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“A ciéncia nunca resolve um problema sem criar pelo menos outros dez”.
George Bernard Shaw

"If it keeps on rainin', levee's goin' to break,
When the levee breaks I'll have no place to stay".
Led Zeppelin "When the Levee Breaks" (1971)



RESUMO

A presente tese de doutorado apresenta um estudo sobre a sedimentologia do pacote triassico
da Bacia do Parana, a Supersequéncia Santa Maria. As rochas desta Supersequéncia, descritas
no inicio do século XX, tem sido estudadas tanto no intuito de entendimento de seus sistemas
deposicionais quanto na identificacdo de sua abundante fauna de vertebrados, que torna esta
unidade de importancia mundial. Entretanto, devido & intensa segmentacéo em blocos de falha
e a falta de continuidade de afloramentos, muitas duvidas sobre os ambientes de sedimentacéo
ainda permanecem. O objetivo deste trabalho foi realizar um estudo sedimentol6gico de
detalhe e discutir suas implicacdes estratigraficas, a fim de formular modelos deposicionais
que considerem, além dos processos sedimentares, fatores como paleofauna e paleoclima.
Para tanto, a metodologia aplicada incluiu analise facioldgica, com a construcdo de perfis na
escala 1:50, identificacdo e posicionamento estratigrafico de horizontes fossiliferos, e coleta
sistematica de amostras de lamitos segundo o arcabouco estratigrafico para analises quimicas
e célculo do indice de alteracdo quimica. Além disso, foi realizado um estudo bibliografico
sobre a paleofauna local para comparacdo e utilizacdo nos modelos. Como resultados,
primeiramente uma nova sequéncia de terceira ordem foi identificada, utilizando critérios
sedimentoldgicos, paleontolégicos e estruturais. Assim como as sequéncias propostas
anteriormente, esta consiste em arenitos conglomeraticos limitados por uma discordancia na
base, e sobrepostos por siltitos. A proposicdo da nova Sequéncia Santa Cruz, entre as
Sequéncias | e Il provocou um problema de nomenclatura, resolvido com a proposi¢do de
nomes (ao invés de nimeros) para as sequéncias. Desta maneira, buscou-se as toponimias das
melhores exposicOes de cada sequéncia, propondo os nomes Sequéncia Pinheiros-Chiniqua,
Sequéncia Candelaria e Sequéncia Mata para as Sequéncias I, Il e Ill, respectivamente. A
continuacdo dos trabalhos propiciou a discussdo sobre os ambientes deposicionais das
sequéncias Pinheiros-Chiniqua, Santa Cruz e Candelaria. Na base de todas, o sistema
interpretado é de rios entrelacados efémeros, com lama dentro dos canais e grandes
intraclastos incorporados a base dos canais. Nas duas primeiras sequéncias o sistema
deposicional incluia uma planicie seca, sem rios alimentadores e com abundancia de
paleossolos. A predominancia da fracdo silte em pacotes métricos macicos, com moda em
0,031 mm, sugere a presenca de contribuicdo edlica fina, com depositos de loess
retrabalhados por enchentes em lencol. Indicadores sedimentoldgicos, paleontoldgicos e
quimicos na base da Sequéncia Candelaria indicam um aumento na quantidade de &gua no
sistema, com o estabelecimento de lagos alimentados por enchentes em lencol, formando
deltas efémeros. No topo desta sequéncia foi identificado um sistema fluvial efémero com
caracteristicas peculiares, como a predominancia de arenitos deposicionalmente macigos. As
analises de indice de alteracdo quimica revelaram que o clima no decorrer da deposi¢do da
Supersequéncia Santa Maria ndo variou muito, se mantendo A&rido/semi-arido, com a
tendéncia a umidificacdo para o topo. O trabalho de identificacdo das unidades sedimentares
contribuiu para identificar que o pacote anteriormente chamado de Formacdo Caturrita néo
era o que a literatura descrevia como tal, resultando na reinterpretacdo do mesmo e proposicao
da Formacéo Botucarai, com estratétipos e idade bem definidos e fauna caracteristica.

PALAVRAS-CHAVE: TRIASSICO; SUPERSEQUENCIA SANTA MARIA; LOESS;
FLUVIAL



ABSTRACT

This PhD thesis presents a sedimentological study on the Triassic package of the Parana
Basin, the Santa Maria Supersequence. The rocks of this Supersequence, described in the
early twentieth century, have been studied in order to understand their depositional systems
and to identify their abundant vertebrate fauna, the latter which renders this unit of global
importance. However, due to intense segmentation of fault blocks and lack of outcrop
continuity, many questions about these deposits still remain. The objective of this work was a
detailed sedimentological study, to discuss its implications on stratigraphy, in order to
formulate depositional models that considered not only the sedimentary processes, but also
factors such as paleofauna and paleoclimate. Applied methodology included facies analysis,
with the construction of 1:50 scale logs, identification and stratigraphic positioning of
fossiliferous horizons, and the systematic sampling of mudstones for chemical analysis and
calculation of chemical index of alteration. Additionally, a bibliographic study on local
paleofauna was carried out for comparison and use in models. As a result, a new third-order
sequence was identified, according to sedimentological, paleontological and structural
criteria. Like the sequences previously proposed, it consists of conglomeratic sandstones
bounded by an unconformity at the base, and overlain by siltstones. The proposition of the
Santa Cruz Sequence, between Sequences | and Il led to a nomenclature problem, resolved
with the assignment of names (instead of numbers) to the sequences. For that, place names of
the best exposures of each sequence were sought, and the names Pinheiros-Chiniqua,
Candelaria and Mata Sequences were proposed for Sequences I, 1l and IlI, respectively.
Further work led to the discussion on the depositional environments of the Sequences
Pinheiros-Chiniqua, Santa Cruz and Candelaria. The basal portion of all the sequences was
interpreted as deposited by ephemeral rivers with intra-channel mud and large intraclasts
incorporated to the channel base. In the first two sequences the depositional system was a dry
plain, without feeder channels and abundant paleosols. The dominance of silt fraction in
metric, massive mudstone packages with modal peak in 0.031 mm suggests a fine-grained,
wind-blown dust contribution as loess deposits reworked by sheetfloods. Sedimentologic,
paleontologic and chemical indicators point towards an increase in the amount of water in the
system, with the establishment of sheetflood-fed lakes where ephemeral deltas were formed.
At the top of this Sequence an ephemeral fluvial system with unique features, such as the
predominance of structureless sandstones, was identified. The analysis based on chemical
index of alteration revealed that the climate during the deposition of the Santa Maria
Supersequence did not change much throughout its deposition, maintaining an arid / semi-arid
setting, with the tendency to more humid conditions to the top. The work of identifying the
sedimentary units helped identify that the package formerly called Caturrita Formation was
not what the literature described as such, leading to a reinterpretation of this unit and
proposition of the Botucarai Formation, a formal unit with well-defined stratotypes and
defined age, with an characteristic fauna.

KEY-WORDS: TRIASSIC; SANTA MARIA SUPERSEQUENCE; LOESS; FLUVIAL
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Sobre a Estrutura desta Tese:

Esta tese de Doutorado estd estruturada em torno de artigos publicados em periddicos ou
publicacbes equivalentes. Consequentemente, sua organizagdo compreende as seguintes
partes principais:

Parte I Introducédo sobre o tema e descri¢do do objeto da pesquisa de Doutorado, onde estéo
sumarizados os objetivos e a filosofia de pesquisa desenvolvidos, 0 estado da arte sobre o
tema de pesquisa.

Parte Il: Artigos publicados em periodicos ou submetidos a periédicos com corpo editorial
permanente e revisores independentes, ou publicacdes equivalentes (capitulo de livro de
publicacdo nacional ou internacional com corpo de revisores independentes), escritos pelo
autor durante o desenvolvimento de seu Doutorado.

Parte I1l: Anexos, compreendendo: artigos nos quais o pos-graduando é co-autor, resumos e
artigos publicados em eventos, relacionados ao tema central da tese, bem como documentacéo
pertinente de natureza numérica (tabelas, célculos), grafica (figuras, diagramas, mapas,
secOes) e fotografica que, por sua dimensdo e/ou natureza ndo pode ser incluida no(s)
artigo(s).



12

PARTE |

1. INTRODUCAO

A Supersequéncia Santa Maria (SSM) (sensu ZERFASS et al. 2003) tem sua origem
nas Camadas Vermelhas do Rio do Rasto, citadas pela primeira vez em trabalhos cientificos
no Relatério White, em 1908, como depositos de red beds que continham vertebrados fosseis
que indicavam idade triassica. As rochas tridssicas foram posteriormente individualizadas
como “Camadas Santa Maria” (MORAIS REGO, 1930) e descritas como restritas ao Rio
Grande do Sul por Maack (1947). As “Camadas Santa Maria” foram descritas como
Formacdo Santa Maria por Gordon Jr em 1947, e desde entdo varias subdivisdes vem sendo
propostas para melhor entender a histdria destas rochas. Com o avan¢o das pesquisas foram
propostos novos membros e formagOes para o sistema tridssico do RS, como o Membro Passo
das Tropas (BORTOLUZZI, 1974), na base da Formacédo Santa Maria, e a Formacao Caturrita
(ANDREIS; BOSSI; MONTARDO, 1980), sobreposta. Em 2000, Faccini formulou a
primeira subdivisdo baseada em conceitos da estratigrafia de sequéncias, mas a divisdo e

proposicdo da Supersequéncia Santa Maria foi de Zerfass et al. (2003).

A Supersequéncia Santa Maria aflora como um estreito cinturdo leste-oeste ao longo
de toda a por¢do central do estado do Rio Grande do Sul, Brasil (fig. 1). Ela equivale a
Sequéncia Gondwana Il de Milani (1997) para a Bacia do Parand, sendo considerada uma
reativacdo local da bacia. A area de ocorréncia € marcada por diversas falhas N-S, com rejeito

vertical ou subvertical, que modificaram a organizacéo original dos estratos.
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-Grupos Itararé, Guata e

Passa Dois

Figura 1- Mapa geolégico simplificado do RS, mostrando a distribui¢do geogréfica e a posicao estratigréfica da
Supersequéncia Santa Maria.

As rochas da SSM sdo muito importantes pela abundante presenca de fosseis de
vertebrados terrestres, que vem sendo descritos desde o inicio do século XX, inicialmente por
pesquisadores estrangeiros como Von Huene, e mais recentemente por inUmeros
pesquisadores brasileiros. Dentre os grupos encontrados estdo rincossauros, dicinodontes,
cinodontes, rauissuquios e dinossauros (SCHERER et al., 1994; SCHULTZ et al., 2000;
SCHULTZ; LANGER, 2007).

Inicialmente existiam muitas propostas sobre o sistema deposicional da SSM,
considerada como depdsitos de loess e amplas planicies de inundacdo. Pelo modo de
preservacgdo e pelas concregdes carbonaticas, foi sugerido a SSM teria sido formada sob clima
semi-arido a sazonal, com grande variacdo de nivel freatico (HOLZ; BARBERENA, 1994;
HOLZ; SCHULTZ, 1998). Portanto a monografia de qualificacdo deste projeto de doutorado
versou sobre sistemas deposicionais continentais em climas aridos, buscando estabelecer um
paralelo com outros locais que tivessem condigdes similares influenciando a deposicéo.
Anexados a esta tese, alem da revisdo realizada durante a monografia de qualificagéo,
encontra-se uma revisdo estratigrafica da litoestratigrafia e estratigrafia de sequéncias

propostas para a Supersequéncia Santa Maria.

Zerfass, Chemale Jr e Faccini. (2005) propdem que a restricdo de &rea de ocorréncia e
a distribuicdo geométrica da Supersequéncia Santa Maria se assemelham mais com pequenas

bacias africanas do que com a extensa deposicao da Bacia do Parand, principalmente durante
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0 Permiano. A descoberta de novos achados fossiliferos e a coleta de dados estruturais nos
ultimos anos geraram a necessidade de um estudo visando a integracdo destes dados com a

sedimentologia e a estratigrafia, objetivo deste trabalho.

2. OBJETIVOS

O objetivo geral desta tese foi de integrar o arcabouco estratigrafico, tectonico e
paleontolégico da Supersequéncia Santa Maria, propondo um modelo deposicional e
paleoambiental que contemple dados estratigraficos, paleontoldgicos e estruturais.

Como objetivos especificos, durante o desenvolvimento da tese buscou-se

1. Revisar o arcabouco estratigrafico de sequéncias da SSM a luz do conhecimento de
novos dados sedimentoldgicos e paleontoldgicos.

2. Buscar correlacGes entre diferentes locais de afloramento da SSM no Rio Grande do
Sul, bem como com outras bacias tridssicas no mundo.

3. Propor um modelo paleoambiental integrado com a tafonomia (estratigrafico e
paleontoldgico).

4. Levantar perfis colunares de afloramentos fossiliferos e estéreis, para posterior
posicionamento das ocorréncias fossiliferas.

5. Realizar andlises quimicas de elementos maiores (Ca, Na, K e Al) para estimar o grau
de intemperismo quimico das rochas através do célculo do indice de alteragdo quimica
(NESBITT; YOUNG 1982; GOLDBERG; HUMAYUN 2010), visando obter um
equivalente (proxy) de paleo-umidade na época e detectar se houveram alteracdes ao

longo da deposicdo da SSM.

3. JUSTIFICATIVA

A Supersequéncia Santa Maria é um dos depositos triassicos mais importantes do
mundo, dado sua abundancia fossilifera. Entretanto existem ainda muitas duvidas com relacéo
ao seu modelo deposicional. Mesmo com os trabalhos de Faccini (2000) e Zerfass et al.
(2003), o modelo deposicional ndo esta totalmente explicado. A predominancia de silte nos
depdsitos atribuidos a planicies de inundacdo € motivo de discussdo com relacdo ao modelo
deposicional da Sequéncia | e base da Il, podendo, como foi no inicio do século XX (DU
TOIT, 1927; HUENE; STAHLECKER, 1931), ser atribuidos a deposicéo de loess. A por¢do
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superior da Sequéncia Il (sensu ZERFASS et al. 2003), conhecida como Formagéo Caturrita,
foi inicialmente proposta como Membro Caturrita, porcdo basal da Formacao Botucatu (Juro-
Cretaceo) por Bortoluzzi (1974) no municipio de Santa Maria. Foi reposicionada no Triéssico
por Andreis, Bossi e Montardo (1980) com base em fosseis do municipio de Candelaria. N&o
esta claro se as rochas do Membro Caturrita sdo as mesmas rochas da Fm. Caturrita; inclusive
a primeira tem contato basal discordante e a segunda gradacional, segundo os proprios
autores. Além disso, a predominancia de facies de arenitos macicos também é motivo de

discussdes paleoambientais.

Achados fossiliferos posteriores aos ultimos trabalhos realizados (FACCINI, 2000;
ZERFASS et al., 2003) e a interpretacdo dos lineamentos regionais que cortam a area de
afloramento da SSM (ABDALA e RIBEIRO, 2003; MELO; ABDALA; SOARES, 2015; DA
ROSA e FACCINI, 2005) fornecem a base para novos estudos de correlacdo bioestratigrafica
e estratigrafica. A integracdo de dados estruturais com os sedimentoldgicos auxiliou no
entendimento do sistema deposicional da Supersequéncia como um todo, e as variacfes que
ela sofreu ao longo de sua deposicdo. Além disso, os modelos deposicionais foram revistos a
luz de novos conhecimentos sedimentologicos, 0 que propiciou a proposi¢cdo um modelo mais

consistente com o contexto estrutural e paleontolégico da SSM.

4. MATERIAIS E METODOS

A area onde se desenvolveu esta tese de doutorado € a porcdo central do Rio Grande
do Sul, em toda a extensdo de afloramento da Supersequéncia Santa Maria, bem como

afloramentos esparsos do Triassico na regido do Escudo Sul-Rio-Grandense.

Foram analisadas fotos aéreas e imagens de satélite para reconhecimento das
principais estruturas condicionantes da area de afloramento da SSM. Estes lineamentos foram
identificados e digitalizados no programa ArcGis®. As etapas de campo realizadas buscaram
evidéncias destes lineamentos em campo e informagdes sobre sua movimentacao, sempre que
possivel. O trabalho de campo realizado visou o levantamento de perfis colunares com
descricdo de facies (textura, composicao, estruturas sedimentares e conteudo fossilifero), com

0 objetivo de agrupar em associagdes de facies que e propor um modelo deposicional.

O indice de alteracdo quimica, calculado a partir da concentragdo de Ca, Na, K e Al

em argilominerais formados durante o intemperismo, transportados e depositados como
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lutitos, fornece uma estimativa do intemperismo quimico (NESBITT; YOUNG, 1982). O grau
de intemperismo quimico é inversamente proporcional a concentracdo de Ca, Na e K e
diretamente proporcional a de Al. Desta maneira é possivel estimar o grau de lixiviacdo a que
estes sedimentos foram submetidos. As analises quimicas de elementos maiores para calculo
do indice de alteragdo quimica foram feitas segundo o arcabouco estratigrafico, em lutitos de
cada uma das sequéncias, avaliando se houve mudanca de umidade ao longo da deposicédo da
SSM.

As informacdes paleontoldgicas foram retiradas da literatura cientifica por meio de

levantamentos bibliograficos.

5. REVISAO BIBLIOGRAFICA

5.1 Estratigrafia da Area de Estudo

White (1908) realizou o primeiro estudo geoldgico, em escala regional, na por¢éo sul
da Bacia do Parana. O autor denominou de “Sistema Santa Catarina” a sucessao das séries
“Tubardo”, “Passa Dois” e “Sao Bento”. Foi atribuida idade permiana para Série Passa Dois
pela associacdo de fdsseis (mesossauros, pelecipodes e crustaceos). A Série Sdo Bento foi
subdividida em “Camadas Vermelhas do Rio do Rasto”, “Grés de Sdo Bento” e “Rochas
Eruptivas da Serra Geral”. A Série Sao Bento foi classificada como tridssica devido a
presenca de fragmentos fosseis de vertebrados encontrados em Santa Maria, em sedimentos
associados com as Camadas Vermelhas do Rio do Rasto, fragmentos esses identificados como
Scaphonyx fischeri (WOODWARD, 1907), interpretado na época como um dinossauro basal
similar aos da Série Karoo da Africa do Sul. Pela semelhanca litologica e faunistica, White
(1908) propds uma correlagdo entre a Bacia do Parana e a Série Karoo, comentando que este
dado corroborava a hipotese de que os dois continentes estariam unidos no Permo-Triassico.
Devido a auséncia de fdsseis e & impossibilidade de datagdo radiométrica, a Grés de S&o
Bento e os derrames da Serra Geral foram posicionados também no Tridssico. Os depositos

sedimentares da Série Sdo Bento foram interpretados como fluvio-lacustres e eolicos.

Uma compartimentacdo semelhante a de White (1908) foi apresentada por Oliveira
(1918), que pela ocorréncia da flora Glossopteris e de pelecipodes (identificados e datados

por Holdhaus, 1918) posiciona as Camadas Vermelhas do Rio do Rasto em Santa Catarina no
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Permiano. Em consequéncia desta nova datacdo, o limite destas camadas com a Série Passa
Dois (abaixo) e com a Grés de Sdo Bento (que teve seu nome alterado para Arenito Botucatu
naquele trabalho), passaram a ser considerados discordantes. Em uma nota no trabalho de
Holdhaus (1918), Oliveira considerou que a presencga do féssil Scaphonyx fischeri indicaria
uma possivel divisdo das Camadas Vermelhas do Rio do Rasto em uma unidade permiana e

outra triassica, caso a idade daquele taxon fosse confirmada (Fig. 2).

Reed, em 1928, reexaminou os moluscos fésseis encontrados por Oliveira (1918) e
datou-os como triassicos, contrariando a proposta de Holdhaus (1918). Com base nessa
reinterpretacdo paleontoldgica, os trabalhos de Oliveira (1929, 1930) recolocaram na Série
Sdo Bento as Camadas do Rio do Rasto, alterando sua categoria para o nivel de Grupo
(FACCINI, 1989).

White (1908) Oliveira (1918) Oliveira (1929)
Eruptivas Serra Geral

Eruptivas Serra Geral

Grés de Sao Bento Eruptivas Serra Geral

Arenito Botucatu

Camadas Vermelhas
do Rio do Rasto

[(®]
.9
(]
(73]
:©
=
'_

Arenito Botucatu Grupo Rio do Rasto

Série Sao Bento

Série Rio do Rasto Calcario Rocinha

Calcario Rocinha

Calcario Rocinha
Grupo Estada Nova

Xistos cinzentos da
Estrada Nova

Xistos pretos Irati

Grupo Estada Nova

Permiano

%)
3
Grupo Irati

Série Passa Dois| Série Sdo Bento

Série Passa

Grupo Irati

Série Passa Dois| Série Sdo Bento

Figura 2- Colunas estratigraficas de White (1908) e Oliveira (1918; 1929).

Du Toit (1927) apresentou outra compartimentacdo para este pacote de sedimentos
vermelhos, que iniciaria com o Grupo Estrada Nova, dividido em dois andares: Estrada Nova
Inferior (Permiano, segundo a idade da flora Glossopteris) e Estrada Nova Superior
(Triassico, segundo os moluscos datados por Reed, 1928), sendo ambos separados entre si por
uma discordancia tedrica e apresentando contato superior gradacional com o Grupo Rio do
Rasto, embora ndo tenha deixado claro que parte do pacote representaria este ultimo. O Grupo
Estrada Nova foi considerado como estuarino, com ocasionais incursdes marinhas, e segundo
0 autor ainda néo estava mapeado no Rio Grande do Sul. Neste trabalho, a por¢do do Grupo
Rio do Rasto que contém vertebrados fosseis foi correlacionada com a Formacdo Piramboia

em Sao Paulo. Du Toit correlacionou as Camadas Rio do Rasto com as Camadas Molteno da
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Africa do Sul, e com as bacias de San Juan e Barreal. Ele atribuiu a sedimentacdo das
Camadas Rio do Rasto e Arenito Botucatu a um ambiente desertico relacionado com uma
crescente aridez no Triassico. Ele comentou que estes depositos se parecem muito com o loess
quaternério do Pampeano da Argentina, devido a predominancia de material réseo e
concrecles calcareas, mas por outro lado lembram as camadas Kalahari do Terciario-

Quaternario de Botsuana, com areias fluviais e edlicas.

Morais Rego (1930) apresentou pela primeira vez uma subdivisdo do Grupo Rio do
Rasto em duas porgdes, ambas de idade tridssica. A por¢ao inferior, denominada “Camadas
Serrinha”, corresponderiam ao pacote portador dos crusticeos ¢ da Flora Glossopteris
encontrados a NW de Marechal Mallet (PR) por Oliveira (1918) e estudados por Reed (1928)
interpretadas como marinhas. A porgdo superior foi denominada “Camadas Santa Maria”,
aflorante apenas no Rio Grande do Sul, de origem continental e contendo os fdsseis de

vertebrados descritos por Woodward (1907).

Huene e Stahlecker (1931), a partir das observacdes realizadas em Santa Maria, Sdo
Pedro do Sul e Santa Cruz do Sul, dividiram as “Camadas Vermelhas do Rio do Rasto” em
dois membros: um inferior afossilifero e outro superior fossilifero, com plantas na base e
tetrapodes e crustdceos no topo. Neste trabalho os autores mencionaram a origem da
sedimentacdo tridssica como flavio-edlica, dividida entre argilas e arenitos estratificados,
interpretados como de origem fluvial, e em argilas macicas fossiliferas ricas em particulas
carbonéticas. Estas concrecdes foram novamente comparadas as que ocorrem nos depdsitos
de loess. Segundo os autores, a grande quantidade de poeira indicaria a existéncia de uma
vasta planicie, coberta de terra vermelha, que em parte foi sedimentada em condic¢des de fluxo
temporario de agua, gerando a argila estratificada, e parte em condi¢des secas, gerando argilas
macicas. Eles comentaram que, apesar dos sedimentos parecerem homogéneos,
provavelmente ocorreu mudangas importantes na paisagem. Novamente compararam as

Camadas Vermelhas do Rio do Rasto no RS com trechos do Kalahari.

Mendes (1945) apontou problemas no trabalho de Reed (1928), indicando que os
crustaceos referidos por aquele autor poderiam ser realmente permianos, como proposto por
Holdhaus (1918). Como ndo havia mais correlacdo entre as porc¢des superior e inferior das
Camadas Vermelhas, Gordon Jr. (1947) desvinculou as “Camadas Santa Maria” das Camadas
Vermelhas do Rio do Rasto, propondo a Formagdo Santa Maria e a Formacdo Rio do Rasto,

sendo que a ultima foi incluida no Grupo Passa Dois. A Fm. Santa Maria, tridssica, com base
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na paleoherpetofauna, foi descrita como discordante das camadas sob- e sobrejacentes. O
mesmo autor também dividiu a Fm. Santa Maria em trés partes, a partir de critérios
faciologicos. A parte mais basal era constituida por folhelhos recobertos por arenitos
feldspaticos e conglomerados; a intermediaria, por argilas vermelhas com “esparsos leitos
lenticulares de calcario” e ocorréncia de tetrapodes fosseis; e a superior, por intercalacfes de

arenitos fluviais e folhelhos argilosos (fig. 3).

Du Toit (1927) Morais Rego (1930) |Huene & Stahlecker (1931) | Gordon Jr (1947)
o| Eruptivas Serra Geral |o| Eruptivas Serra Geral Eruptivas Serra Geral Arenito Botucatu
S 5 ) Arenito Botucatu
g @ Arenito Botucatu p =
L2 B . o o Tl
-§ by Arenito Botucatu S é) 8 g
o g g g Eg
O H ‘O . . = ;
b] Grupo Rio do Rasto p3 Camadas Serrinha [IERYi 2 5 s
‘3| Grupo Estada Nova 8| Camadas Terezina |8| Grupo Estada Nova Formacso Rio do
e ™ Superior e a Superior Rasto
-g @| Grupo Estada Nova (& Grupo Estada Nova @|  Grupo Estada Nova
5 B Inferior o & Inferior Grupo Estada Nova
S G Irati 5 Grupo Irati 5 G Irati
2 rupo Irati K 8 rupo Irati

Fluvial - Planicie de inundagéo

Figura 3- Colunas estratigraficas de Du Toit (1927), Morais Rego (1930), Huene e Stahlecker (1931) e Gordon
Jr (1947) com suas interpretacdes de ambiente deposicional.

Maack (1947) deixou claro que a Fm. Santa Maria ndo ocorre nos Estados de Santa
Catarina e Parana. Portanto, naqueles Estados, haveria uma grande discordancia erosiva entre

as Formacdes Rio do Rasto e Botucatu.

Beurlen et al. (1955), atraves de observacdes das lito- e biofacies das Formacdes Santa
Maria e Botucatu, chegaram a duas possiveis interpretacGes para a génese dos depdsitos de
Santa Maria: 1) a formag&o representaria um horizonte estratigrafico autbnomo, formada em
um ambiente semi-arido, com alternancia de estacfes secas e chuvosas, antes de um extremo
arido no qual o Arenito Botucatu se depositou; 2) a Formacdo ndo seria um horizonte
estratigraficamente autbnomo, mas uma fécies local de zona Umida, como um oasis em uma

regido de clima arido, representado pelo Arenito Botucatu.

Sanfords e Lange (1960) apresentaram uma sintese dos trabalhos anteriores. O Grupo
Rio do Rasto foi mantido no Permiano e a Formacdo Santa Maria, que ocorreria apenas na

porcdo sul da Bacia do Parand, passou a ser correlacionada nas porcfes central e norte da
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bacia com as formac6es Botucatu e Pirambdia, ocorrendo sobreposta discordantemente sobre

0 Grupo Rio do Rasto.

Delaney e Goiii (1963) dividiram a Fm. Santa Maria em duas porc¢des. O nivel inferior
seria composto por arenitos finos a conglomeraticos, correlacionavel com o Arenito Buena
Vista do Uruguai. O nivel superior seria caracterizado por folhelhos calciferos vermelhos e
arenitos com estratificacbes cruzadas portadores de répteis fosseis e vegetais da Flora
Dicroidium. Os autores interpretaram a Fm. Santa Maria como oriunda de deposi¢édo flavio-
lacustre em clima Umido e quente, e destacaram a ocorréncia da Fm. Santa Maria superior

exclusivamente no Rio Grande do Sul.

Em 1967, Bortoluzzi e Barberena subdividiram a Fm. Santa Maria sensu Gordon Jr.
(1947) usando critérios fossiliferos. Desse modo, foi proposto um Membro Santa Maria
Inferior, que consistia, na base, em arenitos fluviais com intercalagdes de siltito laminado
(contendo a flora Thinnfeldia-Dicroidium), recobertos por um nivel de argilito macico e
afossilifero. J& 0 Membro Santa Maria Superior apresentaria, da base para o topo, um nivel de
argilito siltico com fosseis de tecodontes, rincossauros e cinodontes, um nivel de arenito
siltico com concrec@es calcarias, além de fosseis de rincossauros e cinodontes e um nivel de
argilito e arenito intercalados, com troncos silicificados. Observa-se, no trabalho em questéo,
gue os autores associaram a ocorréncia de concre¢des calcarias a apenas alguns niveis dentro
do pacote, caracterizados por uma paleofauna especifica. Naquele trabalho, a Formacdo Santa
Maria é interpretada como de origem flavio-lacustre.

Na década de 60 a Fm. Serra Geral foi datada radiometricamente e posicionada no Eo-
Meso-Cretaceo. A partir disso, Northfleet et al. (1969), devido a intercalacdo dos depositos
edlicos com as rochas vulcanicas, atribuiram uma idade juro-cretdcea para o Arenito
Botucatu. Em consequéncia, o intervalo tridssico fora do Rio Grande do Sul passou a ser
representado pela Formacédo Piramboia.

Gamermann (1973) erigiu a Formacdo Rosario do Sul para redefinir o pacote de
rochas sedimentares que ocorrem no RS discordantemente entre as Formagdes Estrada Nova e
Botucatu. Ele propds que Formacdo Rio do Rasto ndo ocorreria no Rio Grande do Sul. A
Formacdo Rosério do Sul apresentaria duas facies: a mais basal, camada Facies Fluvial,
interpretada como planicie de inundacédo, sobreposta por rochas de origem lacustre chamada
Facies Santa Maria. Estas estariam separadas por caracteristicas mais bio- do que

litoestratigraficas, sendo a segunda facies fossilifera (Fig. 4).
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Figura 4- Colunas estratigraficas de Beurlen et al. (1955), Delaney e Gofii (1963), Bortoluzzi e Barberena
(1967) e Gamermann (1973) com suas interpretacGes de ambiente deposicional.

Schneider et al. (1974) fez um amplo trabalho englobando a Bacia do Parana,
utilizando dados de mapeamento, bioestratigrafia e correlagdo de pocgos. A coluna
estratigrafica proposta por aquele trabalho era muito similar a proposta por Gordon Jr (1947),
com a diferenca que manteve a Formagdo Rosario do Sul como Unica representante do
Triassico na Bacia do Parana (FACCINI, 2000).

Bortoluzzi (1974) dividiu a Formacdo Rosario do Sul (sensu SCHNEIDER et al.,
1974) em duas unidades litoestratigraficas: a Fm. Rosario do Sul sensu stricto, basal, de
composicdo arenitica de origem fluvial, e a Fm. Santa Maria, dividida em dois membros,
Passo das Tropas e Alemoa. O Membro Passo das Tropas consistiria em arenitos
conglomeraticos com camadas silticas intercaladas, contendo fésseis da flora Dicroidium e
conchostraceos. O Membro Alemoa, por sua vez, era constituido por siltitos argilosos
macicos, ricos em fdsseis de tetrapodes, interpretados como um sistema lacustre. Acima da
Formacdo Santa Maria, em contato discordante, ocorria arenitos conglomeraticos com
estratificacdo cruzada comum, com troncos silicificados, intercalado com siltitos. Este pacote,
de origem fluvial, foi considerado pelo autor como sendo a por¢do basal da Formagdo

Botucatu, sendo nomeado como Membro Caturrita.

Andreis et al. (1980) propuseram uma nova coluna para o Triassico do RS, incluindo
duas principais mudangas. Primeiramente, foi proposta a redefinicdo da Fm. Rosario do Sul
sensu Gamermann (1973), que foi elevada a categoria de Grupo. Dentro deste, os autores
erigiram o termo Formacdo Sanga do Cabral, que corresponderia & Fm. Roséario do Sul sensu

stricto de Bortoluzzi (1974). Além disso, apesar de frisar a inexisténcia de rochas fossiliferas
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na regido estudada, estes autores propuseram a elevacdo do Membro Caturrita a categoria de
Formacdo, desvinculando-o da Formacdo Botucatu e inserindo-a no Tridssico Superior,
sobreposta a Fm. Santa Maria. Naquele trabalho os autores resgataram a interpretacdo dos
primeiros trabalhos e interpretaram o Membro Alemoa da Formagdo Santa Maria como um
paleoloess acumulado em uma planicie com vegetacdo de pequeno porte. A Formacgéo

Caturrita foi interpretada como depdsitos de sistemas fluviais meandrantes (Fig. 5).

Schneider et al (1974) Bortoluzzi (1974) Andreis et al. (1980) Faccini (2000)
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Figura 5- Colunas estratigraficas de Schneider et al. (1974), Bortoluzzi (1974), Andreis, Bossi e Montardo
(1980) e Faccini (2000) com suas interpretacfes de ambiente deposicional.

Com o intuito de refinar os dados de cronocorrelacdo para o Permo-Triassico da Bacia
do Parand, Barberena et al. (1985) utilizaram o conceito de Faunas-Locais (SIMPSOM,
1971). Duas dessas Faunas-Locais seriam permianas, enquanto as quatro restantes seriam
triassicas e ocorreriam dentro do Grupo Roséario do Sul proposto por Andreis et al. (1980).
Neste ultimo, a Fauna-Local de Catucaba ocorreria na Formagéo Sanga do Cabral, as Faunas-
Locais de Chiniqua e Alemoa na Formagdo Santa Maria, e a Fauna-Local de Botucarai na

Formacdo Caturrita.

Faccini (1989) propds o estudo do arcaboucgo estratigrafico da Bacia do Parana com
base na estratigrafia de sequéncias, dividindo o pacote do Neopermiano-Eocretaceo em quatro
sequéncias deposicionais, numeradas de | a IV, da base para o topo. A sequéncia |
compreendia a Fm. Sanga do Cabral (Eotridssico), na base em contato gradacional com a Fm.

Rio do Rasto e equivaléncia sedimentoldgica e temporal com a Fm. Piramboia, que ocorreria
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ao norte do RS. A Fm. Santa Maria foi inserida na Sequéncia Il, caracterizada pela presenca
de pelitos subaquosos vermelhos contendo uma rica paleofauna de vertebrados, interdigitados,
na base e no topo, com sedimentos arenosos, esbranquicados, de origem fluvial. Essa
sequéncia abrangeria toda a Formagdo Santa Maria e a parte basal da Formacdo Caturrita
(sensu ANDREIS; BOSSI; MONTARDO, 1980). A sequéncia III englobava os “Arenitos
Mata” (que corresponderiam aos niveis com troncos fosseis que Bortoluzzi, 1974 inseria na
parte inferior da Fm. Botucatu, sob a denominacdo de Membro Caturrita), com arenitos
quartzosos e esbranquicados, fluviais, contendo troncos silicificados. Finalmente, a sequéncia
IV correspondia a Fm. Botucatu, contendo arenitos edlicos com grandes estratificacbes

cruzadas.

Milani (1997) faz um extensivo trabalho ao longo de toda a Bacia do Parana,
propondo sequéncias deposicionais de 22 ordem para subdividir todo o preenchimento da
bacia. As rochas correspondentes a Formacdo Santa Maria e Caturrita foram englobadas na
Sequéncia Gondwana II.

Em 2000, em sua tese de doutorado, Faccini fez um extensivo trabalho de revisdo dos
sistemas deposicionais do Grupo Rosario do Sul. Para a Formacdo Santa Maria, interpretou o
Membro Passo das Tropas como canais amalgamados (multistorey) de rios entrelacados
perenes. O Membro Alemoa foi interpretado como extensas planicies de inunda¢do com
corpos lacustres efémeros e feicBes pedogenéticas. Por fim, a Formacdo Caturrita foi
interpretada como rios anastomosados com planicies de inundacdo e depdsitos deltaicos

associados.

Zerfass et al. (2003) publicaram uma proposta de estratigrafia de sequéncias para o
Grupo Rosario do Sul. Naquele trabalho os autores dividiram o pacote triassico do RS em trés
sequéncias deposicionais de terceira ordem, com base em discordancias regionais e datacdo
bioestratigrafica. A Supersequéncia Santa Maria foi correlacionada a Sequéncia Gondwana Il
de Milani (1997), e divida em trés sequéncias, Santa Maria I, 11, e 1ll, de idades ladiniana,
carniana e rética, respectivamente. Zerfass et al. (2003) propuseram que 0 Membro Passo das
Tropas da Fm. Santa Maria ocorre na base de todas as sequéncias, sendo depositado por rios
entrelacados que responderiam a movimentagdes tectonicas na borda na bacia como um trato
de sistemas de nivel baixo. Estas rochas séo sobrepostas pelos siltitos macicos e laminados do
Membro Alemoa, interpretados como lagos rasos temporarios que representariam o trato de

sistemas transgressivo. A Sequéncia Santa Maria | (SSMI) néo teria trato de sistemas de nivel
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alto. Ja a Sequéncia Santa Maria Il (SSMII) teria os tratos de nivel baixo e transgressivo
interpretados de maneira similar a SSMI, mas também o trato de sistemas de nivel alto
preservado, correspondendo, litoestratigraficamente, a Formacdo Caturrita (sensu ANDREIS
BOSSI; MONTARDO, 1980) (Fig. 6). Naquele trabalho este trato de sistemas foi interpretado
como composto por depositos flavio-lacustres, substituidos no topo por um sistema fluvial.
Por fim, a Sequéncia Santa Maria 1l corresponderia a unidade informal denominada Arenito
Mata, interpretada como produto da deposicdo de rios entrelagados de alta energia com

abundantes fragmentos de troncos.

Faccini (2000) Faccini (1989) Zerfass et al (2003)
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Figura 6- Coluna estratigrafica de Faccini (2000) e as propostas de estratigrafia de sequéncias de Faccini (1989)
e Zerfass et al.(2003).

A atribuicdo de idades para o pacote triassico da Bacia do Parana sempre foi realizada
a partir de correlagbes bioestratigraficas com faunas de outros locais do Gondwana, como a
Argentina, Africa do Sul e mais recentemente, Madagascar. Os trabalhos pioneiros de
Barberena, em 1977 e 1985, iniciaram o estabelecimento do arcabouco cronologico para a
Formacdo Santa Maria. Trabalhos posteriores como Aradjo (1982), Schultz e Azevedo
(1990), Azevedo e Schultz (1990). Lavina (1992), Barberena et al.(1993), Scherer (1994),
Schultz (1995), Rubert e Schultz (2004), Schultz et al. (2000) e Soares, Schultz e Horn (2011)
refinaram este arcabouco, que é utilizado até hoje ( fig.7).
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Figura 7- Coluna estratigrafica de Zerfass et al. (2003) com suas biozonas correlatas, segundo Soares, Schultz e

Horn, (2011).
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5.2 Sedimentacgéo aluvial em ambientes aridos e semi-aridos

A 4gua é um dos principais controles na producdo, dispersdo e deposicdo de
sedimentos terrigenos continentais, através da taxa de precipitagdo, escoamento superficial em
canais fluviais e inundacao das areas fora dos canais. Tanto a quantidade quanto a distribuicao
da precipitacdo sdo fatores climaticos que tém uma importante influéncia na sedimentacdo. A
temperatura é importante como controle do estado fisico da agua, determinando também os
processos que ocorrem durante a eodiagénese. Os dois fatores mais importantes (temperatura
e precipitacdo) sdo controlados pelo clima. A velocidade das reacdes quimicas duplica a cada
vez que a temperatura aumenta 10°C, aproximadamente (POMEROL et al. 2013). A
circulacdo de agua é o principal controle da intensidade da alteracdo, pois ela permite a
manutencdo de um ambiente subsaturado e uma lixiviagdo constante (POMEROL et al.
2013).

