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After sleeping through a hundred million centuries we
have finally opened our eyes on a sumptuous planet,
sparkling with color, bountiful with life. Within
decades we must close our eyes again. Isn't it a
noble, an enlightened way of spending our brief time
in the sun, to work at understanding the universe and
how we have come to wake up in it?

Richard Dawkins
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RESUMO

A Formacdo Irati (Permiano Inferior) € o registro sedimentar de uma rampa mista
carbonatica-siliciclastica e dominada por tempestades, em um mar epeirico amplo,
raso e restrito, o Mar Whitehill-Irati. Este mar se estendia pelo sudoeste do
Gondwana durante o Eopermiano (Kunguriano), abrigava uma macrofauna contendo
peixes paleonisciformes, répteis mesossaurideos, e crustaceos pigocefalomorfos, os
quais sédo hoje achados como fésseis em folhelhos betuminosos e ndo-betuminosos,
pelitos, e carbonatos intercalados. A Formacgdo é dividida no Membro Taquaral,
sotoposto, e Assisténcia, sobreposto, e sua sucessao litolégica aflora do meio ao sul
do Brasil, ao longo da margem leste da Bacia do Parana, uma bacia intracratdnica.
No estado do Rio Grande do Sul, o conhecido afloramento Passo do Sao Borja
contém mesossaurideos, pigocefalomorfos, e subordinadamente paleonisciformes
em densas concentracdes ocorrendo em meio a tempestitos carbonaticos, e que
foram interpretadas como eventos de mortalidade em massa causados por
tempestades. Com o objetivo de melhor compreender a distribuicdo e modo de
ocorréncia destes fosseis dentro da formacdo nesta regido, o presente estudo
descreve o afloramento Passo do S&o Borja e cinco novos locais, junto de 11
testemunhos de sondagem do intervalo completo do Irati sob a ética de analise de
facies e da estratigrafia de sequéncias. Os resultados permitiram o reconhecimento
de trés sequéncias de quarta-ordem dentro da Formacdo denominadas Irati
Sequences 1, 2, e 3 (IS1, I1S2, IS3). A IS1 é quase coincidente ao Membro Taquaral,
enquanto a IS2 e a 1S3 sdo quase correspondentes ao Membro Assisténcia. Um
trato de sistemas de nivel baixo (TSNB) foi reconhecido nas duas sequéncias
superiores, e o limite de sequéncia da IS2 foi interpretado como coincidente a um
limite de sequéncia de terceira-ordem. Concentracdes de mesossaurideos e
pigocefalomorfos ocorrem apenas na 1S3. Ocorréncias e concentracdes fosseis se
mostraram fortemente controladas por facies e estratigrafia de sequéncias. Fosseis
de peixes paleonisciformes sdo consideravelmente mais comuns no trato de
sistemas de nivel alto inicial (TSNA) da IS2 e 1S3, como resultado de um equilibrio
no aporte sedimentar. Pigocefalomorfos ocorrem compondo intraclastos,
concentrados em grainstones de tempestitos proximais do TSNB da IS3, e sdo o
resultado de eventos de mortalidade em massa mais o aporte bioclastico do dia-a-ia
aumentados pela formacédo de firmgrounds (concentracdo hiatal) e subsequente
retrabalhamento por tempestades. Mesossaurideos sao também encontrados nos
grainstones de tempestitos do TSNB, mas em testemunhos foram achados
principalmente em tempestitos distais do trato de sistemas transgressivo (TST),
ficando mais comuns em direcdo a superficie transgressiva maxima (STM). Sua
acumulacdo é também o resultado de mortalidade em massa e sedimentacdo de
fundo, aumentadas por omissado de sedimento (concentracdo hiatal) em um TST
com pouquissimo aporte sedimentar (bacia faminta, culminando com uma secéo
condensada proxima a STM), e subsequente retrabalhamento sedimentar.

Palavras-chave: Formacédo Irati. Mesosaurideo. Pigocefalomorfo. Estratigrafia de
sequéncias. Tafonomia.
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ABSTRACT

The Lower Permian Irati Formation records sedimentation of a mixed carbonate-
siliciclastic, storm-dominated ramp in a restricted, wide and shallow epeiric sea, the
Whitehill-Irati Sea. This sea extended over southwestern Gondwana during the Early
Permian (Kungurian), and hosted a macrofauna containing paleonisciform fish,
mesosaurid reptiles, and pygocephalomorph crustaceans, which are now found as
fossils in interleaved bituminous and non-bituminous shales, mudstones and
carbonate rocks. The Formation is divided in the underlying Taquaral Member, and
the overlying Assiténcia Member, and its rock succession crops out from middle to
south Brazil, along the eastern border of the intracratonic Parana Basin. In the Rio
Grande do Sul state, the well-known Passo do Sao Borja outcrop contains
mesosaurids, pygocephalomorphs, and subordinated paleonisciforms in dense
concentrations occurring within carbonate tempestites, which were interpreted as
mass mortality events caused by storms. Aiming to better understand the distribution
and mode of occurrence of the fossils within the formation in this region, the present
study describes the Passo do S&o Borja and five new locations, alongside 11
boreholes of the complete Irati interval under the optics of facies analysis and
sequence stratigraphy. Results allowed the recognition of 3 fourth-order sequences
within the Formation, termed Irati Sequences 1, 2, and 3 (IS1, 1S2, 1S3). IS1 is
closely coincident to the Taquaral Member, as the IS2 and 1S3 are to the Assisténcia
Member. A lowstand system tract (LST) was recognized in the upper two sequences,
and the sequence boundary of 1S2 was interpreted as coincident to a third-order
sequence boundary. Mesosaurid and pygocephalomorph concentrations occur only
at the 1S3. Fossil occurrences and concentration were found to be strongly controlled
by facies and sequence stratigraphy. Paleonisciform fish fossils are considerably
more common at the early highstand systems tract (HST) of IS2 and IS3, result of a
sedimentation rate balance. Pygocephalomorphs occur composing intraclasts,
concentrated in grainstone proximal tempestites of the LST of IS3, and are the result
of mass mortality events and background bioclastic input, enhanced by firmground
formation (hiatal concentration) and subsequent storm reworking. Mesosaurids are
also concentrated in grainstone tempestites of the LST, but in cores were mostly
found in distal tempestites of the transgressive systems tract (TST), becoming more
common towards the maximum transgressive surface (MTS). Their accumulation is
also the result of mass mortality and background sedimentation, enhanced by
sediment omission (hiatal concentration) of a severely sediment starved TST
(culminating in a condensed section near the MTS), and subsequent storm
reworking.

Keywords: Irati Formation. Mesosaurid. Pygocephalomorph. Sequece stratigraphy.
Taphonomy.
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PARTE |

Sobre a Estrutura desta Dissertacao

Esta dissertacdo de mestrado esta estruturada em torno de artigos publicados
em periddicos ou publicacdes equivalentes. Consequentemente, sua organizacao

compreende as seguintes partes principais:

d) Introducéo sobre o tema e descricdo do objeto da pesquisa de mestrado,
onde estdo sumarizados o0s objetivos e a filosofia de pesquisa desenvolvidos, o

estado da arte sobre o tema de pesquisa.

e) Artigos publicados em periddicos ou submetidos a periédicos com corpo
editorial permanente e revisores independentes, ou publicacbes equivalentes
(capitulo de livro de publicacdo nacional ou internacional com corpo de revisores

independentes), escritos pelo autor durante o desenvolvimento de seu Mestrado.

f) Anexos, compreendendo: artigo(s) nos quais o poés-graduando é coautor,
resumo(s) e artigo(s) publicado(s) em eventos, relacionado(s) ao tema central da
dissertacdo, bem como documentacdo pertinente de natureza numérica (tabelas,
calculos), grafica (figuras, diagramas, mapas, secdes) e fotografica que, por sua
dimenséo e/ou natureza ndo pode ser incluida no(s) artigo(s).



1. INTRODUCAO

A Formacao lIrati apresenta-se como uma unidade enigmatica do Permiano
Inferior da Bacia do Parana. Esta chama atencdo desde suas primeiras descri¢cdes
(DU TOIT, 1927; WHITE, 1908) por seus folhelhos betuminosos intercalados a
rochas carbonéticas, os quais sao notdrios por conterem uma das maiores
concentracbes de matéria organica conhecidas no mundo (ultrapassando 30%;
Araujo). Estes teriam sido depositados em um amplo mar epicontinental raso, e

restrito.

A formacdo € conhecida também por seu contetudo fossilifero, o qual
curiosamente nao apresenta faunas marinhas tipicas do Paleozoico (e.g. trilobitas,
braquidépodes; HOLZ et al., 2010). Apresenta em contraste grande abundéancia de
répteis mesossaurideos, 0s quais sdo também notorios, pois permitiram correlacéao
com a Formacgao Whitehill, na Bacia de Karoo, sendo um famoso exemplo usado
como evidéncia da entdo Teoria da Deriva Continental (DU TOIT, 1927). Outro grupo
féssil caracteristico e abundante da formacdo sdo os crustaceos pigocefalomorfos,

0S quais sao tipicamente relacionados a aguas salobras (BEURLEN, 1957).

Esta falta de faunas tipicamente marinhas abriu espaco para inameras
discussdes acerca da salinidade deste corpo d’agua (ARAUJO, 2001; LAVINA,
1991). Em adicdo, analises quimicas, sedimentologicas, e paleontolodgicas
empregadas ao longo dos anos apresentaram resultados contraditérios, apontando
ambientes de aguas plenamente salinas ou hipersalinas, salobras, e transicionais
(e.g., BURJACK, 1984; OELOFSEN; ARAUJO, 1983; PETRI; COIMBRA, 1982).

As vérias interpretacdes acerca da formacado foram se modificando e evoluindo
junto com o avanc¢o de tecnologias e do conhecimento cientifico existente em cada
época. Um salto no modo como seu ambiente deposicional € entendido foi dado ao
final da década de 1980. O reconhecimento e descricdo da estratificacdo cruzada
hummocky (ECH), e sua origem relacionada a tempestades, por Harms et al. (1975)
reavivou um antigo debate entdo dado como resolvido na comunidade cientifica:
uniformitarismo versus catastrofismo. Na década seguinte, grandes nomes da
estratigrafia como Dott (1983), Hsu (1983), e Seilacher (1982) popularizaram a
nocao que eventos catastroficos e raros, como grandes tempestades, tornam-se
comuns quando considerados no tempo geoldgico. Isto causou uma crise no

pensamento uniformitarista vigente na época, a qual culminou no estabelecimento
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do que hoje é conhecido como neocatastrofismo (HOLZ, 2012). Este processo pode
ser considerado como uma revolugcao cientifica, no sentido de Kuhn (1962). No

Brasil, tal mudanca de paradigma foi trazida no final da década de 1980.

Em um afloramento a beira do Rio Santa Maria, no municipio de S&o Gabriel, no
Rio Grande do Sul, afloram leitos de conglomerados carbonéticos sobrepostos por
calcarenitos com ECH, em meio a folhelhos negros da Formacédo Irati. Nestes
calcarenitos encontram-se densas concentracfes fosseis de crustaceos
pigocefalomorfos e répteis mesossaurideos, com seus restos esqueletais
desarticulados. Estes foram interpretados por Della Favera (1987) como resultado
de eventos de mortalidade em massa, causados por tempestades catastroficas.

Trabalhos subsequentes (LAVINA; BARBERENA; AZEVEDO, 1991; MATOS;
PRETTO; SIMOES, 2013; SOARES, 2003; XAVIER, 2014) reafirmaram esta
interpretacdo, e estabeleceram um novo paradigma para as concentracdes fosseis

da Formacao Irati.

Ao mesmo tempo, estava em curso mais uma revolucdo do pensamento
estratigrafico. O ano de 1977 viu (ap0s longa gestacdo) o nascimento, e o ano de
1988 viu a consolidacao da estratigrafia de sequéncias (PAYTON, 1977; WILGUS et
al., 1988). Esta nova visao trata o registro sedimentar como um processo dinamico,
atuando em quatro dimensdes (trés espaciais e uma de tempo). Variacfes relativas
do nivel do mar em uma bacia causadas por eustasia global e/ou por subsidéncia
tectbnica, aliados ao aporte sedimentar, sdo responsaveis por controlar a migracao
da linha de costa e 0 espaco de acomodacdo de sedimentos. Controlam, por
consequéncia, a disposicdo espacial de facies e sua preservacdao (POSAMENTIER;
JERVEY; VAIL, 1988).

Uma vez compreendido que o registro sedimentar € controlado por variacdes
relativas do nivel do mar, é de se esperar que estas controlem também o registro
fossil, pois as facies sedimentares e ambientes deposicionais afetam a preservacéo

e acumulacdo de 0ssos, conchas e carapacas (HOLZ; SIMOES, 2002).

Para a Formacgéo Irati, alguns estudos de estratigrafia de sequéncias ja foram
realizados (e.g., ARAUJO, 2001; HACHIRO, 1996), tentando relacionar seu registro

a variagcdo do nivel do mar. Porém, nenhum tentou relacionar as sequéncias ali
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encontradas ao controle das conspicuas acumulagdes fosseis. Uma lacuna que este

trabalho visa preencher.

2. OBJETIVOS

2.1.0Objetivos gerais

Esta dissertacdo tem como objetivo fazer um estudo da Formacéo Irati sob a
Otica de andlise de facies, tafonomia, e estratigrafia de sequéncias, de modo a
entender a interacdo dos processos geradores das rochas que compdem esta
unidade geoldgica, bem como distribuicdo e concentracdo de seus macrofésseis
mais abundantes: peixes paleonisciformes, crustaceos pigocefalomorfos, e répteis

mesossaurideos.

2.2.0Dbjetivos especificos

- Descrever as rochas dos afloramentos e testemunhos de sondagem escolhidos.

- Aplicar a metodologia de anélise de facies.

- Observar seu conteudo fossilifero.

- Identificar seus ambientes deposicionais, e correlacionar as diferentes localidades.

- Aplicar os conceitos de estratigrafia de sequéncias e identificar tratos de sistemas e

entdo sequéncias deposicionais compondo a Formacéo Irati.
- Comparar estes achados com dados da literatura.

- Comparar a disposicao do conteudo fossilifero com a distribuicdo de facies, tratos

de sistema, e sequéncias deposicionais encotradas.
- Comparar os resultados obtidos com dados da literatura.

- Tracar hipOteses acerca da génese deste conteudo fossilifero e sua atual

disposicgéo.
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3. REFERENCIAL TEORICO

3.1.Estratigrafia de Sequéncias

O inicio da estratigrafia de sequéncias como € hoje bem conhecida pode ser tido
como resultado dos trabalhos do grupo da Exxon, os quais apresentaram a
comunidade cientifica os novos métodos de sismoestratigrafia, publicados no
Memoir 26 da AAPG!' (PAYTON, 1977). Sua ampla aplicabilidade no registro
geoldgico, e consequente popularidade foi consolidada com a Publicacdo Especial
42 da SEPM? (WILGUS et al., 1988), e o volume 7 da Série de Métodos em
Exploracdo da AAPG (VAN WAGONER et al., 1988).

Esta “nova estratigrafia” rompe com os métodos tradicionais calcados na
“trindade lito-bio-crono-estratigrafia”, a qual trabalha com os depédsitos sedimentares
de modo relativamente estatico, a chamada “estratigrafia de bolo em camadas”
(layer cake stratigraphy; HOLZ, 2012). A nova visao trata o registro sedimentar como
dindmico, fruto da variacao do nivel relativo do mar ao longo do tempo, a qual reflete
um conjunto de processos fisicos: eustasia, subsidéncia ou soerguimento tecténico,
e aporte sedimentar (POSAMENTIER; JERVEY; VAIL, 1988).

Em termos simplificados, estes autores reconhecem que com um ciclo de subida
relativa do nivel do mar, deposita-se uma sequéncia de camadas sedimentares.
Porém, quando o mesmo torna a descer, a exposicao subaérea destes depdsitos ira
causar erosao dos mesmos por acgao fluvial. Gera-se entdo uma discordancia entre
0s estratos subjacentes, e os sobrejacentes que futuramente se depositarem. Deste
modo, a superficie de erosédo subaérea gerada encerra um hiato temporal igual, ou
maior que o registrado pelos sedimentos (CATUNEANU, 2006; HOLZ, 2012,
POSAMENTIER; JERVEY; VAIL, 1988). A unidade de trabalho foi entdo definida
como a sequéncia deposicional, que seria uma “sucessdo de estratos,
geneticamente relacionados, delimitados no topo e na base por discordancias ou
suas superficies correlatas” (VAIL; MITCHUM; THOMPSON, 1977).

Apesar do aparente carater revolucionario deste modo de interpretar o registro
sedimentar, estas ideias ndo eram novas na literatura. O pensamento de que o

registro geologico € incompleto, com discordancias representando grandes hiatos

! American Association of Petroleum Geologists; Associacdo Americana de Geélogos do
Petréleo.
% Society for Sedimentary Geology; Sociedade para Geologia Sedimentar.
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temporais na verdade remete aos primordios da geologia com o0s pensamentos de
James Hutton (Playfair, 1802 apud HOLZ, 2012). No inicio do século passado,
trabalhos como o de Blackwelder (1909 apud MIALL, 2016) e Grabau (1906, 1936
apud HOLZ, 2012) j4 haviam gerado o que hoje chamamos de cartas
cronoestratigraficas, relacionando registro sedimentar e hiatos a soerguimentos e
subsidéncias tectonicas (Figura 1). Porém, estas ideias pouco permearam a

comunidade cientifica.

Saalian Folding

Permian

X CENTRAL | _LAKE |
GION_ | INTEAIOR | REGION - LABRADOR
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Figura 1. llustragcdes de Blackwelder (1909), a esquerda, e Grabau (1936), a direita, mostrando sua

concepcao de unidades deposicionais limitadas por discordancias.

Quase meio século depois, dois marcos importantes foram os trabalhos de
Sloss, Krumbein & Dapples (1949), Sloss (1963) e Wheeler (1958) (Figura 2). Nos
primeiros, os autores fizeram uma definicdo de sequéncias, dando importancia as
discordancias e a magnitude dos hiatos que elas representam, separando conjuntos
de rochas. Estas sequéncias foram relacionadas a ambientes tectdnicos presentes
no craton dos EUA. No ultimo, o autor faz uma caracterizacdo temporal das rochas,
expressando que hiatos sdo também unidades estratigraficas. Seu trabalho & hoje
usado como base para a confec¢cdo de diagramas cronoestratigraficos (também

chamados de diagramas de Wheeler).
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Pode-se perceber entdo que muitos dos principios essenciais da estratigrafia de
sequéncias ja existiam anteriormente a época da “Escola Exxon”. Por que, entédo, os
estratigrafos ndo faziam estratigrafia de sequéncias? Muito possivelmente por causa
do pensamento vigente na época, de uma terra quase estatica, e que se constroi
gradualmente, de modo uniforme (ALLEGRE, 1987). J&4 ndo é com surpresa que se
percebe que em época pouco anterior, ao longo dos anos de 1960, estava saindo de
uma longa gestacdo outra teoria de uma terra dinamica, que ao mesmo tempo
constroi e destréi seu proprio registro — a Tectonica de Placas (ALLEGRE, 1987).
Adicionalmente, ideias de que a propria dindmica dos processos sedimentares €
responsavel por hiatos, como é o caso de depdsitos erosivos de tempestades, viriam
a se consolidar na década seguinte ao Memoir 26, formando os conceitos de

neocatastrofismo e sedimentacéo episddica (DOTT, 1983; HSU, 1983).
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Figura 2. Sequéncias de Sloss (1963; esq.) e diagrama cronoestratigrafico de Wheeler (1958; dir.).

O Grande trunfo da “Escola Exxon” (PAYTON, 1977; WILGUS et al., 1988) foi,
entdo, organizar conceitos até 0 momento pouco comentados na literatura, aliados a
novos conceitos, e utiliza-los com aplicacdo prética — e altamente lucrativa — na
industria de hidrocarbonetos (HOLZ, 2012). Um dos principais € o de espaco de
acomodacéo, o qual significa todo o espaco existente em que os sedimentos podem
acumular. Este é uma funcao do nivel do mar, e da subsidéncia (VAN WAGONER et
al., 1988; Figura 3).



15

Outro conceito extremamente importante € a eustasia, o qual significa o nivel do
mar global, independente de variagdes locais, em relagdo a um datum fixo: o centro
da Terra (Figura 3). Esta foi mostrada variar em ciclos de escalas variaveis (12 a 52
ordem), na famosa “Curva de Vail” (VAIL; MITCHUM; THOMPSON, 1977).

O Memoir 26 foi muito criticado por considerar que ciclos de variacdo da
eustasia seriam a Unica causa da geracdo das sequéncias deposicionais, pela
criacao e destruicdo do espaco de acomodacédo. Varios autores defenderam que a
tectonica teria influéncia similar, se ndo maior que a eustasia na geracao de
discordancias e sequéncias deposicionais (e.g. MIALL, 1986; WATTS, 1982). Hoje
ambas sao consideradas essenciais e complementares, atuando conjuntamente
(CATUNEANU, 2006). A tectbnica entdo influencia o registro sedimentar gerando
subsidéncia ou soerguimento da bacia, alterando o espa¢o de acomodacao, ou da

area-fonte, afetando o suprimento sedimentar (HOLZ, 2012).

SEDIMENTOS
ACUMULADOS

EUSTASIA

!

CENTRO DA TERRA
Figura 3. Definicbes basicas da estratigrafia de sequéncias. Eustasia, nivel relativo do mar, espacgo

de acomodacao. Modificado de Posamentier, Jervey & Vail (1988).

