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RESUMO

Sistemas edlicos possuem um papel relevante em estudos paleoclimaticos,
permitindo a inferéncia de regides mais aridas em diferentes periodos geoldgicos,
assim como os padrbes de ventos dominates. Extensos sistemas de campos de
dunas foram construidos em resposta a localizacado de grandes massas continentais
no supercontinente Pangeia em zonas desérticas nas latitudes subtropicais norte e
sul. Embora existam muitos estudos no hemisfério norte, ainda ocorrem poucos
estudos no hemisfério sul apresentando uma reconstru¢cdo morfodinamica detalhada
de dunas edlicas, assim como inferéncias sobre a circulacdo de ventos no
Gondwana durante o Permiano Inferior. As acumulacdes sedimentares estudadas
localizam-se na regido Nordeste do Brasil, e compreendem parte de uma série de
bacias intracratbnicas como a Formacgéo Pedra de Fogo da Bacia do Parnaiba, a
Formacdo Santa Brigida da Sub-bacia de Tucano Norte e a Formacdo Aracaré da
Bacia de Sergipe-Alagoas. Desse modo, esse trabalho visa contribuir com
correlagbes entre as bacias paleozdicas durante o Permiano Inferior no oeste do
Gondwana. Os objetivos sé@o reconstruir os paleoambientes e discutir o padréao de
ventos, bem como os fatores que influenciaram as diferencas ambientais entre as
diferentes areas estudadas. A sedimentacdo da Formacéo Pedra de Fogo apresenta
uma sucessdo sedimentar caracterizada por estratos cruzados de dunas edlicas
intercalados com depdsitos lacustres. As dunas edlicas apresentaram a direcdo de
mergulho das estratificacbes cruzadas para NW no municipio de Monsenhor Gil
(paleolatitudes de ~28°S), e para E-SE no municipio de Filadélfia (paleolatitudes de
~31°S). O Membro Caldeirdo (Formacao Santa Brigida) apresenta pacotes de dunas
edlicas sem acumulacao de interdunas alternando com pacotes de dunas eolicas
separadas por interdunas umidas. No municipio de Santa Brigida (paleolatitudes de
~35°S), as dunas eolicas apresentaram a direcdo de mergulho das estratificacbes
cruzadas para E-NE. Por sua vez, as dunas edlicas da Formacdo Aracaré nao
apresentam acumulacdo de interdunas sendo caracterizado como sistema edlico
seco, e a direcdo de mergulho das estratificacdes cruzadas no municipio de Igreja
Nova (paleolatitudes de ~36°S) é para E. O balanco entre o espa¢o de acomodacgéo
e 0 suprimento sedimentar permitiu analisar que a disponibilidade de areia seca

aumenta em diregdo ao interior do continente na faixa central do Gondwana ao
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mesmo tempo em que diminui a influéncia do lencol freatico na acumulacao
sedimentar. As variacdes das condi¢des climaticas em periodos relativamente mais
secos e Umidos em paleolatitudes subtropicais proximas a 30°S séo registradas
através de ciclos sedimentares e sdo exibidas pela expansdo e contracdo de
sedimentos lacustres e eolicos (Formacéo Pedra de Fogo) ou através da alternancia
entre sistema edlico seco e umido (Membro do Caldeirdo). O regime de vento pode
ser inferido através do padrdo de ventos registrados nas paleodunas edlicas nas
diferentes sucessdes estratigraficas estudadas, e se apresentou consistente com o
modelo proposto de circulacdo de ventos para o Permiano Inferior o qual exibe
predominéncia de ventos de oeste (westerlies) em latitudes maiores que 30°S e de

ventos alisios em latitudes menores que 30°S.

Palavras-chave: sistema eolico, regime de ventos, Permiano Inferior, paleoclima,

balanco sedimentar.
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ABSTRACT

Aeolian systems have an important role in paleoclimatic studies, allowing the
inference of more arid regions in different geological periods, as well as the prevailing
wind patterns. Extensive systems of aeolian dune fields were built in response to the
location of large continental masses in the Pangea supercontinent in desert areas in
the northern and southern subtropical latitudes. Although there are many studies in
the northern hemisphere, there are still few studies in the southern hemisphere
showing a detailed morphodynamic reconstruction of aeolian dunes, as well as
inferences about wind circulation in Gondwana during the Early Permian. The studied
sedimentary accumulations are located in the Northeast region of Brazil, and
comprise part of a series of intracratonic basins such as the Pedra de Fogo
Formation of the Parnaiba Basin, the Santa Brigida Formation of the Tucano Norte
Sub-basin and the Aracaré Formation.of the Sergipe-Alagoas Basin. Thus, this work
aims to contribute to correlations between the Paleozoic basins during the Early
Permian in western Gondwana. The aims are to reconstruct the palaeoenvironments
and discuss the wind pattern, as well as the factors that influenced the environmental
differences between the different areas studied. The sedimentation of the Pedra de
Fogo Formation exhibts a sedimentary succession characterized by cross-strata of
aeolian dunes interspersed with lake deposits. Aeolian dunes showed the dip
direction of the cross-stratifications for NW in the municipality of Monsenhor Gil
(paleolatitude of ~28°S), and for E-SE in the municipality of Filadélfia (paleolatitude of
~31°S). The Caldeirdo Member (Santa Brigida Formation) exhibits aeolian dune
packages without interdunes accumulation alternating with aeolian dune packages
separated by wet interdunes. In the municipality of Santa Brigida (paleolatitude of
~35°S), the aeolian dunes showed the dip direction of the cross-stratifications for E-
NE. In turn, the aeolian dunes of the Aracaré Formation do not have interdunes
accumulation being characterized as a dry wind system, and the dip direction of the
cross-stratifications in the municipality of Igreja Nova (paleolatitude of ~36°S) is
toward E. The balance between the accommodation space and the sedimentary
supply allowed to analyze that the dry sand availability increases towards the interior
of the continent in the central Gondwana at the same time that the influence of the
water table in the sedimentary accumulation decreases. Relatively drier and wetter

climatic conditions in subtropical paleolatitudes close to 30°S are registered through
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sedimentary cycles and are shown by the expansion and contraction of lake and
aeolian sediments (Pedra de Fogo Formation) or by alternating between dry and wet
aeolian systems (Caldeirdo Member). The wind regime can be inferred through the
wind patterns registered in aeolian paleodunas in the different stratigraphic
successions studied, and it was consistent with atmospheric circulation model
proposed to Early Permian which exhibts a prevailing of westerlies in latitudes
greater than 30°S and trade winds at latitudes less than 30°S.

Keywords: aeolian system, wind regime, Early Permian, paleoclimate, sedimentary

balance.
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SOBRE A ESTRUTURA DA TESE

A presente tese de doutorado cujo titulo é “Estratigrafia, paleoclimatologia,
paleogeografia e mofordinamica dos sistemas edlicos Eopermianos da porgao
centro-norte do Gondwana, Brasil” estd estruturada em torno de trés artigos
cientificos submetidos em periédicos classificados pela CAPES como Qualis A.

Assim, a organizacgéao deste trabalho compreende a seguinte sequéncia:

a) Texto Integrador compreendendo os capitulos sobre a introdugcdo, o0s
objetivos da pesquisa, o estado da arte do tema, metodologia, o contexto
geoldgico das areas de estudo, o resumo dos principais resultados e
interpretaces obtidos, discussao integradora dos resultados, conclusfes e
bibliografia.

b) As revistas em que os artigos foram submetidos sao: Aeolian Research (A2);
Sedimentary  Geology (A2); Palaeogeography, Palaeoclimatology,
Palaeoecology (Al).

c) Anexo de um artigo-chave para essa tese publicado por Jones et al. (2016) na
revista Sedimentary Geology (A2) com o titulo “Facies architecture and
stratigraphic evolution of aeolian dune and interdune deposits, Permian

Caldeirdo Member (Santa Brigida Formation), Brazil”.
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1. INTRODUCAO

Os sistemas edlicos possuem grande importancia em estudos
paleoclimaticos, permitindo a inferéncia de regides mais aridas em diferentes
periodos geoldgicos. Os principais tipos de sistemas deposicionais eolicos sao
classificados como sistemas eolicos secos e Uumidos (por exemplo, Kocurek &
Havholm, 1993; Mountney, 2006a). Definem-se como sistemas edlicos secos
agueles localizados em zonas saturadas, isto €, resulta em abundéancia de areia
seca permitindo que a constante migracdo e crescimento de dunas eolicas atinjam
um tamanho que cubra todo o substrato. Isso é reflexo do posicionamento do lencol
freético ou sua franja capilar abaixo da superficie deposicional. Os sistemas eolicos
umidos sdo aqueles localizados em zonas metassaturadas, sendo fruto da
interferéncia do lencol freatico ou sua franja capilar na superficie de deposicao,
permitindo o acumulo de interdunas Umidas (Crabaugh & Kocurek, 1993; Mountney
& Thompson, 2002; Dias & Scherer, 2008). Essas areas de umidade reteem os
graos indisponibilizando esses sedimentos para o carregamento do vento. Desse
modo, apesar de geralmente as regides de interdunas representarem uma pequena
propor¢cdo no registro de sistemas edlicos, a andlise criteriosa e detalhada dessas
por¢cdes sedimentares sdo fundamentais para a elaboragédo de modelos ambientais e

para o entendimento dos fatores controladores do sistema.

Além disso, a andlise de depdsitos edlicos permite a definicdo de ciclicidade
climatica em diferentes escalas temporais. Por exemplo, o espacamento regular
entre superficies de reativacdo indica erosdo sazonal e retrabalhamentos da frente
da duna, sugerindo mudancas sazonais na direcdo e/ou forca do vento (Chan &
Archer, 1999, 2000; Loope et al., 2001; Mountney, 2006b; Scherer & Goldberg,
2010). A intercalacdo entre estruturas de depdsitos de interdunas secas, Umidas e
encharcadas pode ser relacionada a variacdes na precipitacdo local em periodos
com escala de tempo de anos ou décadas (Mountney & Thompson, 2002; Jones et
al., 2016). Por sua vez, a alternancia temporal entre sistemas edlicos secos e
Uumidos podem estar relacionados com mudancas climéticas dirigidas através de
ciclos orbitais (Loope, 1985; Clemmensen et al., 1994; Scherer & Lavina, 2005;
Mountney, 2006b; Jones et al., 2016).

Jones, F. H. (2020).
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A constante migracdo de dunas edlicas e o0 sucessivo empilhamento no
sistema sdo marcados por estratos cruzados e superficies truncadas desenvolvidas
por diferentes processos (como por exemplo, supersuperficie, superficie de
interdunas, superficie de reativacdo) durante a construcdo do registro sedimentar
(Kocurek, 1996, Day & Kocurek, 2018). Os estratos cruzados sao processos
resultantes da migracdo das dunas edlicas na dire¢do a favor do vento, ocorrendo
na face de sotavento de dunas e compreendendo trés tipos diferentes: estratos de
fluxo de gréos e queda livre de grdos movidos pela gravidade e marcas onduladas
eollicas por tracdo. A interacdo do angulo de incidéncia do fluxo de ar em relacdo a
linha de crista e o tipo de arranjo formado pelos estratos depositados na face
sotavento sdo uma ferramenta importante para reconstrucdo dos padrdes de fluxo
de ar em paleodunas edlicas no registro sedimentar (Sweet & Kocurek, 1990;
Kocurek, 1991, 1996; Eastwood et al., 2012).

Uma andlise integrada da geometria e orientacdo dos estratos cruzados de
dunas edlicas como também de suas superficies limitrofes, associados com a
interpretacdo das relacdes laterais e verticais dos tipos de estrados edlicos (i.e.
estratos de fluxos de gréaos, queda livre de grdos e marcas onduladas edlicas), além
de permitir uma reconstru¢cdo segura da morfologia de dunas edlicas, retrata o
comportamento morfodindmico de dunas com maior precisdo. A reconstrucao do
comportamento migratério das dunas edlicas fornece, com maior preciséo, a direcao
do vento no local, e assim, pode-se inferir sobre o regime de ventos o qual a duna
estd sujeita, fornecendo parametros importantes para uma reconstrucdo mais
completa do sistema eolico. Além disso, permite a elaboracdo, comparacdo e
aprimoramentos de modelos de circulagdo atmosférica (Scherer & Goldberg, 2007;
Eastwood et al., 2012).

Extensos sistemas de campos de dunas foram construidos no Pangea em
resposta a localizacdo de grandes massas terrestres desse supercontinente em
zonas desérticas nas latitudes subtropicais norte e sul (Rodriguez-Lopez et al.,
2014). Embora existam muitos estudos de sucessOes edlicas na Laurasia como
Rotliegend Group (Glennie, 1970), Yellow Sands (Clemmensen, 1989), Bridgnorth
Sandstone Formation (Steele, 1981), Schnebly Sandstone Formation (Blakey, 1990),
Lyons Sandstone Formation (McKee, 1979), De Chelly Sandstone (Blakey, 1990),
Yeso Formation (Mack & Dinterman, 2002), Upper Minelusa Formation (Fryberger,

Jones, F. H. (2020).
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1984), Cedar Messa Sandstone (Mountney & Jagger, 2004), Organ Rock Formation
(Cain & Mountney, 2009), ainda ocorrem poucos estudos no Gondwana durante o
Permiano Inferior. Dentre os poucos trabalhos existentes, cabe ressaltar a Formacéo
Piramboia no Brasil (Dias & Scherer, 2008), a Formacdo Buena Vista no Uruguai
(Goso et al., 2001) e os sistemas edlicos na Argentina a partir do retroarco Paganzo
Basin como a Formacdo Andapaico e a Formacdo De la Cuesta (Spalletti et al.,
2010; Correa et al., 2012), além do sistema eélico do Membro Caldeirdo no Brasil
(Jones et al., 2016). Assim, esta pesquisa contribuird com novos e valiosos estudos

de caso para o contexto centro-norte do Gondwana.

1.1. OBJETIVOS DA PESQUISA

O objetivo geral deste projeto é levantar novos dados de bacias paleozoicas
brasileiras e realizar a insercdo e comparacdo das direcdes de ventos medidas
através dos estratos cruzados de dunas edlicas com modelos de circulagéo
atmosféricos disponiveis para o Permiano Inferior (como por exemplo, as simulagfes
realizadas por Gibbs et al.,, 2002), visando a reconstrucdo dos paleoventos
existentes na centro-norte do Gondwana. Para tanto, serdo analisados depoésitos
Eopermianos da Sub-bacia de Tucano Norte (Membro Caldeirdo da Formacao Santa
Brigida), da Bacia de Sergipe-Alagoas (Formacao Aracaré€) e da Bacia do Parnaiba
(Formacédo Pedra de Fogo). Como objetivos especificos desse trabalho, pode-se
destacar: (1) definir os modelos deposionais das diferentes acumulacdes edlicas
estudadas, enolvendo a reconstrucdo morfologica e morfodindmica das dunas
edlicas; (2) identificar e interpretar as diferentes escalas de ciclicidade
(sedimentoldgica e estratoigrafica) observada nas unidades estudadas; (3)
compreensao dos mecanismos controladores da acumulacdo e da preservagao
eolica; (4) definicdo da evolucao estratigrafica e possivel correlacdo das unidades de
estudos; (5) estabelecer um modelo paleogeografico e paleoclimatico integrando as
diferentes unidades estudadas.

Jones, F. H. (2020).
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2. ESTADO DA ARTE

O vento € um importante agente geomorfolégico desde que sua capacidade
de carregamento seja o suficiente para superar qualquer estabilizacdo de superficie
(Kocurek, 1996). A ocorréncia de processos eolicos € comumente associada com
sistemas aridos de clima quente e frio associados a contextos desérticos, embora
possam ocorrer em uma variedade de cenarios deposicionais (costeiros, outwash de
planicies fluviais e glaciais, regides vulcanicas) (Kocurek, 1996; Mountney, 2006a).
As feicdes eolicas se desenvolvem onde a cobertura vegetal é escassa ou ausente,
permitindo desse modo que o0s ventos transportem grdos dominantemente de
tamanho menor que areia grossa. Em decorréncia disso, 0s processos eolicos
tiveram grande atuacdo na erosdo, no transporte e na deposicdo de sedimentos
antes do surgimento das plantas terrestres, ou até mesmo hoje, ocorrendo em
outros planetas como Marte o qual sofre forte atuacdo da dindmica dos ventos em

sua superficie (Greeley & lverson, 1985; Kocurek, 1996).