Precipitacdo e temperatura controlam a quantidade e o tipo de vegetacdo, que
influencia os estilos deposicionais nos canais e fora deles, e, através de processos
bioquimicos, o tipo de intemperismo e erosdo nas areas fonte (MIALL, 1996). A precipitacdo
€ um componente altamente zonal, que pode ser afetado mais intensamente pela presenca de
cadeias de montanhas do que pela circulacdo atmosférica global. Evaporacdo é controlada
pela temperatura e umidade relativa do ar. Como a temperatura é altamente dependente da
latitude, a evaporacdo segue 0 mesmo padrdo geral. Atualmente, a evaporacdo aumenta nas

zonas subtropicais, longe do Equador e diminui novamente nos pélos (PARRISH, 1998).

Climas aridos e semi-aridos descrevem regiGes onde a precipitacdo € menor que a
evaporacdo. Em climas aridos, a precipitacdo é baixa demais para sustentar vegetacao, ou
ocorrem apenas pequenas quantidades de vegetacdo especializada. Uma area éarida
normalmente recebe menos que 250 mm de precipitacdo anual, e em alguns anos tem
precipitacdo zero. Nestes climas, o intemperismo quimico € insignificante, € 0S processos
fisicos dominam. Processos eolicos sdo comuns e a deposi¢cao de minerais evaporiticos pode

ser abundante, proveniente do nivel freatico, playas e lagunas costeiras.

Climas semi-aridos séo regifes onde a precipitacdo € menor que a evaporagdo, mas
numa razdo menor, sendo suficiente para sustentar vegetacdo de pequeno porte ou arbustiva.
Estas regides tém um nivel freatico baixo, mas precipitacdo suficiente de estagdes chuvosas

sazonais ou monsonais para gerar solos e intemperismo oxidante, formando red beds em
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baixa profundidade. O regime de precipitacdo ¢ normalmente “reldmpago”, com uma grande
propensdo para formacdo de inundacgdes e ocorréncia de fluxos hiperconcentrados e fluxos de
detritos (LEEDER, 1999). A decomposic¢do quimica € ativa somente depois da chuva e leva a
uma desagregacéo granular. O calor e a variacdo de temperatura facilitam a desagregacao por
expansao.

O principal controlador das zonas climéticas € a circulacdo atmosférica (RUDDIMAN,
2001). Atualmente, climas aridos e semi-aridos estdo situados na zona subtropical (fig. 8),

onde o ar seco descendente remove a umidade e aquece o ar, formando zonas de alta pressédo
(fig. 9).

Tropical Seco Moderado Continental Polar
. Tropical umido D Semi-én‘doD Mediterrdneo l:' Continental Gmido D Tundra pe:[t::fgme
[ Jrropicaisazonal [ JArido [T mido subtrpical [ sub drtico [ Jcalota de gelo

Temperado marinho [:I Terras altas

Figura 8- Mapa do mundo no Holoceno com as zonas climaticas. Modificado de
commons.wikimedia.org.
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no Holoceno. Modificado de RUDDIMAN (2001).

Outros fatores que controlam a circulacdo de umidade no planeta séo a distribuicdo de
terra/mar e a distribuicdo de cadeias de montanhas (RUDDIMAN, 2001). A distribuicdo de
terra/mar afeta a distribuicdo de calor na atmosfera devido a diferenca na capacidade
calorifica entre terra e mar, de maneira que afeta o posicionamento dos centros de alta e baixa
pressdo e, por conseguinte, a direcdo dos ventos. Quando uma regido se encontra a grande
distdncia do mar, a umidade ndo chega, porque precipita antes, ocasionando areas de climas
mais seco. A distribuicdo das cadeias de montanhas afeta a circulacdo porque isola areas atras
da cadeia de montanha, especialmente quando estas estdo orientadas norte-sul. As nuvens,
para passar por locais de grande altitude, tém que ascender, e ao fazé-lo a umidade nelas
contidas precipita na por¢do mais proxima ao mar; quando os ventos descendem secos do
outro lado, cria-se uma regido de sombra de umidade (fig. 10). Existem varios desertos (e.g.
desertos chineses e mongois) que sdo fruto a interacdo de continentalidade com sombra

orogénica.

Neste exame de qualificacdo sera apresentado o estado da arte sobre sedimentacéo
aluvial e lacustre em climas aridos e semi-aridos. A estrutura do mesmo inicia com aspectos
gerais dos sistemas aluviais e lacustres, passando para aspectos especificos dos sistemas em
climas quentes e secos e por fim, trata-se de estudos de casos atuais e no registro sedimentar.
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Figura 10- Principais causas da precipitacdo orogénica e dos desertos de sombra. Modificado de
RUDDIMAN (2001).

Sistemas Aluviais

Leques Aluviais
Leques aluviais sdo sistemas fluviais que possuem uma caracteristica geomorfoldgica

propria, sendo formado por sedimentos inconsolidados com a forma de um leque aberto ou
um segmento de cone, depositados por correntes (especialmente em regides semiaridas) em
um local onde um vale montanhoso se encontra com um vale plano ou largo, ou em qualquer
local em que a constricdo no vale subitamente cessa ou o gradiente diminui (BATES;
JACKSON, 1987). O leque tipicamente é mais alto na boca do vale, onde o seu apice aponta a
montante, e o gradiente diminui a jusante. Miall (1991) acrescenta que este termo pode ser
usado para qualquer sistema ndo marinho e ndo lacustre, sendo que nos casos em que leques
progradam diretamente sobre corpos de agua, devem-se usar a terminologia de fan deltas. Os
leques se formam, em geral, em um contexto de tectdnica ativa. A inclinagdo dos mesmos é

bastante regular (3° a 6°), e as inclinages maiores sdo observadas em climas secos (fig. 11).



30

Figura 11- Exemplos de leques aluviais. A esquerda um leque dominado por fluxos gravitacionais, e a
direita, por processos fluviais.

A definicdo de leques ndo implica em facies nem dimensdes especificas. Podem existir
leques pequenos dominados por conglomerados, onde 0s processos gravitacionais sdo
importantes, assim como leques arenosos depositados por correntes entrelacadas, ou leques
gigantes onde a porcdo proximal € caracterizada pela presenca de blocos e a distal por silte e
argila, a 140 km da area fonte (MIALL, 1996), além de sistemas &ridos finos que geram
leques terminais, depositados por fluxos efémeros que percolam e se dissipam em suas
porcdes mais distais (FISHER et al. 2007; NICHOLS; FISHER, 2007).

Stanistreet e McCarthy (1993) propuseram uma classificagdo triangular para os tipos
de leques aluviais, com base na variagdo de predominancia de trés principais processos:
fluxos de gravidade, entrelacamento e formacdo de meandros (fig.11). Os processos
dominantes vdo depender da natureza da area fonte, clima e proporcfes do leque. O leque
dominado por fluxos gravitacionais, considerado com “leque verdadeiro”, em geral ¢
pequeno, com menos de 10 km de raio, e declive alto. Sdo particularmente comuns em climas
aridos (e.g. Leques do Death Valley, figura 12). Os outros dois tipos de leques aluviais sdo 0
entrelacado, e meandrante de baixa sinuosidade (losimean fan) (STANISTREET;
MCCARTHY, 1993). Ambos sdo dominados por processos deposicionais fluviais idénticos
aos que ocorrem nos respectivos rios. Leques como o Kosi (fig.12) tém declividade menor e
sdo dominados por processos fluviais meandrantes, que ndo tém relagdo com soerguimento de
areas cratdnicas na sua origem. Os leques similares ao Okavango, classificados como
losimean fan, ocorrem em condi¢des de menor aridez, maior disponibilidade de 4gua e maior

vegetacdo (fig. 13).
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Os aspectos geométricos dos leques sdo bastante distintos dos rios, pois eles se
expandem do apice para todas as direcGes possiveis, em um raio de 180° Leque aluviais
possuem declividades entre 1,5° e 25° A forma semi-cénica dos leques aluviais é a
responsavel pelo padrdo radial de paleocorrentes dos leques aluviais, fato que permite sua
distingéo (BLAIR; MCPHERSON, 1994).

Alguns depdsitos de leques aluviais no registro sdo marcados ndo somente por uma
diminuicdo do tamanho de grédo a jusante, mas também pelo decréscimo na escala de canais e

por uma transicdo distal para uma planicie de inundacdo ou depdsitos lacustres (NICHOLS;
FISHER, 2007).
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Figura 12-Figura mostrando diferencas de gradientes em leques aluviais atuais. Modificado de
STANISTREET; MCCARTHY (1993).
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Figura 13- Classificacdo dos leques segundo Stanistreet e McCarthy (1993). Modificado de
STANISTREET; MCCARTHY (1993).

Deltas séo definidos como feigdes subaéreas e suas extensdes subaquosas construidas
diretamente ou em associagdo por rios no ponto no qual eles entram em um corpo aquoso
estavel (BATTHACHARYA, 2006). Deltas sdo fundamentalmente progradantes e devem ser,
em algum grau, influenciados por rios. S&o estruturas regressivas, pois geram uma sucessao

de facies que resulta em um padrdo de empilhamento de clinoforma.
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A morfologia do delta vai depender tanto de caracteristicas da &rea-fonte (como
regime tecténico, relevo e clima) como dos processos bacinais atuantes na foz do rio (agédo de
ondas e marés) (COLEMAN; WRIGHT, 1975). Os deltas podem ser divididos em trés
variedades (BATES, 1953): 1) deltas onde a densidade do meio transportador € menor que a
do receptor, chamados hipopicnais; 2) deltas nos quais a densidade do meio transportador é
similar a do receptor, chamados homopicnais ou tipo “Gilbert” e 3) deltas nos quais a

densidade do meio transportador € maior que a do receptor, chamados hiperpicnais.

Os deltas também podem ser classificados de acordo com a interacdo dos processos
fluviais com os de onda e de maré, gerando a classificacdo de Galloway (1975), nos quais 0s
deltas séo divididos em trés. Deltas dominados por rios tém normalmente geometria lobada ou
digitada, enquanto dominados por ondas tém lobos mais sutis que arqueiam, gerando margens
cuspidadas. Os processos de maré tendem a gerar depdsitos paralelos as direcfes de correntes
de maré. Segundo Batthacharya (2006), é normal os autores forcarem o encaixe em algum dos

membros finais, mas a maioria dos deltas possui uma morfologia mista entre os varios tipos.

Historicamente os deltas marinhos sdo classificados como hipopicnais, pois a
densidade da &gua salgada é maior que de agua doce. Neste caso, a 4gua doce se desloca
acima da agua salgada, como uma pluma que flutua. Em rios que a descarga varia muito ao
longo do ano, a densidade da corrente também é variavel, o que pode gerar,
momentaneamente, fluxos hiperpicnais (BATTHACHARYA, 2006). Este tipo de fluxo pode
se manter em movimento como correntes de densidade, gerando depdsitos semelhantes as
correntes de turbidez (MUTTI et al, 2003). Condi¢6es homopicnais sdo as menos comuns,
pois basta uma pequena diferenca de densidade para o fluxo tornar-se hiper- ou hipopicnal.

Nos deltas lacustres, os fluxos hiperpicnais sdo 0s mais comuns.

Deltas tém trés porcdes bem definidas: a planicie deltaica, onde predominam os
processos fluviais e climaticos; a frente deltaica, que € subaquosa e arenosa, podendo ser
retrabalhada pelos processos bacinais; e o prodelta, composto por sedimentos finos, ja na

porcao profunda do lago ou oceano.

Na porc¢do da planicie deltaica dominam os canais distributérios, e podem incluir uma
ampla série de ambientes ndo-marinhos a salobros, como péantanos, lagunas, e baias
interdistributarias. Nas frentes deltaicas, a granulometria predominante areia e cascalho, mas
lama pode estar presente. Em frentes deltaicas dominadas por rios, estes depositos séo

constituidos basicamente por barras de desembocadura coalescentes. Em frentes dominadas
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por ondas, podem ocorrer depositos de shoreface, como heterolitos, e nos dominados por
mareés, consistem em barras retrabalhadas por marés e tém filmes de lama nas estratificagcdes
(BATTHACHARYA, 2006). Por fim, o prodelta é onde a fracdo mais fina se deposita através
de suspenséo ou fluxos hiperpicnais formados por correntes de alta densidade provocadas por
ondas.

Leques aluviais e deltas em climas aridos e semi-aridos
Em climas aridos ou semi-aridos os leques tendem a ser mais desenvolvidos, em forma

de cone com perfil longitudinal coéncavo e perfil transversal convexo (BLAIR;
MCPHERSON, 1994). A descarga fluvial pode ser na forma de correntes em lencol ou fluxos
gravitacionais ndo canalizados, mas como sdo formados a partir de um ponto, formam um
sistema com geometria em leque. A morfologia dos leques formados por fluxos gravitacionais
é semiconica, resultado da predominancia de fluxos gravitacionais (BLAIR; MCPHERSON,
1994).

Os leques sdo formados por depositos de fluxo de detritos, correntes entrelacadas e
inundacdes em lencol, mas as proporcGes entre estes processos variam em cada caso.
Depositos de fluxo de detritos podem formar lobos com varios metros de espessura, ou formar
lencois finos subparalelos a superficie do leque. Fluxos sucessivos podem ocupar diferentes
areas da superficie do leque, de maneira que os depdsitos podem se interdigitar ou coalescer
lateralmente (GALLOWAY; HOBDAY, 1996).

A porc¢do mais proximal dos leques é formada por conglomerados matriz-suportados,
conglomerados clasto-suportados, em geral macicos, devido a predominancia de processos
gravitacionais. Em leques com predominancia de correntes trativas, podem ocorrem
conglomerados estratificados. A porcdo média é normalmente dominada por processos
trativos, gerando arenitos grossos a médios, com estratificacdo cruzada acanalada,
estratificacdo plano-paralela, por vezes conglomeraticos. A faciologia da por¢do distal ¢
variavel, por depender do contexto climatico e da interagdo com os sistemas deposicionais
adjacentes. Depositos arenosos distais dos leques mostram estratificacdo planar e cruzada,
além de marcas onduladas unidirecionais. Depositos de inundagdes em lengol distais
compreendem areias com laminacdo plano-paralela. Estes depdsitos mostram uma
caracteristica associacdo de estruturas de regime de fluxo superior, principalmente camadas
planares, podendo incluir também formas de antiduna ondulada, juntamente com marcas

onduladas de fluxo oscilatorio representando retrabalhamento subsequente. Cada evento de
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enchente deposita uma sequencia de dezenas de centimetros de espessura, constituida por
areias conglomeraticas sobrepostas por areias laminadas e areias mais finas com marcas
onduladas (MIALL, 1996). Lobos secundarios situados mais distais lateralmente? aos lobos
primarios produzem sucessfes granocrescentes de pequena espessura. Estes sedimentos
tendem ser mais finos e melhor selecionados que os dos lobos primarios (HEWARD, 1978).
Outras feicOes presentes em leques aluviais incluem crostas, cimentacdo ou nddulos
carbonaticos (calcretes), evaporitos, depositos grossos formados por deflacdo, dunas edlicas
de areia e granulos retrabalhados, e depdsitos retrabalhados por ondas, onde os leques
intersectam lagos e crostas travertinas de fontes termais (SMOOT; LOWENSTEIN, 1991).

Leques terminais sdo sistemas fluviais nos quais a drenagem ¢é totalmente dissipada
internamente a rede distributaria, onde agua alguma consegue chegar a um lago ou mar por
fluxo superficial em condicdes normais (KELLY; OLSEN, 1993). Eles tendem a se formar

em regiBes aridas e semi-aridas, caracterizadas por deficiéncia de umidade.

Em leques terminais, 0s arenitos podem ocorrer como lencgdis finos, alguns com base
erosiva, produzidos por um Unico episodio através de canais simples, ou como extensos
corpos de canais amalgamados (OLSEN, 1989; KELLY; OLSEN, 1993). Em situacdes que as
camadas de arenitos ndo excedem 2 m de espessura, é dificil distinguir entre depdsitos de
canais e inundagdes em lencol. Kelly e Olsen (1993) sugerem que, em por¢des mais
proximais, canais maiores ocorrem em associa¢cdo com uma grande quantidade de depositos
de overbank, refletindo a relativa estabilidade e a possivel incisdo do canal principal.
Distalmente, canais se tornam lateralmente mais dispersos e de arquitetura mais simples. Na
porcdo mais distal do leque terminal, corpos de arenito em lencol se interdigitam com
sedimentos mais finos da planicie de inundagdo, playa ou de origem e6lica (COLLINSON,
1996). Segundo North e Warwick (2007) o termo “leque terminal”, no sentido de leques
distais que ocorrem exclusivamente em climas aridos e semi-aridos por evaporacao, deve ser
abandonado, uma vez que ndo existem sistemas atuais similares que comprovem este modelo.
Os modelos atuais séo interpretados por estes autores como leques relictos de climas mais
Umidos, mas outros autores (NICHOLS; FISHER, 2007; LELEU et al. 2009; 2010)

continuam a usar 0 termo para sistemas no registro.

Depositos deltaicos se formam onde correntes ou inundagfes em lencgol intersectam a
margem de um corpo de agua. O sedimento é rapidamente depositado quando a corrente
desacelera ao atingir a agua parada do lago. A argila pode ser rapidamente depositada por
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floculacdo, no caso de lagos salinos. Em climas aridos, deltas de granulacdo grossa sdo mais

comuns pela predominancia de processos gravitacionais (MIALL, 1996).

Deltas formados por enchentes em lencol se formam onde as correntes intersectam a
superficie do lago que estd expandindo em resposta as enchentes. Como os sedimentos estao
se acumulando sobre uma area lacustre em expansdo, 0s depoésitos proximais do delta sdo
cobertos pelos distais. Os depositos deltaicos em lengol tem normalmente geometria em cunha
achatada, compostos de areias e siltes de 1-40 cm de espessura separados por lama (SMOOT;
LOWENSTEIN, 1991). Cada camada consiste em uma sucessdo indicativa de fluxo
desacelerante, com laminagéo cruzada unidirecional que sobrepde laminagdo plano-paralela.
Estas laminacGes diminuem em direcdo a bacia e sdo separadas por particbes de lama.
Deformacdes por carga e escape de agua sdo comuns. Este é o tipo de deltas mais comuns em
planicies de inundacéo secas e planicies de inundacdo salinas, sendo que nestes ultimos 0s
sedimentos deltaicos normalmente possuem cristais evaporiticos intrassedimentares
(SMOOT; LOWENSTEIN, 1991).

Sistemas Fluviais

Rios sdo 0s maiores agentes de transporte sedimentar do continente para as bacias
oceanicas. Sistemas de drenagem superficial se desenvolvem logo apds o soerguimento de
areas acima do nivel do mar (MIALL, 1977, 1996). Para a acumulacdo de sedimentos em um
regime fluvial é necessario que as particulas atinjam o nivel de base estratigrafico. Nos
ambientes aluviais, o nivel de base é o perfil de equilibrio. O balango dindmico entre agua e
sedimento gera o perfil de equilibrio do rio, mais ingreme a montante e plano a jusante. Este
perfil varia em resposta a varia¢fes de influxo de agua e de sedimentos, ou a movimentagdes

tectdnicas ao longo do curso do rio (MIALL, 1996).

A granulometria dos depositos fluviais varia de conglomerados de seixos e blocos a
silte e argila, refletindo a grande variagdo de subambientes em sistemas ndo marinhos que
incluem desde correntes torrenciais em areas montanhosas até canais amplos e de baixa

velocidade em drenagens de grande porte.

A presenca (ou ndo) de vegetacdo é um fator importante nos processos fluviais. A
relagdo entre vegetacdo e clima (precipitacéo efetiva) controla a carga sedimentar e os estilos
fluviais (MIALL, 1996; 2010; POMEROL et al. 2013). Um fator importante é a sazonalidade
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da precipitagéo. Os sistemas fluviais s&o significativamente afetados pela alta concentracao de
chuva em pouco tempo e pequena escala espacial. Tempestades exercem um efeito
desproporcional na erosdo e sedimentacdo quando comparado com precipitacdo menos
concentrada. Em alguns ambientes, especialmente os aridos e semi-aridos, mas também em
alguns ambientes umidos, o registro fluvial/aluvial é constituido inteiramente de eventos de
tempestade/enchente (POMEROL et al. 2013).

O clima também atua como um importante controlador dos sistemas fluviais. Em
contextos onde a descarga do rio decresce e/ou a quantidade de carga de fundo aumenta, em
decorréncia da passagem de condi¢des climéaticas Umidas para semi-aridas, o rio torna-se
incapaz de transportar os sedimentos mais grossos. Isso acarreta a deposi¢éo e agradacédo de
sedimentos fluviais, ocasionando uma elevacdo do perfil de equilibrio. A transi¢cdo de um
clima semi-arido para imido, por sua vez, gera um efeito oposto, levando a um rebaixamento
do perfil de equilibrio e inciséo fluvial (BUTCHER, 1990).

Miall (1977) erigiu uma classificagdo de facies fluviais que tem sido amplamente
utilizada para descricdo de sistemas fluviais atuais e antigos (Tab. 1). Essas facies, por serem

produtos de processos deposicionais, permitem a interpretacdo dos sistemas fluviais a partir

de seus depositos, 0 que tem demonstrado uma infinidade de varia¢des nos sistemas.

Tabela 1 - Classificagdo de facies segundo Miall (1977). Modificado de MIALL (1996).

Cddigo Facies Estruturas Sedimentares Interpretacdo
Gmm Cascalho macico, matriz- Gradacéo incipiente Fluxo de detritos plastico, fluxo viscoso,
suportado alta coesdo interna
Gmg Cascalho matriz- Gradacdo inversa a Fluxo de detritos pseudoplastico, fluxo
suportado normal Viscoso, baixa coesdo interna
Gci Cascalho clasto-suportado Gradagéo inversa Fluxo de detritos, alta concentragdo de
clastos (alta coesdo interna) ou fluxo de
detritos pseudoplastico (baixa coesao)
Gem Cascalho macico, clasto- Fluxo de detritos pseudoplastico (fluxo
suportado turbulento)
Gh Cascalho clasto- Acamadamento Formas de leito longitudinais, depdsitos
suportado, acamadamento horizontal, imbricacdo residuais (lags)
incipiente
Gt Cascalho estratificado Estratificacdo cruzada Preenchimento de pequenos canais
acanalada
Gp Cascalho estratificado Estratificacdo cruzada Formas de leito transversais
planar
St Avreia fina a muito grossa Estratificacdo cruzada Dunas 3D, cristas sinuosas ou lingudides
(podendo ser cascalhosa) acanalada
Sp Avreia fina a muito grossa Estratificacio cruzada Dunas transversais 2D
(podendo ser cascalhosa) planar
Sr Avreia fina a muito grossa | Laminacdes cruzadas de | Marcas onduladas (regime de fluxo
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marcas onduladas inferior)
Sh Avreia fina a muito grossa Laminacéo horizontal, Formas de leito plano (regime de fluxo
(podendo ser cascalhosa) lineacdo de particdo superior/critico)
Sl Avreia fina a muito grossa | Estratificacdo cruzada de | Preenchimento de suaves depressdes
(podendo ser cascalhosa) baixo angulo (<15°), (scour fills), dunas atenuadas, antidunas
podendo ser sigmoidais
Ss Avreia fina a muito grossa Amplas e suaves Preenchimento de suaves depressdes
(podendo ser cascalhosa) depressbes
Sm Areia fina a grossa Macica ou laminacao Depdsitos de fluxo hiperconcentrado,
indistinta fluidizagdes ou intensa bioturbacdo
Fl Areia, silte, lama Laminagdes finas, Depdsitos externos ao canal, canais
laminacGes cruzadas de | abandonados ou depositos de inundagéo
marcas onduladas de
muito pequeno porte
Fsm Silte, lama Macigo Depdsitos externos ao canal ou canais
abandonados
Fm Lama, silte Macico, com gretas de Depositos externos ao canal ou canais
contracao abandonados
Fr Lama, silte Macico, raizes, Solo incipiente
bioturbacéao
Carvéo, lama carbonosa | Restos vegetais, filmes de | Depdsitos de pantanos vegetados
lama
Paleossolo carbonético FeicOes pedogénicas Solo com precipitacdo quimica
(calcita, siderita)

Além disso, através da analise bi e tridimensional dos afloramentos é possivel
individualizar diferentes elementos arquiteturais em depdsitos fluviais. Um elemento
arquitetural é um litossoma caracterizado por uma geometria externa e interna, associacdo de
facies e escala, que representa um conjunto de processos deposicionais (MIALL, 1985). Os
elementos arquiteturais séo divididos em elementos de canais (fig. 14) e externos aos canais
(fig. 15) (MIALL, 1985; 1996). Os elementos de canal s&o: a) Canal (CH), que s&o corpos
sedimentares limitados por superficies erosivas cdncavas, interpretados como pequenos canais
com preenchimento e escala variavel; b) Fluxos de gravidade (SG), que sdo corpos com
geometria lenticular e preenchimento de conglomerados matriz-suportados, interpretados
como amalgamacao de varios fluxos de detritos; ¢) Formas de leito e barras cascalhosas (GB),
gue sao corpos tabulares ou em lente formados por depdsitos de conglomerados estratificados,
interpretados como barras longitudinais cascalhosas; d) Depdsitos de acrecdo frontal (DA),
que sdo corpos lenticulares constituidos por sets de areias de granulometria variada com
estratificacdo cruzada, limitados por superficies de acrecdo a favor do fluxo, interpretados
como migracdo de barras de meio de canal na direcdo do fluxo; e) Depdsitos de acrecdo
lateral (LA), que sdo corpos lenticulares constituidos por sets de areias de granulometria

variada, com estratificacdo cruzada limitados por superficies de acrecdo perpendiculares ao
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fluxo, interpretados barras em pontal ou acrecdo lateral em barras de meio de canal; f)
Lencgois de areia laminados (LS), constituidos por camadas com geometria de lencol
preenchidas com areias com estratificacdo plano-parelela ou de baixo angulo, interpretadas
como lencgdis de areia depositados em contexto de alta descarga; g) Formas de leito arenosas
(SB), que séo corpos de areia em lente ou lencol formados por sets cruzados separados por
superficies sub-horizontais, interpretados como migracdo e cavalgamento de dunas
subaquosas; e por fim, h) Hollow (HO), que sdo corpos de geometria lenticular limitado na
base por superficies erosivas concavas, interpretados como preenchimento de depressbes

formadas em regiGes de confluéncia de canais.
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SB Forma de Leito Arenosa

—|shsi

DA Acrecao a Favor do Fluxo

LS Areia Laminada Horizontalmente

Figura 14- Elementos arquiteturais internos aos canais baseado em Miall (1988). Modificado de MIALL
(1988).
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Os elementos externos ao canal sdo: a) Dique marginal (LV), que sdo depositos em
cunha adjacentes aos canais, interpretados como diques marginais; b) Canais de crevasse
(CR), formados por corpos arenosos com geometria em fita, interpretados como canais de
rompimento de dique marginal; c) Espraiamento de crevasse (CS), que possui geometria
variada, com preenchimento normalmente composto por intercalagdes de facies areno-
peliticos, interpretados como desconfinamento pos rompimento de dique marginal; d) Finos
de planicie de inundacdo (FF), composto por depositos finos com geometria tabular,
interpretado como lagos ou pantanos de planicie de inundaco; e por fim, €) canal abandonado
(CH(FF)), que séo corpos em fita com dimensdes similares aos canais principais, preenchidos

com finos, interpretados como lagos associados a canais abandonados.

ELEMENTOS ARQUITETURAIS EXTERNOS AO CANAL
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Digue Marginal (LV) Canal de Crevasse (CR)

Espraiamento de Crevasse (CS) Finos de Planicie de Inundacao (FF)

\
CH(FF)

Canal Abandonado (CH(FF))

Figura 15- Elementos arquiteturais externos aos canais baseado em Miall (1996). Modificado
de MIALL (1996).
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Os diferentes estilos de canal e planicie de inundacao refletem o tamanho de gréo, e a
magnitude e variabilidade da descarga sedimentar. Quatro estilos fluviais sdo normalmente
reconhecidos (reto, meandrante, entrelacado e anastomosado), com diferentes caracteristicas
de canal e planicie de inundacdo (MIALL, 2010) (fig.16).

G I_J Barras
- Canais Abandonados
.
J v

Rios meandrantes Rios retos

. =
—S— W%}f
Rios entrelagados Rios anastomosados

Figura 16- Tipos morfoldgicos bésicos de rios. Modificado de MIALL (1996)

Os rios entrelacados formam uma rede de canais de baixa sinuosidade interconectados,
separados por barras cascalhosas ou arenosas temporarias. Estes rios ttm como caracteristica
uma alta variabilidade de descarga e alto influxo sedimentar, e sdo em geral formados em
contextos de declividade acentuada (MIALL, 1988; 1996). Grandes quantidades de sedimento
sdo transportadas em periodos de alta descarga, o que acaba formando as barras e ilhas
durante os periodos de baixa descarga. Em rios com descarga e competéncia variavel, podem
ocorrer longos periodos nos quais eles ndo conseguem mover a por¢cdo mais grossa da sua
carga de fundo, que permanece como depdsitos de barras. A inundacdo de canais, migracdo de
barras e 0 movimento de grandes quantidades de carga de fundo ocorrem episodicamente, em

descargas sazonais ou eventos de tempestade (MIALL, 2010). Devido a instabilidade destes
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rios, os depdsitos de planicie de inundacdo sdo constantemente erodidos e incorporados nos

canais, sendo depositados em regides de mais baixa energia (fig. 17).

Barras arenosas
de meio de canal

Formas de leito ) -
arenosas

/ Arquitetura Deposicional

Diregao do fluxo

L
——— 51
5 Superficie de 5° ordem

Sucessao Vertical

spLit SPLit
Corpos arenosos em lengol,
multiepisodicos e multilaterais,
formando complexos amalgamados

Granodecrescéncia ascendente

fracamenta-dessnvolvida Alta proporgao de depdésitos de barras

de meio de canal

Baixa proporgéo de depdsitos finos
de planicie de inundagao

Figura 17- Bloco diagrama de um sistema fluvial entrelagado ilustrando a geometria dos
corpos arenosos, os elementos arquiteturais internos e externos aos canais e a sucessao
vertical de facies. Modificado de RICHARDSON (1996).

Os rios meandrantes sdo caracterizados por canais de alta sinuosidade e com pouca
variacdo na descarga. Os canais meandrantes possuem grandes taxas de migracdo lateral,
devido & diferenca de velocidade de fluxo entre as margens do canal. A velocidade de fluxo é
maior de um lado do canal, provocando erosdo, e na porcao interna do meandro a baixa
velocidade de fluxo propicia a deposi¢do (ALLEN, 1965). Esta deposi¢do ocorre na forma de

barras em pontal, cuja deposicao causa a migragdo lateral do canal fluvial (fig. 18).



43

Acrescao de Barras em Pontal .
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Figura 18- Bloco-diagrama de um sistema fluvial meandrante ilustrando a geometria dos corpos
arenosos, 0s elementos arquiteturais internos e externos aos canais e a sucessdo vertical de facies.
Modificado de RICHARDSON (1996).

Os depositos de planicie de inundagdo sdo uma por¢do muito importante das sucessoes
de rios meandrantes. Depdsitos de dique marginal, formados por enchentes ndo canalizadas,
ocorrem adjacentes aos canais em sistemas tipicamente meandrantes, e consistem basicamente
de unidades clasticas de sedimento fino (MIALL, 1988, 1996). Canais de rompimento de
dique marginal ocorrem durantes periodos de maior descarga e podem acarretar na divisdo do
canal principal. As porcdes distais dos canais de rompimento sdo caracterizadas por
desconfinamento e desaceleracdo de fluxo, gerando lobos arenosos de dimensdes variadas. Os
leques de espraiamento (ou crevasse splays) s@o gerados por correntes trativas o declive do
digue marginal e se formam em periodos de maior descarga. Em climas Umidos, pode ocorrer
a formacdo de pantanos, por vezes com depositos de carvdo, mas em muitos casos a descarga
intermitente de sedimentos clasticos evita o desenvolvimento de carvdo. Em climas aridos, as

areas adjacentes aos canais sao locais propicios para a formacao de calcretes.
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Existe uma transigcdo natural entre os rios entrelagcados e meandrantes, dependendo da
declividade dos canais e da descarga. Desta maneira, um rio pode mudar de meandrante para
entrelacado com o aumento da descarga, ou um entrelacado se tornar meandrante com a
suavizacdao da declividade do canal (MIALL, 2010).

Grandes planicies ou areas costeiras tendem a formar rios anastomosados, de baixa a
média sinuosidade. Estes rios tém como caracteristica canais relativamente fixos, a presenca
de uma planicie de inundacéo grande e estavel, tipicamente alagadicos com grandes leques de
espraiamento (MIALL, 1996). Rios anastomosados se desenvolvem em éareas de rapida
agradacdo, como bacias confinadas e de subsidéncia rapida, ou onde o suprimento sedimentar
€ muito maior que o aumento do nivel de base. A vegetacdo dos bancos é importante neste
tipo de rio, contribuindo para a estabilizacdo dos canais. Gramineas e as raizes de plantas
tropicais inibem o alargamento dos bancos e evitam o desenvolvimento do entrelacamento
(fig. 19).

Rios retos sdo raros na natureza (MIALL, 1992), podendo apresentar sedimentos de
natureza diversa. Eles apresentam um canal simples, com flancos estaveis, limitados por
diques marginais. Normalmente constituem trechos de extenséo reduzida de rios, controlados

por sistemas de falhas que encaixam o curso fluvial.

Existe uma tendéncia na maioria das bacias aluviais dos rios proximais (incluindo
leques aluviais) serem entrelacados, enquanto rios mais distais, a0 menos em ambientes

umidos e perenes, normalmente sdo meandrantes (MIALL, 1992).
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Figura 19- Bloco diagrama de um sistema fluvial anastomosado ilustrando a geometria dos corpos
arenosos, 0s elementos arquiteturais internos e externos aos canais € a sucessdo vertical de fécies.
Modificado de RICHARDSON (1996).

A geometria dos corpos arenosos depositados pelos rios auxilia na reconstrucdo do
tipo de sistema fluvial. Estes corpos arenosos podem ter geometria em fita (ribbon
sandbodies) ou em lencol (sheet sandbodies) (HIRST, 1991). Os corpos arenosos em fita
possuem uma baixa razdo largura/espessura (L/E<15), enquanto que os corpos em lencol
possuem alta razdo (L/E>15). Os corpos em fita representam acumula¢do em canais estaveis,
possuindo espessuras menores que 10 m e uma extensdo lateral de dezenas de metros, e estdo
comumente imersos em depositos finos de planicie de inundacdo. Os corpos em lengol podem
ser subdivididos em dois subtipos principais: os restritos lateralmente e os desconfinados
(HIRST, 1991). Os arenitos restritos lateralmente possuem limites bem definidos e

representam fluxos canalizados. Os corpos desconfinados normalmente possuem a razédo
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largura/espessura maior que 100, significando depdsitos desconfinados formados por

correntes efémeras (fig. 20).

ARENITO EM FITA (RIBBON)
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\ — _/,
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— ]

Fluxo nao confinado

COMPLEXO AMALGAMADO

Figura 20- Classificagdo geométrica de corpos arenosos de canais fluviais baseada
na razdo largura/espessura, associado ao preenchimento interno. Modificado de
HIRST (1991).

Rios em climas aridos e semi-aridos
Praticamente qualquer estilo fluvial pode ocorrer em climas aridos e semi-aridos, dado

gue os rios podem drenar grandes areas em sistemas climaticos distintos, de maneira que a
descarga a montante seja bastante distinta da descarga a jusante. Assim, um rio perene pode
ser encontrado em sistemas climaticos aridos (e.g. Rio Nilo), com apenas variagdes sazonais
na descarga. Existem, entretanto, sistemas mais caracteristicos de locais onde a precipitacéo é
baixa ou altamente sazonal, como os rios efémeros. Os rios efémeros sdo caracteristicos de
climas &ridos e semiéridos, e sdo associados a inundacgdes-relampago. Em sistemas aridos,

vales formados por rios entrelagados sdo comuns, associados com playas, leques terminais e
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enchentes (SMOOT; LOWENSTEIN, 1991). As &guas provenientes de uma inundacdo sdo
tipicamente ricas em sedimentos em suspensao, e as concentracfes muito altas de sedimento

comumente formam fluxos de detritos ou fluxos hiperconcentrados.

E importante notar a diferenca entre enchentes relampago e enchentes em lencol. Uma
enchente relampago (flash flood) é uma enchente com duracéo curta (questdo de horas), que
pode ter vérias caracteristicas deposicionais, ndo necessariamente gerando um fluxo
desconfinado. Uma enchente em lencol é um fluxo desconfinado, que gera depdsitos em
lencol, mas ndo precisa estar necessariamente associada com uma enchente reldampago
(NICHOLS; FISCHER, 2007).

Rios efémeros sdo sistemas de canais fluviais secos, que inundam intermitentemente.
Estes podem ser canalizados ou completamente desconfinados, transportando sedimentos de
granulometria muito variada (SMOOT; LOWENSTEIN, 1991; NICHOLS; FISCHER, 2007).
Os processos sedimentares sdo dominados por regime de fluxo superior, podendo desenvolver
dunas e marcas onduladas no final da inundacdo, quando a corrente desacelera (MIALL,
1977; LANGFORD; BRACKEN, 1987). Como consequéncia, as sucessdes que marcam um
ciclo séo caracterizadas pela diminui¢do do tamanho de grdo e passagem da dominéncia de
estruturas de regime de fluxo superior para inferior, em direcdo ao topo da secdo (MIALL,
1985; 1996). Correntes efémeras que mudam de magnitude em uma escala temporal maior
geram sucessGes dominadas por sequéncias granodecrescentes, como resultado de varias

combinagOes de migracdo de canais e diminui¢do da descarga (COLLINSON, 1996).

A maioria dos sistemas de correntes efémeras consiste em amplos canais com barras
entrelacadas. Os depdsitos de barras e interbarras sdo similares aos de leques aluviais, mas
estruturas de regime de fluxo inferior podem ser importantes, além dos depdsitos de planicies
adjacentes aos canais, com caracteristicas de exposicao subaérea. As barras sao compostas por
uma mistura de areias e peloides de lama e sdo normalmente macicos, exceto por gretas de
contragdo complexas (SMOOT; LOWENSTEIN, 1991). Areias macicas, algumas vezes
conglomeraticas, sdo rapidamente depositadas a partir de fluxos hiperconcentrados. Sistemas
efémeros tendem a apresentar uma grande quantidade de drapes de lama gretados, cimentagéo
rapida (refletida na presenca de intraclastos arenosos), intercalacbes com conglomerados de
deflagdo ou arenitos de dunas edlicas, intraclastos lamosos ou peldides abundantes, calcretes

ou silcretes espessos nas areas externas ao canal e marcas de raizes cortando depositos de



48

canais, devido ao fato que canais sdo os locais preferidos de crescimento de plantas em
sistemas aridos (SMOOT; LOWENSTEIN, 1991).

Inundacdes em lencol produzem tipicamente camadas arenosas ou silticas planas,
lenticulares e capeadas por drapes de lama, devido a desaceleracéo do fluxo (HARDIE et al.,
1978). Drapes de lamas com espessura superior que varios centimetros sdo tipicamente
gretados e incorporados na proxima enchente. As inundagdes ocorrem durante um curto
intervalo de tempo (horas a dias), alternados com longos periodos de sem qualquer
escoamento superficial. A velocidade do fluxo diminui com o aumento da distancia radial da
fonte e consequente diminuicdo da espessura do fluxo, que se torna desconfinado (LANG et
al. 2004). Inundacdes em lencol sdo geralmente rasas, com profundidade média de 30 cm
(FISHER et al. 2007). A medida que o fluxo desacelera, a 4gua comeca a formar pogas.
Corpos sedimentares com geometria em lencol podem ser depositados em sistemas lacustres
rasos, onde os rios alimentam o sistema com areia e lama. O sedimento depositado pode ser
retrabalhado por ondas e correntes do lago, sendo que a morfologia final do sedimento
depositado é fortemente afetada pela batimetria do lago. Em sistemas flavio-lacustres de
baixo gradiente, a transicdo entre planicie de inundacdo e lago pode ser sutil e transicional,

principalmente se o lago sofrer grandes variagdes de volume (HARDIE et al., 1978).

Segundo Dubiel e Smoot (1994), os depositos de fora do canal sdo mais diagndsticos
para distinguir correntes efémeras de perenes. Dep06sitos espessos de planicies de inundagdo
implicam em enchentes e alta precipitacdo pluviométrica (a0 menos episddica), apesar de que
a precipitacdo pode ser distante do rio. A distribuicdo e o tamanho das gretas de contracédo,
icnofdsseis de invertebrados, marcas de raizes podem ser indicativas da frequéncia e tamanho

das inundacdes.