Uma bacia que sofra subsidéncia sem que a eustasia varie dard a impressao
que o nivel do mar subiu, havendo retracdo da linha de costa, e criacdo de espaco
de acomodacéo. E, caso os dois fatores atuem em conjunto, a criagdo do espago de
acomodacéo e a variacdo da linha de costa dependerdo desta interacdo. Logo, nota-
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se que a variacéo relativa do nivel do mar, e ndo a absoluta (eustasia) que fica
registrada em uma sequéncia sedimentar especifica. Esta tem como referéncias a
superficie do mar, e o embasamento da bacia (VAN WAGONER et al., 1988)

Este conceito é similar ao de nivel de base, e em sistemas marinhos ambos sé&o
virtualmente o mesmo (na verdade, é o nivel de base de a¢édo das ondas). O nivel
de base € uma linha tedrica abaixo da qual ocorre deposi¢éo, e acima da qual ocorre
erosdo. Este conceito é aplicavel também a sistemas fluviais (CATUNEANU et al.,
2011).
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Figura 4. “Curva de Vail” (VAIL; MITCHUM; THOMPSON, 1977) mostrando propostas de variacdes

estaticas globais de primeira e segunda ordens.

Outros fatores controladores de sequéncias séo o clima e o aporte sedimentar.
Ciclos de Milankovitch sdo hoje amplamente aceitos como controladores de
sequéncias de 42 e 52 ordens (STRASSER et al., 1999), e a simples avulsdo de um
delta, por exemplo, pode ser responsavel pela geracdo de uma sequéncia
(CATUNEANU; ZECCHIN, 2013).

A Figura (Figura 5) mostra a interagdo de subsidéncia e eustasia, causando a
variacdo do nivel relativo do mar (nivel de base), e consequentemente criando

espaco de acomodacdo. Nota-se que os pontos médios da curva de eustasia
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correspondem a pontos maximos e minimos da curva de taxa de variacao eustatica,
0S quais interagem com a taxa de subsidéncia. Como o suprimento sedimentar
preenche o espac¢o absoluto (quando possivel), a taxa de criacdo de espaco de
acomodacéo acaba sendo mais significativa (CATUNEANU, 2006; HOLZ, 2012).
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Figura 5. Interacdo entre eustasia e subsidéncia, de modo a gerar taxa de criacdo de espaco de

acomodacédo. Modificado de Posamentier, Jervey & Vail (1988).

O aporte sedimentar para efeitos praticos € considerado constante. Este aporte,
ao se deparar com o espaco de acomodacao disponivel, tendera a preenché-lo.
Caso 0 espaco proximo a linha de costa seja preenchido por, por exemplo, um delta,
novos sedimentos serdo transportados mais longe em direcdo a bacia, e o sistema

sedimentar ira progradar em um regime regressivo (CATUNEANU, 2006). Interacdes
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possiveis do espaco de acomodacao variando com o tempo (a uma taxa também

variavel) estéo ilustradas nas figuras Figura 6 e Figura 7.

O comprimento de onda desta curva imaginaria corresponde a um ciclo de
variacdo do nivel de base. Sucessivos ciclos menores compdem um ciclo maior,
como na “Curva de Vail” (VAIL; MITCHUM; THOMPSON, 1977). Estes, se
progressivamente avancarem em dire¢do a bacia, como no exemplo do delta acima,
terdo como caracteristica um padrdo de empilhamento progradacional (Figura 6,
CATUNEANU, 2006).

CONJUNTO DE PARASEQUENCIAS PROGRADACIONAL RESPOSTA DO FURO

DE SONDAGEM

LOCALIZACAO DA RESPOSTA DO FURO .. ESQUEMATICO
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] ~RENITOS E PELITOS DE | I ARENITOS MARINHOS RASOS - PELITOS DA PLATAFORMA
- pLaNiCIE COSTEIRA

@ = @ PARASEQUENCIAS INDIVIDUAIS
Figura 6. Padrées de empilhamento de pequenos ciclos progradantes (parasequéncias). Modificado

de Posamentier, Jervey & Vail (1988).

Como mostrado na Figura 7, uma queda do nivel de base e consequente
diminuicdo do espaco de acomodacgdo gera uma progradacao vigorosa da linha de
costa. O sistema sedimentar “busca onde depositar-se” em diregdo a bacia, e isto
caracteriza uma regressdo forgcada. Neste momento, formam-se as discordancias
subaéreas e suas conformidades correlativas. Aporte sedimentar >> acomodacao
(CATUNEANU, 2006).
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O nivel de base passa entdo a subir lentamente (Figura 7), de modo que é
progressivamente criado mais espaco de acomodacéo, e 0 aporte sedimentar passa
a se depositar em padrdo de empilhamento progradacional a brevemente
agradacional (Figura 6), caracterizando uma regressdo normal em nivel baixo
(Figura 7). Neste ponto a regressdo atinge seu maximo. Aporte sedimentar =
acomodacédo (CATUNEANU, 2006).

A taxa de criacdo de espaco de acomodacado passa entdo a ser maior que o
aporte sedimentar, de modo que o sistema sedimentar retrograda em um regime

transgressivo (Figura 7). Aporte sedimentar < acomodacédo (CATUNEANU, 2006).
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|

Figura 7. Interacdo da variagdo do nivel de base com o suprimento sedimentar, de modo a gerar
regressbes forcada e normal, e transgressdes. Linhas vermelhas indicam regressdo normal.
Modificado de Catuneanu (2006)

Finalmente, a transgressado atinge seu maximo, e a taxa de criacdo de espacgo
de acomodacéo volta a ser lenta. O aporte sedimentar passa a se depositar em
regressdo normal, com padrdo de empilhamento brevemente agradacional a
progradacional, desta vez em nivel alto, fechando o ciclo de variagdo do nivel
relativo do mar. Aporte sedimentar = acomodagdo (CATUNEANU, 2006).

Estes foram os conceitos e principios popularizados pela “Escola Exxon”. Os

modos e a nomenclatura de como agrupar e dividir estes depdsitos sedimentares
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geneticamente relacionados viriam nos dez anos seguintes a ser adotados,
criticados, adaptados, e aperfeicoados por uma efervescente comunidade cientifica
(HOLZ, 2012). Diversos modelos surgiram de diferentes profissionais com diferentes

aproximacoes para seus problemas.
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formando uma sequéncia deposicional. Estdo indicadas as superficies significativas, e geometria e

evolucao dos tratos de sistemas. Modificado de Catuneanu (2006).
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Em 20086, o livro Principios de Estratigrafia de Sequéncia® (CATUNEANU, 2006)
se tornou um marco, por sua capacidade de integrar e organizar estas varias
contribuicbes ao longo de uma década e meia. Atualmente, o objetivo da
comunidade estratigrafica vem sendo o de unificar e padronizar as nomenclaturas
para permitir melhor emprego dos principios citados (CATUNEANU et al.,, 2009;
CATUNEANU, 2006; CATUNEANU et al., 2011).

Os depoésitos sedimentares gerados em cada uma das regides separadas da
curva de acomodacdo apresentam, como foi explicado acima, um padrdo de
empilhamento préprio, mas também uma geometria externa propria. Cada um dos
pequenos ciclos compondo um padrdo é o resultado de sistemas deposicionais
contemporaneos, sendo entdo agrupados como um trato de sistemas (Catuneanu,
2006). Ademais, para sistemas paralicos estes pequenos ciclos sdo normalmente
sucessfes progradantes limitadas por superficies de inundag¢do, chamados de
parasequéncias (VAN WAGONER et al., 1988).

A Figura 8 apresenta um desenho esquematico idealizado da formagéo de uma
sequéncia deposicional. Estdo representadas as superficies significativas, e o0s
tratos de sistemas, como serdo apresentados a seguir (CATUNEANU et al., 2009,
2011).

Na Publicacdo Especial 42 da SEPM, esta o esquema “classico” com trés
divisdes. O trato de sistemas de nivel baixo (TSNB)” é caracterizado pelo padrédo de
empilhamento de progradacional a rapidamente agradacional em uma regressao
normal. Seu limite inferior é dado pela discordancia subaéria (DS)° e sua
conformidade correlativa (CC)®, sendo juntos designados como limite de sequéncia
(LS)". A CC pode ser posicionada tanto no momento do inicio da regressao forcada
(sensu POSAMENTIER; ALLEN, 1999), ou no final da mesma (sensu HUNT,;
TUCKER, 1992). J4 o limite superior é designado como superficie regressiva
maxima (SRM; HELLAND-HANSEN; MARTINSEN, 1996)2, pois € o momento que 0
padrao de empilhamento cessa definitivamente de progradar (regime regressivo), e
passa a retrogradar (regime transgressivo; VAN WAGONER et al., 1988). Por esse

® Principles of Sequence Stratigraphy.

* Em inglés, lowstand systems tract (LST).

®> Em inglés, subaerial unconformity (SU).

® Em inglés, correlative conformity (CC).

" Em inglés, sequence boundary (SB).

® Em inglés, maximum regressive surface (MRS).
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motivo, era chamada de superficie transgressiva (ST)? no trabalho de Van Wagoner
et al. (1988).

O trato de sistemas transgressivo (TST)'® apresenta um padrdo de
empilhamento retrogradacional, em regime de transgressdo do nivel do mar. E
delimitado em sua base pela SRM, e em seu topo pela superficie de inundagéo
maxima (SIM; FRAZIER, 1974; VAN WAGONER et al., 1988)*. Esta superficie traca
0 momento que o padrdo de empilhamento passa de retrogradacional para entdo
comecar a progradar (VAN WAGONER et al., 1988).

Trato de sistema de nivel alto (TSNA)* é caracterizado por padrdo de
empilhamento rapidamente agradacional a progradacional em uma regressao
normal, sendo seu limite inferior a SIM. J& seu limite superior pode ser composto por

mais de uma superficie. No esquema “classico”, este limite é dado pela DS+CC.

Ja notado por Plint (1988), Hunt & Tucker (1992) propuseram um trato de
sistemas depositado durante a queda do nivel de base, o trato de sistemas de
regressdo forcada (TSRF)'. Este era chamado de “trato de sistemas de nivel baixo
inicial” por (POSAMENTIER; JERVEY; VAIL, 1988). Para Hunt & Tucker (1992), o
LS fica acima deste trato, e seu limite inferior se da pela superficie basal de
regressdo forcada'®. Para Posamentier & Allen (1999), o LS se encontra abaixo

deste trato, sendo sobreposto pelos sedimentos do TSNB.

Outras superficies significativas, mas que nado delimitam tratos de sistema sdo a
superficie de ravinamento®™ (NUMMEDAL; SWIFT, 1987), e a superficie regressiva
de erosdo marinha'® (PLINT, 1988).

Criticas a este modelo surgiram de pesquisadores trabalhando em situacdes
onde nem todas estas superficies e tratos podem ser identificadas (como em bacias
intracratbnicas onde o TSNB mais raramente se preserva, de modo que o LS e a

SRM sdao coincidentes). As variacbes mais famosas para o modelo de sequéncia

%Em inglés, transgressive surface (TS)

0 Em inglés, transgressive systems tract (TST).

" Em inglés, maximum flooding surface (MFS).

2 Em inglés, highstand systems tract (HST).

3 Em inglés, falling stage systems tract (FSST).

“ Em inglés, basal surface of forced regression.

> Em inglés, transgressive ravinement surface.

'® Em inglés, regressive surface of marine erosion.
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deposicional sdo a sequéncia genética de Galloway (1989), e a sequéncia T-R de
Embry & Johannessen (1992).

A sequéncia genética tem como superficie limitante a SIM (Figura 9). Esta
posicdo € defendida por seus autores principalmente pela facilidade de
reconhecimento desta superficie na aplicacdo pratica, ao mesmo tempo em que a
DS e principalmente a CC muitas vezes séo superficies de dificil reconhecimento. O
ponto fraco do modelo reside no fato de que a sequéncia encerra em seu meio uma

discordancia, a qual pode representar um hiato de milhdes de anos.

Modelo de
Sequéncia| Sequéncia Sequéncia Sequéncia Sequéncia Sequéncia
Deposicional Il | Deposicional Il |Deposicional IV Genética T-R
Eventos
TSNA TSNA inicial TSNA TSNA TSR
fim da
transgressao
TST TST TST TST TST
fim da
regressao
TSNB TSNB
final (cunha) TSNB TSNB final (cunha)
fimdaqueda | = < 4
do nivel de base
__TSNB _TSNB TSRF __TSNB TSR
inicial (leque) | final (leque) inicial (leque)
inicodaqueda (|
do nivel de base
TSNA | TSNB TSNA TSNA
inicial (cunha)

fim da queda
do nivel de base

A\ ‘ fim da
m— |imite de sequéncia /‘ regressao

limite de tratos de sistemas Tempo
——————— superficie dentro de tratos de sistema "\
inicio da queda fim da
do nivel de base regressao

Figura 9. Figura esquematizando os diferentes tipos de sequéncia, seus limites, e diferentes nomes

para os tratos de sistema. Modificado de Catuneanu (2006).

A sequéncia T-R (EMBRY; JOHANNESSEN, 1992) é defendida em termos
similares a genética, criticando a dificuldade de identificacdo na pratica de
superficies como a CC e a superficie basal de regressédo forcada (Figura 9). Os

tratos de sistemas neste modelo seriam definidos por padroes pro- e
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retrogradacionais. O limite de sequéncia se da pela DS+SRM. O problema deste
modelo reside no diacronismo entre estas duas superficies, e que a CC pode
também representar um hiato de milhdes de anos. Porém, pela sua simplicidade e
facilidade de aplicagdo, a sequéncia T-R é comumente utilizada quando os tratos de
sistemas da sequéncia deposicional sao de dificil identificacdo, uma situacdo comum
em sistemas carbonéticos (e.g., STRASSER et al., 1999).

Apés quatro décadas desde a publicacdo do Memoir 26, os principios da
estratigrafia de sequéncias vém resistindo a inimeros testes empiricos, sendo seus
métodos aperfeicoados e calibrados de acordo com necessidades e descobertas.
Sua resisténcia as provas da replicabilidade e predicdo enrijece-a como teoria
cientifica (sensu POPPER, 1972). Esta pode ser considerada como uma das mais
poderosas ferramentas para a compreensdo do registro sedimentar, sendo seus
principios hoje aplicados a situagfes muito diferentes da originalmente proposta,
como depdsitos fluviais, carbonaticos, e ao registro féssil (HOLZ, 2012; HOLZ;
SIMOES, 2002).

3.1.1. Estratigrafia de sequéncias em rampas carbonaticas

O conceito original de uma rampa carbonatica é simplesmente um sistema
deposicional carbonatico com baixo gradiente da linha de costa a bacia, de ordem
menor que 1° (AHR, 1973; Figura 10). Foi pensado como em oposicdo a uma
plataforma carbonatica com uma borda de recifes (BURCHETTE; WRIGHT, 1992).

James, Kendall & Pufahl (2010) definem rampas como um grande edificio
formado pela acumulacdo de sedimentos, anexado a um continente ou massa de
terra, sem uma barreira de recifes na borda, com inclinagdo menor que 1°. Uma

rampa inundada por um mar raso é dita epeirica.

Rampas carbonaticas sdo comuns ao longo de margens passivas e bacias de
foreland, ouintracratonicas, onde taxas de subsidéncia e gradiente topografico séo
baixos, e a profundidade da ldmina d’agua é relativamente rasa (BURCHETTE;
WRIGHT, 1992; JONES, 2010). Sdo comumente divididas em rampas homoclinais,
as quais mantém um gradiente uniforme até a bacia, e as rampas distalmente
ingremes, as quais apresentam uma maior inclinagdo na regido basinal (JONES,
2010; TUCKER; CALVET; HUNT, 1993).
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PLATAFORMA COM BORDA

FABRICA CARBON'AT|CA ASSENTAMENTO DE
TRANSPORTE INFRA-MARE PLANKTON CALCARIO
PARA A COSTAW
PLATAFORMA — ,

TRANSPORTE
PARA A BACIA

SEM BORDA

PLATAFORMA ABERTA

ACAO DE ONDAS

Figura 10. Figura exemplificando os trés modelos idealizados de morfologias de plataformas.
Modificado de James, Kendall & Pufahl (2010).

Devido a falta de quebra no perfil de inclinacdo, a energia do meio varia
gradualmente em resposta a batimetria, de modo que sdo comumente comparadas
a sistemas siliciclasticos (JONES, 2010). Isto levou Burchette & Wright (1992) a
dividir rampas em trés ambientes: rampa interna, média, e externa (Figura 11). Os
limites entre os ambientes s&o respectivamente o nivel de base de ondas de tempo

bom, e o nivel de base de ondas de tempestade. O Golfo Pérsico é considerado um

analogo moderno para este sistema deposicional (JONES, 2010).

Agitacdo constante
do fundo marinho

Raros efeitos : Retrabalhamento por
de tsunami H tempestade infrequente

por ondas
-oo—-—10's-100"s km - A
NM ; M E \ e N
NOTB e i - A ——— - — E
NBOT
Mais alta energia Planicies d
PC_ Retrabalhamento por Banco/Barreira ma:gllcsl::k:a
tempestade frequente !

BACIA RAMPA EXTERNA RAMPA INTERMEDIARIA RAMPA INTERNA

........................... e e ae e mma s s mae e e e e e mmamas e E s iae e see e e e e EANSTESSSsnesosomsoasoneessns

Flgura 11. Divisdo de ambientes de uma rampa carbonatica. Modificado de Burchette & erght
(1992).
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A rampa interna se caracteriza por deposicado de 4gua rasa: planicies de mare,
sabkhas, depdsitos de praia e shoreface; exposicbes subaéreas sdo comuns. A
rampa intermediaria encontra-se abaixo do nivel de base de ondas de tempo bom,
de modo que dominam neste ambiente tempestitos (e.g., AIGNER, 1985). A rampa
distal encontra-se abaixo do nivel de acdo de ondas de tempestade, de modo que
apenas alguns fluxos e/ou correntes geradas por tempestades (tempestitos distais)
afetam fracamente o substrato. Nas zonas mais profundas, ou em mares restritos,
condicdes de restricdo podem se desenvolver por estratificacdo da coluna d’agua
(BOSENCE; WILSON, 2003; BURCHETTE; WRIGHT, 1992)

Diferentemente de rampas, plataformas carbonaticas tém como caracteristica
uma fisiografia de “topo plano”, com uma quebra na margem de modo que o angulo
do talude aumenta rapidamente, ndo raramente chegando a angulos verticais. Isto
faz serem comuns depdésitos de brechas de taludes, especialmente durante o TSNA.
Ao mesmo tempo, quedas do nivel do mar podem ser catastréficas, encerrando a
producao de toda a fabrica e expondo a plataforma a diagénese metedrica. Também
sdo comumente margeadas por recifes, o que causa a formacdo de uma lagoa
interna, e faz seu registro ser caracterizado por boundstones. Tém tipicamente alta
producdo de sedimentos, de modo a rapidamente preencher o espaco de
acomodacéo durante o TST (JONES, 2010).

Em contrapartida, rampas carbonéticas ndo apresentam severa alteracdo no
perfil, de modo que os cinturdes de facies podem migrar junto da variacdo do nivel
relativo do mar, e ndo ha tdo clara diferenciacdo de facies entre os tratos de
sistemas (Figura 12). Por sua similaridade a sistemas siliciclasticos, a literatura
costumava tratar as rampas como relativamente simples, sua resposta de facies
sendo largamente o resultado da taxa de variagdo do nivel do mar e clima (e.qg.
TUCKER; CALVET; HUNT, 1993; WRIGHT; BURCHETTE, 1996), porém trabalhos
mais recentes vém atestando a complexidade destes sistemas (e.g., MACNEIL;
JONES, 2006).

O TST em rampas carbonaticas é notavelmente diferente de plataformas
(BOSENCE; WILSON, 2003). Apesar de progradacao poder ocorrer em rampas de
alta energia, caracteristicamente a baixa producédo da fabrica carbonatica resultara
em padrdes retrogradacionais (BURCHETTE; WRIGHT, 1992). Na rampa interna
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podem se formar facies perimaré!’ (MACNEIL; JONES, 2006), e é comum a
formacdo de bioconstrucbes (TUCKER; CALVET; HUNT, 1993). A caracteristica
mais comum é o afogamento da fabrica carbonatica, com superficies de inundacéo
bem marcadas. Transgressbes mais de maior magnitude geram secodes
condensadas e baixa sedimentagdo (“bacia faminta”), podendo resultar em
hardgrounds, glauconitizacdo, e fosfatizacdo devido ao hiato sedimentar
(BURCHETTE; WRIGHT, 1992; MACNEIL; JONES, 2006). Devido a relativamente
baixa producéo durante o TST, estes sao tipicamente pouco espessos, e a SIM pode
amalgamar-se com a SRM (BOSENCE; WILSON, 2003; Figura 12).

g Rampa intema restrita

m Rampa intema \:I TSNB SIM
D Rampa intermediaria D TST SRM
D Rampa extema D TSNA e S

Figura 12. Tratos de sistema em uma rampa carbonatica homoclinal, com consideravel aumento
vertical, e um trato de sistemas de mar baixo bem desenvolvido. Modificado de Bosence & Wilson
(2003).

A topografia suave favorece forte progradacdo durante o TSNA, e a maior
producdo da fabrica de aguas rasas aliada a falta de gradiente topografico faz os
depodsitos de rampa interna avancarem sobre os de rampa intermediaria e distal
(Figura 12). Este acumulo pode gerar topografia o suficiente para o estabelecimento
de uma borda (TUCKER; CALVET; HUNT, 1993). As sequéncias internas tornam-se
cada vez mais rasas devido A diminuicio progressiva do espago de acomodacao,
culminando em exposicdes subaéreas (BOSENCE; WILSON, 2003). Topografias
herdadas na rampa, podem inibir a formacdo de um TSNA (MACNEIL; JONES,
2006).

