sp. disarticulation (isolated arms, or connected to
5 the central disc) and parallel to the bedding
240m - (U)?Ctenoceras plane; Placocystella occurs entire and parallel
to the bedding plane; Crinoids occur very
246,50m | - (M) Metacryphaeus australis, | disarticulated, with only isolated collumnals or
(M) Calmonia sp., (M) pluricollumnals. Fragmentation, corrosion,
Marettocrinus aff. M. sp. C, (M) | abrasion or bioerosion of any kind are absent.
Placocystella africana, (B)
Derbyina whitiorum, (B)
Australocoelia palmata
261m - (M) Marettocrinus aff. M. sp. C
20m - (B) infaunal lingulids (B) Bivalve bioclasts are oriented parallel to the
Orbiculoidea sp., (B) bedding plane. In the association there is a
Lingulepiswagoneri, (B) mixing of articulated and disarticulated




150,20m

Edmondiasp.

-(B) Edmondiasp.

valves. Fragmentation, corrosion, abrasion

and bioerosion are absent.




Table 2

Click here to download Table: table 2.docx

Barreiro Section

Taxa

Taphonomic features

-(B) Australospirifer iheringe,
Schuchertella cf. agassizzi,

Orbiculoidea sp.

Disarticulated bioclasts, positioned parallel
to the bedding plane. No fragmentation,

corrosion, abrasion and bioerosion.

T | Level
2,5m
2
7,5m
24-
30m
6

- (B) Infaunal Lingulids

-(B) Infaunal Lingulids, Nuculana ?
viator, Derbyina whitiorum,
Australocoelia palmata,
Schuchertella cf. agassizzi,
Ostracoda indet., Orbiculoidea
baini, O. excentrica, (T) Conularia
quichua, Paraconularia ulrichana,
(M) Pennaia pauliana. (U)

?Ctenoceras

The bioclasts are positioned parallel to the
bedding plane. Articulated and disarticulated
bioclasts are mixed in the association.
Univalve skeletons are entire and parallel to
the bedding plane. Multielement: trilobites
occur entire or with partial disarticulation
(cephalon, thorax or pygidia); the cnidarians
are partially ripped and disarticulated.

Fragmentation, corrosion, abrasion or
bioerosion are absent from all skeletal types.
the

Phycosiphonisp.

There is remarkable presence of




Table 3
Click here to download Table:

table 3.docx

Tibagi- Alto do Amparo Section
T | Level Taxa Taphonomic features
-(U) Tentaculites sp., Bivalve bioclasts entire, disarticulated and
155m (B) Orbiculoideasp. parallel to the bedding plane. Univalve
2 skeletons entire, chaotically distributed and
parallel to the bedding plane. No corrosion,
abrasion or bioerosion is present.
3| 134m -(B) Infaunal Lingulids Entire bioclasts, articulated, and vertically
oriented in relation to the bedding plane.
104m -(B) Australospirifer iheringi Dense pavements of entire and articulated
to shells, associate to a few disarticulated.
102m Fragmentation, corrosion, abrasion and
bioerosion are absent. Crinoids are abundant
4 | 150m - (B) Australospirifer iheringi, and occur in the form of large pluricolumnals.
Derbyina withiorun, Schuchertella | Echinasterella is also abundant and
sp., Australocoelia palmata, complete. Rosselia isp. is present in the
Australostrofia mesembiria, lower packet.
Orbiculoidea sp.; (M) Crinoidea,
Echinasterella
43m - (B) infaunal lingulids, Edmondia | Bivalve bioclasts are oriented parallel to the
sp.; (U) Tentaculites sp. bedding plane. A mixing of articulated and
disarticulated  valves occur in the
-(B) infaunal lingulids, assemblage. Bioerosion is present in some
49m Orbiculoidea sp., Edmondia sp.; | bivalve mollusks. The trilobites occur with
(M) Paulinites paranaensis partial disarticulation (thorax) and
scolecodonts are completely disarticulated.
-(B) infaunal lingulids, Univalve skeletons are entire, and can occur
53m Orbiculoidea sp., Schuchertella | isolated or clustered, with no preferential
5 sp., Derbyina withiorun, orientation. The bioclasts show neither
Edmondia sp., Australospirifer corrosion nor abrasion.
sp.; (M) Paulinites paranaensis
-(B) infaunal lingulids
80m
- (B) Schuchertella sp., (M)
124m Calmonidae
- (B) Orbiculoidea sp., Derbyina
157m withiorun
- (B) infaunal lingulids,
170m Orbiculoidea sp., Australocoelia
palmata, Derbyina withiorun,
Edmondia sp.; (M) Calmonidae,
Homalonotidae; (U) Tentaculites
sp.
45m - (B) infaunal Bivalve bioclasts are positioned parallel to
lingulids, Orbiculoidea the bedding plane. Articulated and
sp.,Derbyina withiorun, disarticulated valves are mixed in the
Australocoelia palmata,Edmondia | association. At 165m the lingulids are
sp.; (M) Calmonidae; (U) preserved in concretions. Australospirifer
6 Tentaculites sp. brachid are recorded in the 153 m level.
Trilobites are very poorly preserved,;
- (B) infaunallingulids, sometimes occurring totally articulated or
65m Orbiculoidea sp., Edmondia sp. | partially disarticulated (thorax or pygidium).
The univalves occur dispersed, entire and




- (B) infaunal lingulids,

parallel to the bedding plane. Fragmentation,

152m Orbiculoidea sp corrosion, abrasion and bioerosion are
absent. Some pebbles and Australospirifer
- (B) infaunal lingulids, brachids occur in the 153m level. Zoophycus
153m Orbiculoidea sp., Schuchertella present between 152m and 153m.
sp., Edmondia sp.,
Australospirifer iheringe
- infaunal lingulids
165m
to
166m
- (B) Infaunal lingulids; (M)
189m Paulinites paranaensis
154m - (B) Edmondia sp. Bivalves occur dispersed, entire, articulated
with the valves closed, and oblique to parallel
263m - (U) ?Ctenoceras with the bedding plane. The univalves occur

dispersed, entire and with no preferential
orientation.
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Tibagi-Telémaco Borba Section

T | Level

Taxa

Taphonomic features

164m

-(B) Infaunal Lingulids

-(B) Infaunal Lingulids

Bioclasts entire, articulated and vertically oriented in
relation to the bedding plane. Vertical bioturbations, with
the remarkable presence of Lingulichnus also occur.

230m

225m

223m

222m

- (B) infaunal
lingulids,
Orbiculoidea sp.,
Australocoelia
palmata,
Australospirifer
antarticus

-(B) Orbiculoidea sp.,
Australocoelia
palmata, (U)
?Ctenoceras

- (B) Orbiculoidea sp.,
(M) Pennaia pauliana

- (B) Orbiculoidea sp.,
(U) Tentaculites sp.,
?Ctenoceras

Bivalve bioclasts are entire and parallel to the bedding
plane. Articulated and disarticulated bioclasts occur
mixed in the association. Trilobites occur with partial
disarticulation (thorax). Univalve bioclasts occur entire,
dispersed and with no preferential orientation. The
bioclasts show no fragmentation, corrosion or abrasion.
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