Como exemplos de rios tipicos de climas aridos e semi-aridos, podemos citar dois
modelos propostos por Miall (1996). Ambos séo rios arenosos, formados por inundagdes em
lencol; entretanto, o segundo modelo envolve correntes efémeras e inundag6es-relampago. O
primeiro modelo (entrelacado distal) é caracteristico de por¢des distais de rios entrelagados,
onde o escoamento superficial efémero forma uma trama de canais entrelagados, rasos e mal
definidos (WILLIAMS, 1972). Leques terminais podem ser constituidos parcial ou totalmente
por depositos deste estilo fluvial (PARKASH ET AL. 1983; KELLY E OLSEN 1993). Os
sedimentos sdo dominados por lencdis, lentes e cunhas compostas do elemento arquitetural

SB (barra arenosa), consistindo em uma série de litofacies arenosas (Fig. 21). Depdsitos finos
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de overbank s&o raros a ausentes, pois 0s rios, quando ativos, tendem recobrir seus bancos
com amplos len¢ois de carga de fundo (Fig. 22). Normalmente estdo associados com este
estilo fluvial depdsitos de dunas eolicas, depositos de interdunas encharcadas e depdsitos

fluviais efémeros de inundagdes-relampago.

O segundo modelo (efémero de inundagdes-relampago) séo distintos do anterior por
diferengas nas assembleias de facies. Neste modelo a descarga € caracterizada por alta
velocidade, “relampago”, causando a deposicao de camadas preferencialmente de regime de
fluxo transicional a superior, dominantemente areias com laminacdo plano-paralela ou
estratificacdo cruzada de baixo angulo (MIALL, 1996). Canais séo ausentes ou mal definidos
(fig. 21). Ciclos de inundagdo podem ser definidos pela identificagcdo de estruturas de corte e
preenchimento nas superficies basais. Depdsitos de overbank sdo raros a ausentes (fig. 22).

Podem ocorrer crostas evaporiticas na superficie das camadas arenosas.

Figura 21- Blocodiagramas mostrando exemplos de modelos de rio em climas &ridos. A: rio entrelagado distal
B: rio efémero de inundag6es-relampago. Modificado de MIALL (1996).
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Figura 22- Colunas mostrando a sucessdo vertical de exemplos de rios de climas aridos. Modificado de MIALL

(1996).
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Sistemas Lacustres

Existe uma grande variedade de lagos no planeta, que variam imensamente em forma,
profundidade, regime hidrico, tecténico e climéatico. Na definicdo de Kelts (1988) um lago é
um corpo de agua parada ocupando uma depressdo no continente. A maior parte das
depressOes € resultado de processos tectdnicos ou glaciais. Assim, os lagos podem ter sua
origem relacionada a processos tectonicos, que formam lagos rifts, em bacias strike-slip, pull-
apart, de antepais e intra-arco. A erosdo glacial e represamento por gelo sdo os principais
responsaveis pela formacdo de lagos glaciais. Outros lagos podem ser formados por
dissolucdo em sistemas carsticos, processos vulcanicos (lagos em crateras de vulcdes) e
muitos outros (e.g. atividade fluvial, formando lagos em ferradura). A sedimentacdo lacustre
pode ser siliciclastica, carbonatica, vulcanocléstica, evaporitica ou orgéanica, em qualquer
combinacdo, e também incorporar depositos de outros ambientes, como deltas, turbiditos e

sistemas costeiros.

O controle da sedimentacdo lacustre é basicamente tectdnico e/ou climatico, fatores
gue juntos controlam a entrada de agua e carga sedimentar no sistema. O ambiente tectdnico,
a hidrologia, o clima e os processos biolégicos da bacia lacustre controlam o mosaico de
ambientes que podem ser encontrados no sistema (RENAUT; GIERLOWSKI-KORDESCH,
2010). Ambientes lacustres sdo definidos por niveis de energia, se estendendo da linha de
costa (maior energia) até porcdes profundas do lago (offshore, menor energia). A forma e o
gradiente da bacia controlam a distribuicdo de facies no lago. Os processos fisicos dominantes
nos sistemas lacustres sdo correntes e ondas. As ondas movem sedimentos mais grossos nas
margens do lago por processos similares aos costeiros, e sua efetividade depende do
posicionamento da costa em relacdo aos ventos predominantes (RENAUT; GIERLOWSKI-
KORDESCH, 2010). As correntes sdo basicamente geradas pelo vento ou por influxo de
correntes que desdguam no lago. Normalmente estas ndo tém competéncia para mover

sedimentos grossos, mas sdo importantes na distribuigéo dos finos no lago (fig. 23).
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Figura 23- Blocodiagrama com os principais controles da sedimentacdo lacustre. Modificado de
RENAUT; GIERLOWSKI-KORDESCH (2006).

Os lagos sdo altamente varidveis em termos de composicdo quimica, existindo lagos
diluidos e salinos do equador aos polos (e.g. Cuniston Water, um lago glacial perene na
Inglaterra; Salar de Atacama, uma planicie salina no Chile; Lago Bongoria, um lago alcalino
[pH: 10,3] nos Rift Valleys da Africa; Frying Pan, um lago acido [pH: 2,4] da Nova
Zelandia). Lagos de agua doce existem quando uma corrente superficial ou subterranea
alimenta a bacia, e a descarga anual contrabalanca a perda por evaporacdo e e fluxo
(TALBOT; ALLEN, 1996; RENAUT; GIERLOWSKI-KORDESCH, 2010). Em contraste,
lagos salinos e/ou alcalinos existem quando a bacia é total ou intermitentemente fechada,
contendo basicamente solutos. Se a evaporacdo excede a recarga, estes lagos diminuem em
volume, se tornam progressivamente mais salinos/alcalinos e podem chegar a precipitar

evaporitos (fig. 24).
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Figura 24- Hidrologia de lagos em bacias abertas e fechadas. Renaut e Gierlowski-Kordesch (2006).

Sistemas lacustres em climas aridos e semi-aridos

Assim como os rios, 0s lagos sao controlados por varios fatores além do clima. Lagos
doces perenes podem ocorrer em climas aridos ou semi-aridos, contanto que o influxo seja
maior gque a perda de agua. Lagos sao registros sensiveis de mudancas climaticas, pois como
sdo rasos e sujeitos a influéncia da atmosfera, e sdo eles proprios ambientes deposicionais,
podem tornar estes registros permanentes nas rochas. Principalmente lagos em bacias
fechadas, que dependem basicamente do balango entre precipitacdo e evaporacdo para existir
(PARRISH, 1998). Como em climas aridos e semi-aridos a perda de agua por evaporacao &,
em geral muito grande, lagos efémeros, salinos/alcalinos ou ambos tém uma tendéncia maior

de serem formados.

Os depositos lacustres em climas aridos refletem as variagdes de umidade no sistema,
portanto ocorre uma série de ambientes caracteristicos que serdo tratados individualmente no
modelo de playa lake. O posicionamento de cada ambiente esta mostrado na figura 25. Como
os depobsitos sdo complexos, caracterizados por uma série de ambientes, incluindo os
ambientes tratados anteriormente, como rios e leques aluviais, nesta secdo serdo enfatizados

0s depositos lacustres, visto que os fluviais e aluviais foram tratados nas sec¢Ges anteriores.
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Lagos perenes com salmouras podem persistir por centenas ou até milhares de anos,
mas requerem um influxo substancial de agua, como rios perenes, e uma drenagem fechada,
para permitir a concentracdo do soluto por evaporagdo. Entretanto, bacias fechadas podem
existir por milhares de anos sem precipitar evaporitos (SMOOT E LOWENSTEIN, 1991). A
maioria dos lagos salinos que possuem mais de alguns metros de profundidade sé&o
estratificados, e desenvolvem uma salmoura no fundo (SMOOT E LOWENSTEIN, 1991). A
acao de ondas pode destruir a estratificacdo por densidade, principalmente em lagos rasos,
mas em lagos profundos esta estratificagdo persiste por longos periodos de tempo. Lagos
salinos modernos incluem o Lago Chad na Africa (10 a 26 km?, 4-7 m de profundidade) e o
Lago Balkhash na Russia (17,400 km2, 26 m de profundidade). Lagos salinos perenes sdo

tipicamente rasos, com menos de 10 m de profundidade.

Montanhas ~ Planicie de Planicie de
(4rea fonte) Leques aluviais  inundac&o lamosa inundacao salina
Planicie de
inundacao

Lago salino perene ou

arenosa 2
efémero

Figura 25- Modelo de playa lake baseado em Eugster e Hardie (1978). Modificado de Renaut e
Gierlowski-Kordesch (2006).

Depositos de lagos salinos perenes comumente refletem variagdes de profundidade e
de salinidade. Em lagos estratificados e profundos, a laminagdo no centro é regular, e nas
bordas € descontinua e irregular. Os evaporitos ocorrem no centro como cristais acumulados
junto com depdsitos de fluxo de detritos. Nas margens, crostas evaporiticas e crescimento
intrassedimento sdo comuns, caracteristicas que ocorrem em toda a extensdo de lagos rasos.

Gretas de contragdo sdo comuns proximas as margens de lagos rasos em bacias extensas.
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Segundo Lowenstein e Hardie (1985), uma planicie salina € uma area normalmente
seca, contendo um lago raso e efémero. Normalmente ocupam as por¢cdes mais baixas de
drenagens fechadas e sdo cercadas por planicies lamosas e salinas com crostas de sal
eflorescentes. Depositos de planicies salinas sdo estratificados, e consistem em crostas

evaporiticas separadas por camadas lamosas (fig. 26).

Lago perene salino e planicie salina
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Figura 26- Coluna estratigrafica com as facies tipicas de lagos perenes salinos e planicies
salina.Modificado de Renaut e Gierlowski-Kordesch (2006).

Planicies de inundacdo salinas podem ser franjas estreitas ou planicies extensas de
sedimentos finos, comumente marginais a lagos salinos perenes ou planicies salinas. Os
depdsitos consistem de argilas plasticas a lamas arenosas nas quais evaporitos
intrassedimentares se depositam, e crostas salinas eflorescentes se formam a partir de
salmouras freaticas. Estas planicies agradam por uma combinagdo de processos fluviais,
lacustres e edlicos (LOWENSTEIN E HARDIE, 1985). Elas também podem se desenvolver
em depositos de lagos perenes dissecados ou lagos efémeros. Os minerais evaporiticos
ocorrem em camadas, ou como cristais isolados ou agregados cristalinos. Lentes de evaporitos
tambem podem ocorrer dentro de camadas de lama com salmoura intersticiais. Neste caso, a
precipitagdo de minerais evaporiticos é intrasedimentar. Onde o sedimento é apenas
intermitentemente encharcado por salmoura, o crescimento cristalino fica localizado em
camadas arenosas ou gretas de contracdo. Crostas eflorescentes compostas por agregados
finamente cristalinos de minerais evaporiticos cobrem a maior parte da planicie lamosa salina.
Sdo feicOes efémeras que podem ser dissolvidas por chuva ou por enchentes, e sdo mais
espessas em dareas onde o nivel fredtico estd mais proximo a superficie (SMOOT e
LOWENSTEIN, 1991; WARREN, 2006). Estas crostas, por mais espessas que sejam, ndo sao
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preservadas devido a alta solubilidade dos minerais componentes. Na maior parte da planicie
de inundacéo salina, o registro das crostas eflorescente é formado por lama siltica macica, e
porosa. Onde enchentes em lencol intersectam as crostas eflorescentes, podem ser focalizadas
em fluxos canalizados, que normalmente gradam para deltas em lencol na intersec¢do com os
lagos. Os canais produzem depositos lenticulares de silte e areia com laminacdo plano-

paralela ou marcas onduladas de correntes unidirecionais (fig. 27).
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Figura 27- Coluna estratigrafica com as facies tipicas de planicies de inundag&o salinas. Modificado de Renaut e
Gierlowski-Kordesch (2010).

Extensas planicies de inundacdo secas, arenosas ou lamosas, sdo caracteristicas de
sistemas lacustres efémeros. Sdo feicdes de gradiente muito baixo, que se misturam com
leques aluviais ou depositos de talus (proximo a area fonte), ou com planicies aluviais e
desérticas (quando o relevo é baixo). Proximos do depocentro, as planicie de inundagéo secas
se misturam com lagos salinos ou efémeros (EUGSTER e HARDIE, 1978; WARREN, 2006).
O nivel freatico nesta porcdo € normalmente muito baixo para aflorar e levar a formagéo de
evaporitos. Estas planicies distinguem-se das salinas pela presenca de feicOes de
ressecamento, ao invés de minerais de sal. Elas ficam secas a maior parte do tempo, sendo
cobertas por agua apenas durante periodos de enchente ou nivel alto do lago. A maioria do
sedimento é de origem fluvial, introduzida por inundacdes em lencol, apesar de que a poeira

soprada pelo vento, trapeada em superficies higroscopicas, pode representar uma contribuicao
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importante. Aguas rasas podem cobrir a superficie da planicie, devido ao represamento de
aguas provenientes das enchentes, e retrabalhar os sedimentos superficiais, gerando marcas
onduladas de fluxo oscilatorio (TALBOT E ALLEN, 1996).

Os sedimentos tipicos de planicies de inundacdo secas sdao camadas milimétricas de
silte e argila laminados, produzidos por fluxos ndo canalizados (inundagfes em lencol).
Areias com laminacdo ondulada e estratificacdo cruzada sdo caracteristicas de inundagdes em
lencol rasas nas porcfes proximais das planicies. A dissecacdo produz extensa formacédo de
gretas e lascas de lama (mudchips), que sdo retrabalhadas e viram intraclastos de brechas e
conglomerados intraformacionais (RENAUT; GIERLOWSKI-KORDESCH, 2010) (fig. 28).

Planicie de inundacao seca

Lamito maci¢o com gretas horizontais e

Planicie em agradagéo verticais; sais intrassedimentares dispersos
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Planicie em agradagéo Lamito macico vesiculado

Lama seca retrabalhada

5 5 Brecha de intraclastos lamosos
por inundagédo em lengol

Grestas preenchidas com sedimentos

I 20-50 cm

Planicie em agradagéo

Figura 28- Coluna estratigrafica com as facies tipicas de planicies de inundacéo secas. Modificado de
RENAUT; GIERLOWSKI-KORDESCH (2006).

Segundo Smoot (1981), existem trés tipos de planicies de inundacédo seca: 1) fundo de
lagos perenes expostos; 2) planicies de inundacdo que agradam lentamente; 3) planicies de
inundacdo que agradam rapidamente. Elas ttm em comum a presenca de gretas de contracéo,
que resulta de repetidos episddios de ressecamento. Em secdo, estas gretas podem nao
apresentar a forma de V que é comum, podendo ser estruturas dentadas a sinuosas que se

bifurcam e contém multiplos preenchimentos (SMOOT, 1981).
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Lagos perenes que secaram podem se transformar em planicies de inundacéo seca.
Tipicamente, estas superficies sdo areas que contém caracteristicas de deposicdo sob
condicdes lacustres, mas foram modificadas por processos subaéreos. Repetidos episodios de
ressecamento formam uma série de gretas superimpostas que brecham o sedimento. Estas

superficies sdo basicamente solos desérticos mal desenvolvidos.

Planicies de inundacdo secas que agradam lentamente sdo pavimentos endurecidos,
com lama vesicular cortada por gretas preenchidas por silte e argila. As vesiculas sdo
cavidades ovais a esféricas, milimétricas, que estdo comumente conectadas por fraturas
horizontais e verticais formadas durante o ressecamento. As vesiculas se formam pelo
trapeamento de ar durante as enchentes (SHIIN, 1968; DEELMAN, 1972). O sedimento
transportado para estas planicies tipicamente forma camadas milimétricas de silte e argila, que
é normalmente é removido por deflacéo edlica, sendo que a maioria da acumulagéo ocorre nas

gretas de contracdo.

Planicies de inundacdo secas que agradam rapidamente consistem em sedimentos
laminados com estruturas diagnosticas de deposicdo por inundagdes em lencol, ou por
decantacdo em um corpo de &gua (EUGSTER eHARDIE, 1978; WARREN, 2006; RENAUT;
GIERLOWSKI-KORDESCH, 2010). Inundacdes em lencol em planicies de inundacdo secas
depositam lentes descontinuas de pequena espessura de areia, que preenchem depressdes
irregulares. Estas areias podem ser ricas em clastos de lama, derivada da eroséo das gretas de
contragdo da planicie. Laminas continuas de lama recobrem as camadas de areia. As correntes
de inundacgfes intersectam lagos em expansdo durante as cheias, formando laminas gradadas
de areia e lama, com lama espessando em direcdo a base. Nas margens das planicies,
correntes rasas ou inundacgdes em lencol depositam cunhas formadas de finas camadas de silte
laminado, ou marcas onduladas cavalgantes de areia e silte. Cada uma destas camadas é
cortada por gretas de contracdo, e em cada evento as gretas sdo preenchidas, formando uma

série de padrGes complexos de gretas de contragéo.

Depdsitos costeiros nas margens de lagos perenes ou efémeros incluem deltas, praias,
barras, plataformas e mounds carbonaticos. As estruturas sedimentares destes depdsitos sao

idénticas aos depdsitos costeiros marinhos.

Depodsitos formados por ondas em lagos salinos (perenes ou efémeros) incluem praias,
barras e plataformas. Em lagos perenes grandes, o retrabalhamento por ondas e a deriva

litoranea produzem depoésitos arenosos que sao sedimentologicamente indistinguiveis de
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depdsitos marinhos. Eles incluem arenitos com estratificacdo de baixo angulo e laminacéao

ondulada de fluxos oscilatorios, com parti¢cdes de lama e acamadamento flaser.

Depoésitos formados por ondas em lagos efémeros rasos séo tipicamente compostos de
camadas finas de areias com laminacdo ondulada de fluxo oscilatorio, depositos isolados de
barras ou depositos de linha de costa. As areias sdo normalmente bem selecionadas, e as
cristas das laminagBes podem ser orientadas paralelamente a linha de costa. Estas areias
laminadas, em adgua mais profunda, podem ter parti¢cbes de lama ou mesmo heterolitos (flaser)
onde a acdo de ondas é intermitente. As barras de depositos de linha de costa podem ser
compostas de materiais derivados localmente, como intraclastos lamosos de gretas de

contracdo, crostas, ndédulos de caliche e minerais evaporiticos.

Depositos de plataforma consistem em cunhas de topo achatado que formam foresets
mergulhando em direcéo ao lago. Onde as ondas retrabalham depdsitos ricos em sedimentos
grossos, 0s sedimentos podem ser macicos ou ter estratificacao incipiente, particularmente se

a acdo de ondas for intermitente.

Sistemas Lacustres em climas aridos— Playa lakes e Sabkhas
Sabkha é uma palavra de origem arabe usada para descrever locais extensos, inospitos,

incrustados com sal que sdo periodicamente inundados, podendo ser costeiros ou continentais
(WARREN; KENDALL, 1985; WARREN, 2006). Sabkhas modernos no Golfo Arébico séo
ocasionalmente inundados por ingressbes marinhas ou enchentes continentais.
Ocasionalmente possui um sentido mais restrito, significando sedimentos de planicies
lamosas anidriticas depositados em ambientes costeiros (WARREN, 2006). Quando sabkha

significa planicie salina, inclui tanto depésitos costeiros quanto continentais.

Algumas vezes o termo playa é utilizado como equivalente geoldgico ao termo
sabkha, mas da maneira que é utilizado no sudoeste dos EUA, possui um significado muito
mais amplo. Além da planicie salina, inclui outros sistemas relacionados, como leques
aluviais distais, planicies arenosas, planicies salinas e campos de dunas (BRIERE, 2000).
Sabkhas podem ter também nomes regionais, como salar (Chile), kavir (Ird), takir (Russia)
(WARREN, 2006). Aqui sera usado o termo sabkha segundo a definicdo de Warren (2006),
que significa um sistema sedimentar alimentado por &gua subterrdnea, com evaporitos

sindeposicionais intrassedimentares que podem ocorrer tanto em planicies salinas marinhas
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quanto continentais. A hidrologia de precipitacdo dos sais € a mesma para ambientes

marinhos e continentais.

Para um lago se tornar salino, a perda de agua anual deve ser maior que a agua
recebida por correntes, nivel freatico e precipitacdo atmosférica, em condicdes de bacia
fechada. A maioria dos lagos salinos esta presente hoje em ambientes aridos ou semidridos,
onde a evaporacao anual € alta, mas relagGes entre salinidade, precipitacdo e evaporacao anual

podem ser complexas.

Os depdsitos de lagos salinos efémeros refletem uma constante mudanca de nivel de
agua e da concentracao de solutos, que quando supersaturados geram camadas de evaporitos.
Algumas sdo vastas planicies e outras se formam em ambientes mais restritos, como

interdunas.

Sedimentos clasticos sdo introduzidos nos lagos por inundagfes em lencol, fluxos
canalizados e processos edlicos. Deltas tendem a ser destruidos quando o lago seca. Depdsitos
de inundacdo, contendo areias com estratificacdo plano-paralela e silte, tm alto potencial de
preservacdo e sao encontrados frequentemente no registro. Na porc¢éo interna do lago, silte e
argila decantam no fundo e sedimentos muito finos tendem a serem esparsos, devido a
dificuldade de producdo de argilas em ambientes aridos. Evaporacdo prolongada aumenta
salinidade até a precipitacdo de sais, como halita, trona e outros (GALLOWAY E HOBDAY,
1996).

Sabkhas continentais sdo planicies salinas intracontinentais dominadas por processos e
salmouras continentais. Podem receber agua através da subsuperficie ou por escoamento
superficial (fluxos induzidos por tempestades), e podem estar associado com campos de dunas
edlicas e corredores de interduna sazonalmente submersos (WARREN, 1989). Séo locais com
nivel de agua flutuante, assim como locais de deposicdo subaquosa efémera que ocorre
guando tempestades inundam o lago. Hardie et al. (1978) divide os sabkhas continentais em

trés complexos deposicionais:
1. Lagos salinos efémeros associados com leques aluviais.

2. Lagos efémeros associados com planicies de inundagdo de correntes efémeras e

campos de dunas.

3. Lagos perenes associados com planicies de inundagéo de correntes perenes.
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Lagos efémeros associados com leques aluviais ocorrem em bacias com borda falhada
tectonicamente ativas. O tectonismo gera topografia e aumenta o gradiente, entdo o volume de
agua enviado para a planicie evaporitica e suas areas adjacentes pode ser bastante grande.
Baixadas intermontanas em clima arido podem ser cobertas por extensas areas de evaporacao,
formando sabkhas continentais. O fornecimento de &gua advém basicamente de &gua
subterranea e correntes ocasionais induzidas por tempestades. Devido a importancia do
fornecimento por agua subterrdnea, nestes ambientes ocorrem a maior quantidade de
evaporitos em sabkhas continentais. Sedimentos terrigenos sdo fornecidos para o sistema por
inundacdes em lencol e uma série de correntes efémeras nas porgdes proximais da bacia, e

silte e areia fina sdo sopradas pelo vento de dunas proximas.

Lagos efémeros associados com planicies de inundacdo de correntes efémeras e campos
de dunas ocorrem em bacias tectonicamente estaveis associadas com zonas de aridez. A
maioria dos sedimentos neste tipo de complexo sdo planicies arenosas ou lamosas sem
evaporitos. Em uma sucessdo vertical, sequéncias de correntes entrelagadas efémeras sdo as
facies sedimentares dominantes. O influxo de agua é realizado por tempestades, sendo que o
intervalo entre os eventos pode ser de anos. Os campos de dunas associados sdo formados
pelo retrabalhamento de sedimentos da planicie de inundagdo e do lago no periodo entre
tempestades.

Lagos perenes associados com planicies de inundacdo de correntes perenes ocorrem em
varios ambientes tectdnicos, mas normalmente ndo tém sabkhas expressivos. Se presentes,
ocorrem em baias lamosas nas margens dos lagos. A maioria dos lagos salinos perenes
possuem taludes ingremes, 0 que permite a agua salina empocar em climas aridos. Como
influxo de &gua é devido a descarga perene de rios, o nivel do lago ndo flutua tanto quanto em
lagos alimentados por correntes efémeras. As facies sedimentares mais comuns sdo 0s

depdsitos de fundo de lago, sem planicies lamosas ou arenosas ativas.

*Notas de tradugdo:
Saline pan: planicie salina; braid plain: planicie de rio entrelagado.

Mudflat: planicie lamosa; Dry mudflat: planicie lamosa seca.
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Estudos de casos
Modelo Atual

Lake Eyre- Australia
O Lago Eyre, na Australia, € excelente exemplo de sistemas aluviais em climas &ridos.

Neste sistema deposicional é possivel presenciar a interacdo de sistemas de leques aluviais,
rios efémeros com leques terminais e sabkhas em um mesmo lugar, servindo de analogo para

depdsitos do registro geoldgico.

Este lago esta localizado na porgéo central da Austrélia, e € o quarto maior playa lake
do mundo (CALLEN et al., 1986), com uma area de captacdo de 1.140.000 kmz, equivalente a
um sexto da area da Austrélia (fig. 29). A porcao norte do lago tem éarea de 8.430 km?2 e tem
144 km de comprimento e 77 km de largura. A porcdo sul é menor, tem 64 km de
comprimento e 24 km de largura, totalizando a area de 1.260 km? (WARREN, 2006). A base
do lago é bastante plana, tornando a definicdo da porcdo mais profunda muito arbitraria. A
bacia de drenagem € dividida entre as maiores cinco captacdes fluviais. Todas as correntes
que fluem para o Lago Eyre ao caracterizadas por extrema varia¢do na descarga e na duracéo,
sendo que a descarga média da bacia é de 4 km? por ano, equivalente a uma lamina de agua
com 3,5 mm de profundidade. As maiores precipitacdes, equivalente a 400 mm, ocorrem nas

margens norte e leste, onde a precipitacdo € proveniente de um cinturdo de mongdes.

-

kbl 2 4{;%; ‘ﬂy"ﬂ'- A ? -
Figura 29- Imagem de satélite com a localizagdo do Lago Eyre e Douglas Creek, Australia.
Imagens de satélite retiradas de Google Earth.
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Além de ser a bacia regional para o escoamento superficial,0 lago também recebe agua
fredtica da Great Artesian Basin (GAB), que consistem em varia bacias sedimentares com
aquiferos confinados de arenitos quartzosos do Triassico, Jurassico e Cretadceo (Lang et
al.2004). A descarga natural do GAB provém de locais difusos onde o nivel freatico aflora, ou
pelas mais de 600 fontes na porcdo sul do lago. Fluxos medidos nestas fontes variam de
0,0001 a 0,23 md/s, totalizando algo em torno de 1 m3/s, com salinidade entre 700 e 80.000
ppm, pH de 7,1 a 8 e temperatura da agua entre 30° e 40 °C. Uma tipica fonte hidrotermal
consiste em uma poca de agua central, com uma franja de vegetagdo, um canal e varias

camadas de carbonato.

Na estacédo seca, as por¢Oes mais baixas ficam cobertas por crostas de 0,5 m de halita
estratificada. Todo o volume de 4x10°® toneladas de sal é completamente dissolvido durante as
maiores enchentes, de maneira que a superficie topografica do lago se torna mais profunda
durante as cheias (SMOOT e LOWENSTEIN, 1991). Quando o lago seca, a crosta fica
rodeada por féacies da planicie salina lamosa, com cristais de gipsita que crescem de modo
deslocante na zona de franja capilar.

E pela porgao norte que a maioria das correntes efémeras adentra a depressdo no lago.
Os pontos de entrada sdo definidos por deltas em lencol, achatados e amalgamados, que séo
dominados por areias finas e silte (SMOOT E LOWENSTEIN, 1991). A porcdo mais distal
dos deltas € cortada por canais rasos, sendo que o maior deles (Warburton Channel) é uma
depressdo norte-sul que transecta dois tercos do lago. Quando o lago enche, este canal

rapidamente canaliza a &gua para o sul, promovendo a dissolucdo da crosta de sal.

A drenagem de Douglas Creek sera usada como exemplo de rio efémero com leque
terminal, pois os trabalhos realizados nele sdo bastante detalhados, sedimentologicamente e
faciologicamente (KOTWICKI, 1999, FISHER et al.2007, 2008). Esta secdo esta baseada
basicamente no trabalho de Fisher et al. (2008), trabalho mais recente que caracteriza este
ambiente deposicional. Douglas Creek mede 93 km do seu ponto mais a montante até a

desembocadura no lago (fig. 30).
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Figura 30- Imagem de satélite mostrando Douglas Creek. Retirado de Google Earth.

Ao longo do seu comprimento, esta drenagem recebe descargas de correntes pequenas
com drenagem local, mas nenhum afluente significativo desadgua nela. Fisher et al. (2008)
identificaram sete litofacies que ocorrem em um ou mais dos 3 elementos arquiteturais que
compdem o leque terminal (canal distributario; espraiamento proximal e espraiamento distal -
fig. 31). A facies Gs é constituida de conglomerados clasto-suportados com estratificagdo
plano-paralela incipiente, interpretada como carga de fundo. As areias sdo divididos em Sc,
para areias finas a grossas, com ocasionais granulos dispersos com estratificacdo plano-
paralela ou cruzada acanalada, interpretadas como formas de leito de crista reta e sinuosa; Sr,
para areias muito finas a grossas com ripples de pequeno porte; e Sm para areias muito finas a
grossas, macicgas, com alto contetdo de silte/argila, interpretadas como sedimentos fluviais

que tiveram sua estrutura suprimida.

A porcdo mais fina foi separada em Fc, para lama carbonosa de origem orgénica, Fm
para silte e argila macica ou plano-paralela com bioturbacéo, interpretada como deposic¢éo em
fluxos de baixa velocidade com sobreposicdo de processos pedogénicos e Clm para argila

plano-paralela, depositada por suspenséo.
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Figura 31- Posicionamento espacial dos elementos arquiteturais que compdem o leque terminal de
Douglas Creek. Modificado de Fisher et al. (2008).

O elemento arquitetural “canal distributario” ¢ composto basicamente pelas facies Sm,
Sc, Sr, CIm e Gs, caracterizando canais amplos com os sedimentos mais grossos encontrados
no leque (Fig. 32). As areias com estratificacdo cruzada, areias macigas e areias com marcas
onduladas de correntes unidirecionais s&o dominantes, e podem estar associada com argilas.
Pequenas lentes de conglomerado podem ocorrer isoladamente. Muitas camadas com
estratificacdo cruzada apresentam variacdo de espessura de laminacdo, mostrando flutuacao
da magnitude do fluxo durante a deposicdo, o que é caracteristico de correntes efémeras.
Facies arenosas separadas por camadas descontinuas de siltes e argilas séo interpretadas como
oriundas da persisténcia de pequenas pocas semi-permanentes durante enchentes de maior

magnitude.
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O elemento denominado “espraiamento proximal” é composto de camadas espessas de
arenitos com estratificagdo cruzada e/ou macigos (Sc e Sm). Geralmente os sedimentos sdo
limpos, de granulometria média a grossa, e transportados como carga de fundo. Ocorrem
clastos de argila na base dos sets, sendo que clastos grandes servem como marcadores para o
inicio deste elemento, frequentemente em associacdo com camadas de conglomerados (Gs). A
presenca de superficies erosivas indica que no estado inicial de desconfinamento a corrente
mantém um componente erosivo. Nesta por¢do, o tamanho de grdo tem seu pico por volta de

2 ¢ (areia média).

5 ‘ Dimensdes dos elementos Coluna Legenda

emento = [ Eo Estr. Cruzada
Extensdo |Largura | Espessura L:E | Forma <f:</|>'6|3 <F<I((I3 planar

Canal Bioturbagdo

Distributario N/A <150 m 170—100 cm 100:1 E@ Nodulos e

concrecdes
Material vegetal
Espraiamento I . Ripples de
Proximal <lkm | 01-18km | 170-50cm | 200- & S AR
3000: 1 —

ONSS .
/<.\ Raizes
Espraiamento P —
Distal >1km  [18—3-5km| 60—10cm | >6000:1 é&
.
O

Figura 32- Sumério da caracterizagdo dos elementos arquiteturais. Modificado de Fisher et al. (2008).

Por ultimo, no elemento arquitetural “espraiamento distal” predomina argilas e lamas
(facies CIm). As areias macicas finas (Sm) intercaladas com lamas sdo as facies arenosas
predominantes. Algumas vezes lamas carbonosas (Fc) ocorrem como camadas finas e
descontinuas. A significativa diminuigdo de tamanho de gréo faz com que silte seja o tamanho
de gréo predominante, indicando a desaceleracdo continua da enchente enquanto as dguas se
espalham em direcdo a bacia. A auséncia de estruturas trativas indica que os sedimentos
foram depositados basicamente por suspensdo ou por correntes muito fracas, ou em pocas de
agua. As areias desta porcdo tém seu tamanho medio em torno de 3 ¢ (areia fina) mas a
granulometria dominante € areia muito fina/silte (4-5 ¢) (Fisher et al., 2008) (fig. 33).
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Figura 33- Gréfico de distribuicdo de tamanho de grdo por peso de amostra total em cada um dos elementos
arquiteturais. Modificado de Fisher et al. (2008).

Com o aumento da distancia da fonte, o espraiamento mostra uma diminui¢do no
tamanho de grao, espessura de camadas, superficies erosivas e estruturas trativas. Na transicdo
entre o espraiamento proximal e o distal pode ocorrer deposicao de troncos carregados pela
corrente na medida em que o fluxo desacelera. Uma caracteristica peculiar as enchentes em
lencol é a propagacéo assimétrica da frente de enchente devido a topografia da planicie, o que

torna irregular os limites entre os depositos (fig. 34).

Durante 0s estagios iniciais da enchente, correntes provindas de areas adjacentes aos
canais se encontram, formando pocas nas por¢ées mais baixas dos canais. Com o aumento do
fluxo, a dgua extravasa para a préxima poca, até que todos os fluxos se combinam para formar
uma corrente continua. Este processo é tido como responsavel pela formacdo dos drapes de
sedimento fino entre facies mais grossas. Na medida em que a corrente persiste na por¢éo
principal do Douglas Creek, a erosdo na base do canal causa a incorporacdo de clastos de
lama, principalmente onde as pogas s&0 semi-permanentes. A jusante, 0s canais comegam a se
tornar rasos, fazendo com que a agua extravase, causando expansdo e consequentemente a
diminuicdo na espessura do fluxo. Essa desaceleracdo é responsavel pela diminuicdo na
competéncia do fluxo, causando a redugdo no tamanho de gréo e espessura das camadas para
as porcOes mais distais. A energia diminui também ao se afastar da porcdo central do leque,
portanto o0s depositos sdo assimétricos radialmente. No estagio de enfraquecimento da

corrente, as enchentes tornam a ficar confinadas em canais pequenos e rasos, e finalmente,
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guando a enchente cessa, as depressdes se tornam pequenos lagos, onde uma fina camada de
lama se deposita por suspensao (HUBERT e HYDE, 1982; LANG et al., 2004).
Imediatamente apos o evento de enchente, os sedimentos ficam expostos a diferentes graus de
pedogénese. No periodo entre as enchentes a perda de &gua por evaporacdo € muito grande, o
que permite a concentracdo de sais e a formacdo de uma camada salina. O aumento da aridez
pode levar ao retrabalhamento eodlico da superficie. De maneira geral esta drenagem é
totalmente seca, exceto por um po¢o de agua semi-permanente préximo a desembocadura sul
do canal. Neste poco ocorre deposi¢cdo de lama, gerando uma superficie suscetivel ao

arrancamento de clastos de lama durante a préxima enchente.

Existem variagdes significativas na escala, geometria e associacdo de facies de um
leque terminal ou complexo terminal. Na escala de evento, diferencas sutis nos fatores que
influenciam as enchentes em lencol (por exemplo, magnitude da enchente e velocidade do
fluxo) resultam em interdigitagdes significativas horizontal e verticalmente das porgdes

proximais e distais dos leques terminais. A figura 34 mostra 0 modelo final proposto pelos

autores.

Término do canal
principal

Rede de canais rasos retrabalhando
o topo do leque durante épocas de
seca

F des na ie do
leque se tornam locais para a formag3o
de pogas apos as enchentes

Em Douglas Creek os canais
aumentam e raseaiam onde
terminam

O leque se desenvolve no tempo pela
icdo de material de
sucessivas de magnitude variavel

Franja irregular do leque refiete a
progradacdo assimetrica das
enchentes em lencol devido a varicdes

Apos os eventos de enchente a agua pode de topografia que canalizam a agua

persistir por algum tempo, o que esulta em
‘aumenta da atividade biologica

A

, C_ana[ ) a das edos
Distributario canais depositada e parcialmente oxidade

nas franjas

Proximal Distal

de canal e do

do i distal Est ”
em areias argilosas muito finas, siltes e argilas g % LaminagSo @ Material
com raras concentragdes de materiais vegetais ~ " acanalada Denee vegetal

Estratificagio [ . | Ripplesde —
maa plana comente A

proximal s3o caracterizados por facies
com cruzadas, drapes de lama com base
erosiva e intraclastos

Figura 34- Fotografia aérea de Douglas Creek, com modelo deposicional em planta e em secdo transversal.
Modificado de Fisher et al. (2008).



Modelos do registro

Fundy Basin- Nova Scotia, Canada

A Bacia de Fundy composta por uma de uma série de riftes do inicio do Mesozdico,

desenvolvidos na margem noroeste do Oceano Atlantico. Ela contém entre 6 e 12 km de

espessura de sedimentos ndo-marinhos no seu depocentro, e possui idades entre o Anisiano e

0 Hetangiano (WADE et al. 1996). Esta bacia pode ser dividida em trés sub-bacias (Fundy,

Minas e Chignecto), representando um meio graben complexo que ocorreu no Triéssico.

Aqui, serd abordada apenas a sub-bacia Minas, que contém a se¢do mais significativa para

este trabalho (fig. 35).
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A sub-bacia de Minas é a que possui a menor secdo em termos de espessura. Nos seus
1050 m de espessura, ela inclui 850 m da Formacdo Wolfville e 250 m da Formacéo
Blomidon. A Formacdo Wolfville ¢ formada por arenitos fluviais grossos a finos, dunas
edlicas e leques aluviais (LELEU et al. 2009; MERTZ e HUBERT, 1990), depositados sob
clima arido a semi-arido. A idade desta formacédo € baseada em fdsseis de moluscos, répteis e
anfibios (Olsen et al. 1989) e provavelmente é de idade carniana. A Formacdo Blomidon
recobre a Formacdo Wolfville e tem idade aproximadamente noriana-rética. O contato entre
as duas formacdes é marcado pela mudanga abrupta de arquitetura de facies, que € marcado
pelo desenvolvimento de arenitos fluviais intercalados com lamitos de playa com geometria
em lencol. A Formacdo Blomidon é composta por arenitos tabulares, macicos ou com
estratificacdo cruzada, lamitos laminados lacustres com raros evaporitos (HUBERT e HYDE,
1982; MERTZ e HUBERT, 1990), com deposi¢do ocorrendo em um sistema climatico arido a
semi-arido, sendo a maioria dos canais fluviais fruto de enchentes em lencol. Ambas as
formacdes serdo tratadas aqui, pois representam sistemas deposicionais aluviais e lacustres

geradas em climas aridos e semi-aridos (fig. 36).