Ja o TSNB gera uma progradacao em offlap em direcédo a bacia, de modo que a
rampa interna € exposta. Uma regressdo forcada causa a fabrica carbonatica a
temporariamente instalar-se no local da rampa intermediaria, sem transicao de facies
(BURCHETTE; WRIGHT, 1992). A queda do nivel de base pode em alguns casos

Y peritidal carbonates.
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resultar em maior producdo carbonatica (MACNEIL; JONES, 2006; VAN
STEENWINKEL, 1990). Por fim, em bacias mais restritas pode haver a deposicéo de
evaporitos (BACHMANN; KUSS, 1998; DROSTE, 1990). Sdo poucos o0s
reconhecimentos de TSRF em rampas, mas aparentemente estes podem ter o efeito
de aumentar a producdo e o retrabalhamento, ou cessar a fabrica carbonética
(MACNEIL; JONES, 2006).

3.1.2. Estratigrafia de sequéncias e tafonomia de vertebrados marinhos

Estudos relacionando os conceitos da estratigrafia de sequéncias a tafonomia de
concentracbes de invertebrados marinhos tém sido muito bem-sucedidos (HOLZ;
SIMOES, 2005). Trabalhos como o de Banerjee & Kidwell (1991) e Fursich &
Oschmann (1993) demostram que estas maiores ocorréncias e acumulacdes fosseis
coincidem com superficies estratigraficas significativas, evidenciando que mais estes
aspectos da dinamica sedimentar, como espaco de acomodacdo e aporte

sedimentar, condicionam o registro fossilifero (BRETT, 1995).

Dentre os trabalhos contendo modelos preditivos destaca-se o de Brett (1995).
Considerando taxas de aporte sedimentar e energia do meio ao longo de tratos de
sistemas em sequéncias marinhas, o autor traca relacdes com tafofacies dos
registros Ordovicianos do estado de Nova lorque. Em seu modelo o LS e depédsitos
imediatamente superiores sado caracterizados por concentracdes fossiliferas
fragmentadas e retrabalhadas, devido a pouco espac¢o de acomodacéo e a agéao das
ondas no comeco do subsequente TST. Devido ao gradual aumento da
profundidade e retencdo dos rios pelo avanco da linha de costa, o TST tem como
caracteristica pouco retrabalhamento dos sedimentos de fundo e pouca
sedimentacao pelagica, de modo que os fosseis depositados neste periodo terédo
também menos chance de sofrer retrabalhamento, e h& maiores chances de
soterramento por eventos episédicos (como por exemplo, depdsitos de obrution,
responsaveis por varias preservacdes excepcionais; BRETT et al.,, 2012; BRETT,;
SEILACHER, 1991). Estas caracteristicas se fortalecem em direcéo a SIM, porém os
fosseis se tornam mais suscetiveis a processos como corrosao ou bioerosao, o que
tendencia o registro em favor de bioclastos mais geoquimicamente estaveis, como
ossos de vertebrados (fosfaticos). Fosseis no TSNA ocorrem em concentracdes
finas. Entretanto, coquinas sdo observadas marcando a divisdo entre a parte inicial

do TSNA da final, e receberam a denominacéo de “camada precursora”.



29

S| SIM

=) ST

TSNAF(TSR)

(e}
-l

TSNAI

k' P T T TP
A AT T TR T AN A
Yo . [

Profundidade
da dgua
(aproximada)

sSm 50m
ON SWB s e

Figura 13. Tafofacies e acumula¢gBes esqueletais em uma se¢do de 10 m do Devoniano Médio do
estado de Nova lorque. (A, B) Depoésitos do TST logo acima do LS; intenso retrabalhamento por
pouco espac¢o de acomodacédo e ravinamento por ondas na superficie transgressiva (ST; atualmente
referida por SRM). (C) Depésitos do TSNAI (inicial); baixa energia, piritizacdo. (D) horizonte
condensado da “camada precursora” (CP); marca o comec¢o de uma queda rapida no nivel de base,
com consequente erosdo e formacdo de um lag basal. (E) TSNAF (final); alta agradacdo e
bioturbacgéo; fésseis isolados mas tipicamente bem preservados; tempestitos tornam-se mais comuns.

(F) Topo regressivo; arenitos com conchas e ECH. Modificado de Brett (1995).

Este modelo foi aplicado com sucesso para a Bacia do Parana por Simdes &
Ghilardi (2002), e Zabini et al. (2012).

Em contrapartida, estudos tafonGmicos para vertebrados marinhos, incluindo
para tafonomia basica, sdo muito menos numerosos (BOESSENECKER; PERRY;
SCHMITT, 2014; ROGERS; KIDWELL, 2000).

Rogers & Kidwell (2000) comparam acumulacdes fossiliferas encontradas em
superficies significativas, principalmente superficies erosivas, com a magnitude de
tempo que estas encerram. O trabalho foi feito nas Formacgbes Two Medicine e
Judith River (Campaniano, Cretaceo), onde estratos continentais e marinhos rasos

se intercalam em mais de uma ordem de grandeza. O resultado obtido foi na maior
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parte negativo, pois superficies fortemente erosivas e contendo vastos hiatos
temporais (limites de sequéncia de terceira ordem) foram constatadas como estéreis,
enquanto outras superficies menores, como simples bases erosivas de canais de
mare, abrigavam concentracdes. A presenca de restos fosseis nestes hiatos é entdo
relacionada ao conteudo fossilifero das camadas subjacentes, que foram erodidas.

Os autores também reconhecem a maior propensao de preservacao durante o TST.

Tapanila et al. (2008) descreve uma acumulacdo fossil associada a
conglomerados fosfaticos em TST na Trans-Saharan Seaway do Eoceno de Mali.
Coproélitos e ossos de peixes e répteis foram preservados em um contexto de
fosfogénese, de modo que praticamente nao ha restos esqueletais carbonéticos.
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Figura 14. Perfil estratigrafico da Formacao Sundance no flanco leste da Bacia Bighorn, Wyoming.
Modificado de McMullen et al. (2014).
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Peters et al. (2009) e McMullen, Holand & O’Keefe (2014) também apontam
maior propensao a preservacao de vertebrados marinhos no TST, em especial em
superficies de inundacdo (Figura 14). Ja Boessenecker, Perry & Schmitt (2014),
reportam a ocorréncia de diversos bonebeds em um TSNA, mas também em sua

maioria relacionados a superficies de inundagéo, atribuidas a parasequéncias.

Em aparente acordo com o modelo preconizado por Brett (1995), h4 uma clara
tendéncia a preservacao de fosseis de vertebrados marinhos no TST, em especial
associados a superficies de inundacdo. Isto provavelmente se deve a maior
resisténcia destes bioclastos a ataques quimicos do meio, na interface agua-
sedimento, quando expostos por periodos relativamente prolongados, aos quais
restos esqueletais carbonaticas mais dificilmente resistem. Isto se soma ao baixo
aporte sedimentar destes periodos, permitindo o acumulo atricional devido a um
hiato sedimentar (BRETT, 1995).

Em conclusdo, a estratigrafia de sequéncias se mostra mais uma vez uma
ferramenta versatil e poderosa para a andlise do registro sedimentar e féssil.
Comparacéo da disposicao e condicbes em que os fésseis se apresentam com seu
arcabouco permite a identificacdo de processos sedimentares atuantes, e melhor
consideracdo da génese do registro féssil. Ou em outras palavras, uma melhor
resposta para a pergunta fundamental de Pat Shipman (1981): “What are these

bones doing here?”*8.

3.2.Formacéo Irati

A Formacao Irati, cujo nome significa “Rio do Mel” (AMARAL, 1971), foi assim
definida por White (1908), e sempre chamou a atencdo de estudiosos por seus
folhelhos betuminosos, 0s quais apresentam uma das maiores concentracbes de
matéria organica do mundo (podendo ultrapassar 30% COT; ARAUJO, 2001). E
talvez mais notdrio ainda seja seu conteudo fossilifero, tendo seus répteis
mesossaurideos sido usados para correlacdo com a Bacia de Karoo, e uma das
evidéncias da Deriva Continental (DU TOIT, 1927). Estas caracteristicas a fizeram
um marco na Bacia do Parana (LAVINA, 1991).

Estendendo-se por uma area de mais de 1,5 milhdo de quildmetros quadrados, a

Bacia do Parana se apresenta como uma extensa depressao preenchida por rochas

BEm portugués, “o que estes ossos fazem aqui?”.
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sedimentares e magmaéticas, chegando a espessura maxima de ao redor de 7.000
m, proximo a calha do rio que lhe empresta o nome (MILANI et al., 2007). Sua
“forma ovalada” com eixo maior aproximadamente N-S abrange o Brasil (1.000.000

km?), Argentina, (400.000 km?), Uruguai (100.000 km?), e Paraguai (100.000 km?)
(SCHNEIDER et al., 1974).
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Figura 15. Localizacdo da Bacia do Parana na América do Sul, e detalhe de suas unidades
pertencentes aflorantes no Rio Grande do Sul. Retirado de Horn (2010).

Milani (1997) identificou seis sequéncias deposicionais de segunda ordem dentro
da Bacia do Parana (Figura 16). A terceira, denominada Supersequéncia Gondwana
I, abriga a Formacao Irati (Figura 17). A formacao é a unidade basal do Grupo Passa
Dois, o0 qual representa o inicio da fase regressiva apds o0 maximo transgressivo na
Formacdo Palermo, subjacente. A faixa aflorante do Grupo Passa Dois no Brasil
encontra-se na borda leste da bacia, atravessando os estados de Goias, Sdo Paulo,

Parana, Santa Catarina, e Rio Grande do Sul, na forma de um grande “S” (fig. 18).

Idades absolutas para a Formagéao Irati foram obtidas por Santos et al. (2006),
com base no método de datacdo por zircdo U-Pb SHRIMP. Isto a insere no andar
Kunguriano (COHEN et al.,, 2013; updated), dentro da biozona Lueckisporites
virkkiae (SANTOS et al., 2006; SOUZA; MARQUES-TOIGO, 2005).
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Sua litologia uniforme e conteudo fossilifero permitiram correlacées com diversas
unidades estratigraficas na América do Sul e Africa, sendo estas: a Formagcéo
Mangrullo (Uruguai) ainda na Bacia do Parana (DELANEY; GONI, 1963); Formacéo
Chacabuco (Argentina e Paraguai) na Bacia do Chaco-Parana (ARAUJO, 2001;
BEDER, 1923); Formagao Whitehill nas Bacias de Kalahari, Warmbad, e Karoo
(Grande Karoo, Africa) (ARAUJO, 2001; OELOFSEN; ARAUJO, 1983); e a
Formac&o B2 das llhas Falkland (ARAUJO, 2001).

O Arco de Ponta Grossa se mostra uma feicdo importante com relacdo a
Formacéo Irati (ROHN, 2007), de modo que divide sua litologia em um “padréo
norte” e um “padréo sul’. Nos estados de Sdo Paulo, Goias, e no norte do Parana
dominam depdsitos carbonaticos, em sucessdes ritmicas alternadas de carbonatos e
folhelhos. Sul do arco, as sucessfes tornam-se mais lamosas, de modo que no Rio
Grande do Sul a Formacao é caracterizada por apenas dois niveis distintos de
carbonatos, e dois de folhelho negro betuminoso, separados entre si por pelitos
(AMARAL, 1971; ARAUJO, 2001; HACHIRO, 1996).

Em termos litoestratigraficos formais, a Formacdo é divida nos Membros
Taquaral e Assisténcia, respectivamente, inferior e superior (BARBOSA; ALMEIDA,
1948; BARBOSA; GOMES, 1958; SCHNEIDER et al., 1974). O Membro Taquaral
apresenta espessura entre 10 e 20 m em média, sendo formado por siltitos e pelitos
cinza a negros e folhelhos de cor cinza escuro a cinza claro. Estruturas que néo
estratificacdes paralelas sao raras (HOLZ et al.,, 2010; SCHNEIDER et al., 1974).
Seus contatos inferior e superior, respectivamente com a Formacdo Palermo e o
Membro Assiténcia, sdo concordantes. No estado de S&o Paulo, um contato
descontinuo pode ser observado com a Formacao Tatui (HOLZ et al., 2010). Por sua
vez, o Membro Assisténcia compreende folhelhos negros betuminosos e néao-
betuminosos associados a carbonatos, sendo comum a composi¢do dolomitica.
Estruturas encontradas nos folhelhos séo praticamente apenas laminacdes
paralelas. Em contraposi¢do, as rochas carbonaticas apresentam marcas de onda,
estratificacées cruzadas como ECH, brechas e conglomerados intraformacionais, e
laminac&o criptomicrobial (ARAUJO, 2001; HOLZ et al., 2010).
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Figura 17. Detalhe da Supersequéncia Gondwana |, destacando a posicdo da Formacao Irati.
Modificado de Milani et al. (2007).

Em sua carta estratigrafica apresentando sequéncias deposicionais de terceira
ordem dentro da Supersequéncia Gondwana |, Holz et al. (2010) consideram a base
da Formacdo Irati como uma queda do nivel de base e um subsequente evento
transgressivo. Deste modo, para estes autores a Formacéao lIrati € equivalente a a
quinta Sequéncia Deposicional Neopaleozoica de Terceira Ordem (LPTS-5; HOLZ et
al., 2010) dentro da Supersequéncia Gondwana |. O limite entre os Membros

Taquaral e Assisténcia é para estes autores um limite de sequéncia menor.

Figura 18. Faixa aflorante do Grupo
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Em termos de paleobotéanica, a Formacdo Irati € caracterizada pela flora
Polysolenoxylon-Glossopteris (HOLZ et al., 2010). Na area da palinologia, encontra-
se dentro da Zona de intervalo Luekisporites vrikkiae, ocorrendo géneros como
Alisporites e Vittatina (CHAHUD, 2011; SOUZA; MARQUES-TOIGO, 2005).

Abundantes chondrychties, sarcopterigeos, actinopterigeos e outros peixes ocorrem
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na base do membro Taquaral (CHAHUD, 2011), e principalmente escamas isoladas
ocorrem no Membro Assiténcia (HOLZ et al., 2010). Porém, os elementos que
caracterizam a fauna da formacdo sdo os crustaceos pigocefalomorfos e os répteis
mesossaurideos (ARAUJO-BARBERENA, D. C.; TIMM, 2000; SEDOR; FERIGOLO,
2001). Os registros destes ultimos, encontrados no Brasil, Paraguai, Uruguai,
Namibia e sul da (BEDER, 1923; OELOFSEN, 1981) incluem esqueletos

preservados articulados, desarticulados, e também 0ssos isolados.

3.2.1. Interpretacdes paleoambientais

Concepcdes acerca do ambiente deposicional da Formacao Irati foram motivo de
debate desde suas primeiras descricbes. O principal motivo é sem davida a
auséncia de fosseis tipicamente marinhos (LAVINA, 1991), o que levou White (1908)

a supor a deposicdo do Irati a partir de diversos lagos originarios de degelo.

Porém, progressivas constatacdes em estudos ao longo dos anos de parametros
como por exemplo a continuidade das facies da Formacao Irati ao longo da Bacia do
Parana (e até através do Oceano Atlantico), e a presenca de evaporitos no norte da
bacia levaram progressivamente a maioria dos autores a considerarem o ambiente
deposicional da formag¢do como marinho (ARAUJO, 2001; BEURLEN, 1957; HOLZ
et al., 2010; LAVINA, 1991; SCHNEIDER et al., 1974).

A chegada ao final dos anos 1980 da “escola neocatastrofista” no Brasil (DELLA
FAVERA, 1987; LAVINA; BARBERENA; AZEVEDO, 1991; SOARES, 1996), e 0
reconhecimento de tempestitos no Rio Grande do Sul contribuiram para fortalecer a
visdo de um mar. Isto por que ECH sé&o estruturas tipicas de sistemas paralicos
dominados por ondas (HARMS et al., 1975).

A Formacéo Irati passou a ser vista entdo como depositada em um mar interior,
ou epeirico, com comunicacao limitada com o oceano. O Membro Taquaral teria sido
depositado em ambiente marinho abaixo do nivel de agdo das ondas (SCHNEIDER
et al., 1974), mas ainda apresentando niveis de oxigénio normais nos sedimentos de
fundo (ARAUJO; RODRIGUES; SCHERER, 2004; GOLDBERG; HUMAYUN, 2016),

indicando boa circulacéo de agua.

Ja o Membro Assisténcia teria sido formado em um mar raso e muito extenso,
admitindo uma possivel conexdo com o Oceano Pantalassa apenas no extremo sul
da atual América do Sul (LAVINA; ARAUJO-BARBERENA, D. C., 1994). Esta
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restricdo teria gerado uma estratificagcdo das dguas. As aguas de fundo seriam mais
densas, devido a salinidade mais alta, e com temperatura mais baixa. As aguas mais
superficiais e, especialmente as mais rasas, teriam influéncia dos rios, sendo
salobras, oxigenadas, mais quentes e, portanto, menos densas. A estagnacéo do
corpo d’agua impediria a mistura da agua de fundo com a agua de superficie, sendo
o limite entre elas denominado termoclina. Este cenario permitiria a criacdo de um
ambiente sapropélico no fundo, o qual depositaria os folhelhos betuminosos ricos em
matéria organica e acido sulfidrico (H,S) (BEURLEN, 1957; LAVINA, 1991). Locais
onde a restricdo fosse ainda maior apresentariam condi¢gdes hipersalinas
(SCHNEIDER et al., 1974; HOLZ et al., 2010).
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Figura 19. Modelo deposicional de rampa carbonatica homoclinal para a Formacéao Irati. Retirado de
Araujo (2001).

Araujo (2001) interpretou o ambiente deposicional da Formacao Irati como uma
rampa carbonatica homoclinal (Figura 19), utilizando as divisbes de ambientes de
Burchette & Wright (1992). Esta visdo tem amplo carater integrador, pois agrupa no
mesmo ambiente gerador as facies carbonaticas do norte da bacia, com as facies
siliciclasticas finas mais ao sul. Em adicdo, mostra a acdo dos mesmos processos
(tempestades) atuando para os dois ambientes ao longo de um gradiente

batimeétrico, e composicional (Figura 20).
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Figura 20. Esquematizagdo de produtos deposicionais e seus processos inferidos para a Formacao
Irati. Retirado de Araujo (2001).

A salinidade do Mar Whitehill-Irati também sempre foi alvo de debates. Grande
parte do problema se deve, novamente, a auséncia de registros de fdsseis
exclusivamente marinhos para a Formacéao Irati (LAVINA, 1991). De fato, Burjack
(1984) reporta a presenca de algas Botryococcus no Irati do Rio Grande do Sul,
classicamente consideradas como organismos de agua doce ou salobra. Em
contrapartida, Petri & Coimbra (1982), observando a presenca de evaporitos em
sondagens no estado de S&o Paulo, atribuiram condi¢des de salinidade muito alta
para a Formacao Irati. Suguio; Salati & Barcelos (1974) estudando is6topos estaveis
da Formacédo Corumbatai (pertencente Grupo Passa Dois no estado de Sdo Paulo),
também concluem que este corpo d’agua seria lacustre, fortemente salino e com alta

evaporacao.

Abrindo uma terceira linha de pensamento, Beurlen (1957) constatou a presenca
de invertebrados fosseis tanto marinhos quanto de agua doce no Grupo Passa Dois.
Rodrigues & Quadros (1976) estudaram teores de boro para o grupo e concluiram
gue a salinidade seria muito variavel ao longo da bacia, apesar de superior a da
Formacgédo Palermo, o que seria explicado pela restricdo da bacia. Concluséo
semelhante foi alcangcada por Oelofsen & Araujo (1983), que ao aplicarem o modelo
deposicional inicialmente concebido para a Formacgao Whitehill (correlata da Fm. Irati

na Africa do Sul) propuseram que os carbonatos de S&o Paulo teriam sido
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depositados em aguas rasas e oxigenadas, enquanto os folhelhos negros
abundantes no sul da bacia teriam sido resultantes de deposicdo em aguas
profundas de alta salinidade. As conclusGes destes ultimos autores contrastam

diretamente com as inferéncias de Burjack (1984).

Lavina (1991) faz uma sintese dos trabalhos publicados acerca da salinidade do
Grupo Passa Dois e utiliza principalmente as propostas de Beurlen (1957) para
defender que a salinidade deste corpo d’agua seria em geral reduzida, mas com
variacdes locais, devido a conexao restrita com o oceano. Defende também que um
corpo de 4gua que se estenderia desde o Uruguai até o estado de Goias, e a Africa

do Sul deve propriamente ser referido como “mar”.

Novamente, o modelo de Aradjo (2001) pode ser empregado de maneira
unificadora. Baseado nas noc¢des de estratigrafia de sequéncias, o autor identifica
trés sequéncias deposicionais dentro da Formacao Irati (SI1, SI2, SI3). Munido de
dados geoquimicos de diversas fontes, este autor constata que periodos
regressivos, com baixo espaco de acomodacdo causaram a bacia a se tornar
restrita, ativando a fabrica carbonatica e criando momentos de hipersalinidade,
especialmente no dominio norte. Quando o mar volta a subir em um periodo de
transgressdo, o aumento da lamina d’agua e a maior dificuldade de eventos de
tempestade atingirem os sedimentos de fundo causam estratificagcdo do corpo

d’agua, depositando os folhelhos negros (Figura 21).