Contudo, nem sempre o0s depésitos eodlicos sdo faceis de reconhecer nos
afloramentos geoldgicos, sendo muitas vezes complicado diferenciar de outros tipos
de depdésitos devido a grande similaridade sedimentar que podem ter, em especial,
com os de origem fluvial e marinha (Mountney, 2006a). Além disso, Mountney
(20064a) lista uma série de obstaculos para construir uma representacdo detalhada
da arquitetura de uma sucessédo edlica e sua reconstru¢do paleoambiental, sendo
estas: (1) apesar de sistemas compreendendo dunas edlicas sejam tipicamente
dominadas por poucos tipos de facies sedimentares (em geral por volta de quatro),
as variacdes no arranjo geométrico dessas poucas facies podem levar para modelos
radicalmente diferentes; (2) apesar de outras facies (estratos convolutos, marcas
onduladas subaquosas, estruturas de ades&o,...) suprirem apenas uma pequena
parcela da maioria das sucessfes eolicas, sua correta interpretacdo é substancial
para a determinacdo dos mecanismos controladores da acumulacao; (3) eroséo é
parte inerente da migracdo de formas edlicas, e sucessdes preservadas Sao
altamente fragmentadas; (4) a maior parte das sucessOes eolicas é caracterizada
por variacbes laterais nas espessuras das camadas e um baixo grau de

continuidade lateral.

Jones, F. H. (2020).
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A correta interpretacao do tipo de sistema eolico tem importantes implicacbes

tanto para as reconstrucdes paleogeogréficas e paleocliméticas, como também para
a caracterizacdo de reservatorios eolicos de hidrocarbonetos e agua (Chrintz &

Clemmensen, 1993).

Os processos que atuam dentro de sistemas edlicos em desertos sao
complexos e operam em uma variedade de escalas espaciais e temporais (Kocurek,
1996). A relacdo entre vento e suscetibilidade do substrato é complexa e depende
de fatores como aridez (i.e. precipitacdo e evapotranspiracdo), energia do vento e
aporte sedimentar (Lancaster, 1988; Kocurek, 1996). O volume ou massa de areia
que é transportado para alimentacdo de um campo de dunas, ou erg, depende de
trés fatores basicos: (i) suprimento sedimentar; (ii) disponibilidade de areia seca; e
(i) capacidade de transporte do vento (Kocurek, 1996; Rodriguez-Lopez et al.,
2014).

As caracteristicas para a identificacdo de dunas edlicas se ddo, em modo
geral, pelo alto arredondamento dos graos, textura fosca dos graos, gradacédo
inversa das laminagdes, ocorréncias de estratificacdes cruzadas de grande porte, e
através do arranjo de estilos de estruturas sedimentares edlicas de pequena escala
tais como fluxo e queda livre de graos, estratos transladantes de marcas onduladas

eollicas e estruturas de adeséo edlica (Fig. 1).

Jones, F. H. (2020).
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Figura 1. A) Textura fosca dos grdos eolicos; B) Graos arredondados e tendendo a
esfericidade; C) Fluxos de grédos envelopados por queda livre de graos; D) Gradacao inversa
em marcas onduladas edlicas (pin stripe); E) Estruturas corrugadas de adeséo eolica; F)
Estratos cruzados de grande porte. Imagens, amostra e lamina oriundas das rochas que
compBdem o Membro Caldeirdo no municipio de Santa Brigida (Estado da Bahia).

Jones, F. H. (2020).
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2.1. MORFOLOGIA

As formas de leito geradas pelo vento podem ser subdivididas em trés
hierarquias distintas (Fig. 2), conforme a sua amplitude e comprimento de onda
(Wilson, 1972), refletindo diferentes escalas temporais: (1) marcas onduladas

edlicas, (2) dunas e (3) draas.
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Comprimento de onda das formas de leito

Figura 2. Gréfico apresentando a relacéo entre o tamanho de gréo versus o comprimento de
onda das formas edlicas e sua classificacdo separada em trés grupos distintos

representados por marcas onduladas, dunas e draas. Modificado de Wilson (1972).

Marcas onduladas edlicas

As marcas onduladas sdo geradas em um curto intervalo de tempo,
compreendendo horas ou dias (Lancaster, 1988). As marcas onduladas edlicas
tipicamente possuem a linha de crista perpendicular a direcdo do vento, e possuem
comprimento de onda entre 50 e 200 mm e altura entre 5 e 10 mm (Bagnold, 1941;
Mountney, 2006a). Marcas onduladas edlicas podem ser diferenciadas de marcas
onduladas subaquosas através do alto indice de ripple que as caracterizam (razao
do comprimento de onda divida pela altura), alcancando valores entre 25-40. Além
disso, as marcas onduladas edlicas sdo caracterizadas pela gradacéo inversa de

graos que resulta da migracdo de grédos mais grossos na crista das marcas

Jones, F. H. (2020).
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onduladas sobre as calhas de granulometria mais fina (Schenk, 1990). Uma vez
iniciado o impacto de graos, e com 0 subsequente crescimento e cavalgamento das
formas onduladas teremos a criagcdo de duas zonas: (1) zona de impacto, em que
temos o declive do dorso da marca ondulada com a face contra o vento capturando
a entrada de grdos em saltacdo; e (2) zona de sombra, em que o declive frontal da
marca ondulada com a face a favor do vento, tendo um impacto minimo dos gréos.
Desse modo, graos mais grossos frequentemente se concentram nas cristas das
marcas onduladas, enquanto os grdos mais finos sdo preferencialmente
aprisionados nas zonas de sombra das calhas das marcas onduladas (Fig. 3)
(Mountney, 2006a).

Figura 3. Imagem de marcas onduladas edlicas recentes em lencois de areia de zona
costeira proximo ao campo de dunas do municipio de Imbituba (Estado de Santa Catarina).
Nota-se a diferenca do tamanho de grdos mais finos na calha (zona de sombra) e mais

grossos no dorso.

Jones, F. H. (2020).
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Dunas eélicas

As dunas edlicas se desenvolvem em uma escala de tempo de 10 a 10? anos
(variagbes sazonais), e apresentam comprimentos de onda de 5 a 500 m e altura de
10 cm a 100 m (Mountney, 2006a). A maioria das dunas possui uma superficie de
barlavento (stoss slope) com inclinagéo de 8-16° e uma superficie de sotavento (lee
slope) com inclinagdo de 20-34°. Os principais elementos que constituem os
depdsitos de dunas edlicas sdo os sets de estratificacdo cruzada, as superficies
limitrofes e os tipos de estratificacdo (Kocurek, 1991). Os sets de estratificacbes
cruzadas sao os depdésitos basicos de uma duna edlica, formados por um conjunto
de processos que ocorrem na face frontal das dunas (Kocurek, 1991). Devido a
relacdo do angulo de cavalgamento ser menor que a inclinacdo do dorso das formas
de leito (Angulo subcritico), as dunas edlicas preservam apenas uma pequena fracdo
da altura original da duna (Rubin & Hunter, 1982; Kocurek, 1981, 1991).

Os principais tipos de estratificacdes (Fig. 4) que se desenvolvem na face
frontal das dunas e consistem nos principais critérios para identificacdo de estratos
cruzados edlicos no registro geoldgico sdo: (1) fluxo de gréos; (2) queda livre de
gréos; e (3) estratos transladantes cavalgantes de marcas onduladas edlicas
(Hunter, 1977; Kocurek, 1991).

Os fluxos de gréos séo gerados quando o angulo da face frontal de uma duna
eollica excede o angulo de repouso da areia seca (32 a 34°), tendo como resposta
uma atividade de escorregamento na frente da duna resultando depdésitos de
avalanche (Hunter, 1977; Mountney, 2006a). Muitas vezes apresentam gradacao
inversa das laminas e mostram uma geometria em cunha em corte paralelo ao fluxo,

ou geometria em lentes em vista em planta ou em cortes transversais ao fluxo.

7

A queda livre de grdos é o processo em que a areia € transportada por
suspensao ou saltacdo, e gerada através da acomodacdo de grdos ao entrarem nas
zonas protegidas do vento (zonas de sombra). Ao transpor a linha de crista, ocorre
uma expansao e consequente desaceleracao do fluxo, depositando os sedimentos
trazidos em suspenséo (Cooper, 1958; Hunter, 1977). Os estratos de queda livre de
grdaos sao geralmente dificeis de distinguir (Schenk,1990), porém sdo com
frequéncia moderadamente empacotados (Kocurek, 1991) e exibem geometria

tabular seguindo a topografia pré-existente (Hunter, 1977; Kocurek, 1996).
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Linha de\crista

Face de
escorregamento

Queda livre
de gréos

Figura 4. A) Esquema de duna edlica apresentando cortes com vista paralela e transversal &
direcdo de migracdo e exibindo os diferentes estratos de deposicdo eolicos e suas
morfologias dentro dos estratos cruzados (Hunter, 1977); B) Tipos de estratos que compdem
os depositos de sotavento em dunas eolicas (imagem do campo de dunas do municipio de
Imbituba, Santa Catarina); C) Distribuicdo dos tipos de depdsitos em duna edlica e suas
variagfes deposicionais na frente da duna conforme o meandro da linha de crista (Foto de

Cecilia B. Soster).

As marcas onduladas edlicas possuem poucos milimetros de espessura,
empacotamento compactado dos graos (Kocurek, 1991), e sdo formas de leito que
cavalgam uma sobre as outras restando cada forma de leito preservada sob a forma
de um estrato (estratos cavalgantes transladantes) (Hunter, 1977), em que a
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variacdo do angulo de cavalgamento depende do volume de sedimento e da taxa de
migracdo, embora na quase totalidade das vezes apresente um angulo subcritico.

Muitas vezes apresentam gradacéo inversa de graos (Hunter, 1977; Kocurek, 1991).

Classificacdo de dunas edlicas

A classificacdo de dunas edlicas simples pode ser dada por duas maneiras
distintas (Fig. 5): uma baseada na geometria da duna e chamada de classificagao
morfologica (McKee, 1979), e outra baseada na orientacdo da duna em relacéo ao
vetor médio dos ventos, denominada de classificacdo morfodinamica (Hunter et al.,
1983). Os tipos morfoldégicos mais comuns de dunas séo crescente, linear e estrela.
A familia das dunas crescentes incluem dunas barcanas e barcandides,
apresentando assimetria distinta e comumente sinuosidade da linha de crista, com
uma superficie suave do dorso da duna e uma inclinacdo ingreme da face frontal
(Kocurek, 1991, 1996). Por sua vez, as dunas lineares apresentam-se simétrica e
podem ter crista reta ou meandrante (Kocurek, 1991, 1996). As dunas estrelas sao
ramificadas, isto €, apresentam trés ou mais faces de sotavento (Mountney, 2006a)
que irradiam de um ou dois picos centrais (Kocurek, 1991, 1996). Existe uma
variedade de tipos de dunas mais especializadas na classificagdo morfologica.
Dunas parabdlicas sdo dunas com forma de “U” e associadas com estabilizagédo
parcial pela vegetacdo em que a porcdo central migra enquanto as porcdes
estabilizadas originam bracos das dunas estendidos e que apontam contra o vento
(Kocurek, 1991, 1996). Zibars sdo dunas arredondadas e de baixo relevo associadas
com tamanho de gréo grosso demais para poder gerar uma face de escorregamento
(Kocurek, 1991, 1996). O termo duna démica tem sido usado para se referir a dunas

barcanas sem facies de escorregamento (Kocurek, 1996).
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Dunas Crescentes

Figura 5. Imagem apresentando as classificagdes morfologicas e morfodindmicas para

dunas edlicas (Kocurek, 1991).

A classificagdo morfodindmica estd divida em longitudinal, obliqua e
transversal (Hunter et al., 1983). Dunas transversais sao aquelas com linha de crista
perpendicular (com uma variagdo de até 15°) em relagdo ao vetor resultante da
direcdo de transporte (Kocurek, 1991, 1996). Dunas obliquas possuem a linha de
crista orientada entre 15° e 75° em relacdo ao vetor (Kocurek, 1991, 1996). Por sua
vez, dunas longitudinais sdo aquelas em que a linha de crista € paralela ou
subparalela (com uma variacdo de até 15°) em relacdo ao vetor resultante da
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direcédo de transporte (Kocurek, 1991, 1996). A melhor explicacédo para as diferentes
classificagdes morfodinamicas surge do conceito de maximum gross bedform-normal
transport proposto por Rubin & Hunter (1987) e Rubin & Ikeda (1990). O conceito
relata a tendéncia das formas de leito buscar o equilibrio com as condicfes de fluxo.
Entretanto, existe um atraso no tempo de resposta que aumenta com o tamanho da
duna. Assim, o periodo de flutuacdo de fluxo que é mais curto que o tempo de
resposta da duna, é longo o suficiente para que a forma de leito comece a
responder, e isso implicard na movimentacdo da duna ao qual tendera a se orientar
0 mais transversalmente possivel ao sentido de fluxo (Kocurek, 1996). Esse feito &
notado, por exemplo, quando grandes dunas tentam se orientar perpendicularmente
ao sentido de fluxo quando sofrem influéncia de ventos de diferentes orientagcdes 0s
guais se alteram devido a variacdes sazonais. Isso implica no constante reajuste de
orientacdo da duna e a resultante desses esfor¢cos implica a classificacdo dela

(transversal, obliqua ou longitudinal).

As duas classificacbes sdo necessarias devido aos tipos morfolégicos néao
coincidirem com um tipo morfodindmico especifico (Kocurek, 1991). Por exemplo,
dunas estrelas podem ter suas cristas orientadas em dire¢des transversais, obliquas
ou longitudinais. Assim como dunas lineares podem ser classificadas tanto como
longitudinais quanto obliquas, e dunas crescentes em transversais e obliquas (Fig.
5) (Nielson & Kocurek, 1987).

Draas

Os draas se desenvolvem em um tempo mais longo (Fig. 6), dentro de um
intervalo de 10° a 10° anos. O termo draa é restrito as formas de leito maiores, em
que o comprimento de onda varia de 500 a 5500 m e a altura de 20 a 450 m,
apresentando a migracdo de dunas superpostas no seu dorso e na face frontal
(Kocurek, 1981). Esta mega-forma ocorre apenas nos maiores ergs, onde as taxas

de suprimento e transporte de sedimentos edlicos sao altas (Mountney, 2006a).
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Google Earth

Gobgle Earth

Figura 6. Imagens de desertos compostos por draas. A) Deserto na Ardbia Saudita; B)

deserto em Oma. Imagens retiradas do Google Earth.

Os draas podem ser classificados como composto ou complexo. O draa
composto é denominado quando dunas do mesmo tipo estdo superpostas, como por
exemplo, uma duna crescente superposta em uma duna crescente maior. O draa
complexo é dado quando dunas de tipos diferentes estdo superpostas, tal como

exemplo, uma duna crescente superposta em uma duna linear (Kocurek, 1996).
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Interdunas

As areas de interdunas (Fig. 7) sdo importantes indicadoras das condicfes
gerais do campo de dunas e frequentemente apresentam empilhamento de facies
complexo refletindo mudancas em condi¢cdes deposicionais especificas (Fig. 8)
(Kocurek, 1981). As interdunas podem ser separados em depdésitos secos, umidos e
encharcados (Kocurek, 1981), tendo assim, diferentes caracteristicas faciol6gicas

(Fig. 9).

Figura 7. Imagem de regido de interdunas Umidas. Campo de dunas do municipio de
Imbituba (Estado de Santa Catarina).

Os depositos de interdunas secas (dry interdune) sdo constituidos
dominantemente por estratos de marcas onduladas edlicas, podendo apresentar

pequenos estratos cruzados de dunas edlicas.
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Os depoésitos de interdunas Umidas (damp interdune) sdo dominados por
estruturas de adesdo edlica. As estruturas de adesdo sdo formadas pela aderéncia
de areia seca soprada pelo vento sobre uma superficie imida, e consistem em
marcas onduladas de ades&do, domos de adesdo e estratos plano-paralelos de
adesdo. Embora partilhem a mesma origem basica de formacao, esses diferentes
tipos de estruturas de adesao sdo distintos morfologicamente, e sugerem condi¢oes
deposicionais diferentes (Kocurek, 1981).