A Formacdo Wolfville é dividida em inferior, média e superior. Os trabalhos mais
recentes que descrevem esta formacao sao os trabalhos de Leleu et al.(2009) e Leleu e Hartley
(2010), nos quais sera baseada esta secdo. As rochas encontradas na Fm. Wolfville séo
brechas suportadas por matriz, interpretadas como fluxos gravitacionais, conglomerados
suportados por matriz, interpretados como depdésitos proximais de enchentes em lengol em
leques aluviais, e conglomerados com estratificagdo cruzada acanalada, interpretados como
barras cascalhosas de rios entrelagados. Os arenitos podem ser grossos, conglomeraticos, com
estratificacdo cruzada acanalada ou planar e com icnofdsseis atribuidos a icnofacies Scoyenia,
interpretados como depdsitos de preenchimento de canal ou barras de pequeno porte, ou
macigos, quartzosos, bem selecionados, com intraclastos ou estratificagdo cruzada planar,
interpretados como depositos de enchentes em lencol. A por¢do mais fina é composta por
lamitos tabulares com bases abruptas e gretas de contracdo, intercaladas com camadas
lenticulares finas de arenitos com marcas onduladas, interpretados como depositos de um lago
efémero que secava frequentemente, intercalados com depositos de enchente. Também sao

encontrados paleossolos calciticos maduros e paleossolos incipientes com marcas de raizes.
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As facies identificadas na Formacao Wolfville foram divididas em cinco associacfes
de facies: fluvial, splay, eolico, playa e margem de playa. A associacdo de facies fluvial €
composta basicamente por arenitos com estratificacdo cruzada e conglomerados
subordinados, interpretados como deposicdo de barras em canais fluviais entrelacados (ainda
que os autores comentem que em algumas por¢des predominem féacies mais tipicos de rios
meandrantes). Os argilitos e arenitos muito finos a silticos sdo muito subordinados e
atribuidos ao abandono de canais. A associacdo de facies de splay, ou espraiamento, composta
pelos arenitos tabulares e arenitos muito finos a silticos, com argilitos subordinados, inclui
depdsitos interpretados como fluxos ndo confinados, com argila sendo depositada no final de
cada fluxo. Entretanto, em alguns locais os argilitos podem representar depositos de
espraiamentos terminais (terminal splays) (Nichols e Fisher, 2007). A Fm. Wolfwille possui
extensiva bioturbacdo, que segundo Nichols e Fisher (2007) é fruto da abundante umidade e
baixa taxa de sedimentagéo, propiciando a colonizacdo por fauna oportunista. A associacéo de
facies eolica inclui as facies interpretadas como depo6sitos de dunas e interdunas. A associacdo
de facies de playa é composta por mais de 95% de argilito, localmente com gretas de
contragdo, sendo os arenitos muito finos a silticos subordinados. Esta associacdo de facies
registra a existéncia de lagos muito rasos e efémeros. Por fim, a associacdo de margem de
playa é composta por arenitos liticos tabulares, argilitos com fragmentos de arenito e arenitos
quartzosos, representando a margem do lago efémero, com depositos distais de enchentes em

lencol intercalados com depositos lacustres.

Sobreposta a Formacdo Wolfville estd a Formacdo Blomidon. Esta Formacgdo é
composta basicamente por ciclos de escala métrica de arenitos e lamitos vermelhos (Hubert e
Hyde 1982). Estas facies descritas foram agrupadas por Hubert e Hyde (1982) e Mertz e
Hubert (1990) em trés sistemas deposicionais: planicie arenosa (sand flat), planicie lamosa de
playa (playa mud flat) e lago. Os arenitos com laminagdo plano-paralela ou marcas onduladas
cavalgantes, capeados por drapes de lama séo interpretados com depositados por enchentes
provocadas por tempestades nas areas-fonte, que descem as drenagens provocando enchentes
em lencol rasas em direcdo ao interior da bacia. A desaceleracdo do fluxo geraria as marcas
onduladas cavalgantes e os drapes de lama. Com o0 ressecamento, a precipitacdo
intrasedimentar de minerais evaporiticos causou o rompimento de algumas camadas. A
auséncia de gretas pode estar relacionada ao rompimento pela precipitacdo de evaporitos, ou a
inibicdo do ressecamento pela presenca constante de uma salmoura. O ambiente de planicie

lamosa de playa € representado por lamitos arenosos, que 0s autores interpretam como
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depositados por enchentes ao longo de milhares de anos na grande planicie que ocupava
grande parte do vale. Alguns destes depositos apresentam evaporitos ou lentes edlicas
intercaladas, o que deve representar grandes periodos de seca. Por ultimo, os depositos
lacustres sdo formados pelos argilitos fisseis, que sdo interpretados como depositados nas
margens de lagos rasos e oxidantes que encheram a depressdo da playa durante intervalos
relativamente umidos. A origem lacustre é interpretada com base na auséncia de minerais
evaporiticos e de gretas de contracdo. Além disso, a presenca de peixes, ostracodes e
conchostraceos indica condigdes mais umidas. O modelo proposto para a sedimentacdo nas
bacias de Minas e Fundy esta apresentado na figura 37.
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Ebro Basin- Espanha

A Bacia de Ebro, na Espanha, é uma bacia de ante-pais, formada pela orogenia dos
Pirineus. Os Pirineus se formaram no Cenozoico, como resultado do encurtamento crustal
entre a placa Eurasiana e a subplaca Ibérica (MUNOZ et al. 1992). Os sistemas fluviais
distributarios Luna e Huesca sdo sistemas fluviais contemporaneos e efémeros de idade
miocénica situados no norte da bacia. Ambos os sistemas mostram, distalmente, uma
diminuicdo em tamanho de grdo e profundidade dos canais, além de um aumento na
quantidade de arenitos em lengol, interpretados como depdsitos de eventos de fluxos
desconfinados (HIRST E NICHOLS, 1986).

O sistema Luna cobre uma area de 2500 km2 em um raio de 40 km, e ao leste, o
sistema Huesca € maior, com um raio de mais de 60 km (HIRST E NICHOLS, 1986) (fig.
38).
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Figura 38- Localizacdo da bacia de Ebro, Espanha. Modificado de Fisher et al. (2007).

As fécies identificadas por Fisher et al. (2007), que descreve a porcdo mais fina, séo
compostas por lamitos macicos (Mx) com espessura de 0,05 a 6 m e grande continuidade
lateral, interpretados como depositados predominantemente em condic¢des de baixa energia,

sob condigdes subaéreas por fluxos desconfinados; e lamitos pedogenizados, mosqueados,
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com espessuras de 0,05 a 0,60 m, interpretados como depdsitos de fluxos desconfinados que
sofreram processos pedogénicos. Os arenitos com geometria de canal sdo moderadamente
selecionados e variam a granulometria entre grosso e muito fino, com arenito fino sendo o
predominante. Sdo encontradas feicOes de acrescdo lateral, ripples e estratificacdo cruzada,
mas a maior parte dos arenitos € macica. Os arenitos com ripples foram interpretados como
depositados fluxo turbulento e os arenitos macicos como depositados por fluxos
sobrecarregados de sedimento, que resultou na supressdo da estratificacdo. A geometria das
facies arenosas foi classificada como canais em fita (Scr), canais em lencol (Scs) e canais
pequenos (Scm). Os arenitos com geometria em lencol com base erosiva (Sse) séo geralmente
finos, com espessura média de 0,32 m e largura de 22 m. Sdo normalmente maci¢os ou com
ripples incipientes, apresentam pelotas de lama, e sdo interpretados como depdsitos de fluxos
inicialmente turbulentos, mas com rapida diminuicdo de capacidade de transporte por
desaceleracdo do fluxo. Ocorrem também arenitos com geometria em lencol (Ssa), com
espessura média de 0,13 m, com areias finas, moderadamente selecionadas, com raras pelotas
de lama e auséncia de estrutura, sendo interpretados como depositos carga de fundo e de
suspensdo em fluxos desacelerantes. Os arenitos lenticulares (Sli) tém base abrupta, nao
erosiva, e sao macicos, sendo interpretados como depdsitos de fluxos desconfinados de baixa
energia. Ocorrem também arenitos médios a finos com gradacdo normal (Ssf), wave ripples
ou laminacdo plano-paralela e geometria em lencol, com espessura média de 0,44 m,
interpretados como depositos de desaceleracdo de fluxo causado pelo entrada no corpo de
agua, sendo que as porcles superiores poderiam ser retrabalhadas por ondas. Arenitos finos a
muito finos com wave ripples (Ssw), com espessura média de 0,19 m, sdo interpretados como
depdsitos de fluxos de menor magnitude retrabalhados por ondas. Arenitos lamosos com
geometria em lencol e laminacdo plano-paralela (Shh) séo interpretados como deposicao da
carga de suspensdo em fluxos desacelerantes. Por fim, as facies de precipitacdo quimica, que
sdo margas lacustres (LM), estratificadas e com muita bioturbacdo, que podem estar
brechadas, sdo interpretadas como carbonatos palustres e calcérios estromatoliticos, com
biohermas, e camadas com oncolitos, que sugerem a precipitacdo em aguas na transicdo de
saturadas em carbonato para ricas em sulfato. As facies descritas neste trabalho sdo agrupadas
em cinco associacdes de facies (A.F.): 1) A.F. de canais e espraiamentos laterais, 2) A.F. de
leques terminais, 3) A.F. de topo deltaico, 4) A.F. de frente deltaica e 5) A.F. de prodelta.
Além da descricédo e interpretacdo de facies, o trabalho de Fisher et al.(2007) faz um estudo
comparativo entre espessura e largura dos corpos arenosos, para avaliar os depositos em

lencol. Cada um dos depositos estudados € mostrado nas figuras 39, 40 e 41.



(a) Facies de canal em Largura (m) Espessura (m) Razéo
fita Max 78 35 24:1
Min 8 1.5 5:1
Estatisticas de 10 corpos arenosos Média 22 2 9:1

E. E
%<
(b) Facies de canal em Largura (m) Espessura (m) Razéo
" lengol Max 39 1.9 149 : 1
Min 6 0.4 7:1
Estatisticas de 12 corpos arenosos | Média 39 1 46 :1

(C) Facies e canais

Largura (m) Espessura (m) Razéo
pequenos Max 7 1 48:1
Min 0.5 0.6 254
Estatisticas de 39 corpos arenosos [~ Védia 3 0.19 171

Figura 39- Fotos de afloramento, perfis colunares e dimensdes das facies estudadas na Bacia de Ebro.

Modificado de Fisher et al. (2007).
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(d Facies de arenito em
lengol com base
erosva

Estatiticas de 24 corpos arenosos

Largura (m) | Espessura (m) Razéao
Max 60 0.68 1656 1
Min 8 0.17 32:1
Média 22 0.32 68.1

(e Facies de arenito em
lengol amalgamado

Estatiticas de 169 corpos arenosos

0.5 —

01

{m}

Largura (m) Espessura (m) Razdo
Max 74 0.43 548 .1
Min 0.8 0.02 5:1
Média 8 0.13 651

(f) Lntes isoladas de

S W

arenito

Estatiticas de 32 corpos arenosos

Largura (m) Espessura (m) Razéo

Max 16 (16 186 : 1
Min 1 .02 11:1
Média 6 .07 7751

Figura 40- Fotos de afloramento, perfis colunares e dimensdes das facies estudadas

Modificado de Fisher et al. (2007).

na Bacia de Ebro.



(g) Facies de arenitos em Largura (m) | Espessura(m)|  Razéo
lengol com gradagéao Max 41 0.62 83:1
normal Min 14 035 33:1

Estatisticas de 11 corpos arenosos | Média 22 044 814

(h Facies de arenitos Largura (m) | Espessura (m) Razéo
em lengol com Max 109 0.38 654 :1
ripples Min 27 0.12 138 : 1

Estatisitica de 12 corpos arenosos Média 55 0.19 302: 1

(m)
1.2
1.0
0.87
0.6
0.4
0.2
i Lengois de arenito Largura (m) | Espessura (m) Razéo
lamoso laminado Max 60 0.14 1000: 1
Min 11 0.04 100: 1
Estatistica de 10 corpos arenosos Média 24 0.08 350: 1
Lengois de lamito Largura (m) Espessura (m) Razéo
[aminado Max 400 04 1700: 1
Min 68 0.04 670:1
Estatistica de 9 corpos arenosos Méedia 190 0.20 1100: 1

Figura 41- Fotos de afloramento, perfis colunares e dimens@es das facies estudadas na Bacia de Ebro.
Modificado de Fisher et al. (2007).
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A associacdo de facies de canais e espraiamentos laterais possui corpos arenosos com
geometria em fita e em lencol. Os canais séo incisos em lamitos e lamitos com pedogénese,
interpretados como depdsitos de planicie de inundac¢do. O tamanho e a espessura dos canais
indica que havia grandes inundac@es em lencol ativas, depositados em extensas planicies
aluviais. Como resultado, enchentes subsequentes retrabalhavam depositos ndo litificados de
enchentes anteriores. A associacdo de facies de leques terminais é formada pela deposi¢édo
local de arenitos finos, que em corte formam lentes inclusas em lamitos. Ocorrem também
depdsitos tabulares de lencdis de arenitos separados por lamitos e lamitos com pedogénese, 0
que sugere que os leques terminais estavam sujeitos a variagcdes espaciais e temporais de
aporte fluvial, que resultaria na avulsdo dos leques. A associacdo de facies de topo deltaico ou
planicie deltaica inclui arenitos em fita (dep6sitos de baixa sinuosidade) inclusos em lamas e
margas brechadas, com frequentes bioturbac6es por raizes. A associagdo de frente deltaica é
composta por arenitos granodecrescentes ascendentes, devido a desaceleracdo do fluxo
guando da entrada no lago, e arenitos finos altamente retrabalhados por fluxos oscilatérios.
Por fim, a associacdo de prodelta é formada por arenitos muito finos lamosos, lengois de

arenitos lamosos com laminacéo plano-paralela intercalados com lamitos e margas lacustres.

Os depositos dos sistemas Luna e Huesca sdo interpretados como dominados por
enchentes em lencol derivadas de fluxos fluviais e desconfinados (Fisher et al. 2007) Essa
correntes eram alimentadas por trés mecanismos: 1) por canais grandes e rasos, que morrem
em direcdo ao centro da bacia; 2) pelo excesso de agua nos canais durante enchentes de
grande porte, e 3) por canais distributarios que focalizam enchentes de pequena magnitude

para dentro de canais secos.

Neste contexto, os autores concluem que os arenitos em lencol foram depositados por
espraiamentos laterais e terminais em uma planicie de inundacdo ou em um sistema deltaico,
sendo gue os espraiamentos terminais se formavam durante momentos de nivel de lago baixo.

Nos momentos de nivel de lago alto, ocorria a formacao de um delta com lobos discretos.
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6. TEXTO INTEGRADOR

O resultado deste trabalho de doutorado esta estruturado em artigos cientificos
submetidos em revistas cientificas. O texto abaixo se trata de um resumo sobre o conteido
dos artigos, com comentarios sobre a importancia dos dados e sua insercdo no contexto

regional e mundial dos depdsitos triassicos da Supersequéncia Santa Maria.

Durante este trabalho de doutorado foram estudados 142 afloramentos ao longo da
faixa de afloramento das rochas da Supersequéncia Santa Maria (fig. 42). Estes afloramentos
foram descritos, medidos e, quando possivel, retratados em secdes colunares de escala 1:50.
Também foram coletadas amostras para a realizacdo de analises quimicas para a determinacao
do Indice de Alteracio Quimica, e observados e coletados fosseis para a determinacio da
idade de cada afloramento. Com a integracdo dos dados coletados e coleta de dados

bibliogréaficos foi possivel realizar os trabalhos que compdem esta tese.
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Figura 42- Mapa de pontos de afloramento realizados durante as etapas de campo, com as estradas e drenagens
principais. SP: Sdo Pedro do Sul; SM: Santa Maria; C: Candelaria; SC: Santa Cruz do Sul; VA: Venancio Aires.

As evidéncias da ocorréncia de mais uma sequéncia de terceira ordem na
Supersequéncia Santa Maria surgiram durante trabalhos de campo referentes a dissertacao de
mestrado do autor desta tese. A Biozona de Santacruzodon (sensu SOARES et al. 2011)
contava com a presenca de uma fauna tipica dominada por cinodontes com caracteristicas
intermediarias entre formas do Anisiano e do Carniano (ABDALA et al. 2001), e com o
trabalho de Melo, Abdala e Soares (2015), correlacionando um taxon com Madagascar, a

idade da assembleia como ladiniana foi corroborada. Trabalhos de campo posteriores
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descobriram afloramentos nos quais havia arenitos conglomeraticos em discordancia angular
com a porcdo superior, caracterizando uma discordancia que péde ser designada como o
limite inferior de uma sequéncia deposicional similar as anteriormente propostas por Zerfass
et al. (2003). A fauna sempre foi encontrada em litologias similares a sequéncia inferior,
caracterizando o trato de sistemas de transgressivo. Portanto foi proposta uma nova sequéncia
chamada Sequéncia Santa Cruz, dado a toponimia das principais ocorréncias das rochas
préximas a cidade de Santa Cruz do Sul, RS. Surgiu entdo o problema da nomenclatura, pois
a proposta anterior contemplava a numeracdo de | a Il para as sequéncias, mas a Sequéncia
Santa Cruz situava-se entre as Sequéncias | e Il. Desta maneira, se buscou as toponimias das
melhores exposicdes de cada sequéncia, propondo os nomes Sequéncia Pinheiros-Chiniqua,
Sequéncia Candelaria e Sequéncia Mata para as Sequéncias I, Il e Ill, respectivamente.
Interessante notar que a Sequéncia Santa Cruz s6 ocorre na area proxima aos municipios de
Santa Cruz do Sul, Vera Cruz e Venancio Aires, delimitados por lineamentos de grande porte,
nos quais estdo encaixados os rios Taquari e Pardinho, configurando um bloco estrutural. Essa
exclusividade de ocorréncia foi atribuida a movimentacGes tectdnicas que, posteriormente a
sedimentacgdo, propiciaram a preservagdo da por¢édo ladiniana da Supersequéncia, erodida no
resto da area de afloramento. A partir da identificacdo desta nova Sequéncia, preservada pela
movimentacdo de antigas estruturas do embasamento, pode-se aventar a possibilidade de
outras sequéncias que poderiam ter preservacdes semelhantes. Além disso, foi identificada a

correlagdo com a Formacéo Isalo Il de Madagascar.

O avanco dos trabalhos de campo propiciou a construgdo de evidéncias para a revisao
dos ambientes deposicionais propostos para a Supersequéncia, primeiramente voltados para o
topo da Sequéncia Candelaria (sensu HORN et al. 2014) e posteriormente para as outras

porgoes.

O topo da Sequéncia Candeléria, litoestratigraficamente representado pela Formacéo
Caturrita, tem sido objeto de discussdo entre os pesquisadores da &rea. Esta Formacdo,
proposta inicialmente como um Membro da Formacdo Botucatu no Cretaceo (BORTOLUZZI,
1974), foi posteriormente elevada a Formacéo e colocada no Tridssico Superior (Carniano)
por Andreis, Bossi e Montardo (1980). A partir das revisdes bibliograficas, visitas e
redescri¢des de afloramentos citados nos trabalhos anteriores, foi possivel determinar que
nenhuma das designagOes anteriores da Fm. Caturrita eram fiéis as rochas nas quais era
encontrada a abundante fauna carniana de dinossauros e cinodontes mamaliformes. As rochas

descritas nos trabalhos classicos eram predominantemente dominadas por arenitos médios
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com estratificagdo cruzada abundante e, em alguns casos, descrita como portadora de troncos
fosseis (ANDREIS; BOSSI; MONTARDO, 1980). Pode-se demonstrar que as facies
fossiliferas sdo compostas predominantemente por arenitos finos macicos amalgamados
intercalados, sendo as facies com estruturas trativas subordinadas. A partir desta anélise, se
propds a abolicdo da Formacdo Caturrita como forma de evitar posteriores enganos, e foi
proposta a Formacao Botucarai, com seus afloramentos tipo no entorno do Cerro Botucarai,
na cidade galcha de Candelaria. No inicio dos anos 2010 houve trabalhos que sugeriram que
a idade atribuida a Formacao Caturrita fosse mais nova, ou seja, Jurassica, baseado em dados
de bioestratigrafia de conchostraceos, plantas e icnofosseis de vertebrados (BARBONI;
DUTRA, 2013; SILVA et al. 2012; ROHN et al. 2014) encontrados em um afloramento.
Entretanto, as rochas nas quais foram encontrados esses fosseis sdo basicamente folhelhos
lacustres e depdsitos de planicie de inundacdo, diferentemente das em que sdo encontrados 0s
vertebrados tridssicos, basicamente arenitos macicos. Além disso, entre estes dois pacotes de
rocha ocorre uma marcada discordancia erosiva, caracterizada por formacdo de relevo e
paleossolos. Com isso, se prop0s a separacdo da Fm. Botucarai das rochas supostamente
juréssicas, apesar de ser essa Gltima uma unidade ainda informal, por ndo apresentar a
continuidade lateral necessaria para ser mapeavel em escala 1:25.000, requisito do cédigo

estratigrafico brasileiro em vigor.

Juntamente com o trabalho de proposicdo da Formacdo Botucarai, foi feito um
trabalho de interpretacdo das facies e sistemas deposicionais que compunham a porcao
superior da Sequéncia Candelaria correspondente. Como ja foi dito anteriormente, esse pacote

de rocha tem uma peculiaridade muito interessante, que € a dominancia de arenitos macicos.

Vérias hipoteses foram aventadas para essa por¢do de rochas, dentre rios meandrantes,
entrelacados e sistemas deltaicos (FACCINI, 2000; ZERFASS et al. 2003). Ap6s um estudo
detalhado de facies, geometria de camadas e associacOes de facies, foi proposto um modelo de
sistema deposicional para a porgdo superior da Sequéncia Candeldria. A auséncia de
macroformas, a escassez de formas de leito e a constante presenca de niveis de lama dentro
dos canais levou a descartar modelos "classicos”, como rios meandrantes ou entrelacados
tipicos. Plink-Bjorklund (2015) e Allen et al. (2014) descrevem sistemas sazonais e
mongonais, tendo como caracteristicas principais esses aspectos enumerados anteriormente e
outros, como a presenga comum de conglomerados intraformacionais dentro dos canais. A

partir desses dados foi possivel concluir que o sistema deposicional da porcéo superior da
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Sequéncia Candelaria se tratava de um sistema sazonal, com a particularidade de ser
dominado por arenitos macicos. Essa proposicdo € consistente com o clima semi-arido
durante o Triassico Superior no sul da América do Sul (PARRISH, 1993; SELLWOOQOD;
VALDEZ, 2006), onde poderiam haver periodos de alternancia de estacbes umidas e secas,

com a duracdo variavel de cada estacao, levando ao desenvolvimento de rios sazonais.

Na Sequéncia Candelaria foi possivel identificar oito litofacies, separadas em quatro
associacOes de facies que caracterizam dois sistemas fluviais com intensas variacGes de fluxo.
Foram interpretados dois tipos de canais fluviais distintos, ambos efémeros e afetados por
variacdes sazonais de precipitacdo, além das porcdes distais e laterais de desconfinamento. Os
arenitos macicos foram interpretados como preenchimento de canais efémeros, que
apresentavam as paradas abruptas no fluxo. Na proposicdo deste sistema deposicional foi
também integrado o modo de ocorréncia dos fosseis, a partir da literatura. Importante notar
que os fosseis ocorrem, dominantemente, nos arenitos maci¢os, sem um padrdo tafonémico
uniforme, podendo estar desde completamente articulados e bem preservados até altamente
fragmentarios e com marcas de insetos necrofagos (PAES NETO et al., 2016). Possivelmente
0s restos se acumulavam nos canais de escoamento durante o periodo seco e eram
transportados indiscriminadamente durante as enchentes, podendo ainda ser desenterrados por
fluxos posteriores, gerando mistura temporal. A figura 43 mostra uma representacao artistica
do ambiente deposicional interpretado.

Os arenitos macicos dessa unidade foram anteriormente interpretados como produto de
obliteracdo de estruturas primarias, posterior a deposicdo, desbarrancamento de canais ou
fluidizagdo (FACCINI, 2000; ZERFASS et al. 2003). A auséncia de resquicios das estruturas
sedimentares anteriores as modificacfes poOs-deposicionais sugere que 0S arenitos eram
primariamente macicos. A compreensao da génese destes arenitos macicos em contexto
fluvial requereu um extenso estudo da literatura sedimentoldgica, inclusive buscando artigos
de sedimentologia experimental. Segundo Cartinghy (2013) e Sumner (2009) fluxos com alta
taxa de sedimentos (acima de 10%) levam a estratificacdo do fluxo em duas ou trés camadas.
Considerando a efemeridade dos fluxos, a auséncia de estratificacdo seria ocasionada pela
parada abrupta do fluxo, gerando uma grande taxa de sedimenta¢do em suspensao junto com o
colapso das camadas mais basais do fluxo, as mais hiperconcentradas. A desaceleracao rapida
seria devido ao desconfinamento, que geraria uma quebra na velocidade dado a maior area de
escoamento. Como a velocidade é inversamente proporcional a area do canal e a

profundidade, ocorreria a desaceleragdo rapida e a deposicéo.
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Os sistemas deposicionais das Sequéncias Pinheiros-Chiniqua, Santa Cruz e da por¢édo
basal da Sequéncia Candelaria também foram objetos de estudos neste doutorado. Utilizando
a mesma metodologia de analise faciologica utilizada para o topo da Sequéncia Candelaria
(ou Fm. Botucarai), juntamente com analises quimicas de elementos maiores para célculo do
indice de alteracdo quimica, foi possivel discutir os ambientes deposicionais associado a uma

analise paleoclimatica.

Onze litofacies foram identificadas e agrupadas em quatro associacdes de féacies. Fica
clara a presenca de depdsitos de rios entrelacados na base de cada Sequéncia como
consequéncia da descida do nivel de base, como j& havia sido proposto por Zerfass et al.
(2003), com a diferenca que foi possivel identificar caracteristicas sazonais nestes depositos,
como lentes de lamitos dentro dos canais e a presenca de pocas que armazenavam agua e
serviam de habitat para plantas e insetos, como descritos em ADAMI-RODRIGUES et al.
(2011).

Nas Sequéncias Pinheiros-Chiniqua e Santa Cruz, estes rios foram abruptamente
substituidos por grandes planicies secas, ocasionalmente retrabalhadas pela porcédo distal de
enchentes. Estas planicies, compostas basicamente por siltitos macicos e espessos, com
intercalacOes raras de arenitos muito-finos, abrem precedentes para a retomada de antigas
interpretacdes da Formacdo Santa Maria (ver revisdo estratigrafica), comparada com
ambientes peri-desérticos devido a grande quantidade de silte nas rochas. Trabalhos recentes,
principalmente de Soreghan et al. (2007), trabalham com depdsitos pré-quaternarios tidos
como planicies de inundacdo e os reinterpretam como depositos de origem edlica fina (loess).
Caracteristicas como a dominancia de granulometria em 0,031 mm, depdsitos espessos sem
estruturas alguma, e auséncia de canais alimentadores sdo citados pelos autores como
atributos caracteristicos de depositos de loess. Os dep6sitos de planicies que ocorrem nas
Sequéncias Pinheiros-Chiniqua/Santa Cruz tém estas mesmas caracteristicas, e, além disso,
durante recente trabalho de proveniéncia dos sedimentos destas Sequéncias, foi caracterizado
gue os depositos de planicie ttm um range maior de idades que os sedimentos de canal
(PHILLIP et al. 2016). Zerfass et al. (2000) indica a proveniéncia dos sedimentos da
Supersequéncia Santa Maria como derivada do Escudo Sul-Rio-Grandense, o que ¢é

corroborado por outros autores e por este trabalho.
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Figura 43- Representacdo artistica do Topo da Sequéncia Candeléria. Por Voltaire Paes Neto.



86

Entretanto, além das idades comuns ao Escudo Sul-Rio-Grandense, os depdsitos de
planicie incluem zircdes de idades que ndo ocorrem no Escudo (e nem nos depdsitos de canal
fluvial). Todas estas caracteristicas levaram a retomada da interpretacdo dos depdsitos como
de origem edlica, mas como estdo intercalados com depdsitos trativos de pouca espessura,
estes foram reinterpretados como loess retrabalhado em uma extensa planicie seca pela por¢édo

distal de enchentes em lengol.

As associacOes de facies que ocorrem na Sequéncia Candelaria sdo distintas das
anteriores. Depdsitos de enchentes em lencol sdo comuns, além da presenca de corpos de agua
nos quais estas desdguam, formando deltas efémeros. Estes deltas sdo formados por sucessoes
granodecrescentes com laminacdo convoluta e topos ondulados, por vezes com gretas de
contracdo e a presenca do icnogénero Skolithos. A presenca frequente de depoésitos de
enchentes em lencol e, principalmente, depésitos deltaicos com retrabalhamento por ondas
evidenciam um aumento da presenca de dgua no sistema. Este aumento € acompanhado pela
diminuicdo na abundancia de calcretes, tipicos de climas bastante aridos, desaparecimento de
depdsitos de loess e aparecimento de géneros com afinidades aquaticas e semi-aquaticas,

como peixes e anfibios.

As analises de CIA demonstraram que a Supersequéncia Santa Maria foi depositada
sob clima érido/semi-arido, confirmando o que autores anteriores ja haviam afirmado
utilizando outros proxies paleoclimaticos, como presenca de paleossolos calcareos (HOLZ;
SCHERER, 1998; DA ROSA et al. 2005; HORN et al. 2013). Entretanto, ao contrario do que
parece indicar a transicdo de fauna das ZA de Dinodontosaurus/Santacruzodon para
Hyperodapedon, o CIA ndo registrou mudanca significativa de umidade na transicdo da
Sequéncia Santa Cruz para Candelaria. Provavelmente a técnica do CIA ndo tem resolugédo
para intervalos de tempo relativamente pequenos, como o da Supersequéncia Santa Maria. A
identificacdo de ambientes deposicionais com grande quantidade de poeira em suspensao
pode ter contribuido como pressdo evolutiva para o desenvolvimento de formas bastante
especializadas, como meio de evitar o desgaste do aparelho mastigatorio ao longo da vida,
como por exemplo, o bico dos dicinodontes ou os dentes de crescimento continuo nos

cinodontes.

Por fim, a descoberta de um bloco de rocha contendo um fdéssil de rincossauro, no
laboratdrio de paleontologia de vertebrados da UFRGS, propiciou a identificacéo e correlagédo

das unidades triassicas que ocorrem sobre o Escudo Sul-Rio-Grandense. Durante a
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preparacdo, foi realizada uma saida de campo para investigar o afloramento do qual o féssil
provinha, nas proximidades da cidade de Santana da Boa Vista, RS. As rochas encontradas
incluiam arenitos conglomeraticos, conglomerados, arenitos muito finos e siltitos. Essas
rochas foram atribuidas aos Membros Alemoa e Passo das Tropas da Formacdo Santa Maria,
embora as facies encontradas fossem bem mais grossas que o normalmente encontrado na
area de exposicéo do Triassico no centro do RS, chegando a tamanho seixo, sobretudo no Mb.
Passo das Tropas. Apos a preparacdo, o fossil foi identificado como o género Hyperodapedon
gracas a identificacdo de uma maxila direita com um sé sulco. Isto possibilitou a atribuicdo da
ocorréncia da Cenozona de Hyperodapedon sobre o Escudo, caracterizando a Sequéncia

Candelaria.

Embora o projeto original de doutorado fosse reunir dados estratigréficos,
sedimentoldgicos e estruturais, ndo foi possivel reunir informacdo suficiente na area de
estrutural para realizar trabalhos mais especificos visando este tema. Apesar da importancia
do condicionamento estrutural, tanto do ponto de vista deposicional quanto do preservacional
nas unidades tridssicas da Bacia do Parana, este estudo devera ser realizado em uma préxima
oportunidade. Assim, decidiu-se focar na area de sedimentologia, e com isso discutir os
ambientes de sedimentacédo da Supersequéncia Santa Maria.

Os resultados deste trabalho permitiram abordar os dados de maneira multidisciplinar,
utilizando dados de campo juntamente com analises quimicas e informac6es paleontologicas
da literatura para interpretar de maneira integrada os ambientes de sedimentacdo. O avanco
das técnicas de modelamento atmosférico para eras geoldgicas, que forneceram novas
reconstrucdes paleoclimaticas globais, também possibilitou a possibilidade de admitir
modelos de facies menos ortodoxos, como os sistemas fluviais efémeros associados a climas
aridos/semi-aridos para esta parte do Gondwana no Triassico Superior. Com relagdo a propria
questdo dos depositos de loess, além de corroborada pela situacdo paleoclimatica, foram
cruciais os dados de dispersao de idades de zircdo detritico como indicador de fontes que nao

ocorrem no Escudo Sul-Rio-Grandense.

Por fim, consideramos que esta tese ndo apenas trouxe novas informacgdes acerca da
Supersequéncia Santa Maria, como tambeém abriu a possibilidade de novas discussdes acerca
dos ambientes deposicionais, da fauna local e das suas interacbes. Muito longe de
considerarmos resolvidas as questdes abordadas, esperamos ter contribuido com um aporte de

dados suficiente para fomentar as futuras discussdes sobre histdria geoldgica e paleontolégica



88

do Tridssico da Bacia do Parand, que por sua vez, tem grande importancia na histéria da

evolucdo geoldgica e bioldgica da Terra.
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The Santacruzodon assemblage zone was originally defined as a vertebrate fossil assemblage composed
basically of non-mammalian cynodonts found in Santa Cruz do Sul and Venancio Aires municipalities in
Southern Brazil. This assemblage zone was positioned at the top of the Sequence I, in the Triassic Santa
Maria Supersequence, Parand Basin. However, the Santacruzodon assemblage zone does not occur across
the entire area of the Santa Maria Supersequence. Based on new paleontological, structural and sedi-
mentological data, we propose the existence of a new third-order sequence (Santa Cruz Sequence) be-
tween Sequences I and II in the Santa Maria Supersequence. Satellite image analysis was used to identify
regional, NW- and NE-oriented lineaments that limit the occurrence zone. Outcrop data allowed the
identification of a regional, angular unconformity that bounds the new sequence. The faunal content
allowed the correlation of the new Santa Cruz Sequence with Madagascar's Isalo Il fauna, corresponding
to the Ladinian (Middle Triassic). New names were suggested for the sequences in the Santa Maria
Supersequence, since the Santa Cruz Sequence was deposited between the former Sequences I and II.
This unit was deposited or preserved exclusively on the hanging wall of normal faults, being absent from
the adjacent structural blocks.
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1. Introduction

Historically, the Middle and Late Triassic strata from South-
ernmost Brazil have been defined as a series of up to 200 m thick
fluvial and lacustrine red beds bearing a rich vertebrate fauna. The
name “Santa Maria beds” was first used by the pioneer strat-
igraphers of the Parana' Basin (e.g. White, 1908; Oliveira, 1918) to
designate informally these palaeotetrapod-rich layers. Gordon
(1947) proposed the Santa Maria Formation and Andreis et al.
(1980) divided it into two units, the Santa Maria and Caturrita
formations (Zerfass et al., 2004). However, the definitions and the
boundaries of these formations are quite inaccurate and confuse,
so that its use as a framework for biostratigraphic purposes has
proved inadequate.

Lithological correlation between fossiliferous outcrops is diffi-
cult, due to the lithofaciological homogeneity and sparse,

* Corresponding author. Tel.: +55 51 33 08 63 66; fax: +55 51 33 08 73 02.
E-mail address: brunoldhorn@gmail.com (B.L.D. Horn).
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0895-9811/© 2014 Elsevier Ltd. All rights reserved.

discontinuous outcrops, deriving from Cretaceous or post-
Cretaceous tectonic activity that isolated different blocks, as well
as extensive modern weathering and vegetation under wet climate.
Hence, fossil content is key in distinguishing the different strati-
graphic levels within the Triassic package.

In biostratigraphic terms, several subdivisions based on bio-
zones and local faunas (Fig. 1) have been proposed since the
pioneer work of Barberena (1977). Thereafter, Zerfass et al. (2003,
2004) using the concepts of sequence stratigraphy applied to
continental environments, proposed a new stratigraphic frame-
work that settled in a better way the distinct faunal associations
existing within that package. In this model (Fig. 2), the Middle-
Upper Triassic of South Brasil represents a Second Order
Sequence (Santa Maria Supersequence) divided into 3 third order
Sequences (Santa Maria I, II and III, from base to top). However,
only two of these third-order sequences (Santa Maria I and II)
bear tetrapod faunas, whereas 4 distinct Assemblage Zones are
known for this package (2 in each sequence), but this probably
reflects a deficiency of mapping the areas of occurrence of these
sequences.
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Fig. 1. Comparative chart of lithostratigraphy and the evolution of Brazilian Triassic biostratigraphic framework along the years in the studied area.

In such context, based on new paleontological, structural and
sedimentological data, we (1) propose the existence of a new third-
order sequence (Santa Cruz Sequence) between Sequences I and II
in the Santa Maria Supersequence, (2) discuss the areal extent of
this assemblage zone, and (3) provide better paleontological sup-
port for the definition of the Santacruzodon AZ.
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Fig. 2. Chronostratigraphy of Southern Brazil Triassic units with vertebrate biozones
(modified from Zerfass et al, 2003). Biostratigraphy after Soares et al. (2011).
(AZ = Assemblage Zone).

1.1. Biostratigraphy of South Brazilian Triassic

Two faunal associations for Middle-Upper South Brazilian
Triassic based on the correlation with Argentinian faunas, have
been consistently recognized in the last decades: the Ladinian
Dinodontosaurus Assemblage Zone (AZ), and the Carnian Hyper-
odapedon AZ, correlated with the tetrapod faunas of Chanares
Formation and the Ischigualasto Formation, respectively. More
recently, new outcrops revealed a distinct tetrapod fauna tempo-
rally intermediate in relation to those mentioned above, the San-
tacruzodon Assemblage Zone (AZ). This biozone was first proposed
by Abdala et al. (2001) with the name Traversodontidae Biozone due
to the absolute dominance of these non-mammaliform cynodonts
in the taphocenoses. The fossils that provided the basis for the
proposal of this new AZ came from a single fossiliferous outcrop, at
that time, near the Schoenstatt Sanctuary in Santa Cruz do Sul
municipality, but they were later found in other outcrops. The
collected specimens were preliminarily described and simply
named “Traversodontid Types [, II, IIl and IV” and “Chiniquodontid”
cynodonts. The anatomical features of these cynodonts resembled
those present in the basal layers of the Ischigualasto Formation and
in the upper layers of the underlying Chanares Formations in
Argentina, suggesting an intermediate Upper Ladinian age for the
new Brazilian assemblage (Abdala et al., 2001).

The abundant cynodont of that assemblage, the “Traversodontid
Type II” was later described by Abdala and Ribeiro (2003) as a new
species, Santacruzodon hopsoni, bearing resemblance to Dadadon
isaloi (Flynn et al., 2000) from Madagascar (Kammerer et al., 2008).
Furthermore, Melo et al. (2010) identified the “Traversodontid Type
I” as the Malagasy taxon Menadon besairiei (Flynn et al., 2000) and
so correlated the Santacruzodon AZ with the Isalo II beds, pre-
sumably Late Ladinian to Early Carnian (Fig. 3). Sometime later,
based on the taxonomic identification of the abundant “tra-
versodontids” of Schoenstatt tetrapod fauna, Soares et al. (2011)
proposed renaming the biozone as Santacruzodon AZ, which in-
cludes also Probainognathus sp., Chiniquodon sp. and the arch-
osauromorph Chanaresuchus bonapartei (Raugust et al. 2013).
Corroborating the hypothesis that the Santacruzodon AZ occurred
in a distinct stratigraphic level within the South Brazilian Triassic
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package, Reichel et al. (2005), analyzing the diagenesis of the fossils
of that biozone, identified the presence of silica minerals as an
important fossil diagenetic mineral, unlike what happens in the
fossils of the other AZs that are only cemented by calcite, so indi-
cating distinct eodiagenetic processes for the layers that include the
Santacruzodon AZ.

2. Geological setting

The Parand Basin is a large, NE-SW-elongated cratonic basin in
South America, approximately 1750 km long and 900 km wide,
covering a surface area of around 1,700,000 km? of Paraguay,
Uruguay, Argentina and Brazil. This basin evolved during the
Paleozoic and Mesozoic, with sedimentary package deposited be-
tween the Late Ordovician and the Late Cretaceous. Milani and
Ramos (1998) recognized six second-order stratigraphic se-
quences: Rio Ivai (Caradocian-Llandoverian), Parana (Lochkovian-
Frasnian), Gondwana I (Westphalian-Scythian), Gondwana II (Ani-
sian-Norian), Gondwana III (Neojurassic-Berriasian) and Bauru
(Aptian-Maastrichtian). Rio Grande do Sul has a condensed section,
in which only crop out the Itararé, Guatd and Passa Dois groups
(Gondwana I), Piramboia Formation, Sanga do Cabral and Santa
Maria Supersequences (Gondwana II) and Botucatu Formation
(Gondwana III) (Fig. 4) .