Tais interpretacdes de um corpo d’agua restrito, de salinidade variavel e
dependente da variacdo do nivel de base sdo reforcadas pelas interpretacdes
paleogeograficas de Lavina (1991) e Lavina & Araujo-Barberena (1994), na qual a
comunicagdo do Mar Whitehill-Irati com o oceano seria mais provavelmente uma
saida Unica pela regido ao sul da Sierra de La Ventana, em dire¢do a Bacia Central
Patagdnica. Também concluem que o Escudo Sul-Rio-Grandense seria uma ilha, e a
comunicacdo entre os Mares Whitehill (atual Africa) e Irati (atual América do Sul)
ocorreria por um brago de mar que se estenderia por cima do Uruguai. Araudjo (2001)
corrobora as proposicdes destes autores em que a comunicacao mais provavel com
o mar € uma Unica via pelo extremo sul das atuais América do Sul e Africa, porém

discorda que o Escudo-Sul-Riograndense seria uma ilha (Figura 22).
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As interpretagcOes acerca do clima vigente durante o Permiano Inferior da Bacia
do Parana néo ja ndo sao tdo controversas. Burjack (1984) aponta a abundancia de
graos de pélen estriados como indicativo de sazonalidade entre estacfes secas e
Uumidas. Varios autores (e.g., MENDES, 1961) fizeram estudos em troncos fésseis e
relataram que os anéis de crescimento indicam alternancia de estagdes com maior
ou menor disponibilidade de agua. Adaptacbes xeromorficas da flora indicam
periodos de chuva e seca, além de adaptacdes a variacfes de salinidade. O proprio
processo de silicificacdo requer variacdes entre estacdes secas e Umidas. Em
especial Alves (1994), com base em anéis de crescimento em troncos fosseis do
género Barakaroxylum da Formacé&o Irati do Rio Grande do Sul, propée que as
plantas passaram por anos com esta¢fes bem marcadas, mas constantes. Este
clima seria comparavel ao do atual Mar Mediterraneo. Neste clima, os verdes podem
apresentar secas de varios meses, enquanto no inverno as massas de ar invadem o

ambiente na forma de tempestades, gerando alta precipitacao.

Dados sedimentologicos sdo usados por Mendes (1961, 1967). No primeiro
trabalho, o autor relata que os carbonatos, em funcdo de sua abundancia, néo
podem ter sido depositados em aguas frias. No segundo, propde que os folhelhos
negros alternados com dolomitos sdo resultado de variacbes climéaticas que

influenciavam na circulagdo vertical de agua.

Utilizando-se da reconstrucdo paleogeografica do Mar Whitehill-lrati, e de
indicadores paleocliméticos dos registros sedimentares na formacédo, Aradjo (2001)
infere que devido a sua vastidao e posicdo paleogeogréafica, o Mar Whitehill-Irati se
encontrava entre os paralelos de 20°S e 65°S, estando sob a influéncia de sete
zonas climaticas. A Bacia do Parana em especial (20°S — 40°S) estava dentro do
cinturdo cinturdo tropical temperado, com predominio de fases menos Umidas
(Figura 23).
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Figura 23. Posicionamento aproximado dos cinturdes climaticos influenciando a sedimentagédo no

Mar Whitehill-Irati. S&o relacionados atributos sedimentares possivel significado paleoclimético.
Retirado de Araujo (2001).

3.2.2. Tempestades no Mar Whitehill-Irati

Della Favera (1987) analisou as acumulacdes fossiliferas e feicbes sedimentares
(camadas com granodecrescéncia ascendente e ECH) no afloramento Passo do Sao
Borja, no municipio de S&o Gabriel, Rio Grande do Sul. O autor interpretou-as como

eventos de mortalidade em massa causados por tempestades.

Lavina et. al. (1991) fizeram uma interpretacéo plaeoambiental da Formacao Irati
baseada neste mesmo afloramento Passo do Sdo Borja. Interpretaram que as duas
camadas de calcarenito em meio a folhelhos betuminosos contendo horizontes
delgados compostos praticamente por restos de mesossaurideos correspondem ao
registro de duas grandes tempestades. Devido aos fésseis da camada superior
estarem mais bem articulados que os da inferior, interpretam que a segunda

tempestade retrabalhou os sedimentos da primeira.

Segundo Lavina et. al. (1991), estas tempestades teriam intensidade
anomalamente grande, gerando ondas grandes o bastante para remobilizar os

sedimentos de fundo, o que teria levado a mistura das aguas de fundo, ricas em
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H.S, com as aguas superficiais, produzindo condi¢des andxicas em toda a coluna
d’agua. Os seres que respirassem dentro d’agua (e.g. crustaceos, peixes) seriam
intoxicados, quebrando a cadeia alimentar e, consequentemente, impedindo o
acesso dos répteis ao alimento. Estes autores, considerando que a paleolatitude do
Mar Whitehill-lIrati nesta regido seria aproximadamente entre 50° — 60°S, inferem
também que tempestades de inverno seriam as responsaveis pelas feicdes
observadas no afloramento Passo do S&o Borja e ndo furacdes (0s quais ocorrem

em latitudes menores).

Os estudos paleoambientais baseados em tafonomia foram continuados por
Soares (1996, 2003). A autora analisou 106 espécimes de mesossaurideos dos
estados do Rio Grande do Sul (Afloramento Passo do S&o Borja), Sdo Paulo e
Parand, os quais apresentam trés diferentes classes de preservacdo. A Classe |
corresponde a individuos articulados, a Classe Il a individuos parcialmente
articulados e a Classe Il a individuos completamente desarticulados. Ela atribuiu,
entdo, a cada uma das localidades uma tafofacies (facies tafonémica). Ao Passo do
Séo Borja foi atribuida a Tafofacies 1, a qual indicaria um ambiente proximal, de alta
energia, onde o0s bioclastos sofrem intensa desarticulacdo e fragmentacdo. A
Tafofécies 2, atribuida aos depdésitos de S&o Paulo, representaria um ambiente distal
onde apenas as maiores tempestades teriam energia para retrabalhar bioclastos.
Finalmente, a Tafofacies 3 representaria os ambientes mais profundos da bacia,
explicando porque poucos esqueletos encontram-se desarticulados nos folhelhos do

Parana.

A partir destas classificagdes, foi criado um modelo tafondémico para a Formacéao
Irati (Figura 24), incluindo o Afloramento Passo do S&o Borja. A historia tafondmica
multiepisddica se inicia com um evento de tempestade causando quebra da termo-
oxiclina e ascensdo de aguas toxicas, com a consequente morte e soterramento dos
mesossaurideos, produzindo os esqueletos da Classe I. Um evento posterior de
tempestade voltaria a causar mortalidade dos répteis e retrabalharia os restos
depositados anteriormente, gerando esqueletos de Classe Il e Ill. A batimetria teria
condicionado, entdo, a tafofacies preservada na localidade, assim como controla o

retrabalhamento de outros sedimentos (Figura 11).
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(A) Condicdes normais com mesossaurideos vivendo em aguas superficiais e o estabelecimento da

termo-oxiclina (T/O) permitindo estratificagdo das aguas.

(B) Grande evento de tempestade afetando o nivel do mar (NM) e produzindo fluxo combinado
(ondas e correntes); quebra da termo-oxiclina e ascensédo de aguas toxicas; erosao de sedimentos
depositados anteriormente em (A), retrabalhamento e suspenc¢éo de material biogénico e sedimentar;
transporte para regides de costa-afora por correntes de turbidez (CT); mesossaurideos morrendo,

chegando ao fundo, e sendo enterrados.

(C) Condicdes normais; deposicdo de tempestitos proximais (TP) e distais (TD) em partes rasas da

bacia; pouca perturbacao do fundo em zonas mais profundas da bacia.

(D) Novo evento de grande tempestade retrabalhando depdsitos prévios e materiais biogénicos
associados originados em B e C; novas carcacas de mesossaurideos chegando ao fundo e sendo

enterradas.
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(E) (Continuagdo) Condi¢cdes normais: formagcdo de novos tempestitos sobrepostos aos mais

anteriores (produzidos em C).

Figura 24. (Pagina anterior e continuacdo) Figura ilustrando se¢des transversais idealizadas do Mar
Whitehill-Irati, mostrando a relacdo entre diferentes facies e os processos que influenciaram a
formacéo das tafocenoses de mesossaurideos. Notar o desenvolvimento de facies carbonaticas nas
zonas marginais do litoral (incluindo estromatélitos e areias bioclasticas) em contraste com a
predominéncia de depdsitos siliciclasticos nas areas de costa-afora. A até E sequenciam a geragao
de tafofacies ao longo do tempo. Tafofacies 1 (TF1) — zona de tempestito proximal; Tafofacies 2 (TF2)
— zona de tempestito distal; Tafofacies 3 (TF3) — ndo ha geracédo de tempestito. Retirado de Soares
(1996).

Grings et al. (2011) refinaram a descricdo do nivel carbonético do afloramento
Passo do Sao Borja e interpretaram a camada inferior como um turbidito,
reconhecendo neste uma sequéncia de Bouma (1962). Os autores atribuiram a
origem deste turbidito a uma tempestade de menor intensidade, a qual teria
remobilizado sedimentos que teriam sido neste local redepositados. A segunda
camada calcaria teria sido gerada por uma tempestade maior, cujas ondas tiveram
energia para remobilizar sedimentos a uma maior profundidade (onde havia

deposicao de folhelhos betuminosos).

Matos, Pretto & Simfes (2013) fazem uma abordagem similar a de Soares
(2003), para o Afloramento Passo do S&o Borja, porém com crustaceos
pigocefalomorfos, classificando o estado de preservacao dos espécimes nos tipos 1,
2, e 3 (completa ou parcialmente articulados, ou desarticulados). Estes autores
também dividem os espécimes em 4 tipos de concentracdo: A, B, C, e D. As
concentracdes tipo A e B, presentes no estado de Sao Paulo, seriam resultado de
tempestitos distais gerados por fluxos de turbidez desencadeados por tempestades,
0 que se evidencia por: “(i) contato basal brusco e irregular (erosivo?); (ii) arranjo
caotico dos bioclastos, em planta e em secéo; e (iii) pela presenca de bioclastos
empilhados e aninhados, muitos com a convexidade voltada para cima.” (MATOS;
PRETTO; SIMOES, 2013). As concentra¢cbes do tipo D, presentes também no
estado de S&o Paulo, corresponderiam a turbiditos modificados por tempestades
(sensu MYROW; FISCHER; GOODGE, 2002), cuja acdo de ondas é evidenciada
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pela disposicdo bimodal das carapacas. Finalmente, as concentracdes tipo C
correspondem a tempestitos proximais e ocorrem no afloramento Passo do Sao

Borja, em Sao Gabriel.

Figura 25. Modelo tafonémico conceitual para
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3.3.Grupos fésseis de interesse

3.3.1. Mesosauridae

A familia Mesosauridae é notéria por sua histéria. Sua distribuicdo disjunta na
América do Sul e Africa foi talvez o mais conhecido argumento paleontolégico
utilizado por Alfred Wegener para fundamentar sua Teoria da Deriva Continental em
1915 (DU TOIT, 1927; LAVINA, 1991).

Os mesossaurideos apresentam caracteristicas para habitos aquaticos, como
cauda comprida e achatada (provavelmente utilizada como 6érgdo propulsor),
membros digitados em forma de remo e costelas espessas (PRETTO, 2012). Tém
em média entre 40 e 50 cm de comprimento, dentes pontiagudos e cranio longo
(SOARES, 1996). S&o encontrados em abundancia na América do Sul e Africa, em
especial nas formagbes Whitehill (Africa), Irati (Brasil), e Mangrullo (Uruguai)
(OELOFSEN; ARAUJO, 1983; SOARES, 1996; HOLZ et al., 2010).

Sua classificagdo filogenética atual ndo € consenso entre os estudiosos, mas
admite-se que é um grupo basal de amniotas, geralmente posicionado como o grupo

mais basal dentro dos pararrépteis (e.g. MODESTO, 2006), mas alguns autores
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defendem que 0 grupo ocupe uma posi¢do externa aos pararrépteis, na base dos
Sauropsideos (e.g. LAURIN; REISZ, 1995).
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Figura 26. Desenho esquematico, apontando algumas das principais caracteristicas diagndsticas
entre os trés taxons validos de Mesosauridae. Acima, Brazilosaurus; no centro, Stereosternum;

abaixo, Mesosaurus. Fonte: retirado de Pretto (2012).

Hoje, sdo considerados validos trés taxons de mesossaurideos: Mesosaurus
tenuidens Gervais (1864), Stereosternum tumidum Cope (1886), e Brazilosaurus
saopauloensis Shikama & Ozaki (1966). Suas caracteristicas diferencias estéo
ilustradas na figura 21. Destes, apenas 0 género Brazilosaurus é exclusivo da
América do sul. O taxon “Mesosaurus brasiliensis” MacGregor (1908) extremamente
comum na bibliografia brasileira, € hoje considerado sinénimo-junior de
Mesossaurus tenuidens Gervais (1864) (OELOFSEN; ARAUJO-BARBERENA,
1987).

As costelas dos géneros Stereosternum e Mesosaurus, e 0s arcos hemais dos
géneros Stereosternum e Brazilosaurus apresentam paquiostose. A paquiostose
caracteriza-se pelo espessamento da regido cortical do 0osso, aléem de compactagéo
e mineralizacdo de todo o tecido 6sseo. Isso aumenta a densidade das costelas e do
animal como um todo, permitindo um melhor equilibrio hidrostatico, o que caracteriza
uma adaptacéo ao meio aquatico (TIMM; ARAUJO-BARBERENA, 2006)
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3.3.2. Pygocephalomorpha

Os crustaceos da Ordem Pygocephalomorpha Beurlen 1930 pertencem a classe
dos malacostracos e sdo, dentre estes, o grupo mais bem representado no registro
fossil, especialmente para o Paleozoico (TAYLOR; SHEN; SCHRAM, 1998). Os
grupos dentro da Ordem Pygocephalomorpha ainda sdo motivo de discussdo na
literatura (MATOS; PRETTO; SIMOES, 2013; PINEIRO et al., 2012; TAYLOR;
SHEN; SCHRAM, 1998), havendo propostas de sinonimizacdo (ou manutencédo) de
taxons (MATOS; PRETTO; SIMOES, 2013), além da criacdo de novos géneros (e.g.,
PINEIRO et al., 2012).

O grupo tem ampla ocorréncia no Carbonifero e Permiano da América do Norte
e do Sul, Rassia, Europa, Africa, e China (TAYLOR; SHEN; SCHRAM, 1998). Sio
comuns na Bacia do Parand os géneros Paulocaris, Liocaris e Pygaspis
(PAZINATO; SOARES; ADAMI-RODRIGUES, 2016). Recentemente, trés novos
géneros foram descritos, e foram encontradas evidéncias de dimorfismo sexual em
pigocefalomorfos da Formacédo Irati (ADAMI-RODRIGUES; PAZINATO; PINTO,
2017; PAZINATO; SOARES; ADAMI-RODRIGUES, 2016). A figura 27 apresenta

uma reconstrucao de um individuo.

Figura 27. Reconstrucdo da anatomia de crustaceo
pigocefalomorfo, com base em Adami-Rodriges &
Pinto, 2000). Abreviagbes: |, cefalotérax; I,
abdémen; 1, anténulas; 2, antenas; 3, rostro; 4,
carapaca; 5, espinho gastrico; 6, espinho hepético;
carena; 8, maxilipede; 9, peredpodes; 10,
endopodito; 11, exopodito; 12, pledpodes; 13,
urépode; 14, télson. Em cinza, as partes anatdmicas
mais comumente encontradas na Formacao Irati
(carapacas predominam sobre somitos abdominais).
Retirado de Matos, Pretto & Simdes (2013).
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ABSTRACT

The Lower Permian Irati Formation records sedimentation of a mixed carbonate-
siliciclastic, storm-dominated ramp in a shallow and restricted epeiric sea. It is
formally divided in the lower Taquaral Member, and upper Assisténcia Member, and
crops out from middle to south Brazil at the eastern border of the intracratonic
Parana Basin. On Rio Grande do Sul, the Passo do Sao Borja outcrop contains
fossils of mesosaurid reptiles, pygocephalomorph crustaceans, and subordinate
paleonisciform fish in dense concentrations occurring within carbonate tempestites,
which were interpreted as mass mortality events caused by storms. Aiming to better
understand the distribution and mode of occurrence of the fossils and their occurring
environment within the formation in this region, the present study describes the
Passo do S&o Borja and five new locations, alongside 11 boreholes of the complete
Irati interval by the methods of facies analysis and sequence stratigraphy. Results
allowed the recognition of 3 fourth-order sequences within the Formation, termed Irati
Sequences 1, 2, and 3 (IS1, IS2, 1S3). The IS1 is broadly coincident to the Taquaral
Member, and the 1S2 and IS3 to the Assiténcia Member. A lowstand system tract
(LST) was recognized in the upper two, and the sequence boundary of IS2 was
interpreted as coincident to a third-order sequence boundary. Mesosaurid and
pygocephalomorph concentrations occur only at the 1S3. Fossil occurrences and
concentration were found to be strongly controlled by facies and sequence
stratigraphy. Paleonisciform fish fossils are considerably more common at the early
highstand systems tract (HST) of IS2 and IS3, result of a sedimentation rate balance.
Pygocephalomorphs occur composing intraclasts and are concentrated in grainstone
proximal tempestites of the LST of 1S3, and are the result of mass mortality events
and background bioclastic input, enhanced by firmground formation (hiatal
concentration) and subsequent storm reworking. Mesosaurid are also concentrated
in grainstone tempestites of the LST, but in cores were mostly found in distal
tempestites of the transgressive systems tract (TST), becoming more common
towards the maximum transgressive surface (MTS). Their accumulation is the also
the result of mass mortality and background sedimentation, enhanced by sediment
omission (hiatal concentration) of a severely sediment starved TST (culminating in a
condensed section near the MTS), and subsequent storm reworking.

Keywords: Irati Formation; Mesosaurid; Pygocephalomorph; Sequence

stratigraphy; taphonomy
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1. INTRODUCTION

The Lower Permian Irati Formation is the basal unit of the Passa Dois Group in
the Parand Basin, being divided in its inferior Taquaral Member, and superior
Assisténcia Member. It comprises siltstones, and bituminous and non-bituminous
shales, interleaved with limestones and dolostones (Amaral, 1971; Araudjo, 2001).
The depositional environment of this unit is interpreted as a shallow, restricted, and
wide epicontinental sea, with anoxic bottom waters, which reached out from what is
now southern Africa, to central and southern Brazil, Uruguay, and Paraguay, being
correlated to the Mangrullo (Uruguay) and Whitehill (Huab and Karoo Basins)
Formations, composing the Whitehill-lIrati sea (Delaney and Gofii, 1963; Lavina,
1991; Oelofsen and Araujo, 1983). Due to its characteristic lithology, its generally
restricted thickness (average of 40 meters) and its presence throughout the Parana
basin, the Irati Formation is a well-known reference stratum for the Permian
succession found in the eastern margin of the basin, cropping out in Brazil from

Goias to Rio Grande do Sul states.

Of widespread occurrence in these layers are the fossils of pygocephalomorph
crustaceans, and the conspicuous mesosaurid reptiles. These fossils have been the
subject of several studies since their first descriptions, and still have been the focus
of recent studies, revealing information on paleoecological and paleoenvironmental
aspects (Pazinato et al., 2016; Pifieiro et al., 2012; Pretto, 2012).

At the margin of the Santa Maria River in the municipality of S&o Gabriel, Rio
Grande do Sul state, mesosaurid and pygocephalomorph remains are found in the
Passo do Séo Borja outcrop (Figure 1), disarticulated and in dense concentrations,
associated with structures typical of storm action, such as hummocky cross
stratification (HCS), and intraclastic conglomerates and grainstones. Della Favera
(1987) interpreted these reptile fossil accumulations as a result of mass mortality
events caused by catastrophic storms. Lavina et al. (1991) proposed a
paleoenvironmental interpretation, such that these catastrophic storms would have
been severe winter storms which stirred the bottom anoxic sediments, liberating
sulfidric acid (H,S) in the water column, and intoxicating living organisms. Soares

(2003) and Matos et al. (2013) proposed storm-based taphonomic models for,
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respectively, the mesosaurid and pygocephalomorph assemblages of the Irati

Formation, including the Passo do Sao Borja outcrop.
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Figure 1. (A) Location of the Parana Basin and Rio Grande do Sul state in South America. (B)
Geological domains in the Rio Grande do Sul state, and enclosing of study area. (C) Enlargement of
study area showing location of outcrops, boreholes, and cross-section of Figure 13. (D) Detail of study
area showing outcrops, and the boreholes used in cross-section of Figure 13.
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Besides the Passo do Sao Borja, outcrops of the Irati Formation in the Rio
Grande do Sul State are rare, with some of them being only briefly mentioned in the
literature (Rosler, 1970). In fact, the referred outcrop was, until 2010, the only one in
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which sedimentary and taphonomic evidence of storm action were as such

recognized (Azevedo and Dias-da-Silva, 2010).

In order to better understand the distribution and mode of occurrence of the
fossils within the formation, those outcrops with occurring fossils already reported in
literature, as well as new outcrops, were searched, resulting in a total of six locations
(Figure 1). Besides, 11 borehole core samples of the complete Irati interval section in
the Rio Grande do Sul state were described, together with its fossil content (Figure
1). The correlation of these sections (together with the data obtained from the
outcrops) showed that the presence of the fossils is not continuous along the
sedimentary package, but rather occurs at well-marked levels that could be followed
throughout the entire obtained geological section. In this context, the section in
question was analyzed from the perspective of Sequence Stratigraphy in order to
investigate if the fossiliferous occurrences were in any way correlated with certain
facies associations and thus were being controlled by transgressive/regressive

events that affected the Parané Basin in the Lower Permian.

2. GEOLOGICAL AND STRATIGRAPHICAL SETTING

The Paran& Basin is an intracratonic basin located in central-southeastern South
America (Figure 1), its sedimentary column reaching up about 7000 meters around
the region of its homonymous river (Milani et al., 2007). The deposition of these
sediments coexisted with collisional belts active during the Phanerozoic, in the
southwestern margin of the Gondwana Supercontinent, the Gondwanides (Milani and
Ramos, 1998). These orogenic episodes were recognized by (Milani, 1997) as
related to six episodes of creation of depositional space in the Parana Basin,

considered as second-order Supersequences (sensu Vail et al., 1977; Figure 2).