// Estratos cruzados de DUNAS
/ dunas edlicas EOLICAS

Marcas onduladas edlicas
e/ou pequenos estratos

cruzados de dunas edlicas 2
© [
oaef - o
O ‘§
Estratos plano-paralelos t‘DJ 5
de adeséo < [I5
gt =z |8
Marcas onduladas 2 o
de adesao o g

- m
E B
Marcas onduladas < =
subaqliosas S
Estruturas cruzadas DUNAS

o de dunas edlicas EOLICAS

Figura 8. Sucessado vertical de facies de interdunas marcada por uma progressiva
diminuicdo da umidade em direcdo ao topo (dry upward sucession) (retirado e modificado de
Kocurek, 1981).

Os depositos de interdunas encharcadas (wet interdune) podem apresentar
estilos deposicionais evaporiticas (como precipitacdes de calcita, dolomita, gipso ou

anidrita), ou por estilos deposicionais siliciclasticos de origem lacustre, fluvial ou
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feicbes deformadas como estruturas contorcidas e laminacdes brechadas (McKee,

1979; Kocurek, 1981; Mountney & Thompson, 2002).
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Figura 9. Sintese de estruturas sedimentares e outras feicbes caracteristicas de depdsitos
de interdunas e o intervalo de condi¢gBes deposicionais em que se formam (Kocurek, 1981).

Lencois de areia edlicos

Os fatores que promovem lencéis de areia edlicos (Fig. 10) sugerem sua
ocorréncia em diversas configuracdes, sendo que muitos lencéis de areia séo
transicionais para campos de dunas eolicas ou ergs. A variedade de estruturas
sedimentares na acumulacao de lencois de areia reflete os muitos processos que 0s
formam. Os depdésitos de lencgodis de areia edlicos sdo compostos dominantemente
por laminacdes horizontais ou de baixo angulo de marcas onduladas edlicas.
(Kocurek, 1996). Também se encontram associados aos lengois de areia,
superficies Umidas ou encharcadas (contendo estruturas de adesdo e/ou marcas

onduladas subaquosas) ou inundacgfes periddicas contendo estruturas similares as
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areas de interdunas encharcadas, porém a canalizacdo € mais comum nos lencois
de areia (Kocurek, 1996).

Figura 10. Imagem de lengol de areia edlico na regido costeira de Imbituba (Santa Catarina).

Lencdis de areia séo diferenciados de interdunas eolicas por representarem
areas cobertas por areias eolicas sem a ocorréncia de dunas com faces de
escorregamento bem desenvolvidos (Fryberger et al., 1979; Kocurek & Nielson,
1986; Kocurek, 1996), enquanto regides de interdunas estdo necessariamente
separadas por dunas eolicas. Segundo Langford (1989), os campos de dunas sao
caracterizados por dunas regularmente espagadas separadas por areas de
interdunas arrasadas, e os lencdis de areia séo areas de baixo relevo de areia edlica

que tem raras e pequenas dunas edlicas famintas.

Em um estudo feito por Kocurek & Nielson (1986), ao qual compararam seis
lencéis de areia atuais, foi sugerido que a inibicdo do desenvolvimento de dunas
eodlicas e a instalacdo de lencois de areia se devem por um ou mais fatores listados
a seguir: (1) disponibilidade restrita de areia seca para construcdo de dunas devido a
um lencol freético alto, cimentacdo ou capeamento (lag, binding); (2) limite do tempo
disponivel para formacdo de dunas, como quando ha inundacdes periddicas; (3)
predominio de sedimentos de granulometria grossa demais para forma de dunas; (4)
presenca de vegetacdo que além de limitar a disponibilidade de areia seca no
sistema através da superficie de estabilizacédo, também quebra o fluxo de ar e rompe

a migracao das dunas.
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Hierarquia de superficies limitrofes

Os sets ou cosets de estratos cruzados sdo separados através de um
conjunto hierarquico de superficies limitrofes que tém as suas géneses vinculadas a
diferentes processos. A migracdo e cavalgamento de dunas edlicas podem gerar
trés diferentes tipos de superficies limitrofes (Fig. 11), enumeradas de forma

hierarquica como superficies de 12, 22 e 32 ordem (Brookfield, 1977).

As superficies de 1% ordem representam a movimentacéo da duna simples ou
do draa, marcados pela migracdo e cavalgamento das regides de interdunas sobre
os depositos de dunas edlicas (Brookfield, 1977; Kocurek, 1981). Sao superficies
planas, subparalelas, que cortam todas as estruturas subjacentes e, normalmente,
mergulham em baixo angulo (<5°) em sentido oposto a migracdo da duna edlica
sobrejacente. A identificacdo de estratos de interdunas (interdunas secas, Umidas
e/ou encharcadas) facilita a demarcacdo das superficies de 12 ordem no registro
geoldgico. As superficies de 12 ordem representam superficies de interdunas
(Kocurek, 1996).

Superficies de 2% ordem tém suas origens vinculadas a migracdo de dunas
sobrepostas na face frontal de um draa (Brookfield, 1977). As superficies de 22
ordem normalmente mergulham paralela ou obliguamente ao sentido de migragao
do draa, apresentando inclinacbes variaveis. As superficies de 22 ordem

representam superficies de superposicao (Kocurek, 1996).

As superficies de 3* ordem ocorrem dentro de um set de estratificacdes
cruzadas, sendo a génese atribuida ao efeito da erosdo da frente da duna seguida
de nova deposicao devido as flutuagdes locais na direcdo e/ou velocidade do vento
(Brookfield, 1977; Kocurek, 1981). As superficies de 32 ordem representam
superficies de reativacdo (Kocurek, 1996).

Também pode ser identificada em sucessdes edlicas uma quarta superficie
denominada de supersuperficie (Kocurek, 1988). Esta superficie é formada pelo
término da acumulacdo edlica em uma determinada area devido a eventos de
deflacdo edlica, inundacdo (por agua ou lava) e estabilizacdo (cobertura vegetal
sobre as dunas). Ao contrario das superficies de 12, 22 e 32 ordem, a supersuperficie
tem a sua génese controlada por fatores alociclicos, mais especificamente por

alteracdes na disponibilidade de areia e/ou variagéo no lencgol freatico, vinculados a
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variacdo do nivel do mar, a subsidéncia ou ao soerguimento tecténico e/ou as

mudancas climaticas.
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Figura 11. Modelo de formacédo de superficies limitrofes pelo cavalgamento e migracédo de
dunas edlicas: A) dunas simples; B) dunas compostas. Superficies de interduna, de
superposicéo e de reativagdo séo indicadas pelos numeros 1, 2, e 3, respectivamente; C)

Supersuperficies truncando distintos episddios de acumulagéo eodlica (Kocurek, 1991).

2.2. CONTROLES EM SISTEMAS EOLICOS

Uma variedade de controles externos (alogénicos) influencia a construcao de
sistemas edlicos, e determinam, por exemplo, o0 suprimento sedimentar, a
disponibilidade de areia seca para acumulagcdo sedimentar, a maneira que a
acumulacdo finaliza, e o modo que sdo preservadas essas sequéncias de

acumulacdo edlica (Mountney, 2006a). Assim como outros sistemas, 0 sistema
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eolico é sensivel para mudancas globais e regionais relacionadas a tectbnica, ao

nivel do mar e ao clima (Kocurek, 1996).

Construcao

A construcdo de um campo de dunas é funcdo do suprimento sedimentar, da
disponibilidade de sedimento, e da capacidade de transporte do vento (Fig. 12)
(Kocurek & Lancaster, 1999). Suprimento sedimentar é o volume de sedimentos de
um tamanho de grdo compativel para o transporte edlico gerado por unidade de
tempo (Mountney, 2006a). Esses sedimentos podem ser oriundos de fontes
contemporaneas ou de fontes defasadas pelo tempo derivados de variados sistemas
deposicionais (Kocurek, 1999), tais como areias terrigenas fluviais, deltaicas e
lacustres, areias de plataformas marinhas rasas e de ambientes costeiros,
sedimentos de lagos evaporiticos, sedimentos vulcanoclasticos e glaciais
(Mountney, 2006a). Disponibilidade de sedimentos é a suscetibilidade de gréos da
superficie de serem movimentados pelo vento (Kocurek & Lancaster, 1999), e pode
ser controlado por fatores de estabilizacdo como a presenca de vegetacao,
capeamento de lama, lags com grdos extremamente grossos, influéncia de um nivel
elevado do lencol fredtico o qual atinja a superficie de deposi¢cao ou da sua franja
capilar, ou cimentacdo dos grdos (Mountney, 2006a). Capacidade de transporte € a
medida do potencial que o vento tem para carregar sedimentos e aumenta com a
poténcia do vento (Mountney, 2006a). Quando o suprimento e/ou a disponibilidade
de sedimento é limitado, o fluxo de ar se torna insaturado em relacdo a sua
capacidade maxima de carregamento, e assim, 0 vento se torna potencialmente
erosivo. Ja um fluxo de ar que esta totalmente saturado com sedimentos e que sofre
desaceleracdo deve perder um pouco a capacidade de carregamento e, assim,

proporciona o crescimento das formas edlicas (Mountney, 2006a).
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Figura 12. Variacdes na velocidade e capacidade do vento em carregar areia. A) vento mais

brando; B) vento mais potente (Estado de Santa Catarina). Imagens de Cecilia B. Soster.

Acumulacéo

Acumulacéo € a geracdo de um corpo tridimensional de estratos gerado pelo
cavalgamento de dunas, interdunas ou lencéis de areia edlicos (Kocurek & Havholm,
1993; Kocurek, 1996). A acumulacao requer, para um dado influxo sedimentar (Fig.
13), uma diminuicdo na taxa de transporte no sentido do fluxo e/ou diminuicdo na
concentracdo ao longo do tempo. A acumulagdo envolve uma subida da superficie
de acumulacdo com o tempo. Caso a superficie de acumulacdo se manter constante
ou envolver um rebaixamento ocorre a passagem de sedimento (by-pass) ou
deflacdo, respectivamente (Mountney, 2006a). A acumulacdo de formas de leitos
migrantes ocorre como consequéncia do angulo de cavalgamento em relacdo a
superficie de acumulagdo. Na maior parte das vezes, o angulo de cavalgamento &
baixo (dngulo subcritico), fazendo com que numa sucessao de cavalgamentos, a
duna precedente eroda a duna subsequente, e tendo como resultante o registro

somente da porcao basal dos foresets de uma duna edlica.

A dindmica de acumulac¢édo edlica depende do tipo de sistema, que podem ser
subdivididos em trés modelos principias: sistemas edlicos secos, Umidos e
estabilizados (Fig. 14) (Kocurek & Havholm, 1993).
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Figura 13. A) Geracao de sets de estratos cruzados por migragédo e cavalgamento de dunas.
A acumulacéo exige um balago sedimentar positivo em que a entrada de sedimentos (Qe)
seja maior que a saida de sedimentos (Qs) e a altura (h) da superficie de acumulagéo
aumentem com o tempo. A razdo entre a taxa de subida da superficie de acumulacéo e a
taxa de migragdo da duna determina o angulo de cavalgamento (a) dos conjuntos de
estratos cruzados acumulados (Modificado de Kocurek e Havholm, 1993); B) e C)
apresentam exemplos do estégio inicial da acumulagéo através da formacgédo de pequenas
dunas edlicas (zona costeira de Imbituba, Santa Catarina).
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Figura 14. Exemplos dos tipos de sistemas edlicos em que: A) representa sistemas eolicos
secos (imagem de Fenek Rally); B) sistemas eolicos Umidos (imagem de Chapada

Trekking); C) sistemas edlicos estabilizados (imagem de Luis Barros).

Nos sistemas eolicos secos, o nivel freatico encontra-se abaixo da superficie
de acumulacdo, fazendo com que a umidade do substrato ndo influencie na
sedimentacao, e a acumulacao resulta apenas dos fatores aerodinamicos (Kocurek
& Havholm, 1993). Interdunas planas nesse sistema geralmente tendem a serem

areas de aceleracédo do fluxo de ar, e assim, sdo locais de potencial erosdo, onde o
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sedimento disponivel é varrido e concentrado na préxima duna. O resultado disso é
0 crescimento das dunas edlicas e a diminuicdo das areas de interdunas, ocorrendo
o cavalgamento direto de uma duna sobre outra, em que a interduna é registrada
apenas como uma superficie limitando dois pacotes de dunas edlicas (Mountney,
2006a).

Nos sistemas edlicos umidos, o nivel do lencol freatico e/ou de sua franja
capilar intercepta a superficie de acumulagdo, resultando que a umidade do
substrato influencia na acumulagdo sedimentar (Kocurek & Havholm, 1993). A
umidade funciona como uma armadilha para a areia, e desse modo, as areas de
interdunas ficam menos susceptiveis a erosao, preservando amplas areas de
interdunas planas (sistemas metassaturados). Um progressivo aumento no nivel
relativo do freatico é fundamental para a acumulacdo de depdsitos de dunas e
interdunas no sistema eolico umido (Hummel & Kocurek, 1984). A acumulacao
nesse tipo de sistema tende a ser caracterizada pelo cavalgamento de dunas eolicas

separadas por unidades de interdunas umidas.

Em sistemas eolicos estabilizados, fatores tais como vegetacéo e cimentacéo
da superficie influenciam a sedimentacdo, e a deposi¢cao resulta da combinacao da
configuracdo aerodindmica e do grau e tipo da superficie de estabilizacdo (Kocurek
& Havholm, 1993). No caso da vegetacéo, ela quebra o fluxo de ar primario, e assim
reduzindo a capacidade de transporte de sedimentos pelo vento. A precipitacdo de
cimentos diagenéticos iniciais restringe a disponibilidade de sedimentos para o
transporte edlico e consequentemente implicam na acumulagéo (Mountney, 2006a).

Preservacao

A preservacdo de uma sequéncia edlica ocorre quando a sequéncia esta
localizada abaixo da linha de base regional de erosdo, porém diferentemente de
outros sistemas, o sistema edlico pode ndo coincidir o espaco de acumulacdo com o
espaco de preservacgao (Kocurek & Havholm, 1993) (Fig. 15). Os principais agentes
que geram acomodacdo e promovem preservacao sao: subsidéncia, subida do
lencol freatico, subida do nivel do mar, estabilizacdo da superficie, e circunstancias

excepcionais (Mountney, 2006a).
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Figura 15. Componentes de acumulacao e espaco de preservacdo para sistemas eodlicos
secos e Umidos. A) Sistema edlico seco onde a acumulacgéo foi construida acima do espaco
de preservacdo devido um balanco positivo de provisdo de sedimentos. Potencial de
preservacdo daquela parte da acumulacdo acima da linha de espaco de preservacao €
baixo em longo prazo; B) Sistema edlico seco onde a acumulacao ndo preenche o espaco
de preservacdo disponivel; C) Sistema edlico imido onde a subida do freatico habilita a
acumulacdo para construir acima do espaco de preservacdo gerado por subsidéncia. Uma
gueda no nivel fredtico resulta em deflacdo; D) Sistema edlico umido onde o freético esta
abaixo da linha de espaco de preservacdo e espaco de preservagdo permanece nao
preenchido. Modificado de Kocurek & Havholm (1993).
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A subsidéncia de uma acumulacéo abaixo da linha de base erosional ocorre
devido acao tectbnica, carga e/ou compactacdo do sedimento (Blakey et al. 1988;
Kocurek, 1996). Em muitos sistemas, o nivel freatico define a linha de base de
erosdo (Mountney, 2006a). Uma subida no nivel freatico pode ser relativa com a
acumulacéo subsidindo através de um nivel freatico estatico, ou pode ser absoluta
com uma mudancga climatica para condigcbes mais Umidas ou ainda uma resposta
para subida do nivel do mar (Kocurek, 1996; Mountney, 2006a). Acumulacao
também pode ser estabilizada por vegetacao, um reg (serir, pavimento desértico) ou
algum outro fator que inibe a erosdo, mesmo estando acima da linha de base
regional de erosdo (Kocurek, 1996). Devido acumulacdo em sistemas eolicos
umidos ser controlado pelo nivel freatico, ocorre uma equivaléncia entre espacgo de
acumulacéo e espaco de preservacado (Kocurek, 1996). Alguns casos excepcionais
tais como derramamentos de lavas (Scherer, 2002) e inundac¢des (Glennie & Buller,

1983) sobre sistema podem estabilizar e preservar a acumulacao.