The three  Paleozoic  sequences compose  trans-
gressive—regressive cycles, and the Mesozoic packages are inter-
calated with igneous rocks. The Parand Basin was established upon
an Archean to Paleoproterozoic cratonic basement, surrounded by
Neoproterozoic orogenic belts formed during the Brasiliano
Orogeny (900—530 Ma), which led to the consolidation of

Gondwana. Many authors (e.g. Northfleet et al., 1969; Almeida,
1969, 1981; Sanford and Lange, 1960; Soares et al., 1974; Cordani
et al.,, 1984; Zalan et al., 1987; Milani, 1997; Milani and Ramos,
1998) have related the reactivation of basement structures with
regional-scale tectonic events, recognizing its controls on basin
structuration, sedimentary processes, controls on sedimentation
and subsidence rates, and position of depocenters throughout basin
history. Holz et al. (2006) carried out basic structural studies on a
basin wide scale, pointing out that the main regional structures in
the Parand Basin, characterized by two fault systems of NE—SW and
NW-SE directions, were inherited from the basement.

The exposure area of Triassic rocks in the Parana Basin is boun-
ded by two major fault zones, the Jaguari-Mata Fault Zone (JMFZ) to
the west and Vigia-Roque Fault Zone (VRFZ), to the east. Da Rosa and
Faccini (2005) subdivided the exposure area of the Santa Maria
Supersequence in three structural blocks, limited by these regional
structures that can be traced in satellite images (Fig. 5).

The Santa Maria Supersequence is composed of three third-
order sequences (Zerfass et al.,, 2003). Santa Maria Sequence I
(SMSI) comprises clast-supported conglomerates and cross-bedded
sandstones, overlain by laminated mudstones. This facies associa-
tion was interpreted as fluvial deposits passing to shallow lacus-
trine deposits (Zerfass et al., 2003). Santa Maria Il Sequence (SMSII)
is composed of medium- to fine-grained, cross-bedded sandstones
and mudstones lenses at the base, grading to thick mudstones in
the middle part. They were interpreted as high-sinuosity fluvial and
overbank deposits (Zerfass et al., 2003). The top portion of SMSII
displays a coarsening-upward succession composed of rhythmites
(siltstone-mudstone) intercalated with lenses of fine-grained,
cross-bedded or climbing cross-laminated sandstones, deposited
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in a lacustrine—deltaic system (Zerfass et al., 2003). Santa Maria III
(SMSIII) consists of cross-stratified, conglomeratic sandstones with
abundant silicified logs. Lithostratigraphically SMS I and II corre-
spond to the Santa Maria and Caturrita Formations, and SMSIII
corresponds to the Mata Formation (Zerfass et al., 2003).

Sedimentation during the Triassic was strongly controlled by
tectonics, due to the formation of an elongate rift in Southern Brazil.
Philipp et al. (2013a), based on U—Pb geochronology in detrital
zircon grains and structural data, suggest that the formation of the
bulged structure of Rio Grande Arch confined the Santa Maria
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Cruz do Sul; VA: Venancio Aires. Modified from Da Rosa and Faccini (2005).
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Sequences sediments to an area to the north of the bulge. U-Pb
ages in the Santa Maria Sequence II provides a depositional mini-
mum age of 236 + 1.5 Ma (Philipp et al., 2013b). This concordia age
was obtained in euhedral and elongated prismatic crystals of
zircon, interpreted as volcanic produts related to the Choiyoi
Magmatic Province (Llambias et al., 2003; Lopes-Gamundi, 2006).
The studied region is marked by several NW normal faults that
modified the original position of the beds, forming high and low
blocks. This fault system seems to control the deposition and/or
preservation of the Triassic units, as well as the regional bulge that
generated Rio Grande Arch (Philipp et al. 2013a, b). Another
important normal fault system has NE-SW and E—W direction and

cuts the Cretaceous Serra Geral and Botucatu Formations, thus
indicating a post-Cretaceous age for the faulting.

The rocks from the Santa Maria Supersequence are strongly
affected by weathering, and the outcrops are laterally discontinuous
and sparsely distributed. For these reasons, correlation between
outcrops and the stratigraphic placement are very difficult. The only
possibility of correlation is through the vertebrate fossil content. The
Santa Maria Supersequence is biostratigraphically divided into four
vertebrate assemblage zones, spanning the Middle to Upper Triassic
(Fig. 1). Zerfass et al. (2004, 2005) proposed that deposition of the
Santa Maria Supersequence was tectonically controlled, owing to
reactivation of the Parana Basin structures related to convergence in
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the Proto-Andes mountain ridge. In the proposed model, the au-
thors related transpressional efforts from the Andes as responsible
for the generation of a large, dextral shear zone associated with the
Sierra de la Ventana-Cape Fold Belt. Transtentional and subsidiary
efforts were responsible for the opening of a group of aligned
NE—SW basins in Africa and South America (e.g. Parand, Waterberg,
Cabora-Bassa and Mid Zambezi Basins).

Structural and geochronological data collected recently show
that this reactivation possibly occurred as various pulses during the
Triassic, controlling the preservation, or even the deposition of the
strata (Philipp et al., 2013a). Syndepositional faults of N10—20°W
direction were identified in the conglomeratic sandstones of Santa
Maria Sequences I and II (Philipp et al.,, 2013a). Later pulses of
faulting, associated with the Atlantic Ocean opening, contributed to
the generation of unconformity surfaces.

3. Methods

This work started with prospection and collection of new
tetrapod fossils in several outcrops within the study area. Ten
outcrops along the RS-471 road were investigated, four of which
were fossiliferous. Each of the outcrops was described at 1: 50 scale,
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including characterization of bedding contacts, grain size variation,
primary sedimentary structures, fossil content and the relationship
with under- and overlying succession. The sedimentological and
paleontological information were displayed as graphic logs. Struc-
tural data were collected to characterize syn-depositional faults.
New vertebrate fossils were prepared and cataloged at UFRGS
Vertebrate Laboratory and Municipal Museum Aristides Carlos
Rodrigues in Candeldria, Brazil.

The analysis of ASTER satellite images was used to identify
and trace large lineaments that controlled the topographic
boundaries of the new sequence. The digital analysis of the
terrain was carried out in ArcGis®. Remote sensing data were
treated in Rockworks 14, with the construction of diagrams of
line frequency and length.

4. Results
4.1. New specimens of S. hopsoni
Several specimens of Santacruzodon were collected in two

new outcrops: the Souza Cruz outcrop (Santa Cruz do Sul city,
UTM 362697 m E; 6706209 m N) and the Carolina Soil outcrop
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Fig. 7. Structural map of Santa Cruz and Venancio Aires region showing the lineaments that delimit the occurrence area of the new Sequence.
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(Vera Cruz city, UTM 355490 m E; 6714386 m N). New materials
were also collected in the Schoenstatt outcrop (Santa Cruz do
Sul city, UTM 359767 m E; 6709062 m N) and the Vila Estancia
Nova (Venancio Aires city, UTM 394997 m E; 6720252 m N).
This results expanded and at the same time, established
the boundaries of the area of occurrence of the Santacruzodon
AZ.

4.2. Structural framework

With the materials found in the new outcrops, the Santacruzo-
don assemblage zone can be expanded to a larger area (although
restricted), including part of the Vera Cruz and Venancio Aires
municipalities (Fig. 6), within the Santa Cruz and Venancio Aires
structural blocks (Da Rosa and Faccini, 2005). These blocks are
delimited by the Pardinho Fault structure and the Vigia-Roque Fault
(Fig. 7).

Satellite images showed regional-scale lineaments, identified
in the fieldtrips as normal faults that isolated several structural
blocks. Work by Faccini (2000), Zerfass et al. (2003, 2005), and
Machado (2005), based on structural and sedimentological data,
suggested that the deposition and evolution of Triassic units in
the Parand Basin were tectonically controlled by compressive ef-
forts occurring along the Gondwana southwestern margin,
related with the San Rafaelic orogenic events.

4.3. The Santa Cruz Sequence

Unlike the other cenozones, Santacruzodon AZ is the only one
that is not present in the entire exposure area of the Santa Maria
Supersequence. Moreover, there are some differences in the taph-
onomic/diagenetic context of this cenozone. Silvério da Silva (1997)
was the first to recognize chalcedony within carbonate concretions
in the Santacruzodon AZ, interpreting it as re-exposure of calcrete
profiles in subaerial conditions, forming silcretes. Reichel et al.
(2005) reported the presence of chalcedony and quartz as the
main permineralizing minerals in cynodont fossils from
Schoenstatt and Vila Estancia Nova outcrops. Since these calcretes
have a phreatic origin (Horn et al. 2013), re-exposure of ground-
water calcrete may suggest erosion, possibly conditioned by tec-
tonics. However, silicification could also indicate a climate change
towards more arid conditions.

Various regional profiles with topographic control were carried
out in Santa Cruz and Vera Cruz regions, assuming that within a
single structural block there should have been no significant offset
due to normal faulting, hence the stratigraphy being relatively
conformable. The fossiliferous mudrocks are interbedded with
coarse, conglomeratic sandstones interpreted as alluvial deposits
(proximal or braided river channels and overbank).

The regional lineaments identified in radar images represent
normal faults (Fig. 7). They bound structural blocks that control the
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distribution and occurrence of the biozones, sometimes placing
different biostratigraphic units in the same topographic level as a
result of vertical movements associated with the faults.

The new sequence comprises fossiliferous red mudrocks similar
to the Santa Maria Sequence I, under- and overlain by sandstones
and conglomerates. Cynodonts in the fossil assemblage display
characteristics that are intermediary between Ladinian (Dino-
dontosaurus AZ/Chanares fauna) and Carnian (Hyperodapedon AZ/
Ischigualasto fauna) cynodonts. Therefore, these strata are bio-
stragraphically distinct from the adjacent ones.

The proposed is bound at the base by a regional unconformity
characterized by an abrupt shift of facies and angular unconformity.
The facies shift is marked by distal mudrocks overlain by proximal
mud-chip conglomeratic sandstones. The angular unconformity is
represented by a change in bedding dip, from NW in the proposed
sequence to NE in Sequence I. In outcrops across this area it is
possible to trace the unconformity from Venancio Aires to Vera
Cruz municipalities (Fig. 8).

Based on the evidence provided above (the existence of Carnian-
Ladinian cynodonts in an unconformity-bound unit), we propose a
new subdivision of the Santa Maria Supersequence, with the upper
portion of the Santa Maria I Sequence (sensu Zerfass et al., 2003)
comprising a distinct third-order sequence: the Santa Cruz
Sequence. This stratigraphic unit crops out along the BR471 road,
near Santa Cruz do Sul, RS. The type section is an outcrop along
BR471 in the industrial district (UTM 362565 m E; 6705902 m N)
(Fig. 9). Like the Santa Maria sequences previously defined, this unit
is bound by conglomeratic sandstones at the base and top. These
coarse-grained rocks are interpreted as deposited in response to a
tectonic pulse that lowered the basin base level (Zerfass et al., 2003)
characterizing a lowstand system tract, grading upwards into
fossiliferous massive red mudrocks, the transgressive system tract.

In order to include this new sequence and facilitate further
modifications within the Santa Maria Supersequence, we propose a
name change for the previously proposed sequences (Zerfass et al.,
2003). Instead of numbering the sequences, we propose to name
the sequences according to toponyms of the type sections.

The proposed changes are shown in Fig. 10.The base of Santa
Maria Sequence I (sensu Zerfass et al. 2003) changes to Pinheiros-
Chiniqua Sequence, corresponding to localities in Candelaria (Pin-
heiros) and Sao Pedro do Sul (Chiniqud) Municipalities, where the
best outcrops are found and summarizing the Local Fauna proposed
by Barberena et al. (1985). Santa Maria Sequence II changes to
Candelaria Sequence, since the best outcrops and the complete
sequence is found in Candeldria Municipality. Santa Maria III
Sequence changes to Mata Sequence, since the best exposures are
in the vicinity of Mata city. Biostratigraphic names and zones are
maintained as proposed by Soares et al. (2011).

5. Discussion

Based on field and remote sensing data, we infer that the
geographic restriction of the Santa Cruz Sequence is due to tectonic
preservation of a structural block. After deposition, the block
currently bearing this sequence was lowered in the Venancio Aires-
Santa Cruz region, while in the adjacent, uplifted blocks this
sequence was removed by erosion (Fig. 11). Another possibility is
that the deposition of the Santa Cruz Sequence is local, within a
restricted half-graben that controlled and isolated the sequence.
Considering the proposed models for Santa Maria Supersequence
in the literature, the first hypothesis is the most likely to have
occurred.

In the Ischigualasto Basin from Argentina, the deposits placed
between the Chanares and Ischigualasto Formations, which
temporally would correspond to the deposition of the Santa Cruz
Sequence, are lucstrine beds forming during a synrift phase
(Ischichuca/Los Rastros Formations). It suggests that the active
tectonics along the Andean ridge could control the deposition of
the Santa Cruz Sequence. Zerfass et al. (2005) characterize three
rifting phases responsible for the deposition of the sequences
within the Santa Maria Supersequence. Any of these tectonic
movements could have uplifted the blocks adjacent to the Santa
Cruz Sequence, leading to preservation of the Santa Cruz Sequence
in the lower block.

Venancio Aires

Vera Cruz

Vera Cruz Venancio Aires

Fig. 11. Proposed events that led to the preservation of Santa Cruz Sequence. SS: Santa Cruz Sequence; PS: Pinheiros-Chiniqua Sequence; CS: Candeldria Sequence.
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6. Conclusions

The integration of satellite image analysis and field work
(sedimentological, structural and paleontological information)
allowed the interpretation that the Santacruzodon AZ is not only a
biostratigraphic division, but also a stratigraphic sequence that
represents a time slice preserved probably by tectonic movement. It
is possible that other sequences could be further subdivided, and/or
that other sequences could have been tectonically preserved. As the
vertebrate fossils are the only tool for intra- and intercontinental
correlations in the Triassic of Gondwana, the identified sequence
adds important data to the depositional context of the Santa Maria
Supersequence.

Sequence names used in Zerfass et al. (2003) have to be changed
to better accommodate the new sequence proposed in this work, as
well as possible future subdivisions in the Santa Maria
Supersequence.

The recognition that some sequences occur in tectonically-
controlled, restricted areas shows the importance of tectonic
movements in sedimentation and/or preservation of stratigraphic
units in Southern Brazil. Hence it is imperative that additional,
detailed structural studies are carried out in the Parand Basin.
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ABSTRACT

Seasonally ephemeral rivers display a wide range of upper- and lower-flow regime structures due to
great flow-speed changes during the floods. The development of flow structures in these setting are yet
to be understood, especially in the formation of thick, massive sandstones. The Upper Triassic was
marked by great seasonal variations on climate, yet there is no documentation of river systems with
seasonal characteristics in Southern Gondwana. This work aims to characterize a seasonally-affected
alluvial system from the Upper Triassic of the Parana Basin. The characteristics of the deposits are
discussed in terms of depositional processes through comparison with similar deposits in the literature,
flow characteristics and depositional signatures compared with flume experiments. The alluvial system
was divided in four facies associations: (1) channels with variable fill, characterized by low wi/t ratio,
sheet-like bodies, scour-and-fill structures with upper- and lower-flow regime bedforms; (2) channels
with massive fill, characterized by low w/t ratio, sheet-like bodies, scour-and-fill structures with
massive sandstones; (3) proximal sheetfloods, characterized by moderate wi/t ratio, sheet-like bodies
with upper- and lower-flow regime bedforms and (4) distal sheetfloods, characterized by high wit
ratio, sheet-like bodies with lower-flow regime bedforms. Evidence for the seasonal reactivation of the
riverine system includes the absence of well-developed macroforms, in-channel mudstones, thick
intraformational conglomerates, and the occurrence of well- and poorly-preserved vertebrate bones in
the same beds. The predominantly massive sandstones is interpreted as collapse of the viscous lower
portion of a hyperconcentrated flow during abrupt changes in flow speed, caused by de-confinement
or channel avulsion, whereas turbulent portions of the flow formed the upper- and lower-flow regime
bedforms after the deposition of the massive layers. The upper portion of the Candelaria Sequence
records a good example of strongly seasonal alluvial systems, where the predominance of massive

sandstones is a particular characteristic.
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INTRODUCTION

There is a wide variability of flow velocities, discharge, sediment load and transport mechanisms that
influences the nature of sheetflow deposits (Fisher et al 2007), and in the ancient and modern record, a
variety of upper- and lower-flow regime structures are observed (Tunbridge, 1981, Olsen 1987, Fisher
et al. 2007, Fisher et al 2008). How these factors interact and contribute to the generation of

sheetfloods and feeder-channel deposits is still object of study through experimental work.

Modern rivers with discharge variations are common in regions with subtropical climate or a
monsoonal regime, where more than 80-90% of precipitation falls during summer. The intense rainfall
causes high magnitude floods (Plink-Bjorklund, 2015). The high fluctuation in precipitation during the
year forces the formation of ephemeral rivers that are subject to variations in discharge, and

consequently, depositional processes.

Experimental modeling and paleoclimatic sedimentologic proxies indicate that the Upper Triassic was
marked by a maximum expression of the monsoonal circulation (Robinson, 1973; Wang, 2009 apud
Preto, 2010) that caused extreme climate cross Pangea. Extensive dry periods, punctuated by brief wet
periods, were common in the Upper Triassic (Sellwood and Valdez, 2006; Holz, 2015) and certainly
exerted large influence on fluvial styles. Still, there is no record of seasonally-affected rivers in

Southern Gondwana Triassic.

The record of sedimentary structures in upper-flow regime has increased in the past few years, but it is
still difficult to apply experimental data to the rock record because of the many uncontrolled variables
on natural sedimentary systems. Lately, some authors (e.g. Alexander el al 2001, Cartigny et al. 2013,
Sumner et al. 2009) used flume experiments to gather data on the formation of upper-flow regime
structures in deep-water, turbidite settings. So far there has been little experimental data, if any, on
upper-flow regime structures developed in continental settings, especially in respect to the formation

of thick, massive sandstones.

In this work, the study of Upper Triassic, continental deposits of the Parana Basin aimed at the

description of facies and architecture of fluvial sediments formed under semi-arid climate,
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characteristic of monsoon -affected alluvial systems. Characteristics of sheetflood and channel
deposits are discussed in terms of depositional processes through comparison with other similar
deposits in the literature, as well as flow characteristics and the depositional signatures compared with

flume experiments.
GEOLOGICAL SETTING

The Parana Basin is a large, NE-SW-elongated intracratonic basin in South America, approximately
1750 km long and 900 km wide, with a surface area of approximately 1,700,000 km? in Paraguay,
Uruguay, Argentina and Brazil (Fig. 1 ). This basin evolved during the Paleozoic and Mesozoic,

comprising a sedimentary package deposited between the Late Ordovician and the Late Cretaceous.
FIGURE 1

Milani and Ramos (1998) recognized six second-order stratigraphic sequences, and the Triassic rocks
correspond to Gondwana Il Sequence (Anisian-Norian). Although the Parana is an intracratonic basin,
the preservation of Triassic deposits in the Parand Basin is local and probably related with
transtensional stresses caused by tectonic events on the Gondwanides active margin. These created

extensional rifts that favored the sedimentation of Triassic rocks (Zerfass et al. 2004)

The sequence stratigraphic framework proposed by Zerfass (2003) divides the Mesozoic succession of
the Middle-Upper Triassic succession (Santa Maria Supersequence) of the Parana Basin in Rio Grande
do Sul State in three third-order sequences (Sequences I, Il and I1). Lately, Horn et al. (2014)
included a forth sequence (Santa Cruz Sequence, Ladinian) and changed the names of the previously
established third-order sequences I, 1l and 111 to Pinheiros-Chiniqué (Anysian-Ladinian), Candelaria
(Carnian) and Mata (Rhaetic) (Fig. 2 ). The Santa Maria Supersequence is equivalent to the Triassic

Gondwana Il Supersequence of Milani and Ramos (1998), which occurs only in southern Brazil.
Figure 2

The studied rocks belong to the upper Candelaria Sequence, cropping out in the central portion of Rio

Grande do Sul State, between the cities of Candelaria and Mata (Fig. 1).
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FACIES ANALYSIS

Facies analysis was based on the description of 31 outcrops (Fig. 1), with the construction of
lithological logs at 1:50 scale and the systematic measurement of paleocurrents. Facies description
included color, grain size, roundness, sorting and grain composition, bed geometry, sedimentary
structures and fossil content. Eight lithofacies were recognized in the upper Candeléria Sequence,
summarized in Table 1. Facies classification was based on an adaptation to the code proposed by Miall

(1985).

The upper Candelaria Sequence is dominantly composed of reddish, very fine to fine sandstones, with
subordinate intraformational conglomerates and mudrocks. The sandstones are well-sorted and mostly
massive (Sm), but locally laminated and cross-stratified sandstones may occur (S, Sgh, St or Sr). The
sandstones are commonly amalgamated, or separated by reddish mudstones and siltstones, laminated
(FI) or massive (Fm).The intraformational conglomerates (Gi) are formed by mud intraclasts, 0.5-20

cm across, immersed in a fine sand matrix.

TABLE 1

Intraformational conglomerates (Gi)

The intraformational conglomerates (Gi) consist of matrix-supported conglomerates, with fine sand
matrix and granule- to cobble-sized mud intraclasts. There are two distinct clast grain sizes, pebble-
dominated andgranule- dominated. (Fig. 3A). In addition to the mud intraclasts, the pebble-dominated
conglomerates contain carbonate clasts. This facies occurs mainly as centimetric layers at the base of
massive and gradational planar-laminated sandstones (Sm and Sgh), but it may also occur in metric,

continuous or discontinuous beds overlying fine-grained facies (Fm and Fl).

The granule-dominated conglomerates are interpreted as curled-up and broken mud cracks
incorporated to flows (Glennie, 1970). Pebble-dominated conglomerates are interpreted as product of
deposition of eroded or slumped overbanks incorporated to the bottom of hyperconcentred flows

(Coleman, 1969), as occurring in some modern monsoonal river settings (Singh et al. 1993; Gohain
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and Parkash, 1990). Carbonate clasts derive from overbank areas with carbonate soils, what reinforces

the interpretation of collapsed banks.

Massive sandstones (Sm)

They comprise reddish, very fine- to fine-grained sandstones, massive, locally with dispersed, granule-
sized mud intraclasts. The Sm facies can occur alone, arranged in multistory sandstone bodies up to 50
cm thick, with common cut-and-fill structures, or associated with Sgh, Sr and Gi facies. Locally the

Sm facies appears to grade upward to incipient horizontally-stratified sandstones (Fig. 3B).

This facies is interpreted as the result of deposition from a flux heavy-laden in sediments, what may
have prevented the development of tractive structures, thus generating massive sandstones (Baker et
al., 1993; Fisher et al., 2007) (see below). The incipient stratification is the result of high depositional
rates during deposition (Sumner et al., 2009; Arnott, 2012).The massive sandstones (Sm) have been
interpreted by previous workers as delta front deposits, with obliteration of sedimentary structures
caused by fluidization (Faccini, 2000), or resulting from bar collapse (Rupert and Schultz, 2004) The
latter process cannot appropriately explain the abundance of this facies, since frequent and voluminous

bar collapses are improbable.

Gradational planar-laminated sandstones (Sgh)

They comprise reddish, fine-grained sandstones with gradational planar lamination (Fig. 3C), at places
with coarse sand-sized mud clasts along the stratification. This stratification is characterized by multi-
millimeter (5-8mm) thick laminations (Fig. 3E). The Sgh facies occurs mainly associated with Sm, but
may also occur with St, S, Sr and FI facies (Fig. 3C, D, E), arranged in multistory sandstone bodies or

sheet-like, laterally extensive bodies.

This facies was interpreted as planar-bedded deposits originated via upper flow regime. This facies is
described as a type of Froude transcritical to supercritical structure (FTSS), formed between Fr ~7 to

Fr=1 (Fielding, 2006; Allen et al, 2014). The thick lamination is evidence of high deposition rates, in
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which high aggradation caused by sediment fallout competes with unidirectional flow and thickens the

lamination (North and Taylor, 1996; Billi, 2007).

Trough cross-bedded sandstones (St)

This facies comprises reddish, fine- to medium-grained sandstones, with trough- cross stratification,
locally with coarse sand-sized mud clasts along the stratification (Fig. 3D). The St facies is commonly

associated with Sgh, S, Sr and Fl facies, arranged in lenticular sandstone bodies with 0.5 to 1m thick.

The trough cross-stratified sandstones (St) are interpreted as deposition under lower flow regime in
turbulent stages during flow, generating asymmetric, sinuous dunes (Miall, 1977; Harms et al., 1982;

Collinson et al., 2006).

Sandstones with low-angle cross stratification (SI)

This facies consists of reddish, fine sandstones, with low-angle cross stratification and occurs
exclusively in association with Sgh facies (Fig. 3C). This is a very uncommon facies, occurring in

sheet-like beds and bed tops, only in the proximal sheetflood facies association.

The low-angle cross-stratified sandstones are interpreted as humpback or washed-out dunes on the
transition between subcritical and supercritical flows (Harms et al., 1982; Bridge and Best, 1988), in

conditions of rapid variation of flux velocities and depth.

Ripple-laminated sandstones (Sr)

They comprise reddish, fine to very fine sandstones, with current ripple cross-lamination. This facies
form sets about 8 cm thick of subcritical to critical climbing ripples usually in the same bed, where the
climbing angle varies upward from subcritical to critical. It occurs as tabular beds overlying Sgh or St

facies (Fig. 3E).

Unidirectional, subcritical ripples are interpreted as a product of subaqueous ripple migration under
unidirectional, lower flow regime (Allen, 1963; Miall, 1977; 1996), preferentially after the peak

flooding in slowly decreasing water flow. Sandstones with critical ripples are interpreted as formed
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with the rapid decline of flood waters, from upper to lower flow regime conditions in the final stages

of waning flows (McKee, 1967; Fisher et al. 2008).

Laminated mudstones (FI)

They are composed of red, laminated mudstones that occur as mud drapes, a few millimeters thick, on
top of sandstone beds, or as centimetric to decimetric lenticular layers (Fig. 3F). The thicker layers are

intercalated with sandstone beds, and are mottled and with carbonate nodules.

The laminated mudstones are interpreted as resulting from suspension settling from standing waters in
the final stages of ephemeral floods, even as in-channel, mud deposits (Williams, 1971; Tunbridge,
1981). The presence of mud layers in channel settings is characteristic of seasonal rivers and is linked
with rapid waning of high-magnitude flows (Plink-Bjoklund, 2015). Calcretes and mottles indicate

pedogenetic alterations that suggest a significant time interval between flooding events.

Massive mudstones (Fm)

This facies is composed of red, massive mudstones that occur as decimetric to metric continuous
layers, commonly with carbonate nodules and root marks. Fm facies occurs only in the distal

sheetflood facies association.

The massive mudstones are interpreted as resulting from suspension settling in overbank areas, later
modified by pedogenetic processes, with post-depositional reddening under oxidizing conditions
(Miall, 1977; 1990; Foix et al, 2013). The carbonate nodules indicate pedogenetic alteration on

deposits under dry climates.

FIGURE 3

FACIES ASSOCIATIONS

The lithofacies identified in the upper Candeléria Sequence were genetically grouped in four facies
associations: (1) massive channel fill, (2) variable-flow channel fill (3) proximal sheetfloods, and (4)

distal sheetfloods. The abundance of facies on each facies association is shown on figure 4.
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FIGURE 4

Paleocurrent analysis was impaired by the dominance of massive sandstones in the studied succession.
The few paleocurrent measurements obtained in the variable-flow channel fill and proximal sheetflood

facies associations show paleoflow to N-NE (Fig.5).

FIGURE 5

Channels

In this work, clear differences in the channel-fill deposits were detected. Therefore, the channel
deposits were split in two facies associations: variable-flow channel fill and massive channel fill. It
was utilized de concept of “flood units”, proposed by Plink- Bjorklund (2015). Flood units are
depositional units bounded by erosion surfaces, or with an erosion surface below and a mud drape
above. This concept is very similar “flood events” or “floods” utilized by other authors, such as Miall

(2006) and Allen et al. (2014).

Variable-flow channel fill

These facies association consists of laterally extensive, sheet-like sandstone beds bounded by cut-and-
fill structures below and mud drapes above. The bases of channels are usually scoured, with upto 1 m
of relief, often overlying the mudstones in the lower Candeléaria Sequence. The channel-fill deposits
are composed of several facies, such as Gi, Sm, Sgh, St, Sr and FI (Table 2), vertically stacked in this
succession from base to top, thus indicating a decelerating flow (Mckee, 1967; Tunbridge, 1981;
Fisher et al. 2007) (Fig. 6A, B, C). Locally these channel-fill deposits resemble macroforms with
accretion surfaces, with the Gi-Sm-Sgh succession in sloping lenticular beds, overlain by a centimetric
FI layer (Fig. 6D, E). The preservation of mud drapes or layers depends on the amount of scouring
caused by the next flood, so the flood units may be bounded at bottom and top by erosive surfaces.
Amalgamated channels may occur but they are not common, since mud drapes, or layers of Fm or FI,
usually cap each flood unit. In this facies association the intraformational conglomerates are coarser

(pebble-dominated) than the ones found in the massive channel fill facies association (Fig. 6 B, C).
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The erosional-based, sheet-like sandstone beds argue for deposition on poorly channelized fluvial
channels. The absence of developed macroforms and abundance of FTSS suggests a seasonally
variable discharge (Fielding et al., 2009; Allen et al. 2011) and deposition mainly on discharge peak.
The presence of unidirectional lower flow regime bedforms indicates a less rapid transition of the flow
strength during the peak discharge (Plink- Bjorklund, 2015). The low rate of preservation of these

dunes is attributed to highly erosive flow power, which erodes the majority of previous channel fill.

FIGURE 6

Massive channel fill

This facies association consists of laterally extensive, sheet-like sandstone beds bounded by cut-and-
fill structures below and above. The massive sandstones (Sm) are dominant in this facies association.
The channel bases are scoured, with up to 0.25 m of relief, infilled by stacked beds of massive
sandstones (Sm), sometimes with Sgh at the top, organized in sandbodies 1-2 m wide and 0.5 m high
(Fig. 7A, C). The sandstone bodies are mainly amalgamates, and where the basal Gi facies is not
present, it is difficult to delimit flood units. The Gi facies is dominated by very coarse sand- to

granule-sized clasts (Fig. 7B).

The amalgamated, erosive based sheet-like sandstones indicates deposition by a poorly channelized
river. The absence of macroforms and bedforms and the predominance of massive sandstones indicate
deposition by a heavy-laden flow with a rapid waning stage and stop, avoiding reworking by
consequent discharges. Also, thin mud layers and abundant mud chips inside the massive sandstone
shows a high flow erosive power that eroded the previously deposited sand and reworked the mud

chips and sand in new deposits.

FIGURE 7

Despite the differences in infilling between the channel associations, some features are found on both.
The absence of macroforms, the abundance of FTSS, in-channel mudstones and sheet-like deposits

occurs as the striking characteristics for these rivers. Froude transcritical to supercritical structures are
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generally thought to have a low preservation potential because the bedforms that are constructed
during transcritical to supercritical flow conditions are generally reworked into subcritical bedforms
during the waning flow stage (Allen et al. 2014 apud Jones, 1977; Southard and Boguchwal, 1990).
The preservation of FTSS in fluvial environments requires either shallow flows that can approach or
exceed Froude numbers of unity (e.g. Langford & Bracken, 1987), or extremely variable discharge
events in which rapid aggradation and flow deceleration preclude reworking into subcritical bedforms
(McKee et al., 1967; Sneh, 1983; Alexander & Fielding, 1997). Fluvial deposits that preserve an
abundance of FTSS structures have traditionally been restricted to arid alluvial fan systems (Blair &
McPherson, 1994) and ephemeral rivers (Tunbridge, 1981; Dreyer, 1993; North & Taylor, 1996). The
sheet-like geometry indicates a wide and shallow channel, what explains the preservation of these
structures. Besides, the lack of macroforms and scarcity of bedforms indicates rapid flow deceleration,

so both conditions for FTSS preservation are achieved in this system.

Sheetfloods

Sheetflood deposits were separated in distal and proximal sheetfloods, based on facies geometry and
thickness to estimate the degree of proximity with the channel. Proximal sheetflood deposits are
characterized by thicker sandstone packages, with tabular geometry and facies succession typical of
waning flows. The sandstone bodies vary between 0.5 and 1m thick and are always capped by
centimetric to decimetric mud drapes (Fig. 8). Distal sheetflood deposits are characterized by tabular,
0.1-0.2 m thick sandbodies, capped by centimetric mud drapes (Fig. 9). Massive or laminated

sandstones (Sm and Sgh) are common facies in both sheetflood facies associations.

Proximal sheetfloods

This facies association is formed by Sm, Sgh, Sr, St, SI, Fm and FI facies. The sandstone facies
comprise reddish, very fine- to fine-grained sandstones, arranged in sheet-like sandstone bodies (0.5-
1m thick) (Table 2) (Fig. 8A, B, C). Sandstone facies (Sm, Sgh, St, Sl and Sr) are vertically stacked in

this succession, from base to top.
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This association is interpreted as frontal and/or lateral channel splays. The lack of well-developed,
cross-laminated successions above the parallel-laminated sandstones points to a rapidly waning flow
with no low-stage reactivation of the sediment (Tunbridge, 1981). Depressions within the channels or
spread-outs of sheetfloods may generate temporary ponds where mud can deposit, generating the Fm

or Fl facies (Fisher et al. 2008).

FIGURE 8

Distal sheetfloods

This facies association is formed by the Sm, Sgh, Sr and Fm facies. The main distinction in relation to
the proximal sheetflood facies association is the higher W/T ratio and the absence of St and Sl facies
(Table 2) (Fig. 9A). The dominant, massive sandstones (Sm) are less than 0.2 m thick and laterally
extensive. The mudstones (Fm) are very thin, comprising only millimetric mud drapes between

sandstone layers (Fig. 9 B, C, D).

FIGURE 9

This facies association is interpreted as unconfined sheetflood deposits reaching the most distal
portions in the floodplain. The conspicuous presence of mud drapes attest to the ephemeral nature of
the flows (Tunbridge, 1981; Fisher et al. 2007). Rare Fm tabular layers are intercalated with distal
sheetflood deposits, representing the overbank deposits. These show features indicative of pedogenetic

alteration, such as carbonate concretions and root marks.

TABLE 2

The lack of extensive and/or abundant outcrops precluded the determination of the lateral variation

between the proximal and distal sheetflood facies associations.

The dominance of massive sandstones (Sm) in the four facies associations is peculiar for fluvial
deposits, and thus these deposits have been interpreted as deltaic by former workers (Faccini, 2000;
Zerfass et al. 2003, Da Rosa, 2014). However, massive sandstones (Sm) can be formed in

hyperconcentrated flows whenever the frequency and intensity of precipitation provides enough
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suspended sediments. Flume experiments carried out by Cartigny (2013) and Sumner (2009) modeled
high-concentration and high-velocity streams. According to these works, the high proportion of
suspended sediment (up to 10%) causes flow stratification in two or three layers. The most basal layer
is a high-concentration moving layer that is non-turbulent and in which particle movement is hindered
by the presence of other particles; the top layer of the flow displays a turbulent suspension (Sumner,
2009). The experiments showed that, if the flow is abruptly decelerated (from 3.5 m.s™ to zero below
120 s), the basal layer collapses and the high rate of sediment fallout suppresses sedimentary

structures. These fluxes have erosive power due to the high flux velocity.

The massive sandstones (Sm) in the upper Candelaria Sequence were interpreted here as formed in the
basal layer of fluvial flows through deceleration and suspension-load fallout. The velocity of the flow
utilized in experimental work (3.5 m.s™; Sumner, 2009; Cartigny, 2013) is compatible with natural
flood events, in which velocities between 7.6 m.s™ to 0.5 m.s™ were registered (Fisher et al. 2007). As
the flux de-confines due to gradient variation, the basal layer is deposited on the channel as Sm in
response to abrupt deceleration (Fig. 10). The turbulent layer initially generates upper-flow flat beds or
transitional attenuated dunes (Sh and SI) and, as flow deceleration proceeds, 3D dunes and ripples are
formed (St and Sr), until the velocity drops to approximately zero and the suspended mud content

settles, forming mud drapes.
FIGURE 10

Ephemeral streams do not suffer the process of armouring (Leeder, 2011), which is the accumulation
of a layer of immobile sediment coarser than the flux is capable to transport. Armouring occurs as a
perennial stream removes the finer sediment, leaving only this immobile layer, so the quantity of
bedload is controlled, avoiding the formation of high concentration flows (Almadeij & Diplas, 2005).
In intermittent flows, armouring does not occur and a large quantity of suspension material is present

in ephemeral streams.

DISCUSSION
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Based on the facies analysis, the upper Candelaria Sequence was interpreted as deposited in shallow,
seasonally flooded fluvial channels dominated by high-discharge, flashy flows that distally and
laterally expanded into unconfined sheetfloods, probably associated with changes in the gradient
profile and avulsion processes. The transition from channelized to unconfined causes the deceleration

of the flow, since flux velocity is inversely proportional to channel area (Leeder, 2011).

The facies geometry and spatial distribution in the variable-flow channel fill is very similar to those
described for ephemeral high-discharge rivers by Mckee (1967), Tunbridge (1981), Miall (1984), the
model “12” from Miall (1985) and the “flashy, ephemeral, sheetflood river” from Miall (1996). Facies
and bed geometry are similar to sheetflood deposits, hence to identify a channel fill deposit is
important to recognize the basal Gi facies and the scour-and-fill structures. The river system of Upper
Candeléria Sequence is also similar to facies association A3 of Allen et al. (2014). Although variable-
flow fill facies association is similar, the system described here is different of all these models for the

dominance of massive sandstone channel fill.

Modern examples of this type of channel occur where the total annual precipitation falls in a few
downpours that last from hours to a few days, whereas mean annual rainfall amounts vary, as in the
Sinai Peninsula and the Karoo river (Sneh, 1983; Stear, 1985). This precipitation pattern is linked with
intermittent dry periods that may last for a large portion of the year, or even decades (Sneh, 1983;

Stear, 1985; Plink- Bjorklund, 2015).

Awvulsion is a very common feature in monsoonal and subtropical rivers (Plink- Bjorklund, 2015).
Shallow rivers with high bed aggradation rates suffer rapid bedform superelevaltion, what is the main
avulsion trigger (Sinha, 2009; Pink-Bjorklund, 2015). Also, large fluctuations of the river discharge
and the occurrence of floods serve as avulsion-triggering events (Jones and Schumm, 1999). The
avulsions occur during seasonal flooding and could generate sheetfloods laterally to channels, as
crevasse splays. Due to the lack of outcrops where the lateral variation between facies associations can
be traced, it is difficult to precise which sheetfloods are lateral and which are frontal to the channels.

Sheetflood deposits are described by several authors as terminal splays (Blair, 2000; Tooth, 1999,
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Lang et al. 2004), but due to the lack of tractive structures and outcrops in the study area this relation
cannot be affirmed. Nevertheless, the succession in the upper Candeléria Sequence, in terms of facies
geometry, sedimentary structures and grain size, is similar to the terminal splays described for the
Huesca and La Luna Basins of Spain by Fisher et al. (2008). The terminal splays in Spain were
described as low-gradient sheetflood deposits, evidenced by the fine grain size and high W/T ratio.
The rare laterally extensive outcrops of the upper Candelaria Sequence allowed only a limited number
of measurements of the W/T ratio, but nonetheless those were similar to the W/T ratios reported in
Fisher et al. (2008), and thus were interpreted as low-gradient sheetflood deposits. Other limitation of
the lack of outcrops is the absence of association relationship and spatial distribution. Dominance of
massive-fill facies association with the common avulsions may characterize a fluvial megafan, as
absence of gravity flow deposits and low gradient is proven. Fluvial megafans are characterized by
large lateral extent (>10* Km?), and for lateral and vertical facies transitions. According to Leier et al.
(2005), there is a tendency to monsoonal and subtropical rivers to form fluvial fans, if they have large
enough discharge and sediment supply. However, not all seasonal river forms a fluvial fan, may

entering in narrow or small basins where they cannot migrate.

This river system may also characterize a terminal fan or terminal distributary system. In these
settings, the channels form splittings rather than avulsions, and are commonly linked to high
evaporation (Kelly and Olsen, 1993; Nichols and Fisher, 2007). Given the available dataset, the
system is composed of relatively fixed channels that occupy a large area. Lateral sheetfloods
characterize the avulsion processes, and may propitiate the formation of new channels during large
floods. Dominant floodplain deposits may characterize the distal sheetflood deposits, where the flow

disperses in a terminal splay.