The third Supersequence in the Parana Basin is termed by Milani (1997)
Gondwana | Supersequence. It registers a complete cycle of incursion and
withdrawal of the Panthalassa Ocean over the continent, the accommodation space
created being result of the Sanrafaelic Orogeny (Milani and Ramos, 1998). After the
ocean’s furthest incursion during this cycle, marked by the maximum transgressive

surface in the Palermo Formation, the marine sediments deposited during the onset
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of the regression compose the Irati, Serra Alta, and Teresina Formations, and are

referred to as the Passa Dois Group (Milani, 1997; Schneider et al., 1974; Figure 2).
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Figure 2. (A) Simplified stratigraphic chart of the
Parana Basin (modified after Milani et al., 2007).
(B) Geochronological position of the Gondwana |
Supersequence and its lithostratigraphic units
found in the Rio Grande do Sul state.
Geochronology after Cohen et al. (2013; updated
2017-02).

The Irati Formation is the lowermost unit of the Passa Dois Group (Figure 2), and

records sedimentation in a restricted carbonate homoclinal ramp in an epeiric sea
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(Araujo, 2001). It is formally divided in the lower Taquaral, and the upper Assisténcia
Members (Schneider et al., 1974). The Taquaral Member is composed mainly of dark
grey siltstones and mudstones, deposited under moderately oxygenated conditions,
below storm wave base (Araujo, 2001; Goldberg and Humayun, 2016). The
Assisténcia Member was deposited in a more developed carbonate ramp, ranging
from shallow water, subaerially exposed and evaporitic inner ramp, to a stratified,
and dysoxic™® to anoxic outer ramp (Aradjo, 2001). Climate would have well-marked
arid and humid seasons, and salinity could vary greatly within the basin (Araujo,
2001; Goldberg and Humayun, 2016).

Variations in depositional control parameters become explicit when comparing
sections of the Assisténcia Member from north to south of the Ponta Grossa Arch
region, in the Parand state. The northern realm of the Whitehill-Irati Sea at this time
saw prolific carbonate production forming two successions of rhythmic carbonate-
shale layer deposition; while in the Rio Grande do Sul state it consists of two discrete
carbonate intervals in between two bituminous and non-bituminous shale intervals
(Araujo, 2001; Hachiro, 1996; Padula, 1968).

Upper and lower limits of the Irati Formation and of its members have been
considered by several researchers as discontinuity surfaces, but interpretations vary
greatly regarding which surface would represent a third-order boundary. Some
authors consider it the base of the base of the Taquaral Member (Holz et al., 2010).
Some consider the Taquaral-Assisténcia limit (Raffaelli, 1996 apud Araujo, 2001;
Goldberg, 2001). Others regard only the upper Assisténcia-Serra Alta contact
(Menezes, 1994). Some others consider all of these (Lages, 2004; Rohn, 2007). And
even the base of the second carbonate level of the Assisténcia Member has already

been interpreted as a third-order boundary (Hachiro, 1996).

Regardless, the fourth-order sequences have been consistently identified
(Araujo, 2001; Hachiro, 1996; Menezes, 1994), although internal systems tract

interpretations vary.

Hachiro (1996) had already noticed that the mesosaurid fossils were restricted to
the upper levels of the Assisténcia Member (his “Ipeana Member”), and proposed an
informal biostratigraphy for the Irati Formation (“Irati Subgroup”, in his work), based

19 Terminology after Tyson and Pearson (1991)
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on mesosaurids and pygocephalomorph crustaceans (Fig. 3). The author interpreted

these biozones to have sequence stratigraphic significance.
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Figure 3. Informal biostratigraphic division of Hachiro (1996; modified). In the original work, the Irati
Formation is elevated to group; the Taquaral and Assisténcia Members are elevated to formations;
The Ipetna and Morro Alto divisions are considered members. This proposition has received little
support among subsequent authors. Taxons in parenthesis indicate uncertainty.

3. MATERIALS AND METHODS

3.1.Materials

Six outcrops located in the southern region of the Rio Grande do Sul state were
described, and samples of rock and fossil content were retrieved for more detailed
analysis and the confection of thin sections.

The eleven core samples analysed are held in the Litoteca Regional de
Cacapava do Sul (LIR-Cacapava do Sul, RS, Brazil) by the Superintendéncia
Regional de Porto Alegre (SUREG/PA) of the Servico Geoldgico do Brasil (CPRM).
They were retrieved in the years 1981-83 for the prospection of coal. The boreholes
are labelled HV-22-RS, HV-28-RS, HV-31-RS, HV-32-RS, HV-44-RS, SC-64-RS,
SC-75-RS, SC-123-RS, SG-10-RS, and SG-15-RS.
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Gamma-ray profiling was ensued by the CPRM during acquisition of the cores,
with a sensibility scale of 10 cps/div (10 divisions), time constant 1s, register speed 3
m/min, by a Widco logger model 3200 n° 36 (Aborrage & Lopes, 1986).

Petrographic studies of the borehole lithology were intended, but due to lack of
funding there were no personnel to supervise the withdrawal of samples at the LIR-

Cacapava do Sul in a timely manner.

3.2.Methods applied

Facies analysis was ensued in detail scale of 1:50 for the core samples, and 1:10
for the outcrops, following the methodology of (Dalrymple, 2010). Structures, grain
size and composition, and fossil content were visually described and logged.
Samples from layers of interest were collected from the outcrops. Eight fossiliferous
samples were selected for further analysis on thin sections. These were processed in
the Samples Preparation Lab of the Geosciences Institute of UFRGS. The more
friable samples were impregnated with epoxy resin, and all thin sections were
abraded to the thickness of 0,03 mm. Stratigraphic data was based on concepts of
several authors (e.g., Schneider et al. 1974; Lavina 1991; Araudjo 2001; Holz et al.
2010).

Sequence stratigraphy nomenclature used in the present study is based on the
revision of Holz (2012), following modern tendencies (e.g., Catuneanu et al., 2009).
The classic model of Posamentier et al. (1988) systems tract division was chosen,
excluding the falling stage systems tract (Hunt and Tucker, 1992) and its limiting
surfaces. The subaerial unconformity and its correlative conformity, separating the
highstand systems tract (HST) and the lowstand systems tract (LST), are here used
sensu Posamentier and Allen (1999), and are together termed the sequence
boundary (SB). The surface dividing the lowstand systems tract from the
transgressive systems tract (TST) is here termed maximum regression surface
(MRS; Helland-Hansen and Martinsen, 1996). This term is favored against the more
common term “transgressive surface” for its clearer statement of function and
opposition to the maximum transgressive surface. The maximum transgressive
surface (MTS; Helland-Hansen and Martinsen, 1996) separates the transgressive
systems tract (TST) and the highstand systems tract. This term was chosen for

similar reasons as the MRS.
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Facies and stratigraphic analysis were aided by the use of gamma-ray profiles,
especially in the recognition of maximum transgression and regression surfaces
(Serra, 1984).

4. RESULTS

4.1.Facies description and interpretation

Facies analysis resulted in 13 facies, summarized in Table 1. Distinguishing
features used for the purpose of this study were (1) sedimentary structures, (2)
environment redox potential indicators and organic matter inferred content, and (3)
fossil content. The text follows with a description paragraph and an interpretation of

depositional processes paragraph of each facies.

4.1.1. Light grey heterolithic siltstone — Fw

Description. Interbedded light grey mudstone and siltstone with combined-flow
ripples (Figure 4A). Ripple internal laminae are sub-millimeter sized; lower limits are
abrupt, and upper limits occur as abrupt and diffuse. Moderate to intense bioturbation
is widespread. Contacts with adjacent muddy facies are gradational, the siltstone

ripples becoming more and more diffuse and difficult to differentiate from mud.

Interpretation. Small siltstone-rich combined flow ripples alternating with
mudstone are deposited by weak intermittent oscillatory flow with an unidirectional
component (combined flow), below fair weather wave base (Plint, 2010). Light grey

color indicates a moderately oxygenated environment (Boggs, 2006).

4.1.2. Light grey mudstone — Fl

Description. Massive to parallel laminated light grey mudstone (Figure 4B).
Paleonisciform fish scales are present. Fissility, where present, can be moderately
developed. Some very scarce and incipient millimetric silt ripples occur. Transition to
other facies is gradual, the limits being sometimes difficult to trace, especially to the

dark grey mudstone facies.

Interpretation. Predominance of mud indicates particle settle-out from

suspension, with very rare and weak currents forming diffuse silt ripples (Boggs,
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2006; Plint, 2010). Light grey color indicates a moderately oxygenated environment
(Boggs, 2006).
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Table 1. Summarized description of observed facies and inferred.

12

. . . . I . . Facies
Facies code Designation Summarized description Sedimentary process Details .
Association
Fw Light grey heterolithic Interbedded light grey mudstone/siltstone with Intermittent combined flow. Lower
siltstone centimetric wave ripples. Moderate bioturbation. Shoreface
Fl Light grey mudstone ~ Mudstone to muddy siltstone of light grey color. Particle settle-out from sus-
Mainly massive structure with some incipient pension. Rare combined flow.
millimeter sized silt wave ripples.
Ff Dark grey mudstone Mudstone to shale of dark grey color. Massive to Particle settle-out from sus- Outer Ramp
laminated, with variable fissility. Some incipient pension in dysoxic environ-
millimeter sized silt wave ripples. ment. Rare combined flows.
Fn Black shale Bituminous black shale. Near perfect fissility. Some Particle settle-out from sus- Yellow color is relatively
incipient millimeter sized silt wave ripples. pension in anoxic, sapropelic intense. Pyrite forming nodules
environment. Rare combined or even millimeter-sized rich
flows. horizons (?) is common.
Hw Heterolithic siltstone  Heterolithic interbedded yellowish siltstone to very Intermittent combined flow in Intervals of intraclastic
fine sandstone, and dark grey shale. Siltstone dysoxic environment. sandstones with upper-flow
presents parallel, lenticular, and wave ripple parallel, low angle, and
lamination. through cross-lamination, and
erosive bases, interpreted as
ravinement surfaces.
Hn Heterolithic black Heterolithic interbedded yellow siltstone to very Intermittent combined flow in Yellow color is relatively
shale fine sandstone, and back shale. Siltstone presents anoxic, sapropelic environ- intense. Pyrite forming nodules
parallel, lenticular, and wave ripple lamination. ment. or even millimeter-sized rich
horizons (?) is common.
Chw Hybrid arenite Hybrid arenite alternating carbonate-rich (beige) Intermittent combined flow Mid-Ramp
and siliciclastic-rich (dark grey) lenses and layers caused by storm action.
millimeters to centimeters thick. Structure
presents wave ripples and low-angle undulated
truncated sets of laminae.
Cgl Laminated grainstone Fine grainstone  with  upper-flow parallel Combined flow in lower to

lamination, through, low angle, and hummocky
cross-lamination.

upper flow regime caused by
storm action.
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Cgp Grainstone with Fine laminated intraclastic grainstone with Combined flow in lower to
pygocephalomorphs  pygocephalomorph carapaces bordering intra- upper flow regime caused by
clasts. storm action.
Mg Graded marlstone Carbonate mudstone mixed with organic-rich Settle out from suspension Inner Ramp
siliciclastic mudstone. Layers have abrupt base, and/or precipitation by a
and "carbonating-upward" gradation. prograding microbial-influen-
ced carbonate factory.
Cm Carbonate mudstone  Massive to weakly laminated carbonate mudstone. Microbial-influenced precipita- Calcite veins are common.
tion and/or grain trapping. Sometimes interconnected,
causing breccias.
Cb Carbonate breccia Dolomitic rudstone to floatstone with angular Subaerial exposure and evapo-
mudstone clasts. Sizes range from granule to rite displacive growth.
pebble (up to 5 cm). Matrix composed of darker-
colored mudstone presenting distorted lamination,
apparently crenulated. Evaporite pseudomorphs
are present.
Cr Intraclastic Dolomitic rudstone to floatstone formed by light Erosive unidirectional flow in

conglomerate

beige, pebble-sized, elongated mudstone clasts up
to 4 cm, in brownish wackestone matrix. Clasts are
angular with bimodal oblique orientation, to well-
rounded with cross-stratification. Thinner clasts
are often deformed. Evaporite pseudomorphs are
present.

lower plane bed caused by
storm coastal set-up.
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Figure 4. Lower shoreface facies, ascribed to the Palermo Formation. Light grey colors indicate an
oxygenated environment. Core width =5 cm. (A) Light grey heterolithic siltstone (Fw facies). (B) Light
grey mudstone (FI facies).

4.1.3. Dark grey mudstone — Ff

Description. Massive to parallel laminated dark grey mudstone, presenting
variably developed fissility (Figure 5A). Isolated, rare and incipient millimeter sized
silt ripples are present. Fossils of paleonisciform fish, mainly scales, occur isolated
over metric intervals, or as thin concentrations without preferred orientation (Figure
6C). Rare isolated mesosaurid bones are also present. Some sulphide nodules
occur, and sometimes form centimeter-sized rich horizons. Transition to adjacent fine
grained facies is gradual, including to black shales, and especially to the light grey

mudstone when facies limit becomes difficult to trace.
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Figure 5. Outer ramp facies. Dark grey colors indicate dysoxic do anoxic environment. Core width =5
cm. (A) Dark grey mudstone (Ff facies) showing massive structure and a plaeonisciform fish fossil. (B)
Black Shale (Fn facies) showing well-developed fissility. (C) Heteolithic black shale (Hn facies)
showing linsen bedding. (D) Heterolithic siltstone (Hw facies) showing flaser bedding.
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Figure 6. Fossils found in outer ramp facies. Core width = 5 cm. (A) Mesosaurid ribs and vertebrae
occurring in facies Hw, near the MTS. (B) Ichnofossils found in facies Hw, in the TST. (C)
Paleonisciform fish fossils found in facies Ff, more commonly in the early HST.
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Interpretation. Deposition of dark grey mudstone indicates particle settle-out from
suspension in dysoxic to anoxic conditions, below storm wave base. The presence of
sulphide nodules indicates moments of greater reducing environment, capable of
better preservation of organic matter (Aradjo, 2001; Boggs, 2006). Very rare and
weak currents are able to carry silt and form diffuse millimeter sized ripples.
Paleonisciform fish fossils, where more common and isolated, might indicate lower
rates of sedimentation (Brett, 1995). When in thin concentrations, might be the
reminiscent lag of a ravinement surface in a muddy homogeneous facies (Holz et al.,
2010; Rohn, 2007).

4.1.4. Black Shale — Fn

Description. Bituminous black shale (Figure 5B). Parallel lamination is extremely

well developed, generating near perfect fissility. Very rare, isolated, millimeter to
centimeter sized siltstone lenses and wave ripples of yellow color occur. Sulphides
are very common, occurring in the silt lenses, as nodules, and in centimeter-sized
rich horizons. When weathered, becomes very similar to the dark grey mudstone (Ff)
facies, its contact becoming difficult to distinguish. Contact with heterolithic facies

(Hw and Hn) can be gradational by increasing silt content, or abrupt.

Interpretation. Particle settle-out from suspension in anoxic, sapropelic
environment below storm wave base (Boggs, 2006). Very rare and weak currents are
able to form millimeter sized silt lenses and ripples (Plint, 2010). The common
occurrence of sulphides reinforces the interpretation of strongly reducing conditions,
with great preservation potential of organic matter. The reducing conditions also

favored the preservation of structures such as fissility (Aradjo, 2001).

4.1.5. Heterolithic siltstone — Hw

Description. This facies is composed of alternated dark grey mudstone and
yellowish siltstone to very fine sandstone, with flaser to linsen bedding (Figure 5D).
Siltstone occurs in millimeter-sized continuous and discontinuous laminae (‘streaks’);
and as millimeter- to centimeter-sized lenses with internal cross-lamination and
combined-flow ripples, draped by mudstone. Mudstone presents parallel lamination
when in continuous horizons, with variable degree of fissility. Lenses and ripples
usually present sharp bases and tops, with common microexcavations at the base.

Contact with other fine facies is usually gradual, occurring by appearance and
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increase in content, or gradual disappearance of siltstone ripples and lenses.
Ichnofossils are present as well-preserved escape features, vertical and horizontal
tubes (Figure 6B). These can be usually found deformed by compression.
Mesosaurid fossils are common in specific intervals (Figure 6A). At some levels,
poorly selected fine sandstone with granule- to pebble-sized shale clasts (Figure 7)
occurs. It presents upper-flow parallel, low angle, and through cross-stratification.
Shale clasts can be up to 3 cm in length, elongated or very irregular, and weakly
oriented sub-parallel to the through cross-stratification. Granules and pebbles also

tend to be near the erosive base, generating normal gradation.

Interpretation. Millimeter to centimeter sized lenses with internal cross-lamination
and combined-flow ripples draped by mud are interpreted as the result of intermittent
combined flow, operating near storm wave base (Plint, 2010). The dark grey color
together with the good preservation of structures indicates dysoxic bottom sediment
conditions (Araujo, 2001; Boggs, 2006). Rip-up clasts (shale intraclasts) in upper-flow
parallel, low angle, and through cross-stratification are here interpreted as the result
of oscillatory and unidirectional erosive flows caused by wave action on semi-
consolidated mudstone (Demicco and Hardie, 1994; Plint, 2010). The common
mesosaurid fossils are restricted to the upper portion of the studied interval, and will

be properly discussed in section 5.3.

4.1.6. Heterolithic black shale — Hn

Description. Bituminous and non-bituminous black shale alternating with yellow

siltstone to very fine sandstone in heterolithic bedding (flaser to linsen; Figure 5).
Siltstone occurs in millimeter-sized continuous and discontinuous laminae (‘streaks’);
and as millimeter- to centimeter-sized lenses with internal cross-lamination and
combined-flow ripples, draped by mudstones. Mudstones also present parallel
lamination when in continuous horizons, with near perfect fissility. Sulphides are
common as nodules, and forming centimeter-sized rich horizons, similar to Fn facies.
Contact to other fine facies is gradual, marked by intensification or attenuation of
black and yellow colors, less developed fissility, and fewer sulphide nodules.
Paleonisciform fish fossils, mainly scales, are present, as well as some rare

mesosaurid bones.
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Interpretation. Hydraulic conditions are similar to Hw facies, with small combined-
flow ripples indicating intermittent current near storm wave base (Plint, 2010).
However, oxygenation conditions differ. Intense black colors and presence of
bitumen are result of excellent organic matter preservation. Together with the
preservation of near perfect fissility structures and common presence of sulphide
nodules, these features indicate a strongly reducing, anoxic bottom sediment
condition (Araujo, 2001; Boggs, 2006).

Figure 7. Intraclastic sandstone showing erosive base, through cross-stratification (left) and rip-up
clasts (shale intraclasts) composed of dark grey mudstone (right). Core width =5 cm.

4.1.7. Hybrid arenite — Chw

Description. Hybrid arenite (sensu Zuffa, 1980) composed of alternating

siliciclastic-dominated and carbonate-dominated lenses and layers millimeters to
centimeters thick (Figure 8A). Grain size ranges from silt to very fine sand. Content
varies in centimeter-scale between the two end-members, with colors tending to
beige when carbonate content is higher, and to dark grey (organic-rich) when
siliciclastic content is higher. There seems to be a “carbonating-upward” tendency,
but the poor preservation of cores prevented accurate recognition. Structure is at
some intervals similar to Hw facies, presenting millimeter- to centimeter-sized lenses
with internal sub-millimeter cross lamination, and combined-flow ripples. However,
these lenses coexist with sets of millimeter- to centimeter-sized parallel, low-angle,

and gently convex up and down cross-lamination with low-angle truncations. This
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facies can grade to and from Hw and Cgl facies by increase or decrease of
carbonate/siliciclastic sediment content, but bases of laminae sets are abrupt; It also
grades to and from the C/F facies, by appearance or disappearance of lamination.

Facies limits are usually difficult to trace.

Interpretation. Millimeter- to centimeter-sized lenses with internal sub-millimeter
cross lamination and combined-flow ripples are the result of an intermittent combined
flow. Increase in environment energy under the same hydraulic regime is inferred by
the disappearance of lenses and appearance of sets with gently convex up and down
cross-lamination with low-angle truncations, interpreted as hummocky cross-
stratification (Dott and Bourgeois, 1982; Harms et al., 1975; Plint, 2010). Organic-rich

dark grey sediment indicates periodic dysoxic conditions (Boggs, 2006).

4.1.8. Laminated grainstone — Cql

Description. Fine grainstone with sets of millimeter- to centimeter-sized upper-
flow parallel lamination, low-angle and through cross-lamination, and gently convex
up and down cross-lamination with low-angle truncations (Figure 8B). Laminae are
marked by alternating lighter and darker beige colors, but light grey color can also
occur. It grades to and from Chw facies by decrease or increase in carbonate grain
content and decrease or increase of grainstone laminae set thickness, but base of
laminae sets are abrupt, and commonly erosive. Top of sets can sometimes present

an undulated surface.

Interpretation. Gently convex up and down sets of laminae with low-angle
truncations are interpreted as hummocky cross-stratification. Together with the
parallel lamination, through and low-angle cross-laminations, these structures
characterize a high-energy combined flow transiting between lower- and higher-flow
regime, and characterize storm-generated beds (i.e., tempestites; Dott and
Bourgeois, 1982; Dumas and Arnott, 2006; Harms et al., 1975; Plint, 2010).
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Figure 8. Mid-ramp facies. Core width = 5 cm. (A) Hybrid arenite (Chw facies). (B) Laminated
grainstone (Cgl facies). (C) Disarticulated, densely concentrated pygocephalomorph carapaces (Cgp
facies).