2.3. RECONSTRUCAO DA DIRECAO DE VENTOS

Os ventos regionais ou primarios sdo os principais fatores para determinar o
tipo de duna e a sua orientacdo, porém as dunas interagem fortemente com os
ventos modificando o fluxo de ar, tanto na velocidade quanto na direcdo (Rubin &

Hunter, 1987), sendo denominado como fluxo secundario (Kocurek, 1991, 1996).

Os fluxos secundarios sdo funcdo de um numero de variaveis, sendo as
principais a morfologia da duna e o angulo de incidéncia dos ventos primarios em

relacdo a linha de crista da duna (brinkline) (Kocurek, 1991).

Muitos trabalhos indicam que a linha de crista de dunas edlicas se orienta o
mais perpendicular possivel em ralacdo as dire¢Bes de vento atuantes dentro do
regime de vento local (Rubin & Hunter, 1987; Werner & Kocurek, 1997; Bishop et al.,
2002). Em regimes de ventos que ndo sao unidirecionais, a resultante direcional do
vento pode ndo estar em angulo reto com a linha de crista da duna (Sweet, 1992;
Eastwood et al., 2012). Devido a sinuosidade das dunas, uma variedade de angulos
de incidéncia ocorre ao longo da linha de crista para qualquer direcdo de vento
(Sweet, 1992; Eastwood et al., 2012).
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Dunas podem mudar sua orientacdo em resposta a ordem da escala de
tempo de variacées na direcdo do vento dependendo do tamanho da duna e da
energia do vento (Sweet, 1992). Em dunas pequenas, as mudanc¢as na orientacao
podem ocorrer em resposta de curto prazo, sazonalmente (Loope et al., 2001,
Scherer & Goldberg, 2010; Jones et al., 2016). Por sua vez, os draas podem mudar
sua orientacdo em resposta a mudangas de longo prazo (10 mil anos?), tal como
padrbes de circulagdo atmosférica (Sweet, 1992).

Sweet (1992) explana que dentro de certos sets de estratos cruzados eolicos
sao registrados dados de paleovento de duas escalas de tempo (Fig. 16). Uma é de
longo prazo, relativa ao tempo de reconstituicdo da duna, e registra a soma das
direcbes de ventos que movimentam areia e que n&o necessariamente reflete a
direcdo atual de algum dos ventos primarios (exceto caso o regime de ventos seja
unidirecional). Este registro de longo prazo € a direcdo de mergulho de um set
simples de estratos cruzados ou a ocorréncia e orientacdo de superficies limitrofes
de segunda ordem em sets de estratos cruzados compostos. As variacées de curto
prazo na direcdo de ventos primarios sdo refletidas no registro sedimentar atraves
da intercalacdo de pacotes de marcas onduladas eolicas e fluxo de graos, das
superficies limitrofes de terceira ordem (reativacdo), ou de depdsitos reversos na
direcdo de mergulho de estratos cruzados dentro de sets compostos (Kocurek, 1991;
Sweet, 1992).

Fluxos secundarios (sotavento) foram classificados como uma fung¢do do
angulo de incidéncia em relacao a brinkline (Sweet e Kocurek, 1990), os quais foram
separados em transversal (70-90°), obliguo (10-70°) e longitudinal (0-10°). A
resultante, de modo geral, apresenta dominio de transporte por tracdo (wind ripples)
em angulos de incidéncia longitudinais, de processos gravitacionais (fluxos de graos)
em angulos de incidéncia transversais, e de tragdo coexistente com gravitacional em

angulos de incidéncia obliquos (Eastwood et al., 2012).
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DIRECOES DE VENTO DEPOSITOS
MOVENDO AREIA E LINHA
DE BORDA DA DUNA

Sets simples compostos exclusivamente de laminagoes
de fluxo de graos. Dire¢do de mergulho de estratos
cruzados = direcdo de paleovento atual.

Sets simples compostos primariamente por estratos de
\ fluxo de graos interlaminados com estratos de marcas

onduladas eolicas. Direcao de mergulho de estratos
cruzados = direcdo de paleovento atual.

Sets simples compostos primariamente por estratos de
\ marcas onduladas edlicas. Raras interlaminacdes com
estratos de fluxo de graos pode indicar depositos de
tempestade. Dire¢ao de mergulho de estratos cruzados

/ # direc3o de paleovento atual.

Sets compostos com estratos cruzados que possuem
\ direcao de mergulho constante. Superficies liitrofes de
segunda ordem orientados por GBNT e angulo de
cavalgamento de duna superposta. Direcdo de mer-
| gulho de estratos cruzados # dire¢c3o de paleovento

atual.

Sets compostos com estratos cruzados reversos.

Superficies liftrofes de segunda ordem orientados por
\ / GBNT e angulo de cavalgamento de duna superposta.

Dire¢do de mergulho de estratos cruzados # dire¢ao de
] paleovento atual.

LEGENDA

Largura da seta proporcional
com a for¢a do vento relativo

\ Orientacdo da linha de borda [

Face de sotavento simples Face de sotavento composta

GNBT = Gross normal-bedform transport

Figura 16. llustracdo esquematica de como algumas combinacBes de ventos primarios
podem interagir para determinar a natureza e orientacao de depdsitos edlicos (traduzido e
modificado de Sweet, 1992).
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Sweet (1992) ao estudar as dunas crescentes e complexas no campo de
dunas de Algodones (Califérnia, Estados Unidos) e comparar com 0s registros
geoldgicos das formacdes jurdssicas dos arenitos Page e Navajo (sudoeste dos

Estados Unidos) chegou as seguintes conclusfes sobre as direcdes de paleoventos:

1. Os sets cruzados simples de estratos de fluxo de graos fornecem a indicacao
mais confiavel da direcdo do paleovento, pois esses depoésitos indicam que 0s
ventos que movem areia foram orientados consistentemente perpendiculares a face

de sotavento.

2. Draas e sets compostos por laminacdes de marcas onduladas eélicas indicam
forte componente(s) de fluxo obliquo. A direcdo de mergulho de sets simples de
laminacGes de marcas onduladas edlicas fornece uma indicacdo da orientacdo da
soma vetorial de ventos que movem areia. Em contraste, uma vez que a orientacao
de superficies limitrofes de segunda ordem em sets compostos (draas) é controlada
pela soma dos ventos que movem areia e pelo angulo de cavalgamento de dunas
superpostas, eles séo indicadores menos confiaveis da dire¢cdo paleovento primario

ou regional dominante.

Em sistemas de dunas edlicas simples, o angulo de incidéncia implica em
diferentes combinacdes de estilos de estratificacdo. Eastwood et al. (2012) em
estudos no White Sands Dune Field no Novo México apresentam sete estilos
basicos de processos na face de escorregamento e suas estratificacdes resultantes
(Fig. 17).
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Figura 17. Fotos de campo e representacdes diagramaticas dos sete estilos de estratificagdo
de face de sotavento reconhecidos nas dunas de White Sands Dune Field no Novo México.
A) Estilo A — marcas onduladas eolicas (wr) que ocorrem nas superficies erosivas, de
desvios e de deposicéo; B) Estilo B — marcas onduladas edlicas e queda livre de gréos (ga);
C) Estilo C — marcas onduladas edlicas, queda livre de gréos e fluxo de graos (gf); D) Estilo
D — apenas queda livre de gréos; E) Estilo E — queda livre de gréos e fluxo de grdos com
marcas onduladas eolicas basais; F) Estilo F — queda livre de gréos e fluxo de gréos; G)

Estilo G — somente fluxo de gréos. Imagem retirada e modificada de Eastwood et al. (2012).

Segundo Eastwood et al. (2012), o fluxo secundario de face de sotavento é
em grande parte uma funcdo do angulo de incidéncia, e da origem a processos de
face de sotavento que séo refletidos em sets de estratos cruzados como estilos de
estratificacdo. Os estilos de estratificacdo identificados em White Sands séo

configuragbes comuns no registro de dunas eolicas e sua ocorréncia dentro de
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intervalos de angulos de incidéncia (Fig. 18) pode ser usada para reconstruir a
direcdo do vento para sets de estratos cruzados. De modo geral, para dunas
simples, os estratos cruzados compostos de laminas de marcas onduladas eolicas
caracterizam angulos de incidéncia de 25°-40°. Os estratos cruzados constituidos
por foresets de estratos queda de graos e de fluxo de grdos sobre bottomsets de
laminas de marcas onduladas edlicas caracterizam angulos de incidéncia de 40°-
70°. Os estratos cruzados compostos inteiramente por foresets de queda de graos e

fluxo de gréos refletem angulos de incidéncia de 70°-90°.

Estilo G
Estilo F
Estilo E
Estilo D
Estilo C
Estilo B
Estilo A
{ Fluxo de Gréos s
| Queda Livre de Graos _
| >
1 Marcas Onduladas Edlicas |
" |
Eroséo | Bypass Deposicdo ——
| | | I | I ] 1 | 1 1 I | | | I |
0 10 20 30 40 50 60 70 80 90

Angulo de Incidéncia (graus)

Figura 18. Diagrama de resumo mostrando a gama de angulos de incidéncia associados a
cada estilo de estratificacdo de face de sotavento (Fig. 17). Observe a faixa de angulos de
incidéncia para fluxo de gréos, queda livre de graos e marcas onduladas edlicas. As taxas
de deposicdo continuam a aumentar com o0 angulo de incidéncia. Imagem retirada e
modificada de Eastwood et al. (2012).

Parametros secundarios que afetam a distribuicdo de estilos de estratificacao

da face de sotavento sdo: (1) alta sinuosidade da linha de borda da duna (brinkline),
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que parece estender a variacado de angulos de incidéncia sobre os quais estilos de
estratificacdo ocorrem, (2) velocidade do vento, na qual a producédo de queda de
graos é reduzida a velocidades mais baixas e aumentada a velocidades mais
elevadas, e (3) altura da duna, na qual a presenca de queda de graos diminui a
medida que a altura da superficie de deslizamento aumenta. Os estilos de
estratificacdes identificados em sets de estratos cruzados no registro geoldgico
também sé&o influenciados pelo grau de truncamento das dunas. Como as dunas
eollicas cavalgam com angulo subcritico, o que fica preservado € somente a por¢ao
inferior dos foresets, nao refletindo o conjunto de processos que ocorrem na face
frontal da duna. Por exemplo, um set de estrato cruzado constituido somente por
laminagdes de marcas onduladas n&o indica necessariamente a auséncia de face de
avalanche, podendo estar associado ao fato que ficou somente preservado a porcéo

basal dos estratos cruzados da duna eodlica.

2.4, CONFIGURACAO MORFOLOGICA, CLIMATICA E DE CIRCULACAO DE
VENTOS DO EOPERMIANO

O Permiano apresenta a transicdo de uma grande glaciacdo para um contexto
livre de gelo (ice-free state). Essa deglaciacdo, aparentemente, ocorreu
relativamente rapida, no inicio do Sakmariano (Gibbs et al., 2002), indicando um
aquecimento climatico global (Ziegler et al., 1997). Acompanhado este aquecimento
global, ocorreu a construcdo de extensos sistemas eélicos sobre amplas areas do
Pangeia durante o Permiano (Fig. 19), favorecida pela localizagcdo das grandes
massas de terra em latitudes subtropicais, sob a influéncia das zonas desérticas dos
paleo-hemisférios sul e norte (Rodriguez-Lopez et al., 2014).

Estudos para o sul da América do Sul realizados por Limarino et al. (2014)
apresentam dois estagios paleoclimaticos para o Permiano (Quadro 1).
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Figura 19. Mapa paleogeogréfico retirado de Scotese (2001) PALEOMAP Project.

Quadro 1. Quadro apresentando a estratigrafia, idade e o estagio paleoclimaticos para o sul
da América do Sul durante o Permiano. Imagem retirada e modificada de Limarino et al.
(2014).

Estagio Oeste Estratigrafia Leste
SO - - Idade
Paleoclimético . . Bacias de Retroarco Bacias de Intraplate
Bacias Andinas
Oeste Leste
Red-beds edlico, playa Red-beds edlico, playa |Arenitos eodlicos (Fm.
lake e fluvial efémero (Fm.|lake e fluvial efémero (Fm.|[Pirambdia e Fm. Sanga do
Talampaya e Fm. Talampaya e Fm. Cabral), sucessbes de
. . . |Veteada). Veteada). ranulometria fina de Guadalupiano médio -
Semiarido-Arido ) ) g . pian
playa lake e fluvial Lopingiano
efémero (Mb. Morro
Pelado e parte superior da
Fm. Buena Vista).
Sedimentagédo marinho  |Sedimentagéo fluvial Conglomerados, arenitos,
raso e flavio-deltaico. substituida por sucessdes|lamitos e camadas de
Primeira sucesséo edlicas incluindo dunas, [carvéo depositados em
espessa de calcério e interdunas e depdsitos ambientes fluviais e ) .
, . . . ‘s - . . Cisuraliano -
Pés-glacial vulcanismo restrito em externos. Depdésitos de paralicos (Fm. Rio Bonito, Guadalupi inferi
algumas localidades (Fm. [playa lake e fluvial Fm. Iratie Fm. Treslslas). uadalupiano Inferior
Huentelauquen, Fm. San |efémero predominam em |Localmente ritmitos xistos
Ignacio, Fm. Arizaro e Fm. |algumas localidades (Topo |betuminoso-dolomita
Copacabana). do Grupo Paganzo). (Grupo Passa Dois).
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O estagio poés-glacial (Cisuraliano-Guadalupiano inferior) é caracterizado na
parte sul do Gondwana, pela substituicdo dos depdsitos a processos glaciais (e.qg.
tilitos, pavimentos estriados, ritimitos com clastos pingados) por depdsitos de carvao
associado a flora Glossopteris (Fig. 20), conforme pode ser observado nas Bacias
do Parana e Chaco-Parana (Limarino et al., 2014).

O clima semiarido-arido dominou a sedimentacdo durante o Guadalupiano
Superior-Lopingiano ao longo da maior parte do sul da América do Sul como
sugerido pelo amplo registro de depdsitos eodlicos, evaporitos, amplas sucessdes de
playa lake, interbandamento edlico e fluvial, e auséncia de camadas de carvao (Fig.
20) (Limarino et al., 2014).

Gibbs et al. (2002) utilizaram um modelo climéatico para simular dois periodos
permianos: o Sakmariano (cerca de 280 Ma), que marca o final da glaciacdo Permo-
Carbonifera, e o Wordiano (cerca de 265 Ma), associado ja a um contexto livre de
gelo, com desertos nas baixas e médias latitudes do Gondwana. Para a elaboracéo
dos modelos paleoclimaticos foram consideradas a paleogeografia e a
paleotopografia para cada periodo, assim como foi explorado a resposta do clima a
varios niveis de concentracdo de CO, na atmosfera. Além disso, foram utilizados
dados de indicadores paleoambientais como carvéo, evaporito, fosfato e depdsitos

eolicos para balizar os modelos gerados.

Gibbs et al. (2002) identificaram uma similaridade climatica o qual
interpretaram o clima como éarido, com sazonalidade bem marcada nas médias e
baixas latitudes dos hemisférios norte e sul, e mon¢des de verdo ao longo das
margens do Tethys, como uma consequéncia do tamanho do supercontinente de

Pangeia.

O modelo ainda prevé um enfraguecimento da precipitacdo da mong¢édo de
verdo do Hemisfério Norte desde o Sakmariano até o Wordiano, evidenciado por
uma diminuicdo na ocorréncia de depoésitos de carvdo. No modelo, esse
enfraquecimento é causado pelo: (1) deslocamento em dire¢cdo ao norte do Pangeia,
resultando em diminuicdo da massa continental na regido subtropical norte e (2) pela
diminuicdo da topografia ao longo da costa subtropical. Por outro lado, a mongéao de
verdo do hemisfério sul é reforcada no Wordiano, em relacdo ao Sakmariano, devido

a um aumento da area continental na regiao subtropical.
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Figura 20. Mapas paleoclimaticos para o Permiano. A legenda indica qual indicador litol6gico
seria esperado para ocorrer nas cinco diferentes zonas climaticas (tropical, arido, temperado
guente, temperado frio, glacial) apresentando na reconstrucdo paleoclimatica, retirado e
modificado de Scotese (2001) PALEOMAP Project.
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As direcdes do modelo de ventos (Fig. 21) também s&o consistentes com 0s
vetores de transporte inferidos de depdsitos de dunas de areia edlica, embora

limitados na distribuicdo e possivelmente na resolucéo temporal.