Paleocurrent data, though scarce, indicate that sediments came from S- SW, with a source area in the
Sul-Riograndense Shield. This area had already been proposed as source for the sediments of the

Pinheiros-Chiniqud, Santa Cruz and lower Candelaria Sequence by Zerfass (2000).
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The sheet geometry of the sandstones, the absence of channel bar deposits, the abundance of upper
flow- and high-concentration structures, the occurrence of in-channel mud layers, along with the
scarcity of floodplain deposits, do not agree with the previous interpretation of a meandering river
system that evolved to a lacustrine delta (Faccini, 2000). In a meandering fluvial system, it would be
expected the presence of developed macroforms and dunes. Although the abundant massive
sandstones have been interpreted as resulting from fluidization or collapse of deltaic channel bars,
there is no evidence of sedimentary structures obliterated by fluidization (e.g. dish-and-pillar, pipes,

convolute bedding), and thus these sandstones were interpreted as depositionally massive.

The constant presence of the variable-flow channel fill facies association directly above mudstones of
the lower Candeléria Sequence, followed by massive channel fill facies association, may imply a
climate change in the upper Candelaria Sequence. The common preservation of mud and the presence
of lower-flow regime structures (e.g. St facies) in the variable-flow channel fill deposits indicate a less
rapid decline in flow strength, compared to the uniform channel fills of the massive-fill channel
deposits, indicating that some residual base flow may have remained after flood episodes, suggesting

wetter conditions.

The high degree of mixing of fossils, with distinct sizes, weathering stages and insect burrows, found
in the massive sandstones, verifies the hypothesis of a seasonal climate, with variable duration
between wet seasons. The faunal content of these rocks is mainly terrestrial vertebrates, with the
exception of a stereospondyl amphibian (Dias-da-Silva et al. 2009) found in distal sheetflood deposits,

probably the most humid area due to water accumulation following the flood events (Fig. 11).

FIGURE 11

Various authors interpret that the interior portions of Gondwana had monsoonal climate during the
Triassic (Parrish, 1993; Preto, 2010). However, reconstructions of the paleolatitudes for South
America places the Santa Maria Supersequence in higher southern latitudes that would be expected for
a monsoonal influence. Different lines of evidence corroborate the semi-arid climate for the Triassic in

the Parana Basin (e.g. Holz & Scherer, 1998; Horn et al., 2013). Holz (2015) states that Late Triassic
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was marked by extreme continental heat, with an increase in the number of hot days and without
precipitation, and an exponential rise in land surface affected by aridity. This scenario agrees with the
occurrence of ephemeral, high-discharge rivers described here for the upper Candeléria Sequence.
Sellwood and Valdez (2006) modeled Mesozoic climate utilizing atmospheric circulation models. The
models agree with the rock record, and for southern Gondwana they propose a predominant hot and
arid climate with a short wet season. So, even if not under the influence of a monsoonal climate, the

rivers would show strong seasonal control.

The proposition of seasonal, sheetflood-dominated rivers in the upper Candelaria Sequence is
compatible with the mode of occurrence of vertebrate fossils. These fossils are found in the massive
sandstones interpreted as channel-fill deposits. Articulated or semi-articulated fossils of dinosaurs,
such as Guaibasaurus candelariensis (Bonaparte et al., 1999) and three articulated dinosaurs not yet
identified (Temp-Mauller et al., 2014), articulated or semi-articulated fossils of small vertebrates, such
as Riograndia guaibensis (Bonaparte et al., 2001) and Soturnia caliodon (Cisneros & Schutlz, 2003),
as well as disarticulated, poorly-preserved, deteriorated bones that did not allow taxonomic
identification, were found. Moreover, Paes (2013) found diverse insect marks and burrows on heavily-
weathered bones from the Sm facies. According to the latter work, the development of these burrows
takes months to occur, what indicates seasonal deposition in the channels. According to Sinha (2009),
monsoonal rivers are especially prone to catastrophic flood events, possibly killing and/or burying
recently dead animals. The variation in bone size, degree of articulation, preservation and pre-burial
exposure in the same facies suggests highly variable depositional rates and periodicity within the
channels, with possibly long periods of non-deposition. Concomitantly, recently deceased, well-
preserved, articulated individuals and poorly-preserved, disarticulated bones could be buried in the

same flood event, corroborating the hypothesis of seasonal flooding.

Therefore, the presence of various features characteristic of strongly seasonal and/or monsoon-affected
rivers (e.g. Allen et al. 2014) occur in the study area, despite the paleolatitudal configuration that is not
proper for monsoonal influence. As stated before, the facies associations described in this work

suggest that precipitation was concentrated in few, large episodes, separated by long, dry periods as
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evidenced by vertebrate fossil taphonomy. The extreme seasonality of the Late Triassic in Southern
Gondwana propitiated conditions for the development of rivers very similar to those monsoon-affected

ones out the monsoonal influence belt.

CONCLUSIONS

1- The deposition of the upper Candeléria Sequence was carried out by an ephemeral fluvial system
with frontal and lateral avulsions dominated by sheetfloods, under a strongly seasonal, semi-arid

climate, with seasonal rainfall.

2- The channel deposits record two distinct channel types: the basal, variable-flow channels, usually
overlying the lower Candelaria Sequence mudstones, indicate a less concentrated seasonal flow, and
the top massive channels that indicate severe seasonnal precipitation and catastrophic floods with high

sediment load.

3- The dominance of massive sandstones is the result of an abrupt decrease in gradient along the
channel profile, as the flow is laterally or distally unconfined and spread-out in sheetfloods. The high
grain fallout rate associated with flow deceleration inhibits the formation of tractive structures on
channels. In sheetflood deposits, the more gradual deceleration allows the construction of upper- and

lower flow regime bedforms.

4-The faunal content of mostly terrestrial vertebrates and the variable degree of weathering of the
bones indicate that fluvial deposition occurred in conditions in which fresh carcasses could be mixed
with long-deceased ones, corroborating with the paleoclimatic models and the interpretation of

ephemeral streams, with variable time intervals between flood events.

5- The alluvial system recorded in the Triassic of the Parana Basin constitutes a good example of an
ancient ephemeral river in southern Gondwana, with the massive channel fill deposits indicating long

dry periods between the high-precipitation episodes.
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FIGURE CAPTIONS

Figure 1: A: Localization of the Parana Basin and the Santa Maria Supersequence in Rio Grande do
Sul State, southern Brazil, with the location of Candelaria (C) and Mata Municipalities (M).; B:
Studied outcrop localization and Municipalities. C: Candeléaria; A: Agudo; FS: Faxinal do Soturno;
SM: Santa Maria.

Figure 2: Chronostratigraphy of the Triassic units in southern Brazil,with vertebrate biozones
(modified from Zerfass et al., 2003). Biostratigraphy after Soares et al. (2011). (AZ =Assemblage
Zone).

Figure 3: Facies identified in the upper Candelaria Sequence. A: Massive, intraformational
conglomerates (Gi); B: Massive sandstones (Sm),with incipient planar lamination at the upper portion
of the layer (arrows); C: Sandstones with gradational planar lamination (Sgh) at the base and low-
angle cross stratification (SI) at the top (arrows); D: Sandstones with gradational planar lamination
(Sgh) at the base and trough cross stratification(St) at the top; E:Trough cross-stratified sandstone (St)
at the base, followed by sandstones with gradational planar lamination (Sgh) and sandstones with
subcritical to supercritical ripples (Sr). Arrow points to the multi-mm spacing between lamina. F:
Massive mudstone (Fm).

Figure 4: Comparison of facies abundance in each facies association. VFCH: Variable-flow channel
fill; MCH: Massive channel fill; PSF: Proximal sheetflood; DFS: Distal sheetflood.

Figure 5: Rose diagrams with paleocurrent directions measured in variable-flow channel fill and
proximal sheetfloods facies associations.

Figure 6: Variable-flow channel fill facies association. A: Photomosaic and interpreted outcrop panel
showing the channel architecture; B:Measured section of a preserved stacked succession of Gi, Sgh, St
and Sr facies, constituting a flood unit in outcrop A; C: Measured section of flood units bounded by
erosive surfaces with predominance of Sgh and Gi in outcrop A; D:Photomosaic and interpreted
outcrop panel showing the sloping lenticular layers that resemble accretion bar formed by flood units;
E: Measured succession of flood units bounded by erosion surfaces and mud layers that forms the
accretion bar in outcrop D.

Figure 7: Massive channel fill facies association. A: Photomosaic and interpreted outcrop panel
showing the high degree of amalgamation of the channels; B: Photo showing a basal intraformational
conglomerate lag; C: Measured section of the outcrop, showing the erosive-bounded flood units and
the dominance of massive sandstones.
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Figure 8: Proximal sheetflood facies association. A:Outcrop photo showing the high W/T ratio of the
sheet-like sandbodies; B:Measured section in the outcrop, showing decimetric units formed by Sm and
Sgh facies with mud drapes; C:Photo showing the mud-draped units with abrupt contact (above the
hammer); D: Detail of Sgh and Sm facies, locally with incipient planar lamination.

Figure 9: Distal sheetflood facies association. A:Outcrop photo showing the very high W/Tratio,
sheet-like sandbodies; B:Measured section in the outcrop showing the centimetric, mud-draped Sm
sandbodies; C:Detail of Sgh facies; D: Detail of the centimetric, mud-draped Sm units.

Figure 10: Schematic model for the origin of massive sandstone channel-fill deposits. A: Flow with
heavy sediment load generates flow segregation in three layers. The basal, with the most heavy load of
sediments that inhibits turbulence, the middle, with less sediment and turbulent and the top with only
suspension load; B: Second stage, where the flow finds some gradient difference of flow de-
confination. This variation generates an abrupt speed variation what causes the collapse of the basal
layer, depositing the massive sandstones, while the middle and top goes on; C: Middle and top layers
behave like a normal flow and depositates lower flow regime structures on proximal and distal
sheetfloods.

Figure 11: Schematic model of the distinct facies association of Upper Candelaria Sequence and its
characteristic facies.

Table 1: Facies table, description and interpretation

Table 2: Table with facies associations, maximum and minimum width and thickness, W/T ratio and
the main characteristics for identification.
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Figura 3- Facies identified in the upper Candeléria Sequence. A: Massive, intraformational conglomerates (Gi);
B: Massive sandstones (Sm),with incipient planar lamination at the upper portion of the layer (arrows); C:
Sandstones with gradational planar lamination (Sgh) at the base and low-angle cross stratification (SI) at the top
(arrows); D: Sandstones with gradational planar lamination (Sgh) at the base and trough cross stratification(St) at
the top; E:Trough cross-stratified sandstone (St) at the base, followed by sandstones with gradational planar
lamination (Sgh) and sandstones with subcritical to supercritical ripples (Sr). Arrow points to the multi-mm
spacing between lamina. F: Massive mudstone (Fm).
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Figura 4- Comparison of facies abundance in each facies association. VFCH: Variable-flow channel fill; MCH:
Massive channel fill; PSF: Proximal sheetflood; DFS: Distal sheetflood.

Variable-flow channel fill Proximal sheetflood

Figura 5- Rose diagrams with paleocurrent directions measured in variable-flow channel fill and proximal
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Figura 8- Proximal sheetflood facies association. A:Outcrop photo showing the high W/T ratio of the sheet-like
sandbodies; B:Measured section in the outcrop, showing decimetric units formed by Sm and Sgh facies with
mud drapes; C:Photo showing the mud-draped units with abrupt contact (above the hammer); D: Detail of Sgh
and Sm facies, locally with incipient planar lamination.
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Figura 10- Schematic model for the origin of massive sandstone channel-fill deposits. A: Flow with heavy
sediment load generates flow segregation in three layers. The basal, with the most heavy load of sediments that
inhibits turbulence, the middle, with less sediment and turbulent and the top with only suspension load; B:
Second stage, where the flow finds some gradient difference of flow de-confination. This variation generates an
abrupt speed variation what causes the collapse of the basal layer, depositing the massive sandstones, while the
middle and top goes on; C: Middle and top layers behave like a normal flow and depositates lower flow regime
structures on proximal and distal sheetfloods.
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Facies

Description

Tabela 1- Facies table, description and interpretation

Interpretation

Sm

Sgh

St

S1

Sr

Fl

Fm

767

768

Matrix-supported, intraformational
conglomerate, with mud intraclasts
(0.5-20cm) and fine sand matrix.

Locally larger clasts (50cm) occur.

Fine to very fine sandstones, well- to
moderately-sorted, massive; scattered
mud chips. Sometimes with diffuse
planar lamination.

Fine to very fine sandstones, well-
sorted, with centimetric spaced
horizontal lamination. Also called
gradational planar lamination.

Fine sandstones, well- to moderately-
sorted, with trough cross
stratification; locally mud chips
and/or granules along stratification.

Fine to very fine sandstones, well-
sorted, with low-angle cross
stratification.

Fine to very fine sandstones, with
current or climbing ripples.

Mudstones to siltstones, with
horizontal lamination

Massive mudstones to siltstones

Curled-up and broken mud
cracks incorporated to wadi
deposits (Glennie, 1970) or
slumped banks incorporated
to flow (Coleman, 1969)

Rapid deposition from heavy
sediment-laden flows during
waning floods (Todd, 1989;
Maizels, 1993) or dewatering
(Miall, 1996)

Planar-bedded deposits
originated via upper flow
regime on high depostion
rates(Miall, 1977; North and
Taylor, 1996;Billi, 2007).

Unidirectional flow with
development of 3D sand
dunes, low flow regime
(Miall, 1977; Harms et al.,
1982; Collinson and
Thompson, 1989; Collinson
et al., 2006)

Washed-out dunes and
humpack dunes (transition
between subcritical and
supercritical flows) (Harms
et al., 1982; Bridge and Best,
1988).

Subaqueous current ripple
migration under
unidirectional, lower flow
regime (Allen, 1963; Miall,
1977; 1996)

Suspension settling
dominantly from standing
water (Rogers and Astin,
1991: Mangano et al., 1994)

Suspension settling on
overbank areas; later
modified by pedogenetic
processes; post-depositional
reddening under oxidizing
conditions (Miall, 1977,
1990; Foix et al, 2013).
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Tabela 2- Table with facies associations, maximum and minimum width and thickness, W/T ratio and
the main characteristics for identification.

Element Facies

width (cm)

thickness

W/T ratio

Distinct features

Variable-flow channel
fill

Sm, Sgh, St, Sr, Fl

Massive channel fill

Gi, Sm, Sgh

Proximal Sheetflood Sm, Sgh, St, Sr, S1, Fm, Fl

Distal Sheetflood Sm, Sgh, Sr, Fm

Max Min

1000 500

1000 200

2000 1000

5000 3000

Max Min

250 150

200 50

100 50

20 10

Max

20

250

20

300

Min

Common scour-and-fill structures, sheet-
like beds with low W/T ratio, vertical

3 facies variation, presence of mud
drapes/layers, pebble-sized
intraformational conglomerates

Very common scour-and-fill structures,
sheet-like beds with low W/T ratio,
predominance of Sm facies, granule-sized
intraformational conglomerates

Absence of erosive surface, sheet-like beds
with moderated W/T ratio, vertical facies
variation, common presence of mud
layers/drapes

Absence of erosive surface, sheet-like beds
with high W/T ratio, vertical facies
variation, common presence of mud
layers/drapes
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RESUMO

As rochas triassicas da Bacia do Parana sdo divididas em trés unidades estratigraficas formais:
FormacOes Sanga do Cabral, Santa Maria e Caturrita. Entretanto, as litologias e relagdes
estratigraficas variam das duas unidades superiores variam de acordo com o autor. Diferentes
idades e posicdes estratigraficas foram propostas para a Formacdo Caturrita, normalmente
baseados em critérios dubios que geram confusdo. Portanto, uma reviséo estratigrafica se faz
necessaria. Este trabalho visa entender as relagdes estratigraficas do pacote sedimentar
conhecido como Formacao Caturrita, e baseado em compilacdes bibliogréaficas e dados de
campo, propor a adocao de uma nova unidade litoestratigrafica chamada Formagéo Botucarai.
Esta unidade tém estrat6tipos bem expostos préximos ao Cerro Botucarai, no municipio gatcho
de Candelaria, compostos predominantemente por arenitos macicos. Fosseis de vertebrados
encontrados in situ nos estratotipos indicam idade noriana para essa Formagéao. Seu limite
inferior consiste em uma paraconformidade ou discordancia erosiva com os lamitos vermelhos
do Membro Alemoa da Formagdo Santa Maria. Seu limite superior pode ser uma
paraconformidade com a Formacao Botucatu, de idade Juro-Cretacea, ou uma discordancia
erosiva com a unidade informal, arenitos Mata, de idade Triassica Superior (?). Além disso, em
um afloramento, a ocorréncia de camadas fluviais com plantas e conchostraceos com afinidades
jurassicas indica a presenca de uma unidade jurassica até entdo desconhecida sobre a Formacgéo

Botucarai.

PALAVRAS-CHAVE: Triassico; Formacao Caturrita; Bacia do Parana; Formacgdo Botucarai
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ABSTRACT

The Triassic rocks of Parané Basin are divided in three formal stratigraphic units: Sanga do
Cabral, Santa Maria and Caturrita Formations. However, the lithologies and stratigraphic
relationships between the two upper units vary depending on the author. Different ages and
stratigraphic positions have been proposed to the Caturrita Formation, often based on dubious
criteria that led to confusion. Based on bibliographic and field data, this work aims at entangling
the stratigraphic relations of the sedimentary package formerly known as the Caturrita
Formation, proposing the adoption of a new stratigraphic unit called Botucarai Formation, with
stratotypes well exposed near the Botucarai Hill in Candeléria municipality, composed
predominantly by massive sandstones. Vertebrate fossils found in situ in the stratotypes indicate
a Norian age for this Formation. Its lower boundary is an abrupt contact or erosive
unconformity with the red mudstones (Alemoa Member) of the Santa Maria Formation
(Ladinian-Carnian). Its upper boundary is either a concordant unconformity with the Juro-
Cretaceous Botucatu Formation or an erosive unconformity with the Late Triassic (?) Mata
sandstones. Moreover, in one outcrop, the occurrence of fluvial layers bearing plants and
conchostracan with Jurassic affinities indicates the presence of a hitherto unknown Jurassic unit

overlying the Botucarai Formation.

KEY-WORDS: Triassic; Caturrita Formation; Parana Basin; Botucarai Formation:;
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INTRODUCTION

The Brazilian Triassic rocks of the Parana Basin are well known by the geoscientific
community for its diverse vertebrate faunal content, including, among others, early dinosaurs
and mammals. These rocks are divided in three formal units: Sanga do Cabral, Santa Maria and
Caturrita Formations. The latter corresponds to a series of layers that overly the Santa Maria
Formation and received different formal statements over time (proposed by distinct authors),
posing a series of conflicting information concerning its litho- and and biostratigraphic

frameworks that led us to undertake here a complete review.

Bortoluzzi (1974), while working on the surroundings of Santa Maria Municipality (Fig.
1), Rio Grande do Sul State, southern Brazil, described some fluvial sandstones with silicified
logs, placed above the red mudstones of the Santa Maria Formation at the Caturrita Hill locality,
as well as others occurring along the Santa Maria-Julio de Castilhos road, as comprising the
basal member of the Cretaceous (at that time considered as Jurassic) Botucatu Formation, being
these basal layers named Caturrita Member. According to that author, the basal contact of the
Caturrita Member with the Santa Maria Formation was an erosive unconformity with mud-chip
conglomerates. The described rocks were mainly trough or planar cross-stratified sandstones,
with silicified logs and plant remains in some outcrops. Barberena (1977) reinforced this
proposition claiming that the fossils described by Bortoluzzi (1974) along the Santa Maria-Julio
de Castilhos road were distinct from those present in the underlying Santa Maria Formation,
both due to differences in the paleofloristic content and the presence of several conchostracans,
described by Katoo (1971), which suggested a Jurassic age for the Caturrita Member. Later on,
Andreis et al. (1980), during a mapping project, found similar rocks - but with no fossils - near
Rio Pardo Municipality (Fig. 1) also overlying the typical red mudstones of the Santa Maria
Formation. Despite the absence of fossils in the studied area, Andreis et al. (1980) correlated
these layers with those included in the Caturrita Member by Bortoluzzi, 1974. Moreover,
Andreis et al. (1980) proposed a Triassic age for this package, rather than Jurassic, based on a

presumed correlation between those rocks and other ones occurring in a third locality in
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Candelaria Municipality (Fig. 1), corresponding to overlying the Santa Maria Formation but
containing Triassic vertebrates. Andreis et al. (1980) referred to these fossils as follows:
“According to our observations, the remains of Proterochampsia, Exaeretodon and Jachaleria,
related by Barberena (1977) for the Alemoa Member of the Santa Maria Formation should be
considered as pertaining to the Caturrita Formation”. In fact, the existence of those fossils and
their assignment to Triassic were informally known when Andreis et al. (1980) published their
paper, but there is no mention to them in Barberena (1977). Indeed, Jachaleria candelariensis
(Aratjo; Gonzaga, 1980) was published in that same year, while Proterochampsa nodosa
appeared only two years later (Barberena, 1982), and the new cynodont from Candelaria was
cited as Exaeretodon sp. only in Barberena et al. (1985). Furthermore, Andreis et al. (1980)
changed the age (from Jurassic to Triassic) and the hierarchic status (from Caturrita Member to
Caturrita Formation) of that package, based also in the work of Jabur (1979), a Master’s thesis
for which the results formally came out only in 1985. Jabur (1979, 1985) reinterpreted the
euestheriids conchostracans identified by Katoo (1971) as the genus Echinestheria, indicative of
a Late Triassic age, hence detaching the Caturrita Member from the Botucatu Formation (J/K).
As a consequence, the Caturrita Member (of the Botucatu Formation) was changed into a
separate unit, the Caturrita Formation, occurring around Santa Maria and Candelaria
Municipalities, characterized by a fossil content of Triassic tetrapods and fossil logs. From that
moment on, Andreis et al. (1982) included in the Caturrita Formation all the layers bearing
silicified logs that overlain the Santa Maria Formation, mainly at Mata and Séo Pedro do Sul
municipalities. However, neither the silicified logs nor any fossil vertebrates were present on

Rio Pardo region, where the type-section of this Formation was defined.

Figure 1

It is our belief that both the description of the Caturrita Member by Bortoluzzi (1974)
and the proposal of the Caturrita Formation by Andreis et al. (1980) are probably
misinterpretations. Field observations on the Caturrita Hill revealed that the silicified logs

mentioned by Bortoluzzi (1974) are not in situ, but are relicts of weathered overlying levels,
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thus forming a lag deposit. In turn, the outcrop bearing such logs along the Santa Maria-Julio de
Castilhos road no longer exists, but its stratigraphic level is surely far above the Santa Maria
Formation. In fact, the lithologies described by Bortoluzzi (1974) at the Caturrita Hill (trough or
planar cross-stratified sandstones, mud-chip conglomerates) are similar to those of the Passo das
Tropas Member from the Santa Maria Formation. This misunderstanding is not surprising if one
takes into account that, at that time, the Passo das Tropas Member was defined as the basal
portion of the Santa Maria Formation, always occurring below the fossiliferous red mudstones.
Therefore, the finding of sandy-conglomeratic layers with fossil logs (absent in the Passo das
Tropas Member) above the red mudstones was interpreted as evidence of a new stratigraphic
unit. Later, Barberena (1977) established a biostratigraphic framework for the Santa Maria
Formation in which the rocks of the Passo das Tropas Member (bearing fossils of the
Dicroidium flora, but not silicified logs) would constitute the intermediate portion of the Santa
Maria Formation (Bortoluzzi, 1974; Barberena, 1977), above a basal package of red mudstones
dominated by cynodonts and dicynodonts (the Therapsid Assemblage Zone) and below another

red mudstones level bearing mainly rhynchosaurs (the Rhynchocephalia Assemblage Zone).

Only in 1985 Barberena et al. (1985) detailed the occurrence, in the outcrops mentioned
by Andreis et al. (1980) near Candelaria Municipality as part of the Caturrita Formation, of a
distinct (and younger, regarding to the Santa Maria Formation) vertebrate fauna, composed by
the dicynodont Jachaleria candelariensis, the proterochampsid Proterochampsa nodosa, the
rhynchosaur ‘Scaphonyx’ sulcognathus (actually Teyumbata sulcognathus Montefeltro; Langer;
Schultz, 2010) and Exaeretodon sp. (later formally proposed as E. riograndensis by Abdala;

Barberena; Dornelles; 2002).

Thus, despite the fact that the lithology of the layers bearing this new fauna (massive,
fine sandstones interbedded with red mudstones) does not agree with those described by
Bortoluzzi (1974), Andreis et al. (1980) and Barberena et al. (1985) included all those
occurrences in a single unit (Caturrita Formation), probably using as a datum their occurrence

above the levels dominated by rhynchosaurs.
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Additionally, Andreis et al. (1982) extended the occurrence of the Caturrita Formation
westwards, around the cities of Séo Pedro do Sul and Mata, based on the occurrence of silicified
log-bearing sandstones and subordinate mudstones. Interestingly, Andreis et al. (1982) observed
that the proportion between sandstones and mudstones in that area was quite different from that
found by Andreis et al. (1980) in Rio Pardo and Santa Cruz regions (where the type-section of
the Formation is), but similar to that of the Caturrita Formation in Candelaria region (the only
ones containing vertebrates, but no silicified logs). Besides, the authors stressed that the
silicified logs were the only fossils found in the Sdo Pedro/Mata region and that the age of the
package (considering that it belonged to the Caturrita Formation) should be provided not by the
silicified logs, but by the fossil reptiles found in Candelaria, which indicated a Late

Carnian/Early Norian age for the Caturrita Formation.

Thereafter, the presence of silicified logs in any outcrop overlying the Santa Maria
Formation was used as a field criterion to identify the presence of the “Caturrita Formation”,

although in most cases they were only relict fragments at the surface.

As a matter of fact, the Santa Maria and Caturrita Formations are considered as part of a
Middle-Late Triassic second-order allostratigraphic sequence named the Santa Maria
Supersequence (Zerfass et al., 2003). The Supersequence was further divided in (at least) four
third-order sequences (Horn et al., 2014), each one beginning with a package dominated by
medium- to coarse-grained sandstones with trough cross-stratification at the base
(corresponding to the “Passo das Tropas Member”) and red fossiliferous mudstones (the
“Alemoa Member™) at the top. Thus the lithologies described by Bortoluzzi (1974) and Andreis

et al. (1980) should result from the recurrence of this facies interchange.

In regarded to the silicified logs, Faccini (1989) proposed that the fossil logs occurring
about 60 km west from Santa Maria City, in S&o Pedro do Sul and Mata localities, should
constitute a distinct sedimentary unit of uncertain age, which could even be Triassic, but surely

younger than the levels bearing the Triassic tetrapods in Candelaria. Based on this, Faccini
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(2000) informally coined the name “Mata Sandstone” to refer to these log-bearing layers,
naming the “Caturrita Formation” only the Triassic tetrapod-bearing layers from Candeléria.
Although the work of Faccini (2000) has never been formally published, this proposition has
become, in fact, the theoretical framework for subsequent studies on the “Caturrita Formation”,
which therefore became only the tetrapod-bearing layers that overly the Santa Maria Formation

in Candelaria region.

Regardless of the silicified logs, the Mata sandstone (sensu Faccini, 2000) is composed
of medium- to coarse-grained sandstones with trough cross-stratification and abundant silicified
wood logs, thus similar to the “Passo das Tropas Member”, which contains mud chips and
abundant extraclasts (mainly by quartz and feldspars), whereas the Mata Sandstones include

only intraformational (mud-chip) conglomerates.

In this context, considering that (1) the tetrapod-bearing rocks that Andreis et al. (1980)
used to determine a Triassic age for the Caturrita Formation are NOT the same as the succession
described by Bortoluzzi (1974); (2) the original lithological description of the Caturrita
Formation/Member is NOT the one currently used informally; and (3) the current
lithostratigraphic definition of the Caturrita Formation is merely informal, the most
recommendable procedure would be to use the sequence stratigraphic nomenclature proposed
by Zerfass et al. (2003) and Horn et al. (2014), in which the so-called Caturrita Formation
would be the upper portion of Candelaria Sequence.

Due to the significant vertebrate fossil deposits of the Upper Triassic, and since this unit
lacks lithostratigraphic formalization, this work aims to provide a detailed facies description and
clarify the stratigraphic relations of the former Caturrita Formation, formally proposing a new
Formation, called Botucarai Formation. The choice of a new name has the objective of avoiding
mistakes regarding the old propositions. We thus suggest that the former name (Caturrita) is

definitely abandoned.

GEOLOGICAL SETTING



223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

The Parana Basin is a large, NE-SW-elongated cratonic basin in South America,
approximately 1,750 km long and 900 km wide, covering a surface area of around 1,700,000
km? in Paraguay, Uruguay, Argentina and Brazil (Fig. 2). This basin evolved during the
Paleozoic and Mesozoic, with sedimentary package deposited between the Late Ordovician and
the Late Cretaceous. Milani (1997) recognized six second-order stratigraphic sequences: Rio
Ivai (Caradocian-LIlandoverian), Parana (Lochkovian-Frasnian), Gondwana | (Westphalian-
Scythian), Gondwana Il (Anisian- Norian), Gondwana 111 (Neojurassic-Berriasian) and Bauru
(Aptian-Maastrichtian). In southern Brazil (Rio Grande do Sul State) the Parana Basin records a
condensed section, with only the Gondwanan sequences cropping out (Gondwana | - Itararé,
Guata and Passa Dois groups, Gondwana Il - Pirambdia Formation, Sanga do Cabral and Santa
Maria Supersequences, and Gondwana 1l - Botucatu Formation).

The sequence stratigraphic framework proposed by Zerfass (2003) divides the Santa
Maria Supersequence in three third-order sequences. Lately, Horn et al. (2014) proposed a
fourth sequence (Santa Cruz Sequence, Ladinian), changing the names of the third-order
sequences to Pinheiros-Chiniqué (Ladinian-Anysian), Candelaria (Carnian) and Mata (Rhaetic).
The Santa Maria Formation is the lithostratigraphic correspondent to the Pinheiros-Chiniqua
plus the Santa Cruz and the lower Candelaria Sequences. In turn, the layers corresponding to
the upper Candelaria Sequence, formerly called Caturrita Formation, are here assigned to the
new Botucarai Formation. These rocks belong to the Gondwana Il Supersequence, which crops

out only in Rio Grande do Sul State.

THE BOTUCARAI FORMATION

The Botucarai Formation crops out along approximately 200 km of the Central
Depression in Rio Grande do Sul State, from the vicinity of Candeléria city westward to Mata

city, being mappable on a 1:25000 scale (Fig. 2).

Figure 2
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The stratotype of the Botucarai Fm. crops out along the BR-287 road near the Botucarai
Hill on the surroundings of Candeléria city, Rio Grande do Sul State. In this location, a
composite vertical section about fifty meters thick represents all the lithotypes that comprise the
Botucarai Formation. Moreover, these outcrops contain in situ vertebrate fossils that corroborate
the Triassic age of the proposed Formation. The two most representative outcrops of the

lithotypes are detailed below.

The first outcrop is located at the foot of Botucarai Hill, on a road cut along BR-287
(UTM coordinates: 22J 321859mS and 6715100mW). This outcrop is widely known among
Brazilian paleontologists (the Botucarai outcrop) due to its fossil content and easy access. The
outcrop is composed of a succession of centimetric to decimetric tabular layers of fine- to very
fine-grained, massive sandstones, interlayered with millimetric to centimetric layers of red
mudstones (Fig. 3). An amalgamated massive, fine-sandstone body occurs at the upper part of

the outcrop.

Figure 3

The second outcrop is also located along BR-287 road (coordinates: 22J 320750mN and
6713692mW), and it is known as the Sesmaria do Pinhal outcrop. It comprises metric,
amalgamated layers of fine-grained, massive sandstones, with erosive basal contact and mud
intraclasts along the base, as well as dispersed within the bodies (Fig. 4). Subordinately,
horizontally-bedded and trough cross-stratified sandstones and massive red mudstones also
occur. These rocks have been studied by many authors, including Faccini (2000), Zerfass et al.
(2003) and Da Rosa (2005), who interpreted them as fluvial deposits correlated to the informal

Caturrita Formation.

Figure 4

The outcrops in the type section attest that, unlike the Caturrita Member proposed by

Bortoluzzi (1974), characterized by a dominance of trough cross-bedded, medium-grained
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sandstones, the Botucarai Formation is mostly composed of massive, fine-grained sandstones,

with subordinate horizontally-laminated and trough cross-stratified sandstones described above.

The lower boundary of the Botucarai Formation is an abrupt contact or erosive
unconformity with the red mudstones of the Alemoa Member (Santa Maria Formation). The
upper boundary is either a concordant unconformity with the Juro-Cretaceous Botucatu
Formation, an erosive unconformity with the Mata sandstones, or an erosive unconformity with

rocks of probable Jurassic age, as described in detail below (Fig. 5).

Figure 5

In one outcrop in the surroundings of Faxinal do Soturno city (coordinates: 22J
262823mN e 6727662mW), the massive, fine-grained sandstones with vertebrate fossils typical
of the Botucarai Formation are unconformably overlain by a Jurassic package (Fig. 6). The
unconformity is characterized by an abrupt facies shift, where massive, fine sandstones with
paleosols at the top (characterized by variegated texture and purplish colors) are juxtaposed by
red, fossiliferous shales and siltstones. The contact between these lithotypes is a
paleotopographic surface with at least half a meter of relief, locally very cemented by calcite

(Fig. 6B, C).

Figure 6

In the red mudrocks overlying the unconformity, Rohn et al. (2014) described new
conchostracan species, Nothocarapacestheria soturnensis. This genus has taxonomic affinity
with Jurassic genera from the Transantarctic Mountains identified as Australesteria sp., very
similar to Jurassic specimens from the Congo Basin. Barboni & Dutra (2013) described
reproductive structures (Williamsonia sp.) and branches from Benetittalles plants associated
with autochthonous conifer logs and branches remains (Pagiophyllum sp., Dutra & Faccini,
2002) in this unit, suggesting ages younger than the Triassic by correlation with genera of
Argentinian basins. Additionally, Silva et al. (2012) described Eubrontes sp., a large-size (11

cm x 22 cm) tridactyl footprint attributed to large theropod dinosaurs in this package. Since this
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type of dinosaur footprints is not common in the Triassic, it also suggests a younger age. Hence
the paleontological content of the package overlying the unconformity at the top of the
Botucarai Formation in this locality attributes a Jurassic age for these rocks. So far it is unclear
whether or not these Jurassic rocks are mappable, since they have been identified only in this
outcrop. However, with time and further work, it is possible that a Jurassic unit is proposed, as

suggested by Rohn et al. (2014).

The maximum thickness of the newly proposed Botucarai Formation is based on field
data collected by the authors and drill-core information provided by Machado (2005). In that
work, the author estimates the maximum thickness of the (former) Caturrita Formation in
hydrological wells as around fifty meters, approximately the same thickness of the measured

vertical sections in the type-section outcrops.

PALEONTOLOGICAL CONTENT, STRATIGRAPHICAL POSITIONING AND AGE

The dating of the Botucarai Formation is based on its vertebrate fossil content, with a
diverse fauna that includes dinosaurs, advanced cynodonts and dicynodonts. The presence of the
dicynodont Jachaleria candelariensis (Aradjo; Gonzaga, 1980) indicates a Late Triassic age to
this unit by its correlation with J. colorata, that occurs at the base of Los Colorados Formation,
in Argentina, where paleomagnetic data indicates a Norian age (227.5-215 Ma, Santi Malnis et
al. 2011). Silicified logs were not found in these layers, corroborating the observations of
Faccini (2000). Besides Jachaleria, the Botucarai Formation includes the presence of the
prosauropod Unaysaurus tolentinoi (Leal, et al. 2003), and the theropod (sensu Langer et al.
2009) Guaibasaurus candelariensis (Bonaparte; Ferigolo; Ribeiro, 1999). In addition to these
dinosaurs, these beds also yielded the dinosauriform Sacisaurus agudoensis Ferigolo; Langer,
2006, an indeterminate phytosaur (Kischlat; Lucas 2003), isolated teeth of archosaurs
(Dornelles, 1990) and a stereospondyl amphibian (Dias-da-Silva et al. 2009). The most striking
paleontological feature in this unit, however, is the presence of a diversified fauna of small-

sized (<10 cm) vertebrates that includes the procolophonid Soturnia caliodon (Cisneros;
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Schultz, 2003), the sphenodontid Clevosaurus brasiliensis (Bonaparte; Sues, 2006), the
lepidosaur Cargninia enigmatica (Bonaparte et al., 2010), the pterosaur(?) Faxinalipterus
minima (Bonaparte et al., 2010), and five taxa of advanced, non-mammaliaform cynodonts
(sensu Abdala 2007). Among these, Riograndia guaibensis (Bonaparte; Ferigolo; Ribeiro, 2001)
was the first one reported, followed by Brasilodon quadrangularis, Brasilitherium
riograndensis (Bonaparte, et al., 2003), Irajatherium hernandezi (Martinelli, et al., 2005), and
Minicynodon maieri (Bonaparte et al. 2010; (Soares, Schultz, Horn, 2011).

The widespread presence of Riograndia guaibensis in the Botucarai Formation was
utilized to propose a biozone (Riograndia Assemblage Zone, Soares et al. 2011) to that tetrapod
fauna that allowed the correlation of distinct outcrops with no lateral continuity, and thus the

biostratigraphic dating of these Upper Triassic rocks.

CONCLUSIONS

The usage of the name “Caturrita Formation” became a stratigraphic problem in the
Triassic of southern Brazil due to the lack of formalization and utilization of this informal name
for a variety of lithotypes for a long time. Based on field and literature data, this work proposes
the complete abandonment of the Caturrita Formation, and the formal proposition of the
Botucarai Formation, with well-defined stratigraphic relations and lithologies. The newly
proposed unit refers to the rock package that overlies the Santa Maria Formation, containing a
typical association of fossil tetrapods (Riograndia AZ) of Neotriassic age. Its type section crops
out at the base of the Botucarai Hill, in Candelaria city, and comprises dominantly fine-grained,
massive sandstones with mud intraclasts, and subordinately, horizontally-bedded and trough
cross-stratified sandstones and massive red mudstones. The Botucarai Formation abruptly
overlies the red mudrocks of the Alemoa Member and is overlain by the Juro-Cretaceous
Botucatu Formation, or locally by a Jurassic unit yet to be defined. The existence of Jurassic
layers above the Botucarai Formation is based on paleontological and stratigraphic data, but its

occurrence is still too restricted to allow the formalization of a new stratigraphic unit.
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ABSTRACT

Global climate in the Middle to Late Triassic is considered mainly semi-arid with strong
seasonal variation. This climatic setting propitiates the formation of climatically-
controlled depositional systems such as dust deposits and ephemeral rivers. Loess
deposits are increasingly being recognized within pre-quaternary sedimentary
sequences. Until recently, the lack of criteria for loess identification rendered difficult
the interpretation of ancient deposits. The Santa Maria Supersequence was deposited in
the Middle to Late Triassic and still lacks a full understanding of its depositional
systems. This work aims to characterize the depositional systems of this time interval in
the Parana Basin and discuss their paleoclimatic significance through the use of field,
chemical and paleontologic data. The depositional system comprises four facies
associations: braided river, dry mudflat, distal sheetflood and sheet delta. Dry mudflat
facies association dominates in the Pinheiros-Chiniqua and Santa Cruz Sequences, and
sheetflood delta facies association occurs only in the Candelaria Sequence. Evidence for
loess deposits includes the absence of floodplain feeding channels, thick, structureless
siltstone bodies, the overwhelming dominance of grain-size mode in 0.0031mm and age
dispersion of dated zircons. Throughout the Santa Maria Supersequence, the chemical
index of alteration indicates semi-arid climate, in agreement with global-scale
paleoclimatic conditions. However, during the Carnian the abundance of calcrete
decreased and the occurrence of aquatic and semi-aquatic fauna increased, implying an
increase in humidity in this interval. Other fossiliferous basins in Gondwana recorded
the same short-lived, humid event. The humid peak may be associated with the Carnian
"Wet Intemezzo", related with the development of the Wrangellian large igneous

province (LIP).
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Pluvial Event

INTRODUCTION

Global climate in the Middle to Late Triassic is considered arid to semi-arid in interior
Gondwana, with intense evaporation through most of the year (Sellwood and Valdes,
2006). Climates like these favor the deposition of eolian and ephemeral fluvial
sediments. Loess, or terrestrial eolian silt, covers a substantial area of mid-to high-
latitude surface today, and it is recognized as a high-fidelity archive of climate change
and atmosphere circulation for the Plio-Pleistocene (Soreghan et al. 2008; Muhs and
Bettis, 2003). Its deposition is commonly associated with arid to semi-arid climate

settings, near desert areas or in orogeny shadow zones (Pye, 1995).