4.1.9. Grainstone with pygocephalomorphs — Cap

Description. Fine grainstone with peloidal and bioclastic intraclasts
(pygocephalomorphs; Figure 8C, Figure 9). This facies is similar in structure to the
Cgl facies, with sets of upper-flow parallel lamination, low-angle and through cross-
lamination, and gently convex up and down cross-lamination with low-angle
truncations. Intraclasts are composed mostly by peloids and pygocephalomorph
skeletal fragments (Figure 9C, D). The carapaces usually border the intraclasts
(Figure 9D). Isolated carapaces are commonly covered by a calcite acicular fringe
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(Figure 9C). Contacts with underlying Hw facies are erosive, and sometimes present
shale intraclasts. Overlying contacts are intercalations with Chw facies. Mesosaurid

fossils are present at some locations (Figure 9A, B).

Interpretation. This facies is considered to be deposited in the same transiting
lower- to higher-flow regime as the Cgl facies (Dott and Bourgeois, 1982; Dumas and
Arnott, 2006; Harms et al., 1975; Plint, 2010). It is for the purpose of this study
differentiated for the observed abundance of pygocephalomoph crustaceans.
Grainstones composed by intraclasts indicate hardground formation and subsequent
erosion and reworking (Demicco and Hardie, 1994). The scarcity of isolated,
unfringed carapaces indicates these would have a different hydraulic equivalence, or
that they are far more easily destroyed (Kreisa, 1981; Speyer and Brett, 1988).
Nevertheless, it also indicates that there was a sedimentary hiatus of non-deposition
after the first deposition of the carapaces for cementation and fringe formation to
develop, and further supports the interpretation of reworking and transportation
(Morad, 1998; Scholle and Ulmer-Scholle, 2003). Other indicatives of reworking and
transport are the grain selection, absence of matrix, and erosive bases (Demicco and
Hardie, 1994; Kreisa, 1981).

4.1.10. Carbonate Mudstone — Cm

Description. Massive to weakly laminated micritic mudstone (Figure 10D). Calcite
veins are common, sometimes interconnected causing brecciation. Contacts with

other carbonate facies are usually gradational.

Interpretation. Deposition of carbonate mudstone layers without internal cross-
stratification is difficult to interpret. Due to the shallow water context, with evaporite
interpretations in other facies, and weak lamination, this deposit is considered as
microbial-influenced. Calcite veins are interpreted as post-burial features (Demicco
and Hardie, 1994, Riding, 2000a).

4.1.11. Graded marlstone — Mg

Description. Marlstone in centimeter-sized layers which grade from carbonate of
light grey to beige colors to a grey siliciclastic mudstone (Figure 10A). The more
hybrid horizons are brownish in color. Layers are sharp-based, and present a
“carbonating-upward gradation”, i.e., grade from siliciclastic-rich to carbonate-rich

mudstone. Contact to other carbonate fine facies (Cm), and sand-sized carbonate
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(Cgl) and hybrid (Chw) facies are usually gradational. The rudstone Cr facies can be

seen “forming” from erosion of this facies (Figure 10E).

Figure 9. Laminated intraclastic grainstone with high abundance of pygocephalomorph carapaces
(Cgp facies) from the Passo do S&o Borja outcrop. (A) Gently undulating and upper-flow parallel
laminated grainstone. Note mesosaurid vertebrae on upper portion. Scale bar in centimeters. (B)
Sample showing semi-articulated mesosaurid vertebrae amidst pygocephalomorph carapaces. (C)
Photomicrography of thin section showing well-developed acicular dolomitic fringe on
pygocephalomorph carapaces (center). Cross polarized light. (D) Intraclast (center) composed of
peloids and bordered by pygocephalomorph carapaces. Plane polarized light.

Interpretation. As stated above, carbonate mud deposition without internal cross-
stratification is of difficult interpretation (Demicco and Hardie, 1994; Riding, 2000b). A
common process which deposits graded fine sediments is particle settle-out from
suspension (Demicco and Hardie, 1994). In opposition, the occurring gradation in
these rocks is of compositional, rather than granulometric nature, which indicates that
differentiation is not due to hydraulic sorting. Structureless carbonate muddy thin
beds can also be generated by microbially-influenced precipitation (Demicco and
Hardie, 1994; Jones, 2010; Riding, 2000b), and the rate of this precipitation can be
influenced by many factors (Jones, 2010). Thus, this facies is hereby interpreted as a
composite of processes: the siliciclastic mud was deposited by settle-out from
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suspension, while carbonate mud resulted from an increasing-upward rate of
microbial-influenced precipitation. The carbonate precipitation rate exceeded and
drowned the siliciclastic deposition, until it was abruptly interrupted, initiating the next

cycle.

4.1.12. Carbonate breccia — Cb

Description. Dolomitic rudstone to floatstone with pebble-sized clasts of light to

dark beige color (Figure 10C). Commonly intercalates with centimeter-thick levels of
dark grey siliciclastic mudstone. Clasts are up to 3 cm in size, composed of dolomitic
mudstone, and can range from elongated and very angular (“pointed”), to more
equant and sub-rounded, with no orientation. Matrix in floatstone portions is
composed of fine wackestone to mudstone, presenting distorted, seemingly crinkled
lamination. Tiny “bladed” or “discoidal” (up to 5 mm in length) structures, filled by
calcite and silica cements, occur in chaotic orientation (Figure 11A). These are
sometimes associated to curved-up, ruptured layers (Figure 11C). Nodular structures
occur in clutches up to 3 cm, sometimes elongated along the lamination, resembling
“clouds” (Figure 11D-F). Rhomb-shaped structures up to 2 mm, are also present
(Figure 11B).

Interpretation. Brecciation in carbonate rocks can have a variety of originating
processes, which can work in conjunction. The tiny “bladed” and rhomb-shaped
structures are here interpreted as pseudomorphs of intrasediment-grown gypsum
crystals. The “cloud-shaped” nodules are interpreted as pseudomorphs of gypsum
clusters, or chicken-wire anhydrite. Curved-up and ruptured carbonate layers with
underlying breccia and gypsum pseudomorphs are interpreted as tepee structures.
Evaporite intrasediment growth indicates precipitation due to supersaturated waters,
although these can be sinsedimentary or early post-burial events. Tepee structures
are result of expansive growth of early cements within a host sediment, and are
indicative of shallow-water setting, either subtidal, itertidal, or supratidal. Micro-
crenulated lamination and other criptomicrobial structures, as well as pseudomorphs
of anhydrite and gypsum have been observed by Araujo (2001) in the same horizon
of the Irati Formation, including in borehole HV-44-RS. Dolomitization is also
indicative of evaporitic shallow-water conditions. These characteristics combined, it is
here interpreted that these rocks formed under a shallow-water, hypersaline

environment with periodic subaerial exposure. Thus, most likely brecciation process
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is considered to be mainly subaerial exposure, and also subordinately displacive
evaporite intra-sediment growth (Demicco and Hardie, 1994; Scholle et al., 1983).

4.1.13. Carbonate intraclastic conglomerate — Cr

Description. Dolomitic rudstone to floatstone with elongated, light beige pebble-
sized (up to 5 cm) mudstone clasts, in a dark-beige to brownish wackestone to
mudstone matrix. Most clasts present a sub-horizontal to bimodal oblique orientation
(Figure 10E), but also occur in cross-stratification (Figure 10B). Bimodal oblique-
oriented clasts are mostly elongated and angular, sometimes with irregular limits
(Figure 10E), and are commonly deformed, especially when less than 1 cm in
thickness (Figure 10B, E). Thicker (> 1 cm) angular clasts also commonly present
internal lamination, and give the impression of being “ripped up” from carbonate-rich
Mg facies, with upward increase in fragmentation (Figure 10E). More well-rounded
clasts occur usually in cross-stratification. Nodular and tiny elongated (< 2 mm)

structures, and crinkled laminae are present, substituted by silica (Figure 11E).

Interpretation. Borehole HV-32-RS shows what is here interpreted as the
formation of intraclasts by erosion and rip-up of the semi-consolidated Mg
(carbonate-dominant) facies into tabular, centimeter-thick angular pebbles with
irregular edges (Demicco and Hardie, 1994; Scholle et al., 1983). The bimodal
oblique orientation of the flat-pebbles is here interpreted as a result of heterogeneous
liquefaction, due to upward release of pore-pressure, caused by rapid storm flow
(Bouchette et al., 2001). The thinner pebbles are often deformed, attesting the semi-
consolidated state of the eroded sediment (Demicco and Hardie, 1994; Scholle et al.,
1983). The association of angular and well-rounded clasts with cross-stratification
indicates relatively short transport by lower flow regime unidirectional current (Boggs,
2006; Demicco and Hardie, 1994). Nodular and tiny elongated structures, and
crinkled laminae are here interpreted to be substituted by silica, and together with
dolomitization indicate hypersaline shallow-water conditions (Demicco and Hardie,
1994; Pratt, 2010). The intraclastic flat-pebble conglomerate is thus interpreted as
the erosion and redeposition of semi-consolidated carbonate sediment in a shallow-
water, evaporitic setting, caused by storm action (Bouchette et al., 2001). Variation
from grain-supported to matrix-supported is also a common feature for these

deposits (Demicco and Hardie, 1994).
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Figure 10. Inner ramp facies as found in cores. Core width =5 cm. (A) Graded marlstone (C/F facies).
(B) Cabonate intraclastic conglomerate (Cr facies). (C) Carbonate breccia (Cb facies). (D) Carbonate
mudstone (Cm facies) showing a calcite-filled vein. (E) Formation of intraclastic conglomerate by rip-
up of semi-consolidated graded marlstone.
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D E F

Figure 11. Inner ramp evaporitic sedimentary features observed in cores. Structures substituted by
silica or dolomite. Core width =5 cm. (A, B) “Bladed”, “discoidal”, or “rhomb-shaped” pseudomorphs of
intrasediment-grown gypsum crystals. (C) Teepee structure. (D, E, F) “Cloud-shaped” nodular gypsum
or chicken-wire anhydrite.

4.2.Facies associations

Figure 12 shows description and interpretations of facies associations, and
sequence stratigraphy of borehole HV-44-RS. Figure 13 shows the correlated facies
associations in a SW-NE section (Figure 1D), forming a stratigraphic framework, and
highlights fossil occurrences. The 13 identified facies were grouped in 4 facies
associations, attributed to different depositional environments, as shown in Table 1:
one open marine facies association — lower shoreface (Plint, 2010); and three
carbonate ramp facies associations — outer ramp, mid-ramp, and inner ramp
(Burchette and Wright, 1992).



28

Sand . Facies Facies System Litho-
ﬁhT’:an\:’Sl‘q Gamma Ray Sedimentary Features Code | Associations | Tracts Sequences| . oo raohy
230 ~—
ey == SB4| serra
232 /=] Ff Alta Fm.
0 = Fn 0) N
234 I D @/iE > . HST
236 | —— &/IE Hn SI3
SN Y /= MTS
238 £§% !
)
240 ANA, ““/:_ Hw MRS
i == ¢ CEUNN LST
242 — E/_M >
! wn
244 I 2.
' w0
246 I g
| >
248 | HST s
| 0 n
250 |+ | - —
e¥o! ! . x o
252 =/M F
, e MT %
254 |
| 3 =
256 i Fn o
o Q
258 S == =| Hw - :I'.
=M Ff
260 = === m
= = | Cow JVIEFETS o
262 = M §
Z77
el ===17 LST )
266 ~ 2 <> )| Cb :".
=/M SB:2 ; (o)
268 |
| Outer [713} 2|3
270 | I . S
00 | N | SIS
272 : Q
T ! —_—
274 ! g
=/M o
276 — o
o | SB1
278 | -U
| Q
280 —
| )
282 | Lower §
S84l | Shoreface
== =/m| Fl o
286 = /M N
I
288 i .3
290 1 /M FW
Phl M |Vf Cl
C F 8t
Sand

536 Figure 12. Facies, sedimentary features, and interpretations of borehole HV-44-RS. Legend of
sedimentary features in Figure 13.
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Figure 13. Correlation of described borehole logs aided by gamma-ray logs, with highlighted fossil
occurrences. Chosen datum is the MTS of the IS3, near to which mesosaurid fossils are more
common. Pygocephalomorph carapaces are only found in the intraclastic grainstones of the LST of
IS3. Paleonisciform fish fossils are more common on the HST (especially the early HST) of both 1S2
and IS3. Facies in accordance to figure 12.

The lower shoreface facies association is composed by the Fw and Fl facies.
Heterolithic bedding associated with small-sized structures (ripples) generated by
combined-flow are indicative of episodic storm action, near the lower limit of storm
wave base (Plint, 2010), and so can be considered as the distal manifestation of
storm action, i.e., distal tempestites (Dott and Bourgeois, 1982). Described logs show
a retrogradational pattern, so that mudstone dominates upwards over siltstone
(Figure 13). Light grey colors, together with ubiquitous bioturbation are indicative of
oxygenated bottom sediments (Araujo, 2001; Boggs, 2006), which in turn imply good
water circulation, and thus, an open communication with the outer ocean (Araujo,
2001).

The outer, mid-, and inner ramp depositional environment division is based on
the classification of Burchette and Wright (1992). These environments are
considered to integrate a carbonate ramp system in a restricted epeiric sea (Araujo,
2001). The restricted conditions are inferred by the excellent preservation of organic

matter and original depositional structures (Aradjo, 2001; Goldberg, 2001).

The outer ramp facies association is characterized by the Ff, Fn, Hw, and Hn
facies. Deposition of these facies took place below or near storm wave base, so that
wave action could only form small-scale bedforms (ripples and lenses) and
microexcavations (Araujo, 2001; Plint, 2010). As in the lower shoreface environment,
these features are considered the distal manifestations of intermittent storm action,
and are regarded as distal tempestites (Dott and Bourgeois, 1982). Mesosaurid
bones are most common in the upper part of the studied interval, amidst these distal
tempestites, mainly of the Hw facies. The dysoxic to anoxic conditions, which attest
the onset of a restricted communication with the outer ocean, are indicated by dark
grey and intense black colors of mudstones and shales, presence of sulphides, and
preserved ichnofossils (Araujo, 2001; Boggs, 2006). The occasional levels of
intraclastic sandstones are considered to be generated by storm wave ravinement,
transgressive or regressive. Its association to mid- and outer ramp facies, but not

with inner ramp facies is also indicative of its origin (Catuneanu, 2006). It was not
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observed in every core, so a surface could not be traced. Some rare isolated
grainstone layers occasionally occur, probably transported to greater depths by major

storms, but are still considered to be in outer ramp environment.

Typical mid-ramp facies are Chw, Cgl, and Cgp. These represent reworking and
transport of previously consolidated (or semi-consolidated) sand-sized material by
storm action. Reworking is attested especially by the intraclasts composed of
pygocephalomorph carapaces and peloids (Figure 9; Araudjo, 2001; Demicco and
Hardie, 1994; Scholle and Ulmer-Scholle, 2003; Van Steenwinkel, 1990). High
energy storm events are attested by the predominance of transition to upper-flow
regime structures (low-angle and hummocky cross-stratification, upper-flow parallel
stratification; Dott and Bourgeois, 1982; Harms et al., 1975; Plint, 2010).
Transportation is further corroborated by the lack of in situ sediments, such as
carbonate mudstone matrix or articulated fossils (Demicco and Hardie, 1994;
Voorhies, 1969). The Chw facies is here interpreted as a transition between the Hw
and Cgl facies, and thus between outer and mid-ramp environments. The transition is
embodied by appearance or disappearance of carbonate compositions and high-
energy structures. Occasionally siliciclastic intervals are continuous enough to be
considered Hw facies, but are still considered in mid-ramp while carbonate
grainstones are common. This succession presents typically a retrogradational stack
pattern.

Inner ramp facies are Mg, Cm, Ch, and Cr. These are characterized by in situ
deposited or precipitated sediments disturbed by shallow water processes, such as

subaerial exposure, intrasediment evaporite growth, and storm erosion.

The features displayed by the intraclastic conglomerate (Cr) facies are
characteristic of shallow-water settings (Aigner, 1985; Demicco and Hardie, 1994;
Pratt, 2010; Scholle et al., 1983). Additionally, lamination can be seen within the
clasts (which is difficult to observe in facies Mg), serving as weakness surfaces for
further breakage into millimeter-thick elongated angular pebbles. This internal
lamination corroborates an initial microbial-influenced deposition for the Mg facies.
Due to shallow-water context, the Mg facies is interpreted as being formed by very
high-frequency, shallowing-upward sequences. The deficiency of coarse- and

medium-sized siliciclastic sediments and shallow water wave energy in the Irati
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Formation would cause the progradation of the system to be marked not by increase
in grain size, but by increase in production of the microbial carbonate factory, thus
generating the “carbonating-up” gradation. Subaerial exposure, evaporitic conditions,
and microbial influence on sedimentation are further corroborated by observations of
criptomicrobial lamination, evaporite molds, and mudcracks by Aradjo (2001) in thin
sections of the HV-44-RS borehole. Absence of benthic fauna and bioturbation are
indicative of a stressed environment, probably due to high salinity (Aradjo, 2001).
Dark grey siliciclastic mudstones (Ff and Fn facies) occur, but this intercalation is
common in shallow carbonate settings (Bathurst, 1987; Demicco and Hardie, 1994,
Pratt, 2010). Intercalated grainstones (Cgl facies) are also present, as not all grain-

sized particles are transported to the mid-ramp.

4.3.Sequence Stratigraphy

From the facies associations displayed on the stratigraphic framework and the
gamma-ray profiles, significant stratigraphic surfaces could be traced, named
sequence boundaries (SB), maximum regressive surfaces (MRS), and maximum
transgressive surfaces (MTS). This led to the recognition of 3 sequences within the
Irati Formation: Irati Sequences 1, 2, and 3. This sequence stratigraphy framework is
displayed in Figure 12 and Figure 13.

Progradational-retrogradational patterns on the gamma-ray profiles were used as
guideline for correlation between core sections. However, especially for finely
intercalated facies the gamma-ray reading might be affected by neighboring layers
(Serra, 1984). Additional sedimentary features, such as presence of sulfide nodules
or fossil occurrence were also considered. Nevertheless, when conflicting,

demarcation of significant surfaces was traced considering facies change.

4.3.1. Irati Sequence 1 —1IS1

The Irati Sequence 1 (IS1) starts in most boreholes at the limit between the

Palermo and Irati Formations, marked by a negative shift in the gamma-ray profile
and by the change from light grey to dark grey mudstone. The color change is usually
gradational and not always readily identifiable. It represents the onset of restricted
water circulation conditions, interpreted to be due to a base-level fall, resulting in a
dysoxic environment at the sediment-water interface, and probably the establishment

of a thermo-oxicline (Lavina, 1991). The transition is not always readily identifiable,
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especially in cores in poorer conditions, so demarcation was aided by gamma-ray
profile. There is a subtle shift from a progradational to a retrogradational pattern and,
since there is no palpable facies change underlying this horizon, a lowstand systems
tract (LST) cannot be recognized. Therefore, the sequence boundary termed SB1 is
coincident with the maximum regressive surface (MRS), and marks the base of the
first transgressive systems tract (TST).

The shift from retrogradational to progradational pattern in the gamma-ray profile,
which marks the MTS, is also subtle in this sequence. In boreholes HV-32-RS and
SC-64-RS the MTS was marked on occurrence of the Hw facies. Borehole HV-22-RS
presents a 30 cm thick erosive, intraclastic sandstone interval, interpreted as a
transgressive ravinement surface. Boreholes HV-22-RS, HV-44-RS and SC-88-RS
show an interval with concentration of sulphide nodules. The structure preservation
of the Hw facies and sulphide nodule formation are considered to represent greater
reducing conditions, probably due to a more stratified water body, which are
characteristics of the MTS (Araudjo, 2001; Catuneanu, 2006; Lavina, 1991). This
surface marks the base of the highstand systems tract (HST).

By these demarcations the Irati Sequence 1 is coincident with the Taquaral
Member lithostratigraphic unit. Deposition took place solely on outer ramp
environment, causing the systems tracts to have little facies differentiation in the
study area. Sediments are characterized by dark grey mudstones (Ff), with little
disturbance to the mudstone continuity except for the erosive sandstone and
heterolithic siltstone (Hw) horizons. Recognition of the continuity of these horizons

might have been prevented by poor core conditions.

4.3.2. Irati Sequence 2 — I1S2

The base of this sequence (SB2) is marked by abrupt facies change from outer

ramp siliciclastic mudstones (Ff) to inner ramp carbonate breccia (Cb). This
represents a large relative sea-level fall, such that a transition through mid-ramp

facies is not observed.

Deposition continues after the base-level fall in shallow water, inner ramp
environment, and progressive negative response of the gamma-ray profile indicates
progradation. The carbonate breccias with subaerial features (Cb) are more common
at the base of the succession, and as observed in thin section by Araujo (2001),
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criptomicrobial structures are also present, which suggest periodic subaerial
exposure. Predominance of these structures can be caused by limited
accommodation space (Pratt, 2010). However, they become less common upwards,
and the intraclastic conglomerates (Cr) become more common. Some studies
suggest carbonate mudstone without lamination might be indicative of more
subaqueous conditions than microbial laminites (Glumac and Walker, 1997), as is the
case of the mudstone clasts. Therefore, this facies succession is interpreted as
response to a slowly increasing rate in creation of accommodation space, allowing
progradation and aggradation, and thus it is interpreted as a lowstand systems tract
(LST). The presence of dark grey mudstones intercalated with the shallow water
carbonates is considered to be due to a higher frequency cycle. In addition,
mudstones and shales interbedded with carbonates are common features in shallow
water settings (Bathurst, 1987; Demicco and Hardie, 1994; Pratt, 2010).