A Evaporito [E Montanhas (>1000m) P-E (mm/dia)
=¥ Vento [ Terras baixas (0-200m) -2 0 2 4

Figura 21. Mapas paleogeogréficos com as localiza¢des de depdsitos de evaporitos, areias
eodlicas, fosforitos, e carvdo para o (A) Sakmariano e para o (B) Wordiano. Mapas
apresentando simulacdes de precipitacdo anual menos evaporacdo (mm/d) e ventos para as
estacdes de inverno (preto) e verdo (branco) para os experimentos com 4xCO, no (C)
Sakmariano e no (D) Wordiano. Retirado e modificado de Gibbs et al. (2002).
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Os tipos de estratificacdo em paleoambientes edlicos primeiramente foram
usados para distingdo, principalmente, de sistemas fluviais, porém ganharam
maiores estudos com o tempo e sua analise detalhada é de grande importancia para
a reconstrucdo da morfodinamica do sistema. Os tipos de estratificacdo permitem a
interpretacdo de fluxos secundarios de ventos, e junto com a reconstrucdo da
morfologia das dunas podemos inferir paleoventos primarios. Depdsitos de
interdunas compreendem a maior variabilidade de estratos e, portanto, s&o os
indicadores chave de condi¢cbes deposicionais especificas; ja que as estruturas de
dunas sdo menos sensiveis a fatores ambientais variados (Kocurek, 1981). Além
disso, a sensibilidade das regibes de interdunas contribuem para analise das
variagfes paleoclimaticas, pois apresentam maior nimero de feicbes sedimentares
indicadoras de fatores climaticos em relacéo as feicdes de dunas. O reconhecimento
morfoléogico e a reconstrucdo morfodindmica de sistemas edlicos, além de
reforcarem as informacdes paleogeograficas locais do Gondwana durante o
Permiano, sdo uma Otima ferramenta para as aplicagbes de modelos
paleoclimaticos, permitindo a andlise das mudancas globais de clima com periodos
adjacentes. Assim como os dados de paleoventos regionais sdo de grande
importancia para o entendimento da circulagdo de ventos globais e de apoio e

certificacdo de simulacbes como as realizadas por Gibbs et al. (2002).
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3. METODOLOGIA

A primeira etapa concentrasse no levantamento bibliografico com intuito de
abastecer o projeto com informacdes sobre a geologia da area de estudo, métodos
descritivos e critérios de avaliacao dos sistemas eolicos. Também inclui a pesquisa a
verificacdo de cartas topograficas da area de estudo, sendo uma ferramenta
indispensavel para a orientacdo em campo e 0 acesso aos afloramentos. Além das
cartas, a interpretacdo de fotos aéreas e imagens de satélite auxiliam no
reconhecimento e selecéo prévia dos afloramentos a serem detalhados. Toda esta
organizacdo de dados topograficos, levantamentos aerofotogramétricos e dados
adicionais, tais como mapas geoldgicos, foram incluidos em uma base de dados SIG
(Sistema de Informacéo Geogréfica).

As campanhas de campo compreenderam a busca por afloramentos
relevantes para as unidades de estudo, e no levantamento de secdes estratigraficas
na escala 1:50 ou 1:25 quando necessario um maior refinamento faciolégico (Fig.
22). Nas secOes colunares foram descritas as facies, as associacdes de facies,
identificacbes e medicdes de superficies limitrofes, medicdes da SO e de
paleocorrentes. Além disso, foi confeccionada uma série de painéis arquiteturais a
partir de fotomosaicos buscando: (a) definir as geometrias bidimensionais dos
depdsitos que compdem as dunas e as relacbes de contato entre os estratos de
dunas e interdunas ou com outras associacfes de facies; (b) hierarquizar as
superficies limitrofes e (c) plotar o sentido e angulo de mergulho dos estratos

cruzados e das superficies limitrofes.

O tratamento dos dados adquiridos em campo consistiu na compilacao,
integracdo e interpretacdo. Isso compreendeu a digitalizacdo das secdes colunares
utilizando o programa de desenho Adobe lllustrator CS4, e a construcdo de painéis
fotomosaicos montados no programa Adobe Photoshop e sua interpretacéo
(realizada em campo) repassada digitalmente utilizando o programa Adobe Illustrator
CS4. Como nenhum afloramento apresentou basculamento maior que 10°, ndo foi
necessario realizar a correcdo das medidas de paleocorrentes. Os dados de
paleocorrentes foram plotados em diagramas de rosetas por afloramento e por area

de estudo, utilizando-se o programa RockWorks 15.
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Figura 22: Planilha base para levantamento de secdes estratigraficas.
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A partir dos dados levantados em afloramentos foi identificado o modelo
deposicional e definida a evolucado estratigrafica das trés unidades estudadas. Com
base nisso, e somado com a compilagcéo e integracbes de dados bibliogréaficos, foi
efetuada uma reconstrucdo paleoclimatica e paleogeografica regional. Por fim, a
plotagem dos diagramas em roseta para cada area de estudo em mapas
paleogeograficos do Permiano Inferior fornecendo a reconstrucdo das direcdes de
vento e seu significado e importancia inseridos em um contexto global de ventos

para o Gondwana.
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4. CONTEXTO GEOLOGICO

Durante o Permiano Inferior (Cisulariano), a Sub-bacia de Tucano Norte, a
Bacia de Sergipe-Alagoas, e a Bacia do Parnaiba estavam inseridas em um contexto
de bacias intracratonicas (Silva et al., 2003; Souza-Lima, 2006; Campos Neto et al.,

2007), localizadas na regido nordeste do Brasil (Fig. 23).
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Figura 23. A) Imagem apresentando mapa da América do Sul e o posicionamento das areas
da Provincia Parnaiba, da Bacia de Sergipe-Alagoas e da Sub-bacia de Tucano Norte; B)
Detalhe da Bacia do Parnaiba apresentando a geologia local da area estudada em
Monsenhor Gil no Esatdo do Piaui; C) Detalhe da Bacia de Sergipe-Alagoas e da Sub-bacia
de Tucano Norte exibindo as localidades de estudo proximos aos municipios de Santa
Brigida no Estado da Bahia e de Igreja Nova no Estado de Alagoas, assim como a geologia

local.
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A Formacdo Santa Brigida (Bacia de Tucano Norte), a Formacao Aracaré
(Bacia de Sergipe-Alagoas) e a Formacao Pedra de Fogo (Bacia do Parnaiba) séo
caracterizadas, em parte de seus perfis estratigraficos, pela acumulacdo de arenitos
ellicos compreendendo depésitos de dunas e interdunas eolias, assim como
depositos de lencdis de areia edlicos (Ghignone, 1963; Faria Jr., 1979; Souza-Lima
et al., 2002).

4.1. FORMACAO PEDRA DE FOGO

A Bacia do Parnaiba possui uma area de quase 600 mil km2 e esta localizada
na regiao nordeste do Brasil (Fig. 24), cobrindo principalmente os estados do Piaui,
Maranh&o, Tocantins e uma area menor nos estados do Para, Bahia e Ceara
(Caputo, 1984; Caputo et al., 2005).
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Figura 24. Imagem apresentando as areas das unidades geotectbnicas da Provincia
Parnaiba compostas pela Bacia do Grajau, Bacia das Alpercatas, Bacia do Parnaiba e Bacia
do Espigdo-Mestre. Imagem de Silva et al. (2003, modificado de Goés, 1995).
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A Bacia do Parnaiba € uma bacia intracraténica tipo sag desenvolvida durante

0 estagio de estabilizacdo da Plataforma Sul-Americana e compreendendo idades
do Siluriano ao Cretaceo, (Almeida & Carneiro, 2004; Vaz et al., 2007). O registro
sedimentar da bacia sobrepbe uma nao-conformidade regional sobre os blocos
crostais da Amazobnia/Araguaia, Parnaiba e Borborema subsequentemente a

formacéo de uma planicie pos-brasileira (Daly et al. 2014).

O intervalo sedimentar do Grupo Balsas (Quadro 2) se acumulou durante o
Neocarbonifero até ao Eotridssico, e €& composto por quatro formacdes
estratigraficas: (1) Formacdo Piaui; (2) Formacdo Pedra de Fogo, um dos focos
deste estudo; (3) Formacdo Motuca; e (4) Formacdo Sambaiba (Godes & Feijo,
1995). A Formagcdo Piaui tem idade Pensilvaniana e suas associagfes de facies séo
interpretadas como sendo fluviais, edlias e marinhas, em um contexto clmatico
variando de semiarido a desértico (Lima & Leite, 1978; Melo et al., 1998; Vaz et al.,
2007; Vieira & Scherer, 2017). A Formacéo Pedra de Fogo se sobrepde a Formacéao
Piaui e é essencialmente caracterizada por depdsitos lacustres e edlicos (Vaz et al.,
2007). A Formacgdo Motuca esta sobreposta a Formacdo Pedra de Fogo, variando
em idade do Lopingiano ao Eotridssico (Caputo, 1984; Dino et al., 2002), sendo
classificada como um sistema de deserto com lagos rasos e saline pan (Gées &
Feij6, 1994; Abrantes Jr. & Nogueira, 2013). Sobrepostas a Formacdo Motuca, a
Formacdo Sambaiba varia em idade entre Meso e Neotriassico (Lima & Leite, 1978),
e seus depodsitos estdo associados a um sistema de deserto composto por lengois
de areia e dunas edlicas com alguma contribuicéo fluvial (Vaz et al., 2007; Abrantes
Jr. & Nogueira, 2013).

Quadro 2. Representacao cronoestratigrafica da Bacia do Parnaiba apresentando o periodo
e 0 ambiente deposicional para a Formacao Pedra de Fogo e para as Formacgdes limitrofes

na sucessao vertical. Idades retiradas da carta cronoestratigrafica de Vaz et al. (2007).

PERIODO AMBIENTE DEPOSICIONAL GRUPO FORMACAO
TRIASSICO : DESERTICO SAMBAIBA
DESERTICO, LACUSTRE MOTUCA
BALSAS

PERMIANO | PLAT. RASA, LITORANEO, EOLICO
TEMPESTADES, SABKHA

CARBONIFERO [FLUVIAL, DESERTICO, LITORANEO PIAUI

PEDRA DE FOGO
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A Formacdo Pedra de Fogo apresenta espessura maxima em subsuperficie

de 240 metros (GoOes & Feijo, 1994). Inicialmente foi interpretada como depdsitos de
ambiente marinho epiconticontinental e por sistemas costeiros e edlicos (Faria Jr.,
1979). O autor dividiu a sucessao sedimentar em trés membros: (1) Membro Basal
Silex; (2) Membro Médio; e (3) Membro Trisidela (Faria Jr. & Truckenbrodt, 1980). O
Membro Basal Silex é composto por uma intercalacdo de siltitos e bancos
dolomiticos, apresentando concre¢es abundantes e horizontes silicosos, mostrando
também niveis de oncdlitos. O Membro Médio é caracterizado por arenitos finos com
estratificacdo cruzada de grande porte intercalada com siltitos, folhelhos e bancos de
carbonatos com pequenas concrecdes siliciosas. O Membro Trisidela é composto
pela intercalagdo de arenitos de granulometria fina, siltitos, folhelhos e bancos de
carbonatos, com troncos fésseis associados a siltitos e arenitos com tamanho de
gréo fino, além de estruturas como gretas de dissecacao, tepees, esteiras algais e
niveis de estromatélitos (Faria Jr. & Truckenbrodt, 1980). O contexto deposicional da
Formacao Pedra de Fogo tem sido interpretado como de ambientes marinhos rasos
para costeiros influenciados por tempestades, associados a sabkhas e ao ambiente
eodlico (Goes & Feijd, 1994; Vaz et al., 2007). Com base em estudos palinolégicos e
nas litologias aonde se hospedavam, Dino et al. (2002) sugerem a predominancia de
um ambiente continental com um ambiente marinho fraco, raso e restrito. O perfil
estratigrafico indicava regressdo da linha de costa na base, em que o ambiente
desértico avancou sobre planicies costeiras, e em direcdo ao topo observa-se uma
sequéncia transgressiva com sedimentos peliticos de ambientes subaquéticos

empilhados sobre o ambiente desértico (Faria Jr. & Truckenbrodt, 1980).

Contudo, estudos mais recentes, focados na andlise de facies, apresentaram
novas interpretacdes sobre o sistema deposicional da Formacdo Pedra de Fogo,
como lago com rios efémeros, lago influenciado por ondas de tempestade, sabkha
continental, lago central, dunas edlicas e lago/oasis com inundacédo (Andrade et al.,
2014). Mais recentemente, Araujo et al. (2016) interpretaram o registro sedimentar
como mudflat, nearshore e depdsitos de inunditos/wadis, enquanto Abrantes Jr. et
al. (2019) interpretaram 0 mesmo registro sedimentar como lago efémero com
campo de dunas marginal. Estudos paleobotanicos e de paleovertebrados
combinados com a interpretacdo litoestratigrafica sugerem um forte carater
continental da Formacdo Pedra de Fogo com depdsitos lacustres, de planicie de
inundacao e de canais fluviais efémeros (Cisneros et al. 2015; Da Conceicéao et al.,
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2016; lannuzzi et al., 2018). Além disso, estudos mostram que os fitofésseis ndo se
limitam aos estratos do Membro Trisidela, com registros abundantes de grandes
gimnospermas (alguns em posicdo de vida) e hastes horizontais de samambaias
(espécimes atribuiveis a Psaronius sp) no Membro Basal Silex (Da Concei¢éo et al.,
2016; lannuzzi et al., 2018).

O posicionamento da idade da Formacédo Pedra de Fogo foi primeiramente
atribuido como Cisulariano por Price (1948) devido a presenca do anfibio
labyrinthodonte. Essa idade foi corroborada através de estudos palinolégicos
realizados por Miuller (1962), Mesner & Woldridge (1964), e por estudos
bioestratigraficos realizados por Goes & Feijé (1994). No entanto, alguns estudos de
esporomorfos levaram a idades entre o Cisularian e 0o Guadalupian (Lima e Leite,
1978), ou mesmo a idade o Permiano Tardio para o Membro Trisidela (membro mais
ao topo) através da ocorréncia de espécies como Lueckisporities virkkiae,
Corisaccites alutas, Hamiapollenites karrooensis, Rhizomaspora radiate, and
Tornopollenites toreutos (Dino et al.,, 2002). Por outro lado, estudos de
paleovertebrados terrestres reforcam a idade Cisuraliana através da descoberta de
uma nova fauna continental de tetrapodes (Cisneros et al., 2015; Cisneros et al.,
2020). Dino et al. (2002) interpretaram que a deposi¢cao da Formacéo Pedra de Fogo
ocorreu em condic¢des de clima quente, arido ou semiarido, com base nas litologias e
no dominio dos grdos de polen de taeniate. Estudos sedimentolégicos também
apontam condi¢@es climéticas quentes e aridas (Andrade et al., 2014; Araujo et al.,
2016). Entretanto, lannuzzi et al. (2018), analisando assembleias fosseis, inferem
condi¢cdes paleoambientais e paleoclimaticas durante o inicio do Permiano como
mais Umidas do que as condi¢cbes aridas comumente interpretadas para essa area
com base em mapas de modelagem climética. Essas condi¢gbes mais Umidas sao
reforcadas pela paleoflora, que contém espécies de samambaias (Da Conceicado et
al., 2016) e pelo novos registro de Captorhinidae reforcando as faunas continentais

no trépico sul no oeste do Gondwana (Cisneros et al., 2020).

4.2. FORMACAO SANTA BRIGIDA (MEMBRO CALDEIRAO)

A Formagdo Santa Brigida localiza-se nos estados da Bahia e Sergipe,

apresentando uma espessura maxima de 270 metros (Costa et al., 2007). A Bacia
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de Tucano esta divida em trés sub-bacias denominadas de Tucano Sul, Tucano
Central e Tucano Norte (Fig. 25), e apresentam limites estruturais na direcdo NW-
SE. A Bacia do Tucano faz parte de um conjunto de bacias (Recéncavo-Tucano-
Jatoba) constituintes de um rifte intracontinental Mesozoico que acabou evoluindo
para um braco abortado durante a ruptura e a separacdo dos continentes sul-
americano e africano. Segundo Costa et al. (2007) a Sub-bacia de Tucano Norte
apresenta uma geometria tipica de meio-graben, com falhas de borda a Oeste e a
Noroeste, respectivamente. Relatam ainda que as falhas normais orientam o
mergulho das camadas em direcdo aos depocentros, a partir da margem flexural,
além de uma maior complexidade estrutural, manifestada por falhas com orientagcfes
NW-SE, N-S e NE-SW (Santos et al., 1990).
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[ sin-rifte
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Embasamento
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Figura 25. (A) Mapa do Brasil com destaque da localizacdo da Bacia de Tucano; (B)
Subdivisdes e contexto geoldgico da Bacia de Tucano (extraido e modificado de Magnavita
et al., 2003).