Loess deposits are increasingly being recognized within pre-quaternary sedimentary
sequences. Until recently, the lack of criteria for loess interpretation rendered difficult
the interpretation of ancient deposits. Soreghan et al. (2007) reinterpreted some
floodplain deposits in the continental U.S. as Paleozoic loess deposits, providing criteria
to differentiate loess deposits in ancient settings. Following that work, some other
deposits formerly interpreted as floodplain were re-interpreted as loess deposits, mainly

in the middle Permian (Foster et al. 2014; Sweet et al.2013).

The Santa Maria Supersequence (Zerfass et al. 2003) comprises Middle to Late Triassic
deposits in the Parana Basin, correlative to southern and northern Pangaea deposits
(Schultz et al. 2000; Lucas, 1998) that bear many sedimentary proxies indicative of arid

to semi-arid conditions (Holz, 2015). The presence of early dinosaur and early
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Mammaliamorpha fossils makes this Supersequence important for the understanding of
life and climate in southern Gondwana during the early Mesozoic. However, several
doubts about the depositional systems in this Supersequence, and how they vary in the
Late Triassic in response to climate and base-level changes, still persist. Recently some
authors have attributed the sedimentary changes and paleontological overturn recorded
in various Triassic basins to an unusual wet interval occurred around 233-227 Ma, due
to the eruption of a large igneous province (LIP), the Wrangellia LIP, which is now

accreted to western North America (Greene et al. 2010; Ogg, 2015).

This paper aims at describing the presence of climate-sensitive sediments (calcrete,
loess and ephemeral fluvial) of the Santa Maria Supersequence in the Parana Basin,
discussing the depositional environments and paleoclimate of this unit and how it

relates to Gondwana climate.
GEOLOGICAL SETTING

The Santa Maria Supersequence is the Triassic deposits in the Parana Basin, a large,
NE-SW-elongated intracratonic basin in South America with a surface area of
approximately 1,700,000 km? in Paraguay, Uruguay, Argentina and Brazil (Fig. 1 A).
This basin evolved during the Paleozoic and Mesozoic, comprising a sedimentary

package deposited between the Late Ordovician and the Late Cretaceous.

Sequence stratigraphic framework for Triassic beds in the Parana Basin was first
proposed by Zerfass et al. (2003), dividing the package in three third-order sequences.
Lately, Horn et al. (2014) included a forth sequence (Santa Cruz Sequence,
Santacruzodon Assemblage Zone(AZ), Carnian), changing the names of the previous
third-order sequences to Pinheiros-Chiniqua (Dinodontosaurus AZ, Ladinian-Carnian),

Candelaria ( Hyperodapedon and Riograndia AZ, Carnian-Norian) and Mata (Rhaetic)
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(Soares et al. 2011). The ages in the Santa Maria Supersequence are based on
biostratigraphic correlation with Argentinian fauna. The Santa Cruz Sequence was
recently dated by U-Pb in detrital zircons as 236.1Ma (Phillip et al. 2016). The Santa
Maria Supersequence is equivalent to the Triassic Gondwana Il Supersequence of

Milani and Ramos (1998), which occurs only in southern Brazil.

Lithostratigraphically the Sequences Pinheiros-Chiniqué (PCS), Santa Cruz (SCS) and
Candelaria (CS) are attributed to the Santa Maria Formation (Gordon Jr, 1947). The
Santa Maria Formation is composed of the basal Passo das Tropas Member, with
conglomeratic to coarse-grained sandstones with abundant mud clasts and locally plant
and insect remains, and the top Alemoa Member, with red-colored massive mudstones
with occasional stratification and abundant vertebrate fossil remains (Zerfass et al.
2003). In fact, each one of the third order sequences (PCS, SCS and CS) begins with
conglomeratic deposits that are followed by fine grained layers. The upper portion of
CS is attributed to Caturrita Formation (Andreis et al, 1980). Despite the recent work on
sequence stratigraphy focusing on the stratigraphic evolution of the Triassic package,
the paleontological community relies heavily on the lithostratigraphic nomenclature due
to the occurrence of vertebrates consistently in the red mudstones of the Alemoa
Member. Since this work aims at discussing the depositional environments and their
relation with the vertebrate fossils, facies description and further discussion will dwell

on the lithostratigraphic units.

MATERIAL AND METHODS

In order to discuss the depositional environments and paleoclimate settings, two

different approaches were taken: (1) Facies analysis and (2) the use of the Chemical
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Index of Alteration (CIA) as a proxy for degree of chemical weathering and thus
humidity (Goldberg and Humayun, 2010). Facies analysis was based on the description
of 111 outcrops (Fig. 1B), with construction of lithologic logs at 1:50 scale and the
systematic measurement of paleocurrents. Facies description included color, grain size,
roundness, sorting and grain composition, bed geometry, sedimentary structures and
fossil content. The lithofacies were divided according to the lithostratigraphic units,
summarized on Tables 1 and 2. Facies codes were adapted from the lithofacies codes

proposed by Miall (1985).

The calculation of CIA was based on the elemental concentrations of Ca, Al, Na and K
in 9 mudrock samples from the Alemoa Member in the different sequences. For major-
element analysis, the samples were hand-ground in agate mortars and transferred to
centrifuge tubes. As some of the samples contained significant diagenetic calcite, 50%
acetic acid was added prior to the analysis to remove carbonates. The vials were then
sealed and heated at 160° for 12h. Elemental concentrations were measured in an
optical emission spectrometer with inductively-coupled plasma, with quantification
n=3, and 0,01mg/g detection limit for Na and 0,001mg/g for K. Results in mg/g were
recalculated to oxides before CIA calculation. The results of CIA for samples 1 through

9 are shown in Table 3.

FACIES ANALYSIS

Intraformational conglomerate (Gi)

This facies is different in each of the members of the Santa Maria Formation. In the
Alemoa Mb., it consists of laterally continuous, reddish, clast- supported, massive
conglomerates with granule-sized mud and carbonate intraclasts and bone fragments

(Fig. 2A). The matrix is formed of reddish, very fine- to silty sandstones. This facies
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commonly has erosive base, and layers with thickness ranging from 0.2 m to 1m. It may

be associated with Sh, Sr and Sw.

In the Passo das Tropas Mb., the mud clasts may reach cobble size, and are mixed with
quartz and plutonic granules and pebbles (Fig. 3A). The matrix is composed of fine-

grained, quartzose sandstones.

In both members, mud and carbonate clasts are angular to round, with no orientation.

This facies may contain disarticulated vertebrate and plant remains.

The Gi facies is interpreted as product of an erosive flow in which the basal portion
erodes and incorporates floodplain or channel mud with mudcracks and carbonate soil

horizons (Glennie, 1970).

Trough cross-stratified conglomerates (Gt)

This facies occurs only in the Passo das Tropas Member and consists of clast-supported
conglomerates, with sub-rounded granules and pebbles, medium-sand matrix and trough
cross stratification (Fig. 3B). It forms tabular or lenticular layers, up to 1 m thick,
commonly with erosive bases. Locally mud intraclasts may occur along the
stratification, or along the basal contact, with granule- to cobble- sized mud clasts. The

Gt facies is commonly associated with Gi, Gh and St facies.

The trough cross-stratified conglomerates (Gt) are interpreted as formed by the
migration of asymmetric, sinuous-crested gravel dunes (Miall, 1977; Harms et al., 1982;

Collinson et al., 2006).

Horizontally-laminated conglomerates (Gh)
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This facies also occurs only in the Passo das Tropas Member, and consists of clast-
supported with horizontal stratification (Fig. 3C). Clasts are sub-rounded granules to
pebbles, immersed in medium sand matrix, locally with normal grading. The dominant
class is granule-sized quartz grains, but locally plutonic and gneiss clasts are present.
Pebble- to cobble-sized mud intraclasts may occur along the layer base. Individual beds

are decimetric to metric, tabular or lenticular, occurring with Gt, St and Sh facies.

The horizontally-laminated conglomerate is product of channel lag transport and
deposition in rapid flow, where the sheet of gravel lengthens downstream faster than it

aggrades, generating flat stratification (Hein and Walker, 1977; Miall, 1996).

Massive sandstones (Sm)

This facies occurs only in the Alemoa Mb. and consists of yellowish, massive, very fine
to fine sandstones that form lenticular beds with thickness between 0.1 and 0.5 m. These
rocks are generally heavily bioturbated (Fig. 2B).

The Sm facies is interpreted as product of sediment gravity flows (Miall, 1996), or
destruction of previous stratification by bioturbation.

Trough cross-stratified sandstones (St)

In the Alemoa Mb., the cross-stratified sandstones (St) consist of laterally continuous
beds, 0.2 to 0.3m thick, of yellow, reddish-brown, fine to conglomeratic sandstones
with trough cross stratification (Fig. 2C). The St facies is rare and occurs in association

with Sh and Gi facies. Locally this facies bears vertebrate fossils.

In the Passo das Tropas Mb., St facies is typically white-colored, coarse sandstones with
a quartzose composition. It occurs as tabular or lenticular layers, up to 1 m thick,
commonly with erosive base (Fig. 3D). A basal conglomeratic lag composed of granule-

to cobble-sized mud intraclasts and granule- to pebble-sized lithic clasts may be present.



192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

Locally mud intraclasts are distributed along the stratification. This facies is usually

associated with Gi, Sh, Sr and FI facies.

The trough cross-stratified sandstones (St) are interpreted as deposition under lower
flow regime in turbulent stages during flow, generating asymmetric, sinuous dunes

(Miall, 1977; Harms et al., 1982; Collinson et al., 2006).

Low-angle cross-stratified sandstones (Sl)

The low-angle cross stratified sandstones consists of laterally continuous beds, with sets
0.4 to 0.5m thick, of yellow, reddish to grayish, fine to medium sandstones with low-
angle cross stratification (Fig. 2D). The Sl facies is rare in the both Members, occurring

in association with Sh and Gi facies.

The low-angle cross-stratified sandstones are interpreted as humpback or washed-out
dunes on the transition between subcritical and supercritical flows (Harms et al., 1982;

Bridge and Best, 1988), in conditions of rapid variation of flux velocities and depth.

Planar sandstones (Sh)

This facies consists of yellowish, very fine to coarse-grained, horizontally laminated
sandstones in lenticular or tabular beds with thickness between 0.1 and 0.5 m. In the
Alemoa Mb. it is associated with rippled sandstones (Sr), with moderate to heavy
bioturbation, and locally conchostracan fossils. Mud drapes are common between Sh
beds.

In the Passo das Tropas Mb, stratification in the Sh facies is marked by grain-size
variations (Fig. 3E).

This facies is interpreted as generated by transition between subcritical to supercritical

flows, when in upper plane bed conditions (Miall, 1996). This transition is documented
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on sandy high energy sheetfloods or in shallow fast flows, like the distal portion of
sheetflood splays over a floodplain (McKee, et al 1967; Tunbridge, 1981).

Current-rippled sandstones (Sr)

The Sr facies occur in both Members of the Santa Maria Fm. It comprises red to yellow,
locally grayish, very fine to medium sandstones with current or climbing ripples in sets
about 5 cm thick of subcritical to critical (Fig. 2E and 3F). The lenticular layers
between 0.1 and 0.5 m thick may be capped by mud drapes, usually associated with the
wave-rippled sandstones (Sw) and laminated mudstone (FI) in the Alemoa Mb. In the
Passo das Tropas Mb. Sr occurs on top of channel macroforms, but it is not a common

facies.

The unidirectional, subcritical ripples are interpreted as a product of subaqueous ripple
migration under unidirectional, lower flow regime (Allen, 1963; Miall, 1977; 1996),
preferentially after peak flooding in slowly decreasing water flow. Sandstones with
critical ripples are interpreted as formed with the rapid decline of flood waters from
upper to lower flow regime conditions, when sheetfloods intercepts a water body

(Smoot and Lowenstein, 1991).

Wave rippled sandstones (Sw)

This facies occurs only in the Alemoa Mb. on Candelaria Sequence. It is characterized
by reddish to gray, fine to medium sandstones with wave-ripple lamination (Fig. 2F).

Lenticular, decimetric layers display wave lengths ranging from 0.1 to 1 m. Some beds
display undulated tops locally draped by mud films. This facies may have moderate to

heavy bioturbation by Skolithos (Netto, 2007).

The small-scale ripples are interpreted as product of reworking by oscillatory flows

associated with currents (Allen, 1982; Leeder, 2011). Large-scale bedforms (> 0.5m)
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are interpreted as deposition from combined flows (Dumas, et al. 2005; Leeder, 2011)

in marginal lacustrine settings.

Laminated Mudstones (FI)

This facies consists of red, laminated clayey to silty mudstones (Fig. 2G and 3G). It
may either occur as mud drapes, a few millimeters thick, on top of sandstone beds, or as

centimetric to decametric tabular siltstone layers, 1 to 5 m thick.

In the Alemoa Mb., the occurrence of Fl as mud drapes is very common. This facies is
commonly associated with rippled sandstones (Sr/Sw) and intraformational
conglomerates (Gi). In the Passo das Tropas Mb., it occurs as drapes and lenticular

layers.

The Fl facies is interpreted as suspension settling from standing water in floodplains or

shallow lake settings (Rogers and Astin, 1991; Mangano et al. 1994).

Massive siltstones (Fm)

This facies comprises reddish, massive siltstones in laterally continuous beds between 1
and 4 m thick (Fig. 2H). This is the most common lithofacies of the Alemoa Mb. The
siltstones are calcite-cemented and well-sorted. Grain-size analysis of this facies in the
Pinheiros-Chiniqua and Santa Cruz Sequences showed a dominance of medium to
coarse silt, with mode at 0.031 mm (Fig. 4). The grain-size histograms for this facies

show the positive skew in medium silt, with a fine tail.

In the Passo das Tropas Mb., the Fm facies is composed of massive clayey siltstones,

0.3-0.4 m thick.
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This facies occurs dominantly alone (in the Alemoa Mb.), but it can be associated with
Gi, Sm or Sh facies (in the Passo das Tropas Mb.). Vertebrate remains may be present

in this facies.

The Fm facies is interpreted as resultant from suspension settling on overbank areas
during floods, or inside-channel standing water (Miall, 1977; 1996; Foix et al, 2013),
with contribution of eolian dust (see “Discussion” below). The assciation with small
lenses of cross-laminated, very fine sandstones suggests reworking of wind suspension
deposits, later modified by pedogenetic processes (Miall, 1977; Fisher et al. 2008). In
some places, pedogenesis was intense enough to give rise to paleosol horizons (facies P

below).

Paleosols (P)

The facies P occurs only in the Alemoa Mb. It is composed of yellowish to orange,
massive siltstones with root marks, slickensides and locally vertical cracking (Fig. 5A),
as well as reddish, massive siltstones with abundant calcite concretions, crusts and root

casts (calcretes) (Fig. 5B). It typically superposes the facies Fm..

This facies is interpreted as a product of pedogenetic processes that modified fine-
grained fluvial and/or eolian sediments in the overbank areas, forming paleosol horizons

(Retallack, 2001; Wright, 2007).

FACIES ASSOCIATIONS

The facies described for the Alemoa and Passo das Tropas Members of the Santa Maria
Formation can be grouped into four facies associations (F.A.): 1) Braided river, 2) Dry

mudflat, 3) Distal Sheetflood, and 4) Sheet Delta.
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Braided river F.A.

This facies association consists of laterally extensive, tabular beds with erosive bases
superposed by facies Gi, Gt, Gh, Gm, Sh, St, Sr and FI. Paleocurrent data indicates
paleoflow to the north. In proximal settings Gt and Gh are predominant, and cobble-
sized sandy and mud intraclasts along intrachannel scours are common (Fig. 6). In distal
settings, St is predominant, and it is commonly composed of quartzose sandstones with
a basal, intraclastic lag. This is the only facies association to commonly show lithic
clasts mixed with mud intraclasts. The channel-fill deposits are composed of several
facies, such as Gi, Sh, St, Sr and Fl. Locally these deposits comprise macroforms with
lateral accretion surfaces, with the Gi-Sh-St succession in sloping lenticular beds,
overlain by a centimetric Fl layer (Fig.7). The presence of cross strata indicating
paleoflow to the SW is possibly due to the complex nature of flow conditions, with

reverse-flow eddies forming in accretion zones (Leeder, 2011).

Vertically stacked Gi, Sh, St, Sr and FI facies, from base to top, are interpreted as a
decelerating flow (Mckee, 1967; Tunbridge, 1981; Fisher et al. 2007). The presence of
intrachannel mud layers suggests the ephemeral characteristic for this system (Plink-
Bjorklund, 2015). In some outcrops lenticular FI beds within channels are interpreted as
intra-channel ponds formed by accumulation of water in topographic depressions.
Fisher et al. (2008) shows that, on Douglas Creek terminal fan, these areas are favorable
locals for vegetation growth in dry climates and normally contain insect fauna

associated.

The facies, geometry and stacking in this F.A. is very similar to the "shallow, gravely,
braided river" of Miall (1985), but distally it evolves into a sandy variant of this model,

where lateral accretion (LA) macroforms occur.
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Dry mudflat F. A.

This facies association is the most abundant one in the Pinheiros-Chiniqué and Santa
Cruz sequences. It consists mainly of laterally extensive, tabular layers of massive
siltstones (Fm) with calcareous paleosol horizons (P). Locally small, discontinuous
lenses of very fine to fine sandstones (Sh, Sm, rarely St) point to the most distal reaches
of ephemeral streams. The large dominance of silt particles indicates an eolian dust
contribution to the floodplain, surely reworked by subsequent tractive processes related

to sheetflows, and by pedogenesis (Fig. 8).

The rarity of St and the absence of Sr, and the dominance of fine sediments suggest that
most of the sediments in this F.A. were deposited out of suspension from very low
velocity flows or in pools of standing water (Hupert and Hyde, 1982; Tunbridge, 1984).
The calcareous paleosols are dominantly calcretes with mixed phreatic and pedogenetic
characteristics (Da Rosa, 2005; Horn et al., 2013). This facies association is very similar
to the "rapidly aggrading mudflat”, a type of dry mudflat proposed by Smoot and
Lowenstein (1991). The only difference is the absence of abundant mud cracks. That
can be explained by the erosive effect of sheetfloods that erode and incorporate the
dehydrated mud as mud chips in areas with flow deposition. Moreover, mud cracks are

not usually formed where eolian deposition dominates due to lack of water.

Distal Sheetflood

This association is composed of decimetric to metric, tabular beds of very fine to silty
sandstones comprising facies Sm, Sh, Sr and Fm. Massive intraformational
conglomerates (Gi) also occur, but this facies is rare. The succession is commonly

characterized by fining-upward deposits of Gi\Sh, Gi\Sr, usually capped by thin,
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millimetric mud drapes, locally with dessication cracks at the top (Fig. 9). This facies

association is very common in the lower Candelaria Sequence.

The vertical succession is characteristic of decelerating flow (Fisher et al. 2007). The
presence of Gi facies suggests that, in the initial stages, the flood retained some
erosional component (Fisher et al. 2008). Suppression of sedimentary structures in Sm
is thought to be caused by high concentrations of suspended sediment (Alexander et al.

2001).

This F.A. is interpreted as the distal portion of sheetfloods de-confined from proximal
channels due to changes in gradient or suspension load, as the flow spreads on the plain
(Hubert and Hyde, 1982). Its geometry and facies are similar to a crevasse splay
deposit, but the lack of an associated feeder channel and dominance of Sm in the

vertical succession suggest that these are sheetflood and not crevasse splay deposits.

Sheet Delta

This facies association is composed of tabular sandstone beds comprising facies Gi, St,
Sh, Sr, Sw, SI, Fm and FI. Paleocurrent data indicates paleoflow to the northeast. Sr and
Sw facies are very common, and locally the undulous stratification display wave lengths
of about 1 m (Fig. 10). Vertical successions of Gi\Sh and Gi\Sl are common, and Sh
beds locally have undulated tops. Load structures may also occur, as well as vertebrate

fossils.

This facies association is interpreted as a sheetflood delta forming in an underfilled or
ephemeral lake. As the flow entered the lake, flow velocities rapidly decreased,
resulting in the fining-upward vertical successions (Fisher et al. 2007). The associated
occurrence of Sr and Sw facies is interpreted as wave reworking of the sheetflood delta

deposits during the gap between flows, generating beach deposits (Renault and Owen,
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1991). Deep lacustrine facies do not occur, and the presence of bedforms with wave
lengths of about one meter suggests that the lake was less than 2 meters deep. The
deposits in this facies association can be heavily bioturbated by Skolithos, ichnogenus
commonly attributed to high energy settings (Netto, 2007). Locally the presence of mud
cracks indicates that lake-level variation eventually exposed portions of the sheetflood
delta. The predominance of wave reworking, along with Skolithos, suggests that
periodically the deltas had no active deposition, allowing reworking by waves and
infauna (Fisher et al, 2007). Convolute beds and load structures are common in deltaic
settings due to rapid deposition of sand over mud (Olariu and Bhattacharya, 2006).The
rare St facies indicates low-stage reactivation of the channel, probably during some

more perennial flow.

Not all the facies associations are present is every sequence of the Santa Maria
Supersequence. The only F.A. that occurs in every sequence is the Braided River facies
association. The Dry mudflat facies association dominates in the Pinheiros-Chiniqua
and Santa Cruz sequences, and it is subordinated in the Candelaria sequence. The latter

is dominated by Distal Sheetflood and Sheet Delta facies associations.

CHEMICAL INDEX OF ALTERATION

The results of major-element analysis used for the calculation of the Chemical Index of
Alteration (CIA) in 9 samples are shown on table 3. The CIA molar values remained
remarkably constant for all of the sequences, varying between 1.5 and 5, but most
values fall between 2 and 3. CIA values for modern sediments in arid settings cluster
around 1, and in tropical humid settings around 4 (Goldberg and Humayun 2010). A

CIA value above 4 signals the threshold for illite formation, common for humid
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settings. The average CIA values of 2-3 for the studied samples point to an arid to semi-

arid climate.

Figure 11 shows a scatter plot comparing CIA molar values from the samples in the Santa
Maria Supersequence (this work) with Permian and Triassic units of the Parana Basin, deposited

in different climate settings. The Late Carboniferous-Permian Itararé Group was deposited
under glacial climate, an arid, abrasion-dominated environment. The Early Permian Rio
Bonito Formation is known for its coal measures and abundant plant fossils, indicative
of humid tropical or temperate climates (Holz et al., 2010). The Early Triassic Sanga do
Cabral Formation was deposited by ephemeral fluvial streams, common in arid climates
(Zerfass et al. 2003). The values for the samples from the Santa Maria Sequences cluster
around 2, consistent with typical values for arid to semi-arid regions (Goldberg and

Humayun 2010).

However, some authors have warned about the potential problem posed by
autocorrelation in the use of CIA as a proxy for humidity, particularly for loess samples
(Xiao et al. 2009; Goldberg and Humayun 2010), not reflecting the exact climate
conditions during the time of deposition. Therefore, the application of this index must
comprise a careful analysis of the succession investigated, preferably including other
indicators of the climatic conditions, e.g. sedimentological and/or paleontological

proxies (Goldberg and Humayun 2010).

DISCUSSION

The contribution of eolian dust in the Santa Maria Supersequence has been suggested in
early papers. Du Toit (1927) stated that Late Permian and Triassic deposits were related

with the crescent aridity on Gondwana. He also observed that the deposits were very
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similar to the Pampean loess deposits of Argentina and the Kalahari Desert, with
predominant reddish fine material and calcareous concretions. Huene and Stahlecker
(1931) divided the Santa Maria Formation in two members: the lower, non-fossiliferous
sandstone of fluvial origin, and the upper, fossiliferous mudstones of eolian origin. Like
Du Toit (1927), they compared the carbonate concretions with those of the Kalahari
Desert. According to those authors, the dust was sedimented in a large plain, with
alternate deposition of dry and wet dust. The interpretation that the Santa Maria
Formation comprised fluvial deposits was consolidated since the late 60°s, and it is
supported by many authors up to date (Bortoluzzi and Barberena, 1967; Gamermann,
1973; Bortoluzzi, 1974; Faccini, 2000; Zerfass et al 2003). Andeis et al. (1980) were the
last authors to rekindle the early interpretation and propose the presence of a paleoloess

deposit in the Santa Maria Supersequence.

The first two sequences (Pinheiros-Chiniqué and Santa Cruz sequences) were formed in
very similar depositional settings. In both, deposition begins with the sandstones and
conglomerates of the braided river facies association and evolves abruptly to the
accumulation of mudstones and siltstones in floodplain areas, without a transitional
system. Several authors have worked on the Santa Maria Supersequence (e.g.
Gamermann, 1973; Bortoluzzi, 1974; Faccini, 2000) and so far none have found typical
fluvial channel deposits laterally related with the mudstones. The fluvial channels are
filled with very fine sandstones, usually massive. Another puzzling aspect for the early
researchers was the abrupt grain-size change from the base to the top of the Santa Maria
Formation. No grain-size gradient exists between proximal and distal facies, but an
abrupt change from conglomeratic sandstones to siltstones is the norm. This already

flags a lack of genetic connection between the depositional environments.
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Paleocurrent analysis provided by Faccini (2000) and other authors (Gamermann, 1973)
indicates a fluvial paleoflow direction to the north, and thus the sediment source must
have been the Sul-Rio-Grandense Shield. Petrographic studies by Zerfass et al. (2000)
proposed that the sediments in the basal sandstones from each sequence derived from
the Sul-Rio-Grandense Shield. Phillip et al. (2016) have carried out a zircon provenance
analysis of the sediments in the Santa Maria Supersequence. There is a clear difference
between the results obtained in the basal sandstones and in the mudstones (Fig. 12). As
expected on the basis of Zerfass et al. (2000), zircon ages in the sandstones are
correlated with rocks from the Sul-Rio-Grandense Shield. However, the age dispersion
of the mudstones is much larger than of the sandstones, indicating a broader provenance
for the fine-grained sediments. If the basal sandstones and the mudstones were part of
the same river system (representing the feeder channel and the floodplain,
respectively), they would have the same provenience, which is not the case. Due to
grain-size fractionation, the siltstones would possibly record less age dispersion, and not

more.

The abrupt grain-size change between basal braided river and floodplain deposits may
be a result of the scarcity of outcrops southward of the main depositional area. The
abundance of sandy and gravelly rocks increases southward, as expected in more
proximal areas. There is an area approximately 50 km wide between the Shield and
Triassic outcrop belt where older rocks from the Parana Basin crop out, in a position
where the transitional systems might have developed, had they existed. Late Cretaceous
Shield uplift (Borba et al., 2002) may have been responsible for the erosion of these

transitional systems, so that only the distal portions were preserved.

According to studies by Assallay et al. (1998) and Muhs and Bettis (2003) on Plio-

Pleistocene loess deposits, 0.031mm is the dominant grain size for dust deposits, and
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the restriction of grain size is a strong evidence for eolian origin (Fig. 4). The lateral
extensive, sheet-like geometry and the thick structureless siltstone facies is
characteristic of loess deposits that resulted from suspension fallout of eolian silt (Pye,

1987; Tsoar and Pye 1987; Soreghan et al 2008).

The presence of loess is consistent with the geographic location of the Santa Maria
Supersequence during the Middle-Late Triassic. Various authors (Blake et al. 1988;
Sellwood and Valdez, 2006; Boucot et al. 2013) have proposed the existence of a large
arid climate belt on the central portion of Gondwana. The studied rocks are located on
the margin of this large desert (fig. 13), and loess deposits are common peri-desertic

systems (Pye, 1987; Tsoar and Pye 1987).

Pedogenic features such as slickensides, rhizoliths and peds are common in the siltstone
deposits, as stated by Da Rosa (2005). Besides the pedogenic alteration features,
calcretes are abundant and corroborate the variation in groundwater level (Horn et al.
2013). These alterations indicate large periods of non-deposition. As mentioned,
previous authors have related the calcretes from the Alemoa Member with desert or
peri-desertic environments. In terms of facies, Pinheiro-Chiniqua Sequence (PCS) and
Santa Cruz Sequence (SCS) are very similar to North American Middle Permian
redbeds, described as paleoloess (Sweet et al, 2013; Foster et al, 2014). Since the
outcrops are scarce and laterally discontinuous, it is difficult to distinguish dry mudflat

and loess deposits, hence they were interpreted together, in the same facies association.

PCS and SCS begin with sediment deposition by ephemeral braided rivers (Fig. 14 A).
The abundance of quartz grains and sometimes lithic fragments suggests that deposition
of each sequence begins with an advance of the proximal systems, possibly due to a

base-level change. The presence of mud layers within the channels, and large mud
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intraclasts with plant and insect remains (Adami-Rodrigues et al. 2011) provide
evidence for the ephemeral conditions of the fluvial system. This river system is
abruptly replaced by a large dry floodplain with significant contribution of eolian dust
(Fig. 14 B). Although the evidence for loess deposits is strong, the scarce presence of

ripples and mudstone-filled small channels indicate some degree of fluvial reworking .

In the Candelaria Sequence (CS) the sedimentation takes place in a more humid system.
The braided rivers and dry floodplains are replaced by sheetflood deltas formed in a
lacustrine setting (Fig. 14C). Some authors (Zerfass et al. 2003; Da Rosa, 2005)
proposed the existence of ephemeral ponds in the Santa Maria Supersequence; however,
the abundance of wave ripples and the dimension of the bedforms formed under
oscillatory flow point to the existence of a large, more perennial lake, with annual

variation in volume, like the underfilled lake model of Bohacs et al. (2000).

Some other Triassic basins have similar depositional settings, even with the occurrence
of similar fauna. The Sherwood Sandstone Group and the Mercia Mudstone Group in
the British Isles are characterized by sequences of stream floods and braided streams
that grade to structureless siltstones and red sandstones, with calcretes and paleosols
forming deposits interpreted as sandflats and dry mudflats (Benton et al. 2002). The
Wolfville Formation of the Fundy Basin in Nova Scotia, Canada, is characterized by
stream flood and floodplain deposits with calcareous paleosols (Leleu et al. 2010), and
the superimposed Blomidon Formation is composed of large dry mudflats with rare
evaporites (Mertz and Hubert, 1990). The occurrence of these deposits, formed in
similar depositional systems in many Triassic locations on both hemispheres attest to

the arid climate conditions in the Middle to Late Triassic.

PALEOCLIMATIC CONSIDERATIONS
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The CIA values showed little variation in the studied sequences. The dominant values
between 2 and 3 indicate arid to semi-arid conditions that persisted throughout the
studied interval, with slightly higher CI1A values towards the top of Candelaria
Sequence, but still within the range of arid conditions. These values corroborate the
interpretation of previous work (Holz and Barberena, 1994; Da Rosa, 2005; Horn et al.

2013; Holz, 2015) based on sedimentological and paleontological proxies.

Nevertheless, several indicators point to an increase in humidity from the Middle to the
Late Triassic, including: 1) change in depositional systems, 2) climate-sensitive
sediments, 3) faunal change (Fig. 15). The change in depositional systems from braided
rivers and dry mudflats in the Pinheiros-Chiniqué/Santa Cruz Sequences to sheet deltas
in the Candeléria Sequence is a response to more humid conditions. The sedimentary
yield of clastic also increases, interrupting the deposition of reworked loess. Even
though the Triassic had a strongly seasonal climate (Preto et al. 2010), the interval
between two rainy seasons may vary. In the Candelaria Sequence, another change from
the lacustrine/floodplain to a seasonal, ephemeral river system suggests that the more

humid conditions did not prevail.

The occurrence of loess deposits and calcrete is restricted to the Pinheiros-
Chiniqué/Santa Cruz Sequences, thus attesting the semi-arid to arid depositional
context. These climate-sensitive sediments do not occur in the basal Candeléaria
Sequence. At the top, sandstone-dominated Candeléria Sequence, calcrete horizons

reappear, hence suggesting a return to semi-arid/arid conditions.

The faunal content also responded to the climatic change. In the Pinheiros-Chiniqua
Sequence and Santa Cruz Sequence, there are very few taxa with semi-aquatic/aquatic

habits. At the base of the Candelaria Sequence, fishes were described (Figueiredo et al.
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2013), and then these aquatic taxa disappear at the top, where only terrestrial taxa are

found (Fig. 15).

Recent dating on the Ischigualasto Formation in Argentina, biostratigraphically
correlative to the base of the Candelaria Formation (Hyperodapedon AZ), assigned an
age of 228 Ma (Martinez et al. 2013), placing it on the Carnian stage. In the same time
interval, some northern Pangaea basins record similar trends of humidification. In the
Mercia Mudstone Group of the British Isles Triassic system, playa lake deposits were
replaced by braided river deposits, represented by the Arden Sandstonesa and correlated
to the rhynchosaur-bearing Lossiemouth Formation (Benton et al. 2002). In the Chinle
Group of southwestern USA the sudden influx of sandstones and conglomerates of the
Shinarump Formation overlied a formerly-widespread soil-covered surface (Lucas et al.
1997). These continental deposits are correlative to some coastal deposits, such as the
Schilfsandstein in Germany, where fluvial sandstones were deposited between clays and
evaporites, and coal seams formed within a deltaic succession in the Calcareous Alps
(Preto el al 2010). Therefore, the “wet peak” recorded in the Santa Maria
Supersequence is another evidence of a widespread Carnian wet interval. This episode
was attributed to an increase in rainfall of super-basinal significance and called the
“Carnian Pluvial Event” by Simms and Ruffell (1989). Recently some authors (Kozur
and Bachmann 2010; Ogg et al 2015) proposed an interrelationship of these wet interval
with the Wragellian Large Igneous Province (LIP), which may have caused increased
rainfall due to a global warming. Preto et al. (2010), however, argued that this wetter
period can be consequence of a peak in monsoonal atmospheric circulation, widely

present in the Middle to Late Triassic.

CONCLUSIONS
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-The Santa Maria Supersequence has a very complex sedimentary record, in which the
first two Sequences (Pinheiros-Chiniqué and Santa Cruz) are composed of ephemeral

braided river deposits overlain by dry mudflat deposits with eolian contribution.

-The base of the Candel&ria Sequence records a rather humid episode, represented by a
change in the depositional systems (from eolian/fluvial to fluvial-deltaic), the
disappearance of loess deposits and calcrete, and a faunal change (from terrestrial-
dominated to aquatic/semi-aquatic-dominated taxa). This can be correlated with the
"Carnian Pluvial Event", recorded in other Triassic basins by a change from floodplain

to ephemeral deltaic and lacustrine deposits.

-The widespread presence of massive siltstones in the Santa Maria Supersequence
shows that eolian contribution was present as loess. Despite the difficulty to
characterize a paleoloess deposit due to flow reworking, the characteristic grain-size
distribution, the absence of feeder channel associated with the siltstones and the distinct
provenance between the siltstones and fluvial sandstones corroborate the interpretation

of these deposits as loess.

-The CIA results show that Santa Maria Supersequence was deposited under arid to
semi-arid conditions. Although the CIA is a useful proxy to identify trends of humidity-
related climatic variations on large time intervals, its resolution is too low to detect

variations in the time scale of the Santa Maria Supersequence.
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Figure Captions

Figure 1: A: Localization of the Parana Basin and the Santa Maria Supersequence in Rio Grande
do Sul State, southern Brazil, with the location of Candelaria (C) and Mata Municipalities (M).;
B: Studied outcrop localization and Municipalities. SP: Sdo Pedro do Sul; SM: Santa Maria; C:
Candelaria; SC: Santa Cruz do Sul; VA: Venancio Aires.

Figure 2: Facies identified in the Alemoa Member, Santa Maria Formation. A: Massive,
intraformational conglomerate (Gi); B: Massive sandstone (Sm), with millimetric mud drapes;
C: Sandstone lens with trough-cross stratification (St); D: Sandstone lens with low-angle cross
stratification (SI) E: Sandstone with subcritical to supercritical ripples (Sr); F: Sandstone with
planar lamination (Sh) at the base and wave-ripple lamination (Sw) at the top; G: Laminated
mudstone (FI); H: Massive mudstone (Fm).

Figure 3: Facies identified in Passo das Tropas Member, Santa Maria Formation. A: Massive,
intraformational conglomerate with pebble-sized mud intraclasts and granule-sized extrabasinal
grains (Gi); B: Clast-supported, pebbly conglomerate with cross-stratification at base (Gt) and
horizontal lamination (Gh) at the top; C: Clast-supported, pebbly conglomerate with horizontal
stratification at base (Gh), grading to planar-laminated sandstone (Sh) with disperse granules at
the top ; D: Sandstone with trough cross stratification (St); E: Horizontally-laminated sandstone
(Sh), with stratification marked by grain size; F: Sandstone with subcritical to supercritical
ripples (Sr). G: Laminated mudstone (FI).
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Figure 4: Grain-size analysis of siltstone samples in the Pinheiros-Chiniqua and Candeléria
Sequences, showing mode in 0.031 mm and positive skewness (" fine tail").

Figure 5: Paleosol facies identified in Santa Maria Formation. A: Massive mudstones and very
fine sandstones with vertical cracks and slickensides (arrows); B: Massive mudstone with a
calcrete crust.

Figure 6: Braided river facies association on a proximal setting. A: Overview of the outcrop
showing the channel architecture; B: Measured section of outcrop in A with paleocurrent
directions ; C: Decimetric-scale mud intraclasts along channel base.

Figure 7: Braided river facies association on a distal setting. A: Photomosaic of outcrop
composed of sandbars; B: Interpreted outcrop panel showing a lateral accretion bar; C: Rose
diagrams showing paleocurrent data from accretion surfaces (A.S.) and trough cross
stratification (C. S.). The high-angle relation between A.S. and C.S. indicates lateral accretion
deposits.

Figure 8: Dry mudflat facies association; A: Overview of the outcrop; B: Measured section of
outcrop in A; C: Fine sandstone lens (St) interbedded with siltstones (Fm); D: Calcite crust and
nodules (calcrete) in siltstones.

Figure 9: Distal sheetflood facies association. A: Overview of the outcrop composed of
intercalations of Gi and Sh; B: Measured section of outcrop in A; C: Detail of centimetric scale
very fine sandstone; D: Decimetric couplets of Gi and Sh .

Figure 10: Sheet delta facies association; A: Overview of an outcrop dominated by Sw; B:
Measured section of outcrop in A, showing a deltaic succession with Skolithos bioturbation and
paleocurrents; C: Detail of wave-ripple lamination forming dunes with wave length of 1 m.

Figure 11: Scatter plots comparing CIA molar values from the Triassic Santa Maria
Supersequence (this work) with Permian and Triassic units of the Parana Basin deposited in
different climate settings (Itararé Gr. = glacial; Rio Bonito Fm. = humid temperate; Sanga do
Cabral Fm. = desertic-semi-arid; extracted from Goldberg and Humayun 2010). A: Al,O3; X CIA
molar; B: K,O/Na,O X CIA molar.

Figure 12: Relative age probability diagram from detrital zircons in braided river sandstone (A)
and floodplain siltstone (B). From Phillip et al. (2016).

Figure 13: Paleomap of the Late Triassic showing the location of Santa Maria Supersequence
(star) and the climatic zones ( modified from Boucot et al. 2013).

Figure 14: Schematic model of the distinct facies associations forming the sequences in the
Santa Maria Supersequence; A: Ephemeral braided rivers that occurred at the base of all the
sequences; B: Dry mudflat and distal sheetflood facies associations in the Pinheiros-Chiniqua
and Santa Cruz sequences; C: Distal sheetflood and sheetflood delta facies associations in the
Candelaria Sequence.

Figure 15: Summary chart showing ages (sensu Martinelli, 2016), CIA results and calcrete
abundance in the Santa Maria Supersequence. Fauna is presented as genera number, subdivided
in terrestrial (blue/black), semi-aquatic (red/gray) and aquatic (green/white) fauna. Star:
Wragellian LIP age (233-228Ma) (Greene et al. 2010).

Table 1: Description and interpretation of the lithofacies in the Alemoa Mb., Santa Maria
Formation.

Table 2: Description and interpretation of the lithofacies table in the Passo das Tropas Mb.,
Santa Maria Formation.



877
878
879
880

881

882

883

884
885
886
887

888

889

Table 3: Major-element analysis (in weight percent), CIA (oxides) and CIA (molar) for

32

mudrocks from the Santa Maria Supersequence. CIA data on the Itararé Group, Rio Bonito and
Sanga do Cabral Formations from the Parané Basin for comparison are extracted from Goldberg

and Humayun (2010).