Usually marked by a sharp positive break in the gamma-ray profile in the studied
section, the transition from the inner ramp to the mid-ramp also marks the transition
from a progradational to a retrogradational stacking pattern, here interpreted as a
MRS, and the beginning of the TST. Early TST is characterized by Mid-Ramp
grainstone units in isolated storm beds that have an upward tendency to be
progressively thinner (i.e., they are retrogradational). Carbonate sediments
eventually cease, and Outer Ramp bituminous shales occur together with the peak of

gamma-ray reading profiles, marking the MTS.

The overlying HST is the thickest accumulation of the 3 sequences. Oxygenation
levels are relatively higher, inferred by the predominance of non-bituminous facies.
Fish remains are more common on this tract, especially near the base. Presumably,
it is due the lower sedimentation rate of the early HST near the MTS, where the

siliciclastic outer ramp still suffers from “starvation” (Brett, 1995).

The Irati 2 Sequence (IS2) registers a vigorous progradation of the shoreline, so
that the carbonate factory moved all through the mid-ramp to overlie outer ramp
deposits. As base level started to rise again, water column stratification allied to high
organic production (Lavina, 1991; Araujo, 2001) resulted in strongly anoxic bottom
sediments and exceptional organic matter preservation. Progradation is then

resumed, with high accommodation space.
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4.3.3. Irati Sequence 3 — 1S3
Overlying the outer ramp dark grey mudstones of the HST of IS2, are sharp- and

erosive-based mid-ramp grainstones. The gamma-ray profile also shows a shift to a
progradational pattern, considered here to represent a base-level fall designated as
SB3.

Although the progradational shift of the gamma-ray profiles is usually not as
sharp, the lower portion of the grainstone beds is commonly formed by amalgamated
grainstone storm deposits (Cgl facies), which start to intercalate upward with
siltstones and shales (Chw facies), showing an asymmetrical progradational-
retrogradational pattern. These mid-ramp deposits are, therefore, considered the
LST. In addition, 3 of the described cores showed this interval to be composed of the

Cp facies.

The formation of the intraclasts of the Cp facies required prior deposition of
individual elements (bioclasts, peloids, etc.), partial lithification, and subsequent
erosion (Morad, 1998; Scholle and Ulmer-Scholle, 2003). A very common process in
carbonate environments which allows these events to occur is the formation of
hardgrounds or, more suitably, firmgrounds. Formation of firmgrounds requires a halt
in sediment deposition and erosion (Demicco and Hardie, 1994; Jones, 2010). This
could be caused by the low accommodation space in lowstand, leading to inhibition
of growth of the carbonate factory (Bosence and Wilson, 2003; Jones, 2010). In
addition, storm eroded firmground material would be readily transported basinward
and deposited in high-energy proximal tempestites causing strong progradation
(MacNeil and Jones, 2006; Van Steenwinkel, 1990), which is exactly the case in the
Irati Sequence 3. Finally, one of the predicted facies model for LST of Burchette and
Wright (1992) are the high-energy deposits, such as oolitic grainstones,
accommodated in mid- to outer ramp. Since oolite sediments are not abundant in the
Irati Formation, this high-energy intraclastic grainstone could be considered an

equivalent.

The beginning of intercalation of grainstones and heterolithic siltstones (Chw
facies; retrogradational pattern), together with abrupt shift in gamma-ray profiles
mark the MRS, and so the beginning of the TST. Facies succession is similar to the
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S2l, transiting from mid-ramp facies to outer ramp facies. This systems tract is
differentiated, however, by its fossil content.

Mesosaurid fossils are present at this interval in all described cores. They are
disarticulated, mostly ribs and vertebrae. Breakage, abrasion and corrosion levels
vary, but most fossils are well-preserved. There is a clear tendency for concentration
around the MTS, but not exactly on it. Mesosaurid fossils become very rare above 2
m of the MTS. Fish remains and ichnofossils are also common, and the latter more
abundant than at the rest of the studied section. Still, fish fossils are less abundant
than mesosaurids. Sulphide nodules are also more common closer to the MTS. All
these features are characteristic of the low sedimentation rates of a condensed
section, which probably enhanced fossil enrichment. Low sedimentation is also
reflected by the limited thickness of the TST when compared to the underlying

sequence

The restricted interval of occurrence of mesosaurid and pygocephalomorph
fossils allowed for the studied outcrops to be correlated and positioned at the SI3, on
the upper part of the Assisténcia Member. The mesosaurid fossils in outcrop occur
mostly on the grainstone tempestites beds, in opposition to the occurrences in cores,
which are mostly in the heterolithic siltstone. This is probably due to greater
resistance of the limestones to weathering in comparison to the highly friable shales
and heterolithic facies. The reptile remains can be seen on the outcrops as dense
concentrations, often forming a bone-supported fabric (i.e., bonebeds; Eberth et al.,
2007), generated by storm action (Lavina et al., 1991; Soares, 2003). The vertical
distribution of these fossils resembles the biostratigraphic intervals of Hachiro (1996),
especially for the restricted occurrence of mesosaurids (Figure 3), which might allow

more accurate correlations in future studies.

The retrogradational pattern of the TST gives way to a progradational pattern
above the MTS, initiating the HST. This systems tract was also deposited with
relatively high accommodation space, and less reducing (dysoxic) conditions,
indicated by the dark grey mudstones (Araujo, 2001; Boggs, 2006). Fish fossils are

also more common in the lower half of the unit.

At the top of the studied section, a thin concentration of fish fossils can be found

in some cores, near a gamma-ray pattern shift from progradational to
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retrogradational. This surface is interpreted as a transgressive lag (Holz et al., 2010;
Lages, 2004; Rohn, 2007), and is therefore considered a sequence boundary to the
next sequence, and the end of the Irati Sequences. The contact of the Irati Formation
with the Serra Alta Formation is here considered to be at the last appearance of
bituminous shale, in accordance to most authors (e.g., Amaral, 1967; Araujo, 2001,
Schneider, 1974). Since sequence stratigraphy has different concepts to
lithostratigraphy, it was considered more proper to keep the definition of the limits of
the units to their own constraints. Thereby, in the studied area the Irati Sequence 3

enters the base of the Serra Alta Formation.

Deposition of this last sequence initiated with a strong progradation, but not as
strong as the underlying sequence. It was followed by a severely sediment-starved
TST where an exuberant fauna developed, and was entombed in the increasingly
anoxic, sapropelic bottom sediment conditions, unique to the Irati Formation
(Pazinato et al.,, 2016; Pifeiro et al., 2012). Progradation followed in HST with
dysoxic conditions and high accommodation space, strengthening the starved
sediment interpretation to the TST.

5. DISCUSSION

5.1.Identification of a Lowstand Systems Tract

The results found in the present study are consistent with the works of other
researchers in the Irati Formation in the region (e.g., Araudjo, 2001; Lavina, 1991;
Menezes, 1994; Padula, 1968). Lithostratigraphic limits and fossil content are also
very similar (Lavina et al., 1991; Matos et al., 2013; Soares, 2003). The sequence

stratigraphy, on the other hand, has important points to be highlighted.

The three sequences here recognized are similar to the fourth-order sequences
of Araujo (2001), but there are some relevant differences. The sequence boundaries
of 1IS2 and 1S3 are traced at the base of the carbonate levels, which are considered
as LSTs. As explained in section 4.3.2, the abrupt change in lithology registering a
strong progradation of the shoreline, allied with the progradational-aggradational
stacking pattern is here considered not likely to have been caused by a normal

regression. A LST had already been suggested by Cassel, M.C. (personal



794
795

796
797
798
799
800
801
802

803
804
805
806
807
808
809
810
811
812
813
814
815
816
817

818
819
820
821
822

823
824
825

38

communication, 2016), while working on boreholes on the same region. In this sense,
the sequences become more similar to the fourth-order sequences of Hachiro (1996).

Recognition of lowstand systems tracts in carbonate ramps, especially
homoclinal ramps, are relatively uncommon (Burchette and Wright, 1992). This is
mainly due to their very low relief (less than 1°), which disfavors the formation of
incised valleys and lowstand fans and aprons (Wright and Burchette, 1996). Even so,
expected characteristics of LSTs in carbonate ramps are strongly progradational
units and high-energy deposits of reworked material (Burchette and Wright, 1992;
Wright and Burchette, 1996).

MacNeil and Jones (2006) describe the reef complexes and associated deposits
in a gently sloping, epicontinental ramp of Alexandra Formation, Late Devonian
(Frasnian) of Western Canada. The fourth-order sequence of Reef Complex #2 saw
an estimated sea-level drop of approximately 17 m, which moved the carbonate
factory to the outer ramp. This created a high-producing and high-energy
environment, as evidenced by intraclastic grainstones and rudstones, deposited over
reefs of the previous HST. The two HST saw little carbonate deposition, and the HST
of Sequence #2 is hardly differentiated from the TST on the outer ramp.
Differentiation of forced regression from normal regression is due to many factors,
including lack of deep to shallow water transitional deposits, and the distance
covered by the regressive deposits (around 18 km), which is considered too great for
a normal regression. This work shows that a fourth-order sea-level fall can generate
a forced regression, even in a low-gradient epicontinental ramp. Also, that carbonate
production can be enhanced during lowstand, generating high-energy reworked

deposits, similar to the mid-ramp intraclastic grainstone facies of the 1S2 and 1S3.

Tucker et al. (1993) applied sequence stratigraphy concepts to the Middle
Triassic Muschelkalk carbonates of the Catalan Basin in eastern Spain. The authors
recognize the uppermost Buntsandstein, the Middle Muschelkalk, and the Keuper
units of that basin as LST from third-order sequences, characterized by hybrid

sedimentation (marls) and evaporites, much alike the 1S2.

In the Middle Cretaceous carbonate ramp of northern Sinai, Bachmann and Kuss
(1998) identify several third-order LST in the Upper Aptian to Cenomanian

succession. In the carbonate-dominated “Unit B”, lowstands are characterized by
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peritidal, brackish, and restricted facies with terrigenous influence overlying marine
strata. Frequent emergence (subaerial exposure) horizons in some sections are
interpreted as higher-frequency cycles operating in low accommodation space.
Coexisting brackish and restricted conditions are also interpreted for the Irati
Formation (Aradjo, 2001) and, similarly, subaerial exposure is interpreted in the
present work to be caused by low accommodation space.

Van Steenwinkel (1990) describes a carbonate ramp setting at the northern edge
of the Cornwall-Rhenish basin (Belgium), at the Devonian-Carboniferous transition
(top-Strunian to base-Tournaisian). Offshore (outer ramp) sediments are abruptly
overlain by shoreface, intertidal, and lagoon (inner ramp) facies. Erosion, pebble
lags, and skeletal intraclasts (relicts) mark a third-order sea-level fall. These skeletal
intraclasts are interpreted as the result of “more or less” in-situ organism production,
which are continuously reworked because of the continuing relative sea-level fall.
The reworked deposits described in this work are much akin the intraclastic
pygocephalomorph-bearing grainstones of the 1S3, and led to similar interpretations.
Sea-level fall promoted carbonate production and redeposition.

All of these characteristics are similar to the ones found in the LST of SI2 and
SI3. Most cases are, however, considered third-order sequences, while the
sequences “inside” the Irati Formation are usually considered to be of the fourth-
order scale (Araujo, 2001; Hachiro, 1996; Menezes, 1994). A lowstand systems tract
in a carbonate ramp could be generated by enhanced carbonate production due to
restriction of the basin during lowstand and movement of the carbonate factory to a
more basinal and less prone to erosion position. This raises, however, a discussion

regarding the hierarchy of these sequences.

5.2.Sequence hierarchy

The third-order sequence chart of Holz et al. (2010) for the Gondwana |
Supersequence considers the base and top of the Irati Formation as sequence
boundaries (SB-5 and SB-6; Figure 14) such that the unit is referred to as the Late
Paleozoic Third-order Sequence 5 (LPTS-5). The main evidences for the
interpretation of the basal unconformity are fossil-rich conglomerates on the north-
east part of the basin, and breccia beds in the Rio Grande do Sul state. For the top

unconformity, fish bonebeds, breccias, or intraformational conglomerates and
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sandstones are indications of transgressive lags. These authors interpret the
Taquaral-Assiténcia limit to be a minor sequence boundary, although emphasizing
that “the abrupt replacement of siltstones and mudstones is another evidence of total
change of the depositional systems, respectively from a siliciclastic intracratonic to a
mixed carbonatic-anoxic siliciclastic ramp”. The breccias beds have not been found

in the present study.

Lages (2004) and Rohn et al. (2007) in consecutive works with cores from
around the Ponta Grossa Arch, in the states of Parana and Sao Paulo, highlight the
differences in thickness of the Taquaral and Assiténcia Members from north to south
of the structure. Rohn et al. (2007) conclude that the Ponta Grossa Arch region had
different subsidence rates at the deposition of each member, and therefore these

should not be considered in the same third-order sequence.

Earlier works had a tendency not to consider the lower contact of the Palermo
and lIrati Formations as a third-order sequence boundary (e.g., Goldberg, 2001,
Hachiro, 1996; Lavina, 1991; Menezes, 1994). Holz et al. (2010) account that this
limit (their SB-5) is the only sequence boundary without a biostratigraphic marker,
and also that their LPTS-5 has a relatively short duration for this hierarchy.

Araujo (2001) compiled data from Raffaeli et al. (1996, apud Araudjo, 2001) and
Milani (1997), such that the Taquaral-Assisténcia limit would be a third-order
sequence boundary between two transgressive-regressive sequences (LS8, figure
V.4 in Aradjo, 2001).

Following the principle of Strasser et al. (1999), where the trend (progradational
or retrogradational) of lower-frequency sequences influences the trend of higher-
frequency ones, the third-order sequences presented in Aradjo (2001) are more
consistent with the findings in the present work. Sequence Irati 1 would have been
deposited during a third-order HST. The basal SB of SI2 would be of fourth-order,
and as such, relative sea-level drop would not have exposed the deeper-water
sediments of the studied area. SB2 would be a superimposed fourth- and third-order
seguence boundary, causing the vigorous progradation of the inner-ramp facies. The
overlying SI2 and SI3 sequences would have been deposited in a third-order TST,

with high accommodation space. Despite the accommodation space, the fourth-order
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889 TST of SI3 would be severely sediment-starved, causing its low thickness, and
890 remarkable accumulation of fossils.
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894 In spite of this speculative correlation, the onset of restricted marine conditions is

895 an event of major importance in a sedimentary basin. The transitional contact of the
896 Palermo-lrati in the study area might be a local feature, or even be an effect of
897 weathering of the cores. Holz et al. (2006) highlighted tectonic control on along-strike
898 variations in subsidence of third- and fourth-order sequences of the Rio Bonito and
899 Palermo formations, in the Rio Grande do Sul state, including the same area of the
900 present study.
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Independently of the hierarchy to which they belong, the three sequences
dividing the Irati Formation are recognized by most workers, and are regarded as
having sequence stratigraphy significance. In this work, they were considered of

fourth-order, in accordance to most authors.

5.3.Fossil occurrence control

Recognition of a stratigraphic framework for the Irati Formation revealed strong
facies and sequence control over fossil occurrence in the studied section. Physical
factors had a major influence, especially oxygenation levels, storm wave bottom
energy, and sediment supply. Unsurprisingly, different fossils had different responses
to each set of physical conditions. It is of notice, however, that each of the most
abundant fossils (paleonisciforms, pygocephalomorphs, and mesosaurids) is vastly

dominant in specific systems tracts.

5.3.1. Paleonisciform fish fossils — Early HST

Mostly scales and teeth, paleonisciform fish fossils are found isolated or in thin
concentrations (Figure 6), and are most common at the early HST of SI1 and SI2.
The concentration of these fossils in these specific intervals might be explained by a
sedimentation rate “balance”. Deposition on outer ramp environment during the TST
is more punctuated, derived from major storm action in between hiatal periods. The
fragile fish bones possibly did not resist to prolonged destructive processes on the
water-sediment interface, such as dissolution, and possibly biogenic action. On the
other hand, increasing sedimentation rate during progradation of the late HST

drowned the fossils.

Vertebrate accumulations in marine environments are much less studied than
their invertebrate counterparts (Rogers & Kidwell, 2000). In addition, when compared
to sequence stratigraphy, integrated models are absent even for shelly
accumulations (Brett, 1995; Holz & Simfes, 2005). So, predictions of vertebrate
accumulations in submarine settings in relation to facies, bathymetry, and sequence
stratigraphy are even more tentative (Rogers & Kidwell, 2000), although some
progress has been made (e.g., Boessenecker et al., 2014; Matos, 2013; Peters et al.,
2009; Soares, 2003).
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Brett (1995) as well as other authors has recognized differences between early
and late HST for invertebrate assemblages. Transporting these ideas to the
vertebrate realm, Boessenecker et al. (2014) have recognized concentrations of
marine mammal remains on flooding surfaces within a HST of the Mio-Pliocene

Purisima Formation of Central California.

Pifieiro et al. (2012) reported that fish fossils do not coexist with mesosaurid
fossils in the Mangrullo Formation. In the studied section, these were subordinately
present alongside mesosaurids in the TST of IS3 and also in the grainstones of the
LST. The fewer numbers of fish fossils could also be due to a collecting bias, for

mesosaurid bones are larger and more striking to the eye.

5.3.2. Pygocephalomorph grainstones — LST

The vast majority of pygocephalomorph carapaces occur in grainstones with
hummocky, and upper-flow plane-parallel stratification (Cgp facies). This facies
contains the “Type C Accumulation” of Matos et al. (2013). These authors highlight
how unusual it is for small and thin crustacean carapaces to occur alongside larger
mesosaurid bones (up to 4 cm long ribs), even considering early diagenesis
mineralization. Another appointed unusual aspect of this accumulation is that the
mostly organic pygocephalomorph carapaces would deteriorate in a short period of
time, an aspect which caused the authors to evoke mass mortality and simultaneous

rapid burial as the process to allow fossilization.

In fact, the pygocephalomorph fossils are usually in upper-flow plane-parallel
bedding, an even higher-energy structure than the transitional hummocky cross-
stratification (Dumas and Arnott, 2006) in which the mesosaurids are more commonly
found. This can be explained by the carapaces composing sand-sized intraclasts
(sometimes up to granule size; Figure 9). The early mineralization and fossilization is
explained by hardground or firmground formation due to low accommodation space
on a carbonate inner to mid-ramp (Bosence and Wilson, 2003; Demicco and Hardie,
1994; Jones, 2010; Pratt, 2010). This indicates these are reworked deposits from
previously  deposited, semiconsolidated sediments already  containing
pygocephalomorph fossils. Thus, this fossil concentration is a combination of a hiatal
concentration (by firmground formation) and subsequent concentration through

reworking caused by storm action (Brett, 1995; Holz and Simdes, 2005; Kidwell and
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Bosence, 1991), corroborating the multi-episodic and proximal tempestite
interpretations of Matos et al. (2013).

On a biostratinomic perspective, the firmground origin interpretation of the
present work implies that the storm events were not necessarily a direct cause of
death for all the pygocephalomorph individuals. A part of the assemblage might have
died of natural causes. Matos et al. (2013) also observes that complete individuals
never form dense accumulations. These authors interpret this feature as moments of
low abundance of pygocephalomorphs due to stressing conditions (such as
hypersalinity, as proposed by Pifieiro et al.,, 2012), or few occurrences of mass
mortality events. Alternatively, this mode of occurrence might represent the normal,
“‘day-to-day” rate of mortality, while the accumulations are the result of diagenetic and

reworking events.

On the other hand, storms are a known and common cause of animal death and
fossil concentration (Brett and Seilacher, 1991; Rogers and Kidwell, 2007), and the
preservation characteristics of pygocephalomorph occurrences not contained in
intraclasts (type 1 preservation of Matos et al., 2013), usually found in shales are
commonly attributed to burial due to distal sediment flows caused by storms (Brett et
al., 2012; Brett and Seilacher, 1991).

Therefore, the cause of death and accumulation of the pygocephalomorph
carapaces are here considered to have a multiple origin. Mass mortality probably did
occur episodically, but background bioclastic input might also be registered, and both
were enhanced by firmground formation and storm reworking in the LST of the 1S3.

5.3.3. Mesosaurid bonebeds — TST

Mesosaurid bones are composed mainly by disarticulated ribs and vertebrae,

although other postcranial elements were also found. They show varied degrees of
preservation and fragmentation, and it is possible to observe original relief on the
surfaces of some ribs. Breakage is common, mostly straight and transverse (Figure
6A).

These fossils occur as dense concentrations in the carbonate grainstones in five
of the described outcrops (Figure 15A, B), but this condition was not found in cores.

Bones commonly support the framework of the rock, and are considered bonebeds
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(Eberth et al., 2007; Fig. 15C, D). They present chaotic orientation, occurring
preferentially within the HCS, in the upper portion of tempestites (Figure 15C, D).
Semi-articulated individuals are found at the top of HCS beds at the Passo do Séo
Borja outcrop (Figure 9B). Mesosaurids were also found in cores amidst the
heterolithic siltstones (Hw facies) at specific intervals in all of the described cores
(Figure 6A), and in dense accumulations in the Acegua 1 outcrop (Figure 15E).

As shown in Figure 13, mesosaurid fossil concentration in outer ramp
environment was enhanced by low sedimentation rates and episodic nature of a
severely sediment-starved TST, with accumulation culminating around the MTS of

IS3, being characterized as a condensed section (section 4.3.3).

Brett (1995) recognizes that TSTs are more prone for fossil accumulation and
better preservation, due to lower background sedimentation rates, and progressive
lower energy. Lower background sedimentation rates prevent “drowning” of the
bioclasts by sediments, and also enhance the action of episodic sedimentation, such
as caused by storms. Thus, preservation modes such as obrution deposits are more
likely to occur, leading sometimes to excellent preservations (lagerstatten; Brett &
Seilacher, 1991). Also, near the MTS, longer permanence of the fossils in the water-
sediment interface due to sediment starvation promotes the preservation of
phosphatized fossils, such as vertebrate remains and chitinophosphatic-shelled
brachiopods. This predictive model has been applied successfully to invertebrate
fauna in the Parana Basin by Simfes & Ghilardi (2000) and Zabini et al. (2011).

The propensity of the TST for better fossil preservation seems to be true also for
vertebrate fossils. The works of Rogers & Kidwell (2000), Peters et al. (2009), and
McMullen et al. (2014) all register better preservation and accumulation potential in
the TST, although the modes of fossil occurrence differ in detail. Flooding surfaces
also seem to be very prone to accumulate vertebrate remains by ravinement and
subsequent sediment omission (Boessenecker et al., 2014; Peters et al., 2009;
Rogers & Kidwell, 2000).
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Figure 15. (A, B) Tempestites (Cgl facies) as seen in outcrops. Underlying upper-flow parallel
stratification followed by HCS. (C, D) Mesosaurid bonebeds found in HCS (Cgl or Cgp facies). (E)
Mesosaurid bonebed found amidst Hw facies.
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In the Upper Cretaceous-Paleogene strata of the lullemmeden and Taoudeni
basins of northern Mali, Tapanila et al. (2008) describe accumulations of vertebrate
bone fossils and other remains (coprolites) amidst repeated sequences of carbonate
and shales in mixed carbonate-siliciclastic deposits of the epeiric Trans-Saharan
Seaway. The fossil assemblage in these conglomerates is highly biased toward
originally phosphatic or phosphate-enriched vertebrate remains, such as vertebrate
bones, and carbonate skeletal invertebrate fossils are nearly absent. This mode of
occurrence is in surprising accordance to the model of Brett (1995), originally

envisioned for invertebrate remains.

Coprolites are abundant, and fossil bones are mostly from bony and cartilaginous
fish, but fossils from many reptiles are also present. The authors interpreted that high
productivity in surface waters and sediment starvation, coincident with marine
transgression (a TST), greatly favored originally phosphatic fossils (such as
vertebrate bones and coprolites), whereas amalgamation and concentration are

attributed to syndepositional winnowing by repeated storm events.

All these sedimentary and taphonomic characteristics are strikingly similar to the
conditions present in the TST and near the MTS of 1S3, and thus the mesosaurid
fossil accumulations in this interval are here considered to have a strong hiatal
(sediment omission; Holz and Sim@es, 2005) component to their origin. Also,
pygocephalomorphs are absent due to taphonomic effects regarding the TST and
MTS.

A hiatal origin for the mesosaurid assemblage of the Irati Formation is in
apparent opposition to previous interpretations, in which mass mortality and
reworking are evoked as explanation to the fossil accumulations (Della Favera, 1987;
Lavina et al., 1991; Soares, 2003). These interpretations are mainly based on the
Passo do Sao Borja outcrop, where mesosaurids are found within the carbonate
grainstones, forming bonebeds in HCS at the upper portion of the tempestite beds
(Figure 9A; Figure 15C, D). More rarely, semi-articulated specimens are found on the

top of these beds (Figure 9B).

This fossil disposition was found in the present study in four boreholes, and in
five outcrops (including the Passo do S&o Borja), being ascribed to the “Taphofacies
1” (TF1) of Soares (2003), which are interpreted as proximal tempestites (also by
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Lavina, 1991). The positioning of the grainstone storm beds in mid-ramp environment
in the present study corroborates this interpretation.

Fossil accumulation by multi-episode reworking for this disposition is undebated,
as evidenced by (1) the co-occurrence of semi-articulated, disarticulated and
complete, and disarticulated and fragmented mesosaurid bones (Classes II, IlIA, and
[lIB of Soares, 2003); (2) the erosive nature of the observed storm deposits; and (3)
evidence of reworking by the intraclastic grainstones containing pygocephalomorphs.

Considering the mesosaurid fossils found in heterolithic facies, they occur
disarticulated, and with varied degrees of abrasion, corrosion, and breakage (Figure
6A; Figure 15E). Breaking pattern is usually straight and transverse (Figure 6A;
Figure 15E). These features combined indicate reworking after initial fossilization
(Holz and Simdes, 2002). Their host sediment is more specifically siltstone lenses
(sometimes fine sand intervals), rather than the whole heterolithic facies. Thus these
fossils are here interpreted to have been transported and deposited by the same
currents which generated these sedimentary structures, which are intermittent distal
flows caused by storms (distal tempestites). This suggests that mesosaurid bones at
the time of deposition had the hydraulic equivalence of silt to fine sand, but this

interpretation needs confirmation from better expositions in outcrops.

Therefore, the mesosaurid fossil assemblage of the Irati Formation is here
regarded as having a multiple origin, similarly to the pygocephalomorph assemblage.
Mortality caused by storm events and background bioclastic input were enhanced by
sediment omission and a condensed section in the TST and MTS of the IS3.

6. CONCLUSIONS

Depositional and preservation dynamics in the Whitehill-Irati Sea, and
consequently the rock record of the Irati Formation are the result of a combination of
processes. The main physical factors operating in this environment were: (1) energy
of storm waves affecting bottom sediments (and also lifeforms), controlled by
bathymetry; (2) oxygenation levels at the sediment-water interface, controlled by
guality of water circulation (hindered by water stratification); and (3) rate of sediment
input, terrigenous or carbonate. All of these are in turn controlled by relative sea-level
change. A comprehension of the sequence stratigraphy of this sedimentary
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succession is thus essential for the comprehension of how these processes
interacted, and resulted in the record of physical conditions, and lifeform activity

found within these rocks.
Concluding remarks of this study are:

1. Three stratigraphic sequences could be recognized for the Irati Formation in

the studied area, termed 1S1, 1S2, and 1S3, and are considered to be of
fourth-order hierarchy. The two overlying sequences, 1S2 and 1S3, present

lowstand systems tracts.

. The third-order systems tracts related to the Irati Formation are not

consensus among authors. The findings of this study support the
interpretation of Raffaelli et al. (1996, apud Araujo, 2001) and Milani (1997).

. The mesosaurid concentrations, along with pygocephalomorph crustaceans

fossil concentrations are restricted to the SI3. This allows correlation of
borehole data with the fossil-bearing outcrops in the Rio Grande do Sul state,
positioning them in the upper Assisténcia Member. This pattern resembles the

informal biostratigraphy Hachiro (1996).

. Fossil concentrations are strongly controlled by facies and sequence

stratigraphy  (accommodation space and sediment supply). The
paleonisciform fish fossils are the result of a sedimentation rate “balance”: not
too much and not too little. The mesosaurid and pygocephalomorph
accumulations are the result of combined factors: mass mortality and
background bioclastic input enhanced by hiatal and reworked concentrations.
Nature of hiatus is firmground formation for the pygocephalomorphs, and

sediment omission for the mesosaurids.

. Sequence stratigraphy has proven an excellent tool for the identification and

interpretation of factors controlling sediment deposition, and consequently
fossil occurrence and accumulation. Especially for marine vertebrate
taphonomy, it is greatly underused. This study highlights the great potential of
this tool for aid in explaining the fossil record.
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Justificativa.

O trabalho se encontra muito bem elaborado, sem falhas ou omissées significativas.
Aborda um tema bastante complexo e o desenvolve com coeréncia, ponderando

todas as evidéncias (e hipoteses tratadas como evidéncias) com desenvoltura,
demonstrando pleno dominio do tema.

A parte inicial, de revisao geral de conceitos e introdugéo do tema da pesquisa esta
bem elaborada, e embora bastante extensa (quase 70 paginas) & importante pois
permite, ao avaliador, a percepgdo do dominio do tema por parte do aluno.

O artigo & de muito boa qualidade, esta bem escrito, apresenta uma questio e
atinge a conclusées importantes. O arcabougo estratigrafico é consistente, as
superficies estratigraficas principais estao bem posicionadas e bem descritas. Os
controles  estratigraficos e deposicionais da ocorréncia  dos restos de
mesossaurideos também sdo consistentes. As facies sedimentares estdo bem
interpretadas, mas aqui vejo algo que pode ser melhorado para publicagao.

N&o sei o estagio em que se encontra com relagéo a publicagéo, mas se for possivel
sugiro uma revisdo na descricdo das litologias e estruturas sedimentares. Nao
existem erros fundamentais, mas a descricdo pode ser mais ajustada. Como
exemplo do que quero dizer, cito fotos do texto. Alguns detalhes técnicos na
descricao (e interpretagéo), caso ainda seja possivel, poderiam ser feitos. Por
exemplo, nas figs. 4 e 5. Na fig 4 esta escrito na legenda lower shoreface. Mas na
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literatura, o inicio do offshore & marcado pela presenga de lama. O segmento do
testemunho da fig 4 teria que ser descrito como pelitos com wavy and linsen
bedding. Deste modo, o testemunho marca o inicio do offshore (ou pode também ser
tratado como transicéo shoreface/offshore, nao tem problema), e ndo o shoreface
inferior, que tem que ser arenoso (por definigéo do termo). Na fig 5, o segmento D
esta apresentado como heterolito, o que esta correto, mas composto por flaser
bedding. Na verdade, o segmento compde, na totalidade, um acamadamento wavy
onde, internamente, ocorrem acamadamentos linsen e drape e talvez até algum
acamadamento flaser. Lembrar sempre que num testemunho com 5 cm de diametro
¢ dificil reconstruir com exatidao as estruturas sedimentares. Os acamadamentos
drape tendem a parecer flaser. Também, seria importante ressaltar a microgradagéo
nas laminagdes cruzadas das areias, pois remetem a acéo de ondas.

Em sintese, minha avaligdo do artigo, incluindo as sequéncias deposicionais,
ambiente de sedimentagéo e a contextualizagéo dos mesossaurideos, é excelente.

Ernesto Lavina

Prof. PPGeo Unisinos
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PARECER:
A monografia tem estruturagéo bipartida, sendo a primeira parte uma Introdugéo sobre o
tema e descricdo do objeto da pesquisa, com os objetivos e a filosofia de pesquisa
desenvolvidos e o estado da arte sobre o tema de pesquisa. A segunda parte constitui-se
em um artigos submetido a revista Journal of South American Earth Science.
Para o texto inicial (ojetivos, referencial tedrico etc.), alguns pontos especificos para
correcdo podem ser elencados:
1 — no titulo: “Permiano Inferior” é unidade cronoestratigrafica; entdo se referir idade de
unidades litoestratigraficas, o correto é usar o termo geocronolégico, i.e., “Neo-Permiano”
1 - em todo o texto: se hd mais de um autor, a citagdo no texto é autor et a., e ndo todos
os autores. Por exemplo: ndo “James, Kendall & Pufahl (2010)” mas “James et al., 2010”;
2 — na pagina 9: “concentragbes de matéria organica conhecidas no mundo” = COT? (e
“Aravjo” € o que? Informagéo pessoal? Publicagéo?);
3 - na pagina 11: “ldentificar seus ambientes deposicionais” = o correto é “sistemas
deposicionais”;
4 - na pagina 19 — a legenda da figura 7 néo explica a diferenga entre RF e RN;
5 — Referencias: arrumar a formatagéo (n&do esta justificado, ndo esta indentado a partir
da segunda linha, falta complementar algumas referéncias, ndo deve usar “et al’., mas
citar a nominata completa de autores).
Mas isso néo € tdo relevante. O que é relevante é que nessa primeira parte nota-se uma
certa falha na organizagéo do texto e na condugéo da discusséo. O autor devia ter focado
no modelo e nas concepcdes atuais da estratigrafia de sequencias (sensu comisséo de
ES liderado pelo Catuneanu e que publicou review papers em 2009, 2010 e 2011); e
depois, se quisesse (embora nao haja necessidade), poderia comparar isso com o modelo
classico de 1988, que desde entdo foi modificado em boa parte (com a introdugéo do
quarto trato de sistermas, por exemplo) ou até comprovou-se errado ou no minimo
inpertinente (como na questio do espago de acomodagéo fluvial ou na do papel da linha
de baia, por exemplo). No texto analisado, isso fica meio difuso, e vou dar um exemplo:
tanto na pagina 10 quanto na pagina 12 o autor afirma que o ano de 1988 “ viu a




consolidagdo da estratigrafia de sequéncias”. Na verdade o que 1988 marcou foi o
nascimento, digamos assim, da estratigrafia de sequencias como a praticamos hoje;
nascimento que se deu através de um arcabougo conceitual hoje em dia muito modificado.
1988 marca o que na concepgao de revolugdo cientifica de Kuhn (1962) foi uma mudancga
de paradigma - paradigma esse que entrou na fase de arrumagao durante os anos 2000 e
experimentou aceitagao e, ai sim, consolidagdo nos anos de 2010. Outras pequenas
falhas no texto do “referencial teérico” s@o a n&o-abordagem de uma questao
interessante da estratigrafia hoje em dia — até que ponto deve-se fazer andlise
estratigréfica guiado por modelos (o modo “model-driven” de Catuneanu, ou, como Embry
o chama, o modo “whishful thinking"); e a nao-discussdo da questdo de fazer
hierarquizagéo né@o pelo tempo de duragdo dos ciclos, mas pela hierarquizagéo por
expressdo fisica e significAncia geoldgica das superficies utilizadas para o fatiamento
estratigrafico. Seria também importante abordar mais claramente a questdo da duragéo
dos eventos e a magnitude de seus registros (no sentido do trabalho de Schwaracher,
2000, por exemplo), ja que a monografia aborda o controle faciolégico e estratigrafico — e
lembrando que os dois tem magnitudes bem diferentes. Também ressenti um pouco a
falta de referéncias aos Gtlimos livros de estratigrafia (e.g., Miall, 2016) e aos trabalhos
conceituais que sairam na érea de estratigrafia de sequencias, me refirindo aqui & série de
artigos de Catuneanu & Zechin (2013) e Zecchin & Catuneanu (2013, 2015, 2017)
abordando estratigrafia de sequencias de alta resolugdo. Em um texto de “referencial
tedrico” e “estado-da-arte” essas publicagdes obrigatoriamente tem de aparecer. Esses
artigos s&o interessantes e ajudam, com destaque ao Ultimo (o de 2017), que versa sobre
mixed siliciclastic-carbonate systems, totalmente pertinente para a tematica abordada na
dissertacao de mestrado analisada.

Outro aspecto que chama atengéo nesse texto geral: o seu completo tendenciamento (ou
bias, se preferir) em diregéo a estratigrafia. O referencial teérico tem dezeseis paginas de
estratigrafia versus trés de tafonomia. Se no titulo do trabalho e nos objetivos consta
“estratigrafia e tafonomia”, entende-se que as duas tematicas sdo equivalentes em
importancia para a pesquisa e seréo tratamento equivalente em um texto de referencial
tedrico. Mas néo o séo, e n&o fica claro porque. Se o autor acha necessario explicar o que
€ uma “mis” ou um “trato de sistemas de nivel alto”, devia também achar necessario
explicar o que é “time-averaging’ ou que é um “dep6sito de obrution’. Qutro exemplo
desse bias: assim como tem o quadro correlativo de concepgdes estratigraficas (o da
figura 9) porque ndo tem um de tafonomia? Com as varias intepretagbes sobre a
tafonomia dos mesossaurideos, por exemplo..?

Em suma, embora o texto seja bastante completo e do ponto de vista de estilo e de
gramatica estd bem elaborado e de facil leitura, ndo tem como ignorar as falhas e
incongruéncias apontadas. Por outro lado, deve-se considerar que o mestrando é da linha
de concentragdo em paleontologia e que o seu orientador ndo ¢ estratigrafo de oficio. Sob
essa optica, o texto inicial estd muito bom, com certeza. Porém, como ndo ha “muito bom”
no esquema de conceituagdo do PPGEO/UFRGS, vou atribui-lhe o conceito “excelente”
porque as falhas apontadas ndo s@o determinantes e devem ser entendidas como
estimulo & leitura adiconal e como critica construtiva.

Mas o que de fato me deixou tranquilo e muito satisfeito foi o artigo - € bem redigido,
estruturado e ilustrado, com figuras de boa a excelente qualidade. A metodologia adotada
e a escolha e aplicacdo dos modelos cientificos (e.g., delimitagdo do tratos de sistemas,
superficies estratigraficas, assinaturas tafondmicas) foram corretas e adequadas, e os




resultados séo coerentes e convincentes. Como n&o ha grandes discussdes conceituais e
coisa de estado-da-arte no artigo, a confusdo e as omissdes que critiquei acima nao
aparecem no artigo, que realmente é uma pega cientifica de primeira linha e com base na
qual eu emiti meu conceito final. Claro que ha muitos pequenos erros, omissoes,
equivocos etc. tipicos de um artigo cientifico que esta em sua versdo 1.0: além disso,
solicitaria a inclus&o de uma tabela e de pelo menos duas figuras conceituais. Contudo,
como a revista JSAES me convidou para ser referee desse artigo, ndo vou repetir toda a
critica aqui, mas posso antecipar que classificarei o artigo como “acceptable after major
revisions”. Com as revisdes que certamente os outros membros da banca e também os
demais referees escalados pela revista vao solicitar, tenho certeza que estd surgindo um
artigo excelente e que serd muito citado pelos pares. Embora existam trabalhos prévios na
literatura sobre o tema, o artigo é inédita na proposta de integragdo entre assinaturas
tafondmicas, facioldgicas e estratigraficas nos moldes modernos proposto pelos autores.
Por isso, qualifico a monografia como um todo e o artigo em particular como “excelente” e
parabenizo o mestrando, seus co-autores e seu orientador: ao mesmo tempo que
agradeco a lembranga do meu nome e o convite para integrar essa banca.

=

=
Assinatura: / Data: 11 de dezembro de 2017

Ciente do Orientador:

Ciente do Aluno:
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Parecer:

A dissertacdo analisada trata-se de um trabalho de excelente qualidade, onde o
autor efetuou uma andlise sedimentolégica, estratigrafica e tafonémica detalhada da
Formag&o Irati. O texto esta bem escrito, embora sejam frequentes os erros de digitaco.
Os objetivos da dissertagso sdo claros e bem definidos, sendo esses totalmente atingidos.
A metodologia esta sucinta, porem bem desenvolvida, sendo adequada aos objetivos do
trabalho. As figuras séo de boa qualidade, apresentando um carater elucidativo e

complementar ao texto, sendo na sua grande maioria inéditas.

A revis&o conceitual esta bastante completa, embora falte a citacéo dos trabalhos
recentes de estratigrafia de sequéncia de alta resolugéo (e.g. Catunanenu & Zechin,
2013), que revisdo o conceito de sequéncias, que passa a ter um significado descritivo,
marcando ciclos transgressivos-regressivos, formados pela interacdo entre a variacdo
relativa do nivel do mar e o influxo sedimentar. A geologia regional esta bem detalhada,
citando os artigos mais relevantes na Formaco Irati.

O artigo submetido esta bem estruturado, apresentando os objetivos, métodos e
resultados alcancados de forma competente. Entretanto, cabe ressaltar que embora as
facies estejam bem descritas e interpretadas, existe, por vezes, alguns erros conceituais.
Por exemplo, o autor descreve na facies Hw a presenca de upper-flow parallel and trough
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cross-stratification. Primeiro que upper-flow é uma interpretacéo de regime de fluxo, nio

uma estrutura sedimentar. Os autores devem ter querido dizer horizontal laminantion.
Segundo, se estd facies & um heterolito, ela n3o pode apresentar trough cross-
stratification. Esta estrutura tem uma dimensdo superior a 10cm de espessura,
incompativel com heterolitos que s&o caracterizados pela alternancia milimétrica a
centimétrica (<10cm) de arenitos e pelitos. Provavelmente, o que os autores querem

descrever sdo laminagdes cruzadas de marcas onduladas.

Apesar dos aspectos gerais das associacbes de facies estarem bem
caracterizados, substanciando um modelo deposicional de rampa carbonatica hibrida
dominada por onda, estas mereciam uma discussao similar as facies, onde a descricdo e
interpretacéo ficassem em paragrafos separados. Sempre o ideal é que haja separacgdo
clara entre descricéo e interpretagdo, o que n3o se verifica no item de associacdo de
facies.

No item de estratigrafia de sequéncias creio que os autores devessem ter utilizado
a nomenclatura de superficies propostas por Catunanenu et al (2009), que consiste em
um consenso entre as diferentes escolas da estratigrafia de sequéncias. O limite entre o
TST e o HSST é a maximum flooding surface, tendo-se abolido o termo maximum
transgressive surface. Além disso, os autores nZo discutiram de forma satisfatéria as
diferentes possibilidades interpretativas que existem para alguns intervalos especificos.
Destaca-se as sucessbes basais da I1S1 e IS2. N3o fica demonstrado de forma satisfatéria
a existéncia de uma discordancia na base da IS1. Os autores descrevem a passagem de
um padréo progradacional para um retrogradacional acompanhada de uma mudanca
gradual de cor dos sedimentos. Qual a evidéncia da discordancia? Essa mudanca gradual
de cor n&o indicaria uma variagio progressiva no contexto deposicional, sem rupturas
significativas?

Da mesma forma, o limite entre a IS2 e IS3 é passivel de diferentes interpretacdes.
A entrada abrupta dos grainstones de mid ramp é compativel com um FSST. Os autores
néo discutiram essa possibilidade, excluindo de forma sumaria a possibilidade de
existéncia de um FSST.
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Em suma, apesar dos pontos destacados anteriormente, considero a dissertagso

de excelente qualidade, estando o aluno Pedro Luis Amnon Xavier e o orientador Prof. Dr.

Cesar Leandro Schultz de parabéns.

Atenciosamente

(h I~

Prof. Dr. Claiton M. S. Scherer

Instituto de Geociéncias

Universidade Federal do Rio Grande do Sul - UFRGS
Av. Bento Gongalves, 9500, Agronomia

CEP 91501-970 Porto Alegre, RS

Tel.: (+55) 51 331086920
Fax: (+55) 51 33087047
E-mail: claiton.scherer@uifrgs.br