A Formacdo Santa Brigida encontra-se em um contexto geoldgico anterior ao
sistema rifte Recdncavo-Tucano-Jatobd, fazendo parte das bacias sedimentares
Paleozoicas (pré-rifte) sendo descrita primeiramente por Brazil (1947). Os
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afloramento da Formacdo Santa Brigida estdo localizados quase que restritamente
aos arredores do municipio de Santa Brigida, posicionadosna borda leste do rifte na
Sub-bacia de Tucano Norte (Fig. 25). Os limites estratigraficos da Fm. Santa Brigida
(Quadro 3) ocorrem com a Formacdo Curituba na base e o Membro Boipeba da
Formacédo Alianca (Grupo Brotas) no topo. A sucessdo de facies da Formacéo
Curituba foi interpretada como ambiente marinho raso depositado durante o
Carbonifero (Ghignone, 1963; Dino & Uesugui, 1986; Costa et al.,, 2007). Os
depdsitos sedimentares do Membro Boipeba sédo classificados como ambiente flavio-
edlico de idade Neojurassica (Scherer et al., 2005) compreendendo o0 contexto

geoldgico de pré-rifte.

Ghignone (1963) subdividiu a Formacdo Santa Brigida em dois membros:
Membro Caldeirdo (base) e Membro Inga (topo). Inicialmente, o Membro Inga foi
interpretado como a instalagcdo de um braco de mar epicontinental com orientacao
oeste-leste que inundou o sistema desértico do Membro Caldeirdo durante
transgressédo marinha (Ghignone, 1963). No entanto, estudos recentes de palinoflora
baseados na abundancia de pdlen bissacados taeniados e estriados (principalmente
dos géneros Lueckisporites), e a falta de evidéncias de paleomicroplancton marinho,
sugerem um ambiente predominantemente continental sob a influéncia de clima
guente e seco (Dino et al., 2018) O Membro Caldeirdo €é representado pelos arenitos
avermelhados com estratificagbes acanaladas de grande porte, apresentando
depdsitos de fluxo de gréos, queda livre de graos e estratos de marcas onduladas
eollicas, além de apresentar estruturas de adesao e marcas onduladas subaquosas
(Jones et al., 2016). Essas evidéncias foram interpretadas como depdsitos de dunas
e interdunas Umidas, associados a sistemas edlicos umidos e secos (Jones et al.,
2016). A Formacdo Santa Brigida foi posicionada na escala de tempo no Permiano
Inferior devido a existéncia de evidéncias de esporomorfos dos géneros Striatites e
Lueckisporites e através de datacdo radiométrica da palinozona encontrados no
registro sedimentar do Membro Inga (Ghignone, 1979; Dino et al., 2018). Silva et al.
(2012) através de estudos radiométricos de Rb-Sr na Bacia do Rec6ncavo obtiveram
idades de 290+21Ma para a Formacgao Afligidos (Membro Cazumba), essa formacao
é correlata com a Formacdo Santa Brigida (Membro Ing4) e corrobora com a idade

Cisulariana.
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Quadro 3. Representacao cronoestratigrafica da Sub-bacia de Tucano Norte apresentando o
periodo e o ambiente deposicional para a formacdo Santa Brigida e para as formacoes
limitrofes na sucessao vertical. Idades retiradas da carta cronoestratigrafica de Costa et al.
(2007).

PERIODO AMBIENTE DEPOSICIONAL | FORMAGAO | MEMBRO
JURASSICO FLUVIO-EOLICO ALIANCA BOIPEBA
SERLAARND RESTRITO A COSTA SANTA INGA

EOLICO BRIGIDA | CALDEIRAO
CARBONIFERO MARINHO RASO CURITUBA

4.3. FORMACAO ARACARE

A Bacia de Sergipe-Alagoas esté localizada na regido nordeste do Brasil nos
estados que dao o nome da bacia (Fig. 26). Feij6 & Vieira (1990) e Feij6 (1994)
devido as diferencas significativas nas caracteristicas estruturais e estratigraficas
separaram em Bacia de Sergipe e Bacia de Alagoas, considerando a feicéo
proeminente positiva chamado de Alto Jaboatd-Penedo como limite. No entanto,
Campos Neto et al. (2007) trata como uma Unica bacia sedimentar com a justificativa
de que o Alto Japoatd-Penedo € restrito apenas a porcdo de aguas rasas e
emergentes da bacia, sem que haja a feicdo limitrofe geolégica ocorrendo em aguas
profundas e, portanto, ndo caracterizando um divisor de bacias. Devido as variacbes
no preenchimento sedimentar e no estilo tectonico nas duas porgdes, Campos Neto
et al. (2007) subdividiram em Sub-bacia do Sergipe e Sub-bacia do Alagoas. Os
sistemas de falhas condicionam a orientacdo geral da bacia no sentido N45E, mas
outros sistemas diagonais com orientacdes NS e E-W e perpendiculares a direcao

NW classificam a bacia como uma trama estrutural complexa (Brito Neves, 1983).

O Grupo Igreja Nova representa uma sedimentacdo Paleozoica no Gondwana
depositada em uma bacia sedimentar do tipo sinéclise sobreposta ao embasamento
Pré-Cambriano (Brito Neves, 1983; Campos Neto et al., 2007). Feijo (1994) redefiniu

o Grupo Igreja Nova em duas formag6es: Formacao Batinga e Formacéo Aracaré.
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Cenozéico

- Mesozédico

Paleozéico

Pré-cambriano

Figura 26. A) Mapa do Brasil com destaque da localizagdo da Bacia de Sergipe-Alagoas e
de sua divisdo em Sub-bacias do Alagoas e de Sergipe; B) Detalhe das subdivisGes e
contexto geoldgico das Sub-bacias de Alagoas e Sergipe (créditos do mapa para Rossano
D. L. Michel).

Quadro 4. Representacéo cronoestratigrafica da Bacia de Sergipe-Alagoas apresentando o
periodo e o ambiente deposicional para a Formagao Aracaré e para as Formacdes limitrofes
na sucessao vertical. ldades obtidas da carta cronoestratigrafica de Campos Neto et al.
(2007).

PERIODO AMBIENTE DEPOSICIONAL | GRUPO | FORMAGAO
JURASSICO FLUVIAL PERUCABA | CANDEEIRO
DESERTICO, EOLICO :
PERMIANO LITORANEO, DELTAICO IGREJA ARACARE
NOVA
CARBONIFERO GLACIAL/DELTAICO BATINGA

A Formacao Aracaré tem espessura maxima de aproximadamente 200 metros
(Feij6, 1994; Campos Neto et al., 2007). Essa unidade ¢é limitada no topo e na base
por discordancias (Brito Neves, 1983; Feij6, 1994) com os sedimentos glaciais e
deltaicos de idade Carbonifera da Formacdo Batinga e com o sistema fluvial
Jurassico da Formacdo Candeeiro do Grupo Perucaba (Schaller, 1969; Feij6, 1994)
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(Quadro 4). A Formacao Aracaré apresenta litologia heterogénea, constituida por
arenitos de granulometria grossa e matura, com estratificagdo cruzada de grande
porte associada a calcarenitos oolitico-oncoliticos, esteiras algais e estromatolitos
silicificados (Souza-Lima et al.,, 2002). O Silex € um diagnostico para o
reconhecimento da unidade, ocorrendo nos leitos dos rios, em nodulos ou inclusdes,
e pode até, mais raramente, ser oolitico ou pisolitico (Schaller, 1969; Feij6, 1994;
Campos Neto et al.,, 2007). Recentemente, a Formacdo Aracaré tem sido
interpretada como um sistema eolico costeiro que é interdigitado lateralmente com
depdsitos carbonaticos / siliciclasticos acumulados em um contexto de lago raso
(Souza-Lima et al., 2002; Silva, 2020) semelhante ao ambiente lacustre proposto
para a Formacdo Pedra de Fogo (Andrade et al., 2014; Cisneros et al., 2015; Araujo
et al., 2016; lannuzzi et al., 2018; Abrantes Jr. et al., 2019; Cisneros et al., 2020). A
presenca de samambaias (Psaronius) na Formacdo Aracaré (Souza-Lima, 2007)
também é outra caracteristica semelhante com a Formacgdo Pedra de Fogo (Da
Conceicdo et al., 2016; lannuzzi et al., 2018). A interpretacdo paleoclimatica sugere
um clima de monc¢des, com variacdo de um clima semi-arido / arido com periodos
mais umidos (Silva, 2020). Schaller (1969), através de esporomorfos dos géneros
Striatites, Lueckisporites, Limitisporites, Vestigisporites, Vittattina e Striatosacites
encontrados na parte inferior da unidade, confere a esses sedimentos uma idade

Eopermiana.
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5. RESUMO DOS PRINCIPAIS RESULTADOS OBTIDOS,
INTERPRETACOES DESENVOLVIDAS NOS ARTIGOS E DISCUSSAO
INTEGRADORA DOS RESULTADOS

A seguir sao apresentados os resumos dos principais resultados obtidos dos
artigos publicados, assim como as interpretacdes com maior relevancia de cada
artigo. Os subitens sdo separados em ordem temporal conforme
publicacdo/submissao, e visa contribuir na compreensédo da evolugdo desta tese.
Devido a importancia dos dados do Membro Caldeirdo para esta tese, serdo
apresentados os principais resultados e interpretacdes do artigo publicado em 2016.
Apesar desse artigo fazer parte do estudo de mestrado do mesmo autor, ele teve
uma série de aperfeicoamentos durante o doutorado para atingir a relevancia da
revista a qual foi publicado, e se torna um elemento-chave para o entendimento e
desenvolvimento da atual tese. O artigo na integra esta disponivel nos anexos desse
trabalho (Anexo A).

5.1. ARQUITETURA DE FACIES E EVOLUGAO ESTRATIGRAFICA DE
DEPOSITOS DE DUNAS EOLICAS E INTERDUNAS, MEMBRO CALDEIRAO
(FORMAGAO SANTA BRIGIDA), PERMIANO, BRASIL.

Facies Architecture and Stratigraphic Evolution of Aeolian Dune and Interdune

Deposits, Permian Caldeirdo Member (Santa Brigida Formation), Brazil.

Os sedimentos permianos do Membro Caldeirdo (Formacao Santa Brigida)
estdo localizados na Sub-bacia de Tucano Norte, regido nordeste do Brasil, e sé&o
caracterizados por uma sucessao de arenitos de origem edlica que compreendem 0s
depdsitos preservados de dunas e interdunas. Estratos de fluxo de gréos e estratos
transladantes de marcas onduladas edlicas, assim como a presenca frequente de
superficies de reativacdo, compdem a estratificacdo cruzada de depdsitos de dunas
eollicas crescentes. Os estratos cruzados eodlicos mostram um mergulho médio com
direcdo para leste-nordeste. Em algumas por¢cbes do registro se encontram,
intercalados com as camadas de estratos cruzados de dunas edlicas, unidades de
interdunas compostas por facies indicativas de condi¢cdes seca, umida e encharcada

do substrato, sugerindo variagbes espaciais e / ou temporais no teor de umidade na
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superficie de acumulacdo das regifes de interdunas. A presenca de laminacéo
cruzada de marcas onduladas de corrente subaquosas com diregdo para norte-
noroeste em &areas de interdunas Umidas indica fluxos fluviais confinados aos
corredores de interdunas, orientados perpendicularmente a direcdo do transporte
eolico. Lentes de estratos de interdunas uUmidas e encharcadas exibem
principalmente relacdes interdigitadas e transicionais com a base dos sets de dunas
edlicas sobrepostas (pé da duna) em secdes paralelas ao transporte eolico,
indicando que a migracdo das dunas foi contemporanea ao acumulo sedimentar em
interdunas adjacentes. Variacdes laterais na espessura preservada das unidades de
interdunas e a rara ocorréncia associada de contatos abruptos e erosivos entre
interdunas e sets de dunas sobrejacentes, sugerem variacfes temporais no angulo
de cavalgamento das dunas e interdunas que podem estar relacionadas a mudancas
de alta frequéncia na posicéo do lencol freatico. Quatro intervalos estratigraficos no
Membro do Caldeirdo podem ser identificados, dois intervalos apresentando
estratificacdo cruzada de dunas eodlicas sem é&reas de interdunas Umidas e dois
intervalos exibindo dunas eolicas separadas por areas de interdunas Umidas,
marcando a transicdo entre sistemas eodlicos secos (Intervalos | e Ill) e sistemas
edlicos umidos (Intervalos Il e V). As alternancias temporais entre os sistemas
eodlicos secos e umidos refletem mudancas na disponibilidade de areia seca e / ou
na taxa de subida do lencol freatico, possivelmente controlada por flutuacdes

climaticas induzidas por ciclos orbitais.

5.2. MORFODINAMICA DE DUNAS EOLICAS E RECONSTRUGAO DO REGIME
DE VENTOS, PERMIANO INFERIOR, FORMAGAO ARACARE, BACIA DE
SERGIPE-ALAGOAS, BRASIL.

Aeolian Dunes Morphodynamics and Wind Regime Reconstruction, Lower Permian

Aracaré Formation, Sergipe-Alagoas Basin, Brazil.

A Formacdo Aracaré (Permiano) esta localizada na Bacia de Sergipe-
Alagoas, regidao nordeste do Brasil, e exibe acumulagdo sucessivos sets de
estratificacdo cruzada de dunas edlicas sem depdsitos de interdunas, definido um
sistema eodlico seco. A Formacao Aracaré é caracterizada por sets de estratificacéo

cruzada menores na base e que correspondem a dunas barcanas que s&o
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sobrepostas por sets maiores de estratificacdo cruzada de dunas transversais. Esta
sucessdo sedimentar indica migracdo de dunas localizadas em uma porcéo de erg
central sobre depdsitos de margem de erg. Estratos cruzados edlicos mostram uma
repetitiva alternancia de pacotes de fluxo de grdos e marcas onduladas edlicas,
separados por superficies de reativacdo, indicando variacdes sazonais na direcdo do
vento. Os vetores médios da dire¢cdo de mergulho de estratos cruzados possuem
orientagdo para leste-sudeste. O padrdo de estratificagdo ciclico sugere uma
alternancia de ventos transversais de oeste responsaveis pela evolucdo face de
escorregamento e migracdo de dunas, seguido por ventos reversos que causaram
degradacdo e retrabalhamento das dunas, levando a formacdo de superficies de
reativacdo e a deposicao de estratos de marcas onduladas edlicas. Por vezes, 0s
ventos reversos sao mais intensos (tempestades?), erodindo fortemente a face de
sotavento das dunas eolicas, gerando superficies de reativacdo maiores e mais
irregulares (master reactivation surfaces). A comparacao entre os padrdes de vento
da Formacdo Aracaré e os modelos climaticos para Sakmariano mostraram boa
correlagcdo com a disposicéo do regime de ventos de oeste (westerlies) e da zona de
aridez para as médias latitudes do Gondwana. Este ambiente arido é resultado do
deslocamento de ar seco préximo a zona de alta presséo entre as células de Ferrel
e Hadley no hemisfério sul sobre o extenso territério do Gondwana.

5.3. CICLICIDADE EM SISTEMAS LACUSTRES E INTERAGAO COM DUNAS
EOLICAS NO GONDWANA DURANTE O PERMIANO INFERIOR, FORMAGAO
PEDRA DE FOGO, BACIA DO PARNAIBA, BRASIL.

Cyclicity in Lacustrine System and Interaction with Aeolian Dunes in Lower Permian
Gondwana, Pedra de Fogo Formation, Parnaiba Basin, Brazil.

A Formacao Pedra de Fogo (Permiano) esta localizada na Bacia do Parnaiba,
regido nordeste do Brasil, e exibe acumulacdo sedimentar de: (1) playa lake; (2)
antepraia inferior; (3) antepraia superior; (4) lencol de areia edlica; e (5) duna edlica
e interduna. A sucessao estratigrafica pode ser separada em trés intervalos
estratigréficos caracterizados por diferentes associa¢fes facioldgicas, denominadas
de Intervalo Inferior, Médio e Superior. O Intervalo Inferior € composto pela

associacdo de facies de playa-lake e ausenta depdsitos eolicos, indicando que o
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lencol freatico ou sua franja capilar atingiu a superficie deposicional, promovendo
uma baixa disponibilidade de areia seca, evitando o desenvolvimento de dunas e
lencdis edlicos. O Intervalo Médio consiste em associacfes de facies de antepraia
inferior, antepraia superior, lencol de areia edlica e dunas edlicas, indicando grandes
corpos lacustres e com sistema edlico costeando suas margens. Este intervalo tem
uma tendéncia progradacional geral caracterizada por um aumento na proporcao de
depdsitos edlicos para o topo. Este padrdo geral de empilhamento progradacional é
composto por ciclos de alta frequéncia com raseamentos ascendentes do nivel de
agua, indicando que a tendéncia regressiva nao foi linear, sendo marcada por
numerosas transgressoes e regressdes da linha de costa lacustre. O Intervalo
Superior representa o retorno dos playa-lakes com caules e folhas de samambaias
no topo do intervalo estratigrafico estudado, sugerindo um sistema lacustre efémero.
O contexto deposicional apresentado indica que as médias latitudes do Gondwana
ndo eram permanentemente aridas ou semiaridas durante o Cisulariano, com
presenca de periodos de clima mais ameno, permitindo o desenvolvimento de
corpos lacustres extensos e perenes que permitiram a manutencdo de uma rica
paleofauna e paleoflora. A analise do padrdo de ventos através das dire¢cdes de
mergulhos dos foresets de dunas edlicas apresenta grande compatibilidade com o
modelo de circulacdo atmosférica proposta para o Permiano Inferior que indica

ventos soprando para noroeste em latitudes inferiores a 30° na Bacia do Parnaiba.

5.4. AMBIENTES DEPOSICIONAIS E PADRAO DO REGIME DE VENTOS EM
MEDIAS LATITUDES DO OESTE DO GONDWANA DURANTE O PERMIANO
INFERIOR.

Depositional Environments and Wind Regime Pattern in Mid-latitudes of Western

Gondwana during Early Permian.

Modelos paleoclimaticos classificam as médias latitudes do Gondwana
ocidental como de clima desértico durante o Permiano Inferior. No entanto, alguns
estudos estratigraficos e paleontoldgicos recentes apresentam dados que
contradizem esse quadro climatico, indicando condigbes de umidade mais elevadas
do que o esperado pelos modelos matematicos. Este estudo visa suprir a falta de

correlacdes entre as bacias paleozoicas durante o inicio do Permiano no Gondwana
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central. Os registros sedimentares utilizados neste estudo estdo localizados na
regido nordeste do Brasil, e compreendem parte de uma série de bacias
intracraténicas como a Formacéo Pedra de Fogo da Bacia do Parnaiba, a Formacgéao
Santa Brigida da Sub-bacia de Tucano Norte e a Formacdo Aracaré da Bacia de
Sergipe-Alagoas. Os principais objetivos sdo reconstruir os paleoambientes e
discutir o padrédo de ventos local, bem como os fatores que influenciaram as
variagfes ambientais entre as diferentes areas estudadas, assim como reconstituir o
regime de ventos operantes nas meédias latitudes do Gondwana. Através da andlise
do balanco entre espaco de acomodacédo e o suprimento sedimentar, foi possivel
perceber que a disponibilidade de areia seca no sistema aumenta para o interior do
continente, diminuindo a influéncia do lencol freatico na acumulagdo sedimentar.
Condicdes climaticas relativamente mais secas e Umidas em paleolatitudes
subtropicais proximas a 30°S sao refletidas por ciclos sedimentares e podem ser
expressas através da expansdo e contracdo de sedimentos lacustres e edlicos
(Formacédo Pedra de Fogo) ou através da alternancia entre sistema edlico seco e
umido (Membro Caldeirdo). O regime de ventos inferido através do sentido de
mergulho da estratificacdo cruzada de dunas edlicas nas diferentes unidades
estratigréficas estudadas é consistente com o modelo de circulagdo atmosférica
proposto por Gibbs et al. (2002) para o Permiano Inferior, que indica a
predominéncia de ventos de oeste (westerlies) em latitudes superiores a 30°S e de

ventos alisios em latitudes menores que 30°S.

5.5. DISCUSSAO INTEGRADORA DOS ARTIGOS

A discussao integradora aqui apresentada esta baseada nas discussdes
realizadas no ultimo artigo desenvolvido (Depositional Environments and Wind
Regime Pattern in Mid-latitudes of Western Gondwana during Early Permian). Isso é
devido justamente por esse artigo ser uma correlacdo de dados relativos,
principalmente, aos artigos anteriores desenvolvidos nessa tese. Além dos artigos
produzidos na presente tese, estdo incluidos andalises e comparagdes com outros
artigos desenvolvidos na regido do municipio de Filadélfia (Tocantins) descritos por
Andrade et al. (2014) e Abrantes Jr. et al. (2019), como também na regido do

municipio de Santa Brigida por Jones et al. (2016).
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Modelo Deposicional e Paleogeografia

A correlacéo dos estudos das associacoes de facies das Formacdes Pedra de
Fogo, Santa Brigida e Aracaré permite inferir um panorama geral da paleogeografia
da porcdo oeste do Gondwana nas médias latitudes através de modelos

deposicionais desenvolvidos para cada regiao.

Os modelos deposicionais da Formacdo Pedra de Fogo, Formacao Aracaré e
Formacdo Santa Brigida sdo compostos por diferentes associacfes de facies e
representam episodios deposicionais contemporaneo em diferentes areas do
Gondwana ocidental. As unidades estudadas na presente tese estdo concentrados
perto da paleolatitude de 30°S durante o Cisuraliano e estdo dispostos na seguinte
ordem, de oeste para leste: Formacdo Pedra de Fogo no municipio de Filadélfia
(~31°S) e no municipio de Monsenhor Gil (~28°S), Membro do Caldeirdo (~35°S) e

Formacao Aracaré (~36°S).

Comparando-se as diferentes unidades estudadas percebe-se um diferenca
marcante na propor¢cdo de sedimentos secos e Umidos. A propor¢cdo de estratos
cruzados de dunas edlicas, interdunas secas e lencois de areia edlicos em relacdo a
depdsitos de interdunas umidas e depdsitos lacustres, aumenta em direcdo ao leste.
A Formacao Aracaré € constituido por sistemas eodlicos seco (mais a leste),
enquanto a Formacao Pedra de Fogo é caracterizada pela alternancia de depdésitos
eollicos e lacustres (mais a oeste). Por sua vez, o Membro Caldeirdo (Formacéo
Santa Brigida), posicionado entre as duas areas € composta pela alternancia de
sistemas eollicos secos e Umidos. Desse modo, pode-se deduzir que, a
disponibilidade de areia seca aumenta de oeste para leste em dire¢cdo ao interior do
continente. Por sua vez, a razdo entre espaco de acomodacdo e suprimento
sedimentar aumenta para oeste, conforme atesta a abundancia de depositos
lacustres na Formacdo Pedra de Fogo. Através da analise da porcao superior do
registro sedimentar da Formacdo Aracaré (acima das faixas compostas por
depdsitos edlicos), a qual apresenta sedimentos finos que correspondem a grandes
bacias hidrograficas como grandes lagos (Silva et al., 2019), pode ser
correlacionado com as porgbes superiores da Formacdo Santa Brigida

(representada pelo Membro Inga) e da Formacdo Motuca (sobreposta a Formacao
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Pedra de Fogo) que também refletem ambientes lacustres (Abrantes Jr. & Nogueira,
2013; Dino et al., 2018; lannuzzi et al., 2018). Essa suposta inundacdo se deve a um

rapido aumento do nivel freatico, levando umidade para o interior do Gondwana.

Regime de Ventos e Paleoclima

A formacao do supercontinente do Pangeia e sua constante migracao para o
norte durante o Permiano, aliada a regressdo dos mares epicontinentais, barreiras
orograficas e a posi¢cdo proxima a latitude 30°S, se encaixa em um modelo global
composto por red beds e depositos de evaporitos em varios locais da Terra (Glennie,
1987; Dubiel et al., 1991; Eastwood, 2008) subsidiando a ideia de crescente aridez e
suprindo as condicles ideais para o desenvolvimento de desertos (Patzkowsky et
al., 1991; Chumakov & Zharkov, 2000; Rees et al. ., 2002; Gibbs et al., 2002;
Roscher et al., 2008; Tabor & Poulsen, 2008; Rodriguez-L6pez et al., 2014; Abrantes
Jr. et al., 2016). Entretanto, alguns estudos mais recentes, através de pesquisas da
paleoflora e da paleofauna, sugerem ambientes apresentando lagos permanentes
(Cisneros et al., 2015; Da Conceicao et al., 2016; lannuzzi et al., 2018; Cisneros et
al., 2020). Desse modo, os dados paleontolégicos contradizem um ambiente regido
por condigbes climéaticas totalmente &ridas como a maioria dos modelos
paleoclimaticos para regido, indicando a existéncia de alguns periodos com um
clima mais amenos na Formacgédo Pedra de Fogo (Rees et al., 2002; lannuzzi et al.,
2018). Mesmo nos intervalos com condi¢cBes climaticas mais secas representadas
pela associacdo de playa lakes, algumas porcBes alagadicas deveriam ser
permanentes, e assim permitiiam a manutencdo do ecossistema local (lannuzzi et
al., 2018). O contraste dos sedimentos eolicos e lacustres € mais evidente em
direcdo a borda oeste da Bacia do Parnaiba (mais préxima ao oceano Panthalassa)
onde a sensibilidade sedimentolégica da Formacao Pedra de Fogo e suas variacdes
de alta frequéncia produziram a expansao e contracao lacuste, refletindo variacdes
climaticas entre periodos mais secos e umidos nas paleolatitudes subtropicais
proximas a 30°S no oeste do Pangeia (Abrantes Jr. et al., 2019). Essas oscilacdes
de alta frequéncia podem ser induzidas variacdes tectbnicas relativas ou, mais
porssivelmente, por oscilagbes climaticas induzidas por variagdes orbitais
(Clemmensen et al., 1994; Howell & Mountney, 1997; Scherer et al., 2007; Jones et
al., 2016). Estas variacbes também podem ser observadas na Formacgdo Santa
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Brigida (Membro Caldeirdo) devido a alternancia encontrada entre sistemas eélicos

secos e umidos (Jones et al., 2016).

O regime de vento pode ser inferido através do sentido de mergulho dos
estratos cruzados de dunas edlicas de cada regido. O sentido de mergulho dos
estratos cruzados das dunas edlicas da Formacdo Pedra de Fogo na regido de
Monsenhor Gil é para NW, enquanto na regido de Filadélfia é para E-ESE (Andrade
et al., 2014; Abrantes Jr. et al.,, 2019). Esta diferenca no padrédo de vento na
Formacado Pedra de Fogo deve-se aos campos de dunas edlicas em Monsenhor Gil
estarem posicionados numa paleolatitude de cerca de 28°S, ja sob a influéncia de
ventos alisios, enquanto os campos de dunas edlias em Filadélfia estdo em
paleolatitudes de cerca de 31°S, sob a influéncia dos westerlies. O sentido de
mergulho dos estratos cruzados das dunas edlicas do Membro Caldeirdo (~35°)
para ENE (Jones et al., 2016) e da Formacédo Aracaré (~36°) para E sdo compativeis
com ventos westerlies, similar ao observado na Formacdo Pedra de Fogo em
Filadélfia. Ao comparar com o modelo de circulacdo atmosférica proposto para o
Permiano Inferior por Gibbs et al. (2002), os padrbes de vento se apresentaram
consistentes com os dados de paleocorrentes da Formacéo Pedra de Fogo, Membro

Caldeirdo e Formacao Aracare.

As superficies de reativacdo e a deposicdo de cunhas de marcas onduladas
eollicas acima dessas superficies sdo encontradas nas dunas eolicas das formacdes
Pedra de Fogo, Santa Brigida e Aracaré, tendo as suas géneses relacionadas a
ventos reversos ou obliquos. Esses ventos reversos ou obliquos podem ser
decorrentes de variacdes sazonais nos ventos que erodem a face de sotavento das
dunas edlicas (Kocurek, 1991, 1996; Chan & Archer, 1999, 2000; Loope et al., 2001,
Mountney, 2006b; Scherer & Goldberg, 2010).
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6. CONCLUSOES

A Formacao Aracaré é representada pelo sucessivo cavalgamento de dunas
ellicas sem acumulacdo de depdsitos de interdunas, indicando um sistema eolico
seco. Essa sucessao edlica foi subdividida em dois intervalos de acordo com o
tamanho dos sets das estratificacdes cruzadas e com a morfologia da duna: (1) sets
menores de estratificacdo cruzada compondo dunas barcanas e (2) sets maiores de
estratificacdo cruzada compondo dunas transversais. A transicdo de dunas
barcanas/barcandides sobrepostas por dunas transversais sugere migracdo da

porcao de erg central sobre depdsitos de margem de erg.

As associacOes de facies da Formacdo Pedra de Fogo em Monsenhor Gil
foram agrupadas em trés intervalos distintos. O intervalo inferior € constituido pela
associacdo de facies de playa lake. O Intervalo Médio é caracterizado pela
associacdo da facies de antepraia inferior, antepraia superior, lencol de areia edlica
e dunas/interdunas edlicas. O Intervalo Superior € composto novamente por
depdsitos de playa lake apresentando grande quantidade de samambaias fésseis. A
sucessao estratigrafica indica uma variacdo nas caracteristicas dos lagos, desde o
contexto de lagos efémeros, com razdo do espaco de acomodacédo (A) e suprimento
sedimentar (S) entre 0 e 1 (Intervalos Inferior e Superior), até corpos lacustres
amplos e perenes, com razdo A/S maior que 1 (Intervalo Médio), embora com
rebaixamentos frequentes do nivel de base, marcado pela ampliacdo dos campos de
dunas edlicas . A presenca de amplos corpos lacustres no Intervalo Médio corrobora
com o0s cendarios paleoambientais baseados no conteudo fossilifero e nas
caracteristicas facioldgicas propostas para a Formacdo Pedra de Fogo em outros
setores da bacia (Andrade et al., 2014; Cisneros et al., 2015; Araugjo et al., 2016;

lannuzzi et al., 2018; Abrantes Jr. et al., 2019; Cisneros et al., 2020).

Existe uma variacdes geograficas de oeste para leste na distribuicdo nos
sistemas deposicionais, com depdsitos lacustres intercalados com depdésitos de
campos de dunas edlicas na Formacao Pedra de Fogo, alternancia de sistemas
eolicos secos e umidos no Membro Caldeirdo e predominio de sistemas eolicos
secos na Formacdo Aracaré. A razao entre o suprimento sedimentar e o espago de

acomodacéo, e a disponibilidade de areia seca no sistema aumentam em direcao ao
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interior do continente nas meédias paleolatitudes do Gondwana, indicando uma

diminuicdo da influéncia do lencol freético na acumulacdo sedimentar.

Ciclos sedimentares refletindo condi¢fes climaticas relativamente mais secas
e mais Umidas em paleolatitudes subtropicais proximas a 30°S sdo expressos
através da expanséao e contracdo do lago e de sedimentos eolicos (Formacgéo Pedra
de Fogo) ou através da alternancia entre sistema eolico seco e umido (Membro do
Caldeirdo). A identificacdo desta ciclicidade se torna mais dificil em direcdo ao
centro do continente devido o dominio de sistemas edlicos secos (Formacao
Aracaré). O regime de ventos inferido pelo sentido de mergulho dos estratos
cruzados das dunas edlicas nas diferentes unidades estratigraficas estudadas é
consistente com o modelo de circulagdo atmosférica proposto para o Sakmariano
por Gibbs et al. (2002).

O contexto deposicional apresentado indica que as médias latitudes do
Gondwana ndo eram permanentemente aridas ou semiaridas no Cisuraliano, e que
periodos relativamente mais umidos levaram ao desenvolvimento de lagos amplos e
perenes que permitiram o desenvolvimento e manutencdo da paleofauna e

paleoflora.

Os modelos conceituais séo de grande importancia para a compreensao do
paleoambiente e do paleoclima terrestre. No entanto, o levantamento continuo da
arquitetura de facies e dados de paleocorrentes sdo extremamente necessarios para
o refinamento de modelos teoricos. A consisténcia na correlacdo entre modelos
matematicos e paleocorrentes encontrados nesse estudo, certifica e melhora os
modelos paleoclimaticos. Esta tese forneceu como produtos novos estudos de caso
na América do Sul, a qual através de um levantamento sistematico de dados e
analises de facies criteriosa permitiu uma reconstrucdo mais precisa do regime de

ventos nas latitudes médias no oeste do Gondwana durante o Permiano Inferior.
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ABSTRACT

Permian Aracaré Formation is located in the Sergipe-Alagoas Basin, northeast
region of Brazil, and exhibits sand accumulation of successive sets of aeolian cross-
strata which are interpreted as dry aeolian system. Aracaré Formation is
characterized by smaller cross-bedded sets of barchanoid dunes at the base that are
overlaid by larger cross-bedded sets of transverse dunes. This sedimentary
succession indicates migration of dunes located of central erg portion over margin
erg deposits. Aeolian cross-strata show a repetitive alternation of grain-flow and
wind-ripple packages, separated by reactivation surfaces indicating seasonal
variations in wind direction. Cross-strata mean vectors dip consistently towards ESE.
Cyclic stratification pattern suggests an alternation of westerly transverse winds
responsible for slipface evolution and dune migration, followed by reverse winds that
caused dune degradation and reworking and led to the formation of reactivation
surfaces and the related deposition of wind-ripple. Sometimes, reverse winds are
more intense (storms?), strongly eroding the lee face of the aeolian dunes,
generating master reactivation surfaces. The comparison between the wind patterns
of Aracaré Formation and Sakmarian climate models showed good correlation with
disposition of westerlies wind regime and aridity zone to mid-latitude in Gondwana
landmass. This arid environment is resulted of dry air displacement close to high-
pressure zone between Ferrel and Hadley Cell in the southern hemisphere in
extends landmass of Gondwana. The intercalation of aeolian and lacustrine deposits
observed in the Aracaré Formation and in other Eopermian units accumulated in the
midwestern Gondwana indicates that arid conditions were not permanent, alternating

with relatively wetter periods.

Keywords: dune morphology; dry aeolian system; master reactivation surfaces; mid-

latitude; Gondwana; westerlies.
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1. INTRODUCTION

Many studies report on the morphodynamics of modern aeolian dunes (e.g.
Bristow et al., 2000; Telfer et al. 2017; Bristow, 2019), however, few studies highlight
the morphodynamic reconstruction of ancient aeolian dunes and their relationship
with the regional wind regime (e.g. Scherer and Goldberg, 2010; Scotti and Veiga,
2019). Aeolian dunes succession is composed by cross-strata and truncate surfaces
formed by a series of independent processes that build the sedimentary record. The
cross-strata are the result of the downwind migration of the aeolian dunes, being
formed by three different types of processes operating on the leeface of the aeolian
dunes: grain flow and grain fall gravity-driven processes and tractional wind ripples
process. Studies have analyzed the interactions of the air flow incidence angle in
relation to brinkline and the type of deposits on lee face (grainflow, grainfall, wind-
ripples). Thus, the analysis of relationships or dominance of the different stratification
types that form the crossed strata is an important tool for reconstructing the airflow
patterns in aeolian palaeodunes in the rock record (Sweet and Kocurek, 1990;
Kocurek, 1991, 1996; Eastwood et al., 2012). In turn, the cross-strata can be truncate
by bounding surfaces formed by events of different nature, from surfaces that
represent regional interruption in aeolian accumulation (supersurfaces), through
surfaces associated with migration and climbing of aeolian dunes (interdune
surfaces), to surfaces that represent migration of smaller dunes on the lee face of
draas (superposition surfaces), interaction between different segments of adjacent
dune aeolian dunes (interaction surfaces) or changes on the lee face of the dune
induced by changes in wind direction or strength (reactivation surfaces) (Kocurek,
1996, Day and Kocurek, 2018).

An integrated analysis of the geometry and orientation of the cross-strata and
surface boundary, and of the lateral and vertical relationships of the types of aeolian
stratifications, allows not only reconstructing the morphology, but also the
morphodynamic behavior of the aeolian dunes. The reconstruction of the migratory
behavior of the aeolian dunes allows the inference about the wind regime to which
the dune is subjected, providing important parameters for a more complete

reconstruction of the aeolian system.

The aim this paper is to reconstruct the bedforms morphology, migratory

behavior and stratigraphic evolution of the ancient aeolian dunes, Aracaré Formation,
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NE Brazil. From this analysis, we also intend to make inferences about climate and
wind patterns in the middle latitudes of Gondwana during the Early Permian.
Although many articles report aeolian dunes succession, few studies are well
documented from the Permian aeolian dunes located in Gondwana. Examples of
Permian palaeoerg in Gondwana are Buena Vista Formation in Uruguay (Goso et al.,
2001), the Caldeirdo Formation in northeast of Brazil (Jones et al., 2016) and
different units that crop out in the west and northwest of the Argentina as De La
Cuesta, Patquia, La Colina, Ojo de Agua, Los Reyunos and Andapaico formations
(Limarino and Spalletti, 1986; Spalletti et al., 2010; Correa et al., 2012) in the
Andapaico Formation. Thus, analysis of new data is of great importance for the
determination of the local wind regime and the global climate understanding during

the Early Permian.

2. GEOLOGICAL SETTING

The Sergipe-Alagoas Basin is located in the northeast region of Brazil (Fig. 1).
Based on structural and stratigraphic differences, Feijo and Vieira (1990) and Feij6
(1994) separated into Sergipe Basin and Alagoas Basin considering the prominent
positive feature called Jaboatd-Penedo High as a limit. However, Campos Neto et al.
(2007) treats it as a single sedimentary basin with the justification that the Japoata-
Penedo High is restricted only to the emerged and shallow water portion of the basin,
with no boundary geological feature occurring in deep water, and thus, not
characterizing a divider of basins. Due to the variations in sedimentary filling and
tectonic style in the two portions, Campos Neto et al. (2007) subdivided into Sub-
basin of Sergipe and Sub-basin of Alagoas. The main fault system of the basin has
an NE-SW orientation, but other diagonal systems with N-S and E-W orientations
and perpendicular with NW-SE direction with define a complex structural fabric for
the basin (Brito Neves, 1983).

Jones, F. H. (2020).



86

NENEZLELA SURINAME
o B,
— =
- BRAZIL
BOLIVIA
» - «  Capital City
2 S L M e
<
! Cenozoic
CHILE PARAGUAY
| - Mesozoic
| - Alagoas Basin 3 = Paleozoic
ARGENTINA | i
g 1L - Sergipe Basin P " Precambrian

URUGUAY

36W

Geology Map

Legends

o [ IRecent Sediments

[ Group Barreiras

[ Fm. Feliz Deserto/Barra de Ititiba
[ ]Fm.Serraria

[l Fm. Bananeiras

B Fim. Aracaré

[ Fm. Batinga/Mb. Boacica

[ Frm. Batinga/Mb. Mulungti

B Fm. Tacaratu

- Basement
« /
Dip direction Normal fault
bedform

UTM Projection - MC 39°

Figure 1. a) Location of the Sergipe and Alagoas Sub-basin in northeastern Brazil map; b)
Detail map of the Sergipe and Alagoas Sub-basin exhibits the location of the study area in
the Alagoas Sub-basin; c) Geological map of the region of Igreja Nova and Alagoinhas cities
exhibits stratigraphic succession and some faults and dip directions bedforms (extracted and
modified Richter and Simdes, 1975; Souza-Lima, 2006), highlighting in red the Aracaré

Formation and its main outcrops studied.

The Igreja Nova Group represents a Paleozoic sedimentation in Gondwana
deposited in a syneclysis sedimentary basin overlying the Precambrian basement
(Brito Neves, 1983; Campos Neto et al., 2007). Feij6 (1994) redefined the Igreja
Nova Group in two formations: Batinga Formation and Aracaré Formation.
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The Aracaré Formation has top and bottom discordant contacts (Brito Neves,

1983; Feijd, 1994) with an underlying boundary with the Carboniferous glacial and
deltaic sediments of the Batinga Formation, and an overlying boundary with the
Jurassic fluvial system of the Candeeiro Formation of the Perucaba Group. (Schaller,
1969; Feij6, 1994) (Tab. 1). The Aracaré Formation presents heterogeneous
lithology, constituted of mature coarse-grained sandstones with large cross-
stratification associated with oolitic-oncolitic calcarenites, algal mats and silicified
stromatolites (Souza-Lima et al., 2002). Silex nodules are common (Schaller, 1969;
Feijo, 1994). The deposition of the Aracaré Formation was interpreted as shallow
marine to coastal aeolian deposits (Feijo, 1994; Campos Neto et al., 2007). However,
Souza-Lima et al. (2002) and Silva (2020) interpret the deposits of the Aracaré
Formation as lacustrine based on the lack of marine fossils and, mainly, on the
presence of Botryococcus braunii algae which is related to fresh water. Schaller
(1969) through sporomorphs of the genera Striatites, Lueckisporites, Limitisporites,
Vestigisporites, Vittattina and Striatosacites found at the bottom of the unit gives

these sediments an Eopermian age.

Table 1. Stratigraphic subdivision of the Carboniferous-Jurassic fills of the Sergipe-Alagoas
Basin showing the litostratigraphy, period and the depositional environment for the Aracaré

Formation and bordering units. Ages from Campos Neto et al. (2007).

PERIOD DEPOSITIONAL ENVIRONMENT GROUP FORMATION
JURASSIC FLUVIAL PERUCABA BOIPEBA
DESERTIC, AEOLIAN, COASTAL -
' ' ’ ARACARE
PERMIAN DELTAIC IGREJA
NOVA
CARBONIFEROUS GLACIAL/DELTAITIC BATINGA
3. METHODS
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Two key natural outcrops in hill scarp of the Aracaré Formation were analyzed
in detail in this paper (Fig. 1). The description of the outcrops includes analyses of
the facies and facies associations, besides identification and interpretation of
bounding surfaces. Two sedimentary logs with 7m (outcrop 1) and 12m (outcrop 2)
thick were measured at a scale 1:50 in order to define the facies succession of the
aeolian deposits. Architectural panels were constructed from the photomontages of
the outcrops 1 (5 m width and 7 m height) and 2 (45 m width and 12 m height), in
which two-dimensional (2D) geometries of the deposits, the relationships between
depositional styles of the dunes strata, and bounding surface types were defined.
Outcrops 1 and 2 are oriented perpendicular and parallel to the palaeowind direction,
respectively. Higher resolution panels were used for further observation and detailing
of the architecture of the main panels. Cross-bedded sets and bounding surfaces dip
direction were measured (cross-stratified with n = 89, interdune surface with n = 13,
reactivation surface with n = 36). A composite stratigraphic log was produced and it
exhibits the stratigraphic succession with a total of 20 m thick.

4. FACIES ARCHITECTURAL

The aeolian cross-bedded sets of the Aracaré Formation is described and
interpreted from two outcrops (outcrops 1 and 2) that represent distinct stratigraphic
position. The outcrop 1 represents the base of the succession, being overlain by

aeolian strata of the outcrop 2.

4.1. Panel 1

4.1.1. Description

The panel 1 is oriented transversal to the cross-strata dip direction (Fig. 2) and

it is composed by subarkose, well-sorted, fine- to medium-grained sandstones, with
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well-rounded and high sphericity grains. The sandstones exhibit trough cross-bedded
sets, 0.8 to 2.8 m thick, that are bounded by erosive concave upward bounding
surfaces, with dip angle variation from low (~5°) in the central portions to moderate
angle (~15°) on the flanks, and the dip direction show a wide dispersion (Fig. 3a).
The cross-strata sets are composed mainly by wind-ripple lamination (~70%) and by
grainflow strata (~30%). The wind ripple strata has millimeter spacing and inversely
graded laminae. The dip angle of wind ripple laminae ranges from 8° to 25°, with a
mean value of 18°. The grainflow strata are massive and have thickness ranging
from 0.5 to 2 cm. The grainflow strata have a high dip angle, which ranges from 18°

to 35°, with a mean value of 28°. The cross-strata dip directions have a well-defined

unidirectional pattern but with some dispersion, showing a mean foresets azimuth
toward 123° (Fig. 3b).
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b) the cross-bedding dip directions of aeolian dunes; c) dip directions of reactivation

surfaces.

The cross-bedded sets can be subdivided in subsets, which are bounded by
surfaces, regularly spaced (0.1 to 1 m) that dip with oblique angle relative to
orientation of the foreset (Fig. 3c). The surfaces that divide the subsets can be, or
not, accompanied by a change in the type of stratification and dip direction, although
it is always marked by a change in the dip angle of the foresets. Some subsets are
composed only of translatent wind ripples strata (more frequency) or grainflows strata
(lower frequency), as can also exhibit an interaction between both strata marked by
grainflow strata that pass donwdip to wind ripple laminae. This interaction is marked
by a more regular and smooth or more incisive and irregular interdigitated

relationships (Fig. 2).
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4.1.2. Interpretation

The occurrence of fine- to medium-grained sandstones with well-rounded and
highly spherical grains, arranged in cross-strata sets that are composed of wind
ripple with inversely graded laminae and grainflow strata allows to interpret these
deposits as aeolian dunes (Hunter, 1977; Kocurek, 1981, 1991, 1996; Uli¢ny, 2004;
Jones et al., 2016). The erosive surface weakly to moderately curve separating sets
are define as interdune surfaces, and result from migration and climbing of dunes
and interdune areas (Kocurek, 1981, 1991, 1996). This trough geometry and wide
dispersion in the dip direction of the interdune surfaces are the products of the cutout
into the previously deposited aeolian accumulation by migrating scour pits due
crestline sinuous of the crescent dunes (Kocurek, 1981; Mountney and Howell,
2000). The unimodal pattern, but with some dispersion, of the cross-strata dip
directions associated with trough geometry of the cross-strata suggests crescent
dunes with sinuous crestline as well as barchan dunes and barchanoid ridges
(McKee, 1979; Karpeta, 1990; Mountney, 2006b). The dip direction of the cross-
bedding showing a mean foresets azimuth toward 123° suggests aeolian dunes

migrating mostly southeastward.

The change in stratification type in the lee face indicates changes in the wind
incidence angle in relation to the brinkline segment in dunes with sinuous crestline
(barchan dunes or barchanoid ridges) (Fig.4). The portions composed of grainflows
suggest dune segments with brinkline transversal orientation in relation to the
dominant palaeowind direction, suggesting a well-develop slipfaces. The cross—
stratified subsets composed by grainflow that interfinger downdip only with wind
ripple strata indicate simultaneous occurrence both strata on lee face, suggesting
dune segments with brinkline oblique orientation in relation to the predominant
palaeowind direction (Kocurek, 1991; Scherer and Goldberg, 2010; Eastwood et al.,
2012). In turn, cross strata subsets composed exclusively by wind ripple laminae
suggest dune segments with brinkline strongly oblique or longitudinal (flanks of the
dune) orientation in relation to the predominant palaeowind direction (Kocurek, 1991;
Scherer and Goldberg, 2010; Eastwood et al., 2012).
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Incidence Angle X Depositional Style E
NE dominated by translatent wind ripples strata > 25° to 40°
grainfall + grainflow (upward) and wind ripples (bottom) - 40° to 70°
dominated by grainfall + grainflow strata - 70° to 90°

Wmc/ Trep, g -
d

Figure 4. An example in modern coastal sand dunes, Imbituba city (Santa Catarina State,
Brazil), showed the incidence angle and the common stratification configurations between
grainfall, grainflow and wind ripple strata for aeolian sets (table of data take from Eastwood
et al., 2012).

The erosive surfaces that delimit the regular spacing of the subsets are define
as reactivation surfaces (Kocurek, 1991, 1996), and can be a consequence of
changes in changes in asymmetry, local fluctuations in wind direction and/or speed
wind (Hunter and Rubin, 1983; Kocurek, 1991; Mountney and Howell, 2000). The
lower dip angle of the reactivation surfaces in relation to the cross-strata indicates
moments when the lee face has been eroded and smoothed. The angularity in the
dip direction of the reactivation surfaces in relation to the cross-strata suggests
changes in the sinuosity of the crestline during the moments of erosion and
smoothing of the lee face, probably related to reverse