Botucatu Formation
Guara Formation
Santa Maria
Supersequence
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Supersequence

- Piramboia Formation
- Itararé, Guata
and Passa Dois Group
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Figura 1-: A: Localization of the Parana Basin and the Santa Maria Supersequence in Rio Grande do Sul

State, southern Brazil, with the location of Candeléaria (C) and Mata Municipalities (M).; B: Studied
outcrop localization and Municipalities. SP: Sdo Pedro do Sul; SM: Santa Maria; C: Candeléaria; SC:

Santa Cruz do Sul; VA: Venancio Aires.
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Figura 2- Facies identified in the Alemoa Member, Santa Maria Formation. A: Massive, intraformational
conglomerate (Gi); B: Massive sandstone (Sm), with millimetric mud drapes; C: Sandstone lens with
trough-cross stratification (St); D: Sandstone lens with low-angle cross stratification (SI) E: Sandstone
with subcritical to supercritical ripples (Sr); F: Sandstone with planar lamination (Sh) at the base and
wave-ripple lamination (Sw) at the top; G: Laminated mudstone (FI); H: Massive mudstone (Fm).
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Figura 3- Facies identified in Passo das Tropas Member, Santa Maria Formation. A: Massive,
intraformational conglomerate with pebble-sized mud intraclasts and granule-sized extrabasinal grains
(Gi); B: Clast-supported, pebbly conglomerate with cross-stratification at base (Gt) and horizontal
lamination (Gh) at the top; C: Clast-supported, pebbly conglomerate with horizontal stratification at base
(Gh), grading to planar-laminated sandstone (Sh) with disperse granules at the top ; D: Sandstone with



902
903

904

905

906
907

908

909

35

trough cross stratification (St); E: Horizontally-laminated sandstone (Sh), with stratification marked by
grain size; F: Sandstone with subcritical to supercritical ripples (Sr). G: Laminated mudstone (FI).
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Figura 4- Grain-size analysis of siltstone samples in the Pinheiros-Chiniqué and Candelaria Sequences,
showing mode in 0.031 mm and positive skewness (*' fine tail™).
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Figura 5- Paleosol facies identified in Santa Maria Formation. A: Massive mudstones and very fine
sandstones with vertical cracks and slickensides (arrows); B: Massive mudstone with a calcrete crust.

Figura 6- Braided river facies association on a proximal setting. A: Overview of the outcrop showing the
channel architecture; B: Measured section of outcrop in A with paleocurrent directions ; C: Decimetric-
scale mud intraclasts along channel base.
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Figura 7- Braided river facies association on a distal setting. A: Photomosaic of outcrop composed of
sandbars; B: Interpreted outcrop panel showing a lateral accretion bar; C: Rose diagrams showing
paleocurrent data from accretion surfaces (A.S.) and trough cross stratification (C. S.). The high-angle
relation between A.S. and C.S. indicates lateral accretion deposits.
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Figura 8- Dry mudflat facies association; A: Overview of the outcrop; B: Measured section of outcrop in
A; C: Fine sandstone lens (St) interbedded with siltstones (Fm); D: Calcite crust and nodules (calcrete) in
siltstones.
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Figura 9- Distal sheetflood facies association. A: Overview of the outcrop composed of intercalations of
Gi and Sh; B: Measured section of outcrop in A; C: Detail of centimetric scale very fine sandstone; D:
Decimetric couplets of Gi and Sh .
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Figura 10- Sheet delta facies association; A: Overview of an outcrop dominated by Sw; B: Measured
section of outcrop in A, showing a deltaic succession with Skolithos bioturbation and paleocurrents; C:
Detail of wave-ripple lamination forming dunes with wave length of 1 m.
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Figura 11- Scatter plots comparing CIA molar values from the Triassic Santa Maria Supersequence (this
work) with Permian and Triassic units of the Parana Basin deposited in different climate settings (ltararé
Gr. = glacial; Rio Bonito Fm. = humid temperate; Sanga do Cabral Fm. = desertic-semi-arid; extracted
from Goldberg and Humayun 2010). A: Al,O3 X CIA molar; B: K,0/Na,O X CIA molar.
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Figura 12- Relative age probability diagram from detrital zircons in braided river sandstone (A) and
floodplain siltstone (B). From Phillip et al. (2016).
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Figura 14- Schematic model of the distinct facies associations forming the sequences in the Santa Maria
Supersequence; A: Ephemeral braided rivers that occurred at the base of all the sequences; B: Dry
mudflat and distal sheetflood facies associations in the Pinheiros-Chiniqua and Santa Cruz sequences; C:
Distal sheetflood and sheetflood delta facies associations in the Candelaria Sequence.
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Figura 15-: Summary chart showing ages (sensu Martinelli, 2016), CIA results and calcrete abundance in

the Santa Maria Supersequence. Fauna is presented as genera number, subdivided in terrestrial

(blue/black), semi-aquatic (red/gray) and aquatic (green/white) fauna. Star: Wragellian LIP age (233-

228Ma) (Greene et al. 2010).
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Tabela 1- Description and interpretation of the lithofacies in the Alemoa Mb., Santa Maria Formation.

Facies Description

Interpretation

Gi

Sm

Sh

St

Sl

Sw

Sr

Fl

Fm

Clast-supported, intraformational
conglomerates, with angular to
rounded mud and carbonate
intraclasts (0.5 to 2 cm) and fine-

sand matrix; it may contain vertebrate

and plant remains.

Fine to very fine sandstones, well-
sorted, massive; locally bioturbated.

Fine to very fine sandstones, well-
sorted, with horizontal lamination;
locally with conchostracan shells and
bioturbation.

Fine sandstones, well- to moderately-

sorted, with trough cross
stratification.

Fine to very fine sandstones, well-
sorted, with low-angle cross
stratification.

Fine to very fine sandstones, with
wave-ripple lamination.

Fine to very fine sandstones, with
current or climbing ripples.

Mudstones to siltstones, with
horizontal lamination.

Massive mudstones to siltstones;
locally with vertebrate remains.

Massive siltstones with root marks,
slickensides and locally vertical
cracking, abundant calcite
concretions, crusts and root casts
(calcretes)

Curled-up and broken mud cracks
incorporated to tractive deposits
(Glennie, 1970), or slumped banks
incorporated to flow (Coleman, 1969)

Deposition of sediment gravity flows, de-
stratification due to fluidization by
dewatering (Miall, 1996) and/or
bioturbation.

Deposition in transitional condition of
subcritical to supercritical flows, in
upper flow regime conditions (Miall,
1996; McKee, et al 1967; Tunbridge,
1981).

Unidirectional flow with development of
3D sand dunes under lower flow regime
(Miall, 1977; Harms et al., 1982;
Collinson and Thompson, 1989;
Collinson

et al., 2006)

Washed-out and/or humpack dunes
(transition between subcritical and
supercritical flows) (Harms et al., 1982;
Bridge and Best, 1988).

Subaqueous ripple migration under
ondulatory flow regime (Allen, 1963;
Miall, 1977; 1996)

Subaqueous current ripple migration
under unidirectional, lower flow regime
(Allen, 1963; Miall, 1977; 1996)

Suspension settling dominantly from
standing water (Rogers and Astin,
1991: Méngano et al., 1994)

Suspension settling on overbank areas;
aeolian dust deposition; later modified
by pedogenetic processes; post-
depositional reddening under oxidizing
conditions (Miall, 1977; 1990; Foix et
al, 2013).

Paleosol horizons formed by
pedogenetic processes on fluvial and/or
eolian sediments in the overbank areas
(Retallack, 2001; Wright, 2007)
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Tabela 2- Description and interpretation of the lithofacies table in the Passo das Tropas Mb., Santa Maria
Formation.

Facies Description

Interpretation

Gi

Gt

Gh

Sh

St

S1

Sr

Fl

Fm

Clast-supported, intraformational
conglomerates, with granule- to
cobble-sized mud intraclasts (5-20
cm) and granule- to pebble-sized
lithic clasts (0.5 to 5 cm) and fine

sand matrix; it may contain and plant

remains.

Clast-supported conglomerates, with

sub-rounded granules and pebbles,

medium sand matrix and trough cross

stratification; locally mud intraclasts
along stratification or along base.

Clast-supported conglomerates, with

sub-rounded granules and pebbles,
medium sand matrix and horizontal
stratification; locally with normal

grading or basal lags with pebble- to

cobble-sized mud intraclasts.

Fine to coarse sandstones,
moderately-sorted, with horizontal
lamination.

Fine to conglomeratic sandstones,
moderately to poorly-sorted, with
trough cross stratification; locally
intraclastic basal lag and intraclasts
along stratification.

Fine to medium sandstones,
moderately-sorted, with low-angle
cross stratification; locally with
dispersed intraclasts

Fine to medium sandstones, with
current or climbing ripples.

Mudstones to siltstones, with
horizontal lamination; locally with
plant remains.

Massive mudstones to siltstones;
locally with plant remains.

Curled-up and broken mud cracks
incorporated to tractive deposits (Glennie,
1970) or slumped banks incorporated to
flow (Coleman, 1969)

Unidirectional flow with development of 3D
gravel dunes under lower flow regime (Miall,
1977; Harms et al., 1982; Collinson and
Thompson, 1989; Collinson et al., 2006)

Channel lag transport and deposition under
rapid flow, in conditions where the sheet of
gravel lengthens downstream faster than it
aggrades (Hein and Walker, 1977; Miall,
1996).

Deposition in transitional condition of
subcritical to supercritical flows, in upper
flow regime conditions (Miall, 1996;
McKee, et al 1967; Tunbridge, 1981).

Unidirectional flow with development of 3D
sand dunes under lower flow regime (Miall,
1977; Harms et al., 1982; Collinson and
Thompson, 1989; Collinson et al., 2006)

Washed-out and/or humpack dunes
(transition between subcritical and
supercritical flows) (Harms et al., 1982;
Bridge and Best, 1988).

Subaqueous current ripple migration under
unidirectional, lower flow regime (Allen,
1963; Miall, 1977; 1996)

Suspension settling dominantly from
standing water (Rogers and Astin, 1991:
Mangano et al., 1994)

Suspension settling on overbank areas or
inside channel standing water; later modified
by pedogenetic processes; post-depositional
reddening under oxidizng conditions (Miall,
1977, 1990; Foix et al, 2013).
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Tabela 3- Major-element analysis (in weight percent), CIA (oxides) and CIA (molar) for mudrocks from
the Santa Maria Supersequence. CIA data on the Itararé Group, Rio Bonito and Sanga do Cabral

Formations from the Parana Basin for comparison are extracted from Goldberg and Humayun (2010).

Sample AO3 CaO Na20 K20 CIA ClAmolar Sequences
Sample 01 53 1,0 00 0,7 761 21 Pinheiros
Sample 02 47 1,2 00 07 709 1,6 Pinheiros
Sample 03 9,1 1,1 00 1,1 807 2,9 Pinheiros
Sample 04 9,5 1,6 00 17 749 21 Lower Cand
Sample 05 7,7 0,9 00 13 773 2,4 Lower Cand
Sample 06 9,3 1,4 00 16 757 2,2 Lower Cand
Sample 07 7,8 1,3 00 00 858 3,3 Lower Cand
Sample 08 9,0 04 00 09 873 53 Top Cadelari
Sample 09 8,3 1,6 00 1,1 749 2,0 Top Cadelari
ltararé Gr 172 04 36 46 666 1,5

Rio Bonito Fm 245 00 02 19 918 9,8

Sanga do Cabral Fm 17,4 0,2 11 39 769 2,7
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ABSTRACT — A group of isolated occurrences of sedimentary rocks located over the Sul-Rio-Grandense Shield, first
described as a temporally intermediate unit between the upper deposits of Camaqua Basin and the lower deposits of Parana
Basin was named Caneleiras Formation, with an inferred Devonian age. Later, the discovery of vertebrate fossils (mainly
rhynchosaurs) allowed the stratigraphical assignment of these rocks to the Triassic, correlated to the Santa Maria Formation.
However, none of the fossils were complete enough to allow a precise taxonomic assignment, hampering more detailed
biostratigraphic correlations. This work reports a new rhynchosaur specimen from an outcrop located at Campinas River, near
Santana da Boa Vista, Rio Grande do Sul, Brazil. The presence of one maxillary groove allows assigning the material to the
genus Hyperodapedon, index fossil of the Hyperodapedon AZ, which corresponds to the base of the Candelaria Sequence,
Santa Maria Supersequence. This occurrence shows that, at least on Upper Triassic, the depositional area of the Santa Maria
Sequence extended southward of the actual outcrop belt, covering portions of the Shield.

Key words: Triassic, Sul-Rio-Grandense Shield, Hyperodapedon, Candelaria Sequence.

RESUMO — Um conjunto de ocorréncias isoladas de rochas sedimentares, situadas em meio ao Escudo Sul-Rio-Grandense,
foi primeiramente descrito como sendo uma unidade temporalmente intermediaria entre os depositos de topo da Bacia do
Camaqua (Siluriano) e o pacote basal da Bacia do Parana (Carbonifero), a qual foi denominada Formacao Caneleiras, com
idade Devoniana. Posteriormente, a descoberta de fosseis de vertebrados possibilitou o posicionamento estratigrafico de
uma parte daqueles sedimentos no Neotriassico, correspondendo a Formagdo Santa Maria. Entretanto, nenhum dos fosseis
encontrados no local permitia uma defini¢ao taxondmica ou bioestratigrafica mais precisa. Neste trabalho, foi estudado um
esqueleto parcial de rincossauro, proveniente do mesmo afloramento onde foram encontrados os fosseis anteriores, situado
no Arroio Campinas, em Santana da Boa Vista, coletado em 1974 e nao estudado desde entdo. A presenga de um tinico sulco
entre as fileiras dentarias do maxilar permitiu atribuir o material Hyperodapedon, justamente o fossil-indice da Biozona de
Hyperodapedon, que ocorre na base da Sequencia Candelaria da Supersequencia Santa Maria, no pacote triassico que aflora ao
norte do Escudo. Esta ocorréncia evidencia que, pelo menos no inicio do Neotridssico, a area deposicional da Supersequencia
Santa Maria estendia-se mais ao sul da atual faixa de afloramentos, cobrindo uma boa parte do Escudo.

Palavras-chave: Triassico, Escudo Sul-Rio-Grandense, Hyperodapedon, Sequéncia Candelaria.
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INTRODUCTION

Discontinuous sedimentary deposits that crop out over
the Sul- Rio-Grandense Shield (SRS), near Encruzilhada do
Sul, Santana da Boa Vista, and Cangug¢u municipalities, were
first considered as a distinct lithostratigraphic unit (Caneleiras
Formation, Tessari & Picada, 1966). This unit was initially
considered of Devonian age, but vertebrate fossils discoveries
implied a Triassic age (Menegat & Scherer, 1993) for at least
part of the occurrences, suggesting the correlation of the entire
package to stratigraphic units of the Parana Basin occurring
right north of the Shield.

Following that interpretation, Ketzer (1997) recognized
layers of the “Caneleiras Formation” corresponding to parts
of the Gondwanic second order Sequences I, II and III of
Milani (1997). In a lithostratigraphic context, it included
portions of the Itararé, Rio Bonito, Palermo and Sanga do
Cabral formations (Gondwana I Sequence; Permian-Early
Triassic), Santa Maria Formation (Gondwana II Sequence;
Middle-Late Triassic), and the volcanic Serra Geral Formation
(Gondwana III Sequence; Late Jurassic-Early Cretaceous)
(Figure 1). Such correlation indicated that almost part the
gondwanic sedimentation of the Parana Basin covered the area
now uplifted where outcrops the Sul-Rio-Grandense Shield.

Later, Zerfass et al. (2003; 2004) divided the Triassic
Gondwana II sequence of Milani (1997) into three third
order sequences (Santa Maria I, II and III), the first two
including four tetrapod-based Assemblage Zones. Recently
Horn et al. (2014) recognized a fourth third order sequence
between Santa Maria I and II sequences, named Santa Cruz
Sequence, which included the Santacruzodon Assemblage
Zone (AZ). In the same paper, Sequences I and II were
respectively renamed Pinheiros-Chiniqua (including the
Dinodontosaurus AZ) and Candelaria (encompassing the

NW

Camaqua river

l

LEGEND
. Sequence Il (Botucatu and Serra Geral Fms.)

. Sequence Il (Santa Maria Supersequence)

Hyperodapedon and Riograndia AZs) sequences. However,
in none of these previous papers the fossiliferous Triassic
outcrops over the shield were analyzed under this allo/
biostratigraphic framework.

In this paper, we report new fossil materials from one of
the Triassic outcrops that occur over the Shield, near Santana
da Boa Vista, identified as a Hyperodapedontinae rhynchosaur
(cf. Hyperodapedon) and a traversodontid cynodont. This
allows the biostratigraphic correlation of this occurrence to the
Hyperodapedon AZ, at the lower part of the allostratigraphic
Candelaria Sequence of Horn ef al. (2014).

GEOLOGICAL SETTING

Volcano-sedimentary gondwanic relicts above the SRS
crop out in various areas, but the more extensive exposures
and thicker deposits occur in the vicinity of Santana da Boa
Vista, Encruzilhada do Sul, and Amaral Ferrador cities. These
were preserved inside grabens generated by reactivation
of some regional faults of mainly NE-SW direction.
The studied outcrop (UTM 309375m E, 6582617m S)
is located in the Moirdo River graben, at the west margin of
Campinas River (Figure 2).

The exposed rocks include a succession of coarse —
sometimes conglomeratic — sandstones with trough cross
bedded stratification that grade to siltstones with vertebrate
fossils and very fine massive sandstones (Figure 3). The
sandstones were interpreted as deposited by fluvial channels
and the mudstones as floodplain deposits, characterizing a high
sinuosity fluvial system. It does not correspond perfectly to the
sedimentary facies of the Candelaria Sequence as described
by Zerfass et al. (2003). According to those authors, rocks of
the Sequence II (Candelaria Sequence) correspond to medium
to fine-grained, cross-bedded sandstones and mudstones

SE

Moirao river

i

200
100

Om

I:] Sequence Il (Sanga do Cabral Supersequence)
. Pre-Gondwanic rocks (Sul-Rio-Grandense Shield)

Figure 1. Parana Basin sequences on Sul-Rio-Grandense Shield, according to Ketzer (1997). Sequences according to Milani (1997) and Zerfass

et al. (2003) (modified from Ketzer, 1997).
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Figure 2. Localization of the studied outcrop (circle) in Rio Grande do Sul State. Modified from Ketzer (1997).

. massive siltstone

ﬂ fine sandstone with trough
cross stratification

fine to very fine massive
sandstone

P intraformational conglomerate
with mudstone and carbonate
clasts

Figure 3. Sedimentary log of the studied outcrop. Rhynchosaur skull
indicates the location of the fossil on the outcrop.

lenses at the base, gradating to thick mudstone deposits on the
middle part, deposited in a fluvial system with high-sinuosity
rivers and floodplains. At the top, the sequence comprises
a coarsening-upward succession, including rhythmites
with intercalated lenses of fine-grained, cross-bedded, and
climbing-rippled sandstones, which represent a lacustrine-

deltaic depositional system. The coarser sedimentation found
over the shield suggest a depositional context more proximal
than typical for the basin.

FOSSIL MATERIAL

At the studied site, some non-diagnostic rhynchosaur
specimens have been previously collected, including femora
and ungueal phalanges (Faccini et al., 1990). The new material
reported here, UFRGS-PV1248-T, includes six vertebrae (one
sacral and five dorsals), interclavicle, some rib fragments,
right femur and humerus, a fragment of the right pterygoid,
and left pterygoid articulated with the palatine and maxillar
(Figure 4).

The maxilla has the typical Hyperodapedontinae pattern,
with multiple tooth rows divided longitudinally by one or
two grooves (Benton, 1983; Langer & Schultz, 2000). In the
studied material, the presence of a single groove allows its
referral to cf. Hyperodapedon (Figure 5).

The maxilla is 154 mm long, which corresponds to a skull
about 280 mm long. The cranium length estimative is based
on comparison with other specimens (Table 1) deposited at
UFRGS (Vertebrate Palacontology collection at Instituto de
Geociéncias, Universidade Federal do Rio Grande do Sul,
Porto Alegre, Brazil). The other UFRGS specimens range
between 150-240 mm in length, so this is the largest specimen
of this taxon in the whole collection. Associated to the
rhynchosaur bones, there is also a fragmentary traversodontid
left maxillar without teeth, UFRGS-PV1264-T, probably
related to Exaeretodon (Cabrera, 1943) taking into account
the characteristic “L-shape” of the empty alveoli. Exaeretodon
is also a common taxon present in the Hyperodapedon AZ
(Figure 6). Aside from the Brazilian Triassic, the association
Hyperodapedon/Exaeretodon also occurs in Late Triassic
rocks of Argentina (Ischigualasto Formation) and India
(Maleri Formation).
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Figure 4. Studied material fossils (UFRGS-PV 1248-T). Top, photographs of the cranial and postcranial material. Below, Rhynchosaur schematic
drawing in lateral and dorsal views showing the studied material articulated. Scale bar: Top = 5 cm. Below = out of scale.

DISCUSSION

The rhynchosaur Hyperodapedon and the cynodont
Exaeretodon characterize the Hyperodapedon AZ
(Carnian), as defined for the basal layers of the Candelaria
Sequence of the Parana Basin. Indeed, the reported
occurrence indicates that the Candelaria Sequence covered
— even if partially — the Sul-Rio-Grandense Shield in the
early Late Triassic. Zerfass et al. (2003) states that the
Triassic rocks of Santa Maria Sequence, which occurs only
in Rio Grande do Sul State, were deposited in a tectonic
context distinct of Parana basin, as transtensional rifts over
the older rocks (including the SRS) that were active during

the Triassic. On the other hand, Ketzer (1997) stated that
the isolated occurrences of sedimentary rocks over the
shield were preserved by tectonic events, posterior to their
deposition in faults or shear zones.

Borba et al. (2002) identified significant uplift and seismic
activity from Late Permian to Middle Triassic. These could
have caused the graben formation and its filling with Triassic
deposits. It is worth noting that sediments deposited in these
grabens, at least those correlated to the Candelaria Sequence,
are far coarser than those deposited in the Parand Basin
(Figure 7). This reflects the proximity with the source area
for Santa Maria Supersequence, which is suggested to be the
Sul-Rio-Grandense Shield itself (Zerfass, 1998).
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Figure 5. Cranial material (UFRGS-PV 1248-T). A, from top to bottom: right pterygoid in ventral view; left pterygoid articulated with palatine in
ventral view; right maxilla in lateral view; B, maxilla in ventral view showing one groove; C, schematic drawing of a rhynchosaur skull in ventral
view, showing the presumed position of the studied materials. Scale bars: A,B =5 cm; C = out of scale.

Table 1. Maxillary and cranial lengths (mm) of some rhynchosaur
specimens in the UFRGS collection used to estimate the cranial

length of UFRGS-PV 1248-T.

Maxilla Cranium
PV0313T 132 240
PV0408T 120 235
PV0199T 101 150
PV1248T 154 280

Figure 6. UFRGS-PV 1264-T, right dentary in occusal view. The shape
of the empty alveoli clearly identifies it as a traversodontid, most likely
Exaeretodon sp. Scale bar = 1 cm.
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Figure 7. Correlation between the Triassic rock of the Candelaria
Sequence over the Sul-Rio-Grandense Shield (S, South) and inside
the actual limits of Parana Basin (N, North). Abbreviations: Ani,
Anisian; Lad, Ladinian; Car, Carnian; Nor, Norian; Rha, Rhaetian.
Ages from Gradstein et al. (2012).

CONCLUSIONS

New rynchosaur specimens found near Santana da Boa
Vista allowed the identification of the genus Hyperodapedon
and, in consequence, the correlation of the bearing rocks to
the Hyperodapedon AZ and the extension of the Triassic
deposition of the Santa Maria Supersequence over the Sul-
Rio-Grandense Shield, in the Late Triassic. However, the
structural and depositional context of the Triassic rocks of
Southern Brazil, that occurs only in Rio Grande do Sul State,
are still unsatisfactorily known. The age of the grabens are
uncertain, as are their possible influence on the deposition of
these rocks. Indeed, more tectono-sedimentary studies are
necessary to explain this depositional history of the Gondwana
II Sequence and its relationship with the SRS.
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PARTE III:

Anexos, compreendendo: artigos nos quais o pds-graduando é co-autor, resumos e
artigos publicados em eventos, relacionados ao tema central da tese.
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Carbonate concretions are common features in arid and semi-arid climates. They can be formed under pedogenic
conditions, developing complex profiles with or without biogenic contribution or in groundwater conditions,
forming thick massive beds of carbonate. Together with other data, calcretes can be used as tools for paleoclimatic
and paleoenvironmental interpretation. In Southern Brazil, the Triassic Santa Maria Supersequence (Sequences I
and 1II) includes four types of calcretes with distinct modes of formation: a) precipitation of carbonate in the
oscillation zone of the phreatic level, with posterior overlap of vadose and phreatic diagenetic processes; b) pre-

gf:::[fss' cipitation of pedogenic carbonate, forming crusts in the paleosol; c) precipitation of carbonate forming concentric
Paleosol concretions in the stable phreatic level; and d) preservation of root casts due to processes of precipitation in the
Paleoclimate oscillation zone of the phreatic level. The presence of silica minerals and barite in the concretions is attributed to
Triassic seasonal changes in water table level. Due to the high evaporation rate in semi-arid climates, the most compatible

process of formation of these calcretes is the per ascensum model. Integration of calcrete data with the sedimen-
tological and paleontological framework allowed a refinement of paleoclimatic data, suggesting that, despite the

scarcity of plant fossils, the Middle Triassic in Southern Brazil was vegetated with plants.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Calcrete is a carbonate-cemented duricrust developed in low-
humidity conditions, common in semi-arid and arid climates. It
occurs in a wide range of forms and in distinct sedimentary environ-
ments, as alluvial fans and floodplains, and is the result of the intro-
duction of calcite and dolomite in soils and sediments (Alonso-Zarza
and Wright, 2010).

Calcretes that commonly form within soil profiles, in superficial
settings above the groundwater, are pedogenic calcretes and com-
monly show well developed profiles. However, groundwater may in-
duce carbonate precipitation on the capillary fringe in less superficial
settings under the influence of plants (Semeniuk and Meagher, 1981),
or seasonal groundwater oscillation. These are termed phreatic or
groundwater calcretes and indicate the presence of a relatively
shallow water table (Alonso-Zarza, 2003). In these calcretes, biogenic
features are unusual, but plants can generate rhizoliths. Klappa
(1980) classified the rhizoliths as root molds, root tubules, root
casts, rhizocretions and root petrifications, explaining their character-
istics and genesis.

In some cases, it may be difficult to distinguish calcretes that
formed in groundwater conditions from those formed in pedogenic
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environments, due to superposition of process (Mack et al., 2000;
Alonso-Zarza, 2003).

Calcretes, along with other geochemical information, are impor-
tant paleoenvironmental and paleoclimatic indicators, and can aid
the interpretation of complex sedimentary settings. Moreover, they
contain important information that helps interpret ancient ecosys-
tems, paleogeography and the tectonic, climatic and sedimentary
regimes in which they were formed (Alonso-Zarza, 2003; Wright,
2007).

The calcretes in the Triassic Santa Maria Supersequence (Sequences I
and II) (Zerfass et al,, 2003) have been poorly studied so far. Silvério da
Silva (1997) was the first to recognize and describe them, proposing that
their fabric was alpha type, intermediate between pedogenic and phre-
atic, and formed by per descensum model of Goudie (1983). According to
Silvério da Silva (1997), the negative 6'8C and 6'30 values suggested
that they precipitated from freshwater. Da Rosa (2005) has dealt mostly
with the macroscopic features of calcretes in the Santa Maria Sequences
(Santa Maria Supersequence; Zerfass et al,, 2003), assigning their origin
to groundwater variation and eodiagenesis. Da Rosa (2005) also stated
that phreatic calcretes tend to have larger calcite crystals than pedogenic
ones and, when calcite is microcrystalline, it tends to be displacive. Da
Rosa et al. (2004) worked with the paleoalterations and paleosols in
rocks of the Santa Maria Supersequence, identifying mottled mudstones,
carbonate veins and phreatic carbonate formation. Some aspects, as for-
mation mode and detailed petrographic description remain open.

The present work aims to provide the detailed description of phreatic
carbonate formation, using petrography, chemical and X-ray diffraction
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Abstract

Remains of parasites in vertebrates are rare from the Mesozoic and Paleozoic. Once most parasites that live in — or pass
through - the gastrointestinal tract of vertebrates, fossil feces (coprolites) or even intestinal contents (enterolites) can
eventually preserve their remains. Here we announce the discovery of a spiral shark coprolite from the Paleozoic bearing a
cluster of 93 small oval-elliptical smooth-shelled structures, interpreted as eggs of a tapeworm.The eggs were found in a
thin section of an elasmobranch coprolite. Most of the eggs are filled by pyrite and some have a special polar swelling
(operculum), suggesting they are non-erupted eggs. One of the eggs contains a probable developing larva. The eggs are
approximately 145-155 um in length and 88-100 pum in width and vary little in size within the cluster. The depositional and
morphological features of the eggs closely resemble those of cestodes. Not only do the individual eggs have features of
extant tapeworms, but their deposition all together in an elongate segment is typical to modern tapeworm eggs deposited
in mature segments (proglottids). This is the earliest fossil record of tapeworm parasitism of vertebrates and establishes a
timeline for the evolution of cestodes. This discovery shows that the fossil record of vertebrate intestinal parasites is much
older than was hitherto known and that the interaction between tapeworms and vertebrates occurred at least since the

Middle-Late Permian.
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Introduction

Paleoparasitology is the study of parasites found in archaeolog-
ical or paleontological material [1,2]. Parasite remains consists
mostly of eggs and larvae of intestinal parasites [3], mainly
helminthes, and can provide important diet and disease informa-
tion regarding their hosts. Helminthes include nematodes (round-
worms), trematodes (flukes), cestodes (tapeworms), and acantho-
cephalans (thorny-headed worms).

Presently, elasmobranchs carry within their spiral intestines
various types of parasites, being cestodes the most diverse of
them [4]. Cestodes have also been reported from the viscera
and body cavity of numerous large teleosts and from the
stomach of sharks [5]. Cestodes eggs are characterized by their
smooth external surface, mammillations, equatorial bulges,
spines or striations [6].

Extant and fossil tapeworm eggs are morphologically very
similar to each other and it is impossible to diagnose a specific
infection based only on eggs [3] so that paleoparasitological
analyses using them are limited to the phylum or ordinal level
[7].

Helminth parasites rarely produce eggs with long-lived resis-
tance to environmental stressors. Most of their eggs are fragile, so
that they start to decompose very early outside their host [3]. Eggs
of some nematode and cestode parasites have a good chance of
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recovery [3]. The crucial factor for the preservation of parasite
eggs 1s the rapid interruption of decay. It usually occurs only under
extreme moist, arid, frozen or anoxic environmental conditions
[7].

In archeological studies is usual to find well-preserved remains
of intestinal parasites and pathogens which affected health
[3,8,9,10]. However, the older the material, the greater the loss
of parasites [9]. In fact, the occurrence of fossil parasites in
paleontological material is rare. For the Mesozoic [11], just a
single record of intestinal parasites (protozoan cysts and helminth
eggs) in a coprolite was described, while in the Paleozoic, a mass of
possible helminth eggs from the coprolitic rectal fill of a
Pennsylvanian shark, perhaps of cestode origin [12], was
described. In addition, circlets of parasitic platyhelminth hooks
were found in acanthodians from the Late Devonian [13].

Here in we describe the first definite record of cestode parasites
in an elasmobranch coprolite from the Paleozoic (about 270 Ma),
which is, in fact, the oldest record of parasite eggs in a vertebrate
coprolite. The specimen is housed in the Laboratério de
Paleontologia de Vertebrados of the Universidade Federal do
Rio Grande do Sul, under the collection number UFRGS-PV-
429-P. No specific permits were required for the described field
studies.
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Abstract

The view of spinosaurs as dinosaurs of semi-aquatic habits and strongly associated with
marginal and coastal habitats are deeply rooted in both scientific and popular knowledge,
but it was never statistically tested. Inspired by a previous analysis of other dinosaur clades
and major paleoenvironmental categories, here we present our own statistical evaluation of
the association between coastal and terrestrial paleoenvironments and spinosaurids, along
with other two theropod taxa: abelisaurids and carcharodontosaurids. We also included a
taphonomic perspective and classified the occurrences in categories related to potential
biases in order to better address our interpretations. Our main results can be summarized
as follows: 1) the taxon with the largest amount of statistical evidence showing it positively
associated to coastal paleoenvironments is Spinosauridae; 2) abelisaurids and carcharo-
dontosaurids had more statistical evidence showing them positively associated with terres-
trial paleoenvironments; 3) it is likely that spinosaurids also occupied spatially inland areas
in a way somehow comparable at least to carcharodontosaurids; 4) abelisaurids may have
been more common than the other two taxa in inland habitats.

Introduction

Paleontology, as a science which deals with ancient life, was never solely a descriptive activity;
therefore, some attempts to “resurrect” extinct organisms can be found since its earliest days.
This task must rely on empirical evidence, comparisons with modern analogues, and bio-
mechanical modeling [1], along with methodological frameworks, like the Extant Phylogenetic
Bracket [2], and new technologies, like computed tomography and isotopic analyses [3-8]. In
this regard, dinosaurs are common targets of these approaches and they are undeniably good
examples of the turnovers of ideas and (mis)conceptions about the way the ancient ecosystems
have been seen [9].

PLOS ONE | DOI:10.1371/journal.pone.0147031
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Este estudo apresenta resultados bioestratigraficos preliminares provenientes da aplicagdo de uma
taxonomia moderna em amostras coletadas pelo DSDP (Deep Sea Drilling Project) Leg 39/356 no
Plat6 de Sao Paulo. Foram estudadas 34 amostras, preparadas conforme a metodologia padrao (smear
slide). Depois de preparadas as amostras foram analisadas com auxilio de um microscopio
petrografico Zeiss Axio ImagerA2 com aumento real de 1000x. Uma anélise quantitativa foi realizada,
onde pelo menos 300 exemplares foram contados por amostra, além de trés transversas adicionais em
busca de espécies raras. A analise possibilitou o reconhecimento de 114 espécies caracteristicas do
Campaniano superior até¢ o Maastrichtiano superior. A preservagdo dos nanofosseis calcarios presentes
nas amostras foi classificada como média, e a abundancia de espécies ¢ maior no Maastrichtiano do
que no Campaniano. Foram registrados alguns gaps sedimentologicos ndo relatados no relatorio
original publicado em 1977, além de uma discordancia onde foi perdida parte do Maastrichtiano
inferior. No topo da se¢do estudada a tltima zona bioestratigrafica do Maastrichtiano e a primeira do
Daniano nao foram registradas.

POSICIONAMENTO BIOESTRATIGRAFICO DE UMA OCORRENCIA DE
ROCHAS TRIASSICAS SOBRE O ESCUDO SUL-RIO-GRANDENSE

BRUNO LUDOVICO DIHL HORN, ANA EMILIA QUEZADO DE FIGUEIREDO, CESAR LEANDRO
SCHULTZ & FILIPE ARMANDO MOTTA

Laboratorio de Paleontologia de Vertebrados/UFRGS, Porto Alegre, RS. brunoldhorn@gmail.com,
aquezado@yahoo.com.br, cesar.schultz@ufrgs.br, filipe.motta00@gmail.com

Na década de 60 do século passado, um conjunto de ocorréncias isoladas de rochas sedimentares
situadas em meio ao Escudo Sul-Rio-Grandense, que ocuparia uma posi¢ao intermedidria entre os
depositos de topo da Bacia do Camaqua (Formagdo Guaritas, atribuida entdo ao Siluriano) e o pacote
basal da Bacia do Parana (Formagao Itararé, Carbonifero), foi denominado Formagdo Caneleiras, com
idade Devoniana. Posteriormente, a descoberta de fosseis de vertebrados (cinodontes e rincossauros),
revelou que — pelo menos — parte daqueles sedimentos era de idade tridssica, correspondendo a
Formagdo Santa Maria. Entretanto, nenhum dos vérios fosseis encontrados no local permitia uma
definicdo taxonOmica (e, consequentemente, uma posi¢ao bioestratigrafica) mais precisa. Neste
trabalho, foi estudado um material de rincossauro proveniente de um afloramento situado no Arroio
Campinas, em Santana da Boa Vista, coletado em 1974 e ndo estudado desde entdo. O material
consiste em seis vértebras, sendo uma sacral e as demais dorsais, uma interclavicula, fragmentos de
costelas, um fémur e um Gmero direitos, um fragmento do pterigoide direito, o pterigéide esquerdo
articulado com o palatino e a maxila esquerda. O material tem dimensdes que superam
consideravelmente todos os outros rincossauros da colegdo da UFRGS. A presenga de um tnico sulco
na maxila permite atribuir o material ao rincossauro Hyperodapedon sp., o que evidencia que estas
rochas fazem parte da Biozona de Hyperodapedon, base da Sequencia II da Supersequencia Santa
Maria, Neotriassico (Carniano-Eonoriano). Esta ocorréncia evidencia que, pelo menos no inicio do
Neotriassico, a sedimentacao da Bacia do Parana cobriu uma boa parte do Escudo, sendo que ambos
(Escudo + Bacia Sedimentar) foram posteriormente soerguidos e erodidos.
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EVIDENCIAS DE SISTEMAS LACUSTRES DE GRANDE PORTE NA
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RESUMO: A Supersequéncia Santa Maria se localiza na porgao central do estado do Rio
Grande do Sul, e é composta por trés sequéncias deposicionais, denominadas Santa Maria |, Il
e lll e representa a deposicao triassica da Bacia do Parana. Estas rochas possuem um dos
maiores conteudos fossiliferos triassicos, incluindo os primeiros dinossauros. A Sequéncia
Santa Maria Il € composta de lamitos, siltitos e arenitos muito finos, tradicionalmente
interpretados como grandes planicies de inundacdo cortadas por rios meandrantes, com
pequenos lagos efémeros remanescentes de grandes enchentes. Bioestratigraficamente, a
Sequéncia Santa Maria Il contém a Cenozona de Hyperodapedon, situada no Triassico Médio
a Superior. Nos ultimos anos, foram descritos novos achados de vertebrados fosseis para
afloramentos localizados na base da Sequéncia Santa Maria Il, localizados nos municipios de
Sao Joao do Polésine e Restinga Seca. Dentre estes novos achados se encontram peixes
actinopterigios e dipndicos, tubardes hybodontideos e anfibios estereospddilos de grande
porte, taxons pouco comuns nas rochas deste pacote, que tem sua fauna predominantemente
formada por vertebrados terrestres (inclusive nestes afloramentos), como aetossauros,
rincossauros, cinodontes e dinossauros. Foram encontrados também novos registros de
carapacas de conchostaceos. Novos dados de campo mostraram a presencga, nestes
afloramentos, de estruturas sedimentares primarias indicativas de fluxo oscilatério, como
marcas onduladas simétricas (wave ripples) e estratificagdo ondulada truncada de médio porte.
A presenga desta ultima estrutura sugere a existéncia de um corpo d’agua com uma
profundidade de, no minimo, trés metros. A ocorréncia destas facies em cinco afloramentos em
um raio de cinco quildbmetros também sugere uma continuidade lateral deste corpo lacustre.
Essa associagédo de caracteristicas faciolégicas e paleontoldgicas indica a presencga de lagos
de grande porte e ndo apenas pequenos lagos de planicie de inundagao, conforme os descritos
anteriormente para a Sequéncia Santa Maria Il. A existéncia de taxons de habito aquatico,
porém, ndo implica em que estes grandes corpos d’agua fossem permanentes, uma vez que
tanto os conchostraceos quanto os dipnoicos e anfibios sdo resistentes a periodos de seca,
enquanto que outros peixes poderiam habitar estes lagos apenas nas épocas de cheia, vindos
de regides mais afastadas. Estes novos dados indicam que estes depdsitos possam
representar episddios excepcionalmente intensos de precipitacdo, gerando um ou mais lagos
que resistiriam mais tempo a evaporagao, o que poderia sustentar uma biodiversidade de
formas aquaticas ou semi-aquaticas maior do que o até entdo esperado para a Sequéncia
Santa Maria Il.

PALAVRAS-CHAVE: SEQUENCIA SANTA MARIA II; DEPOSITOS LACUSTRES; TRIASSICO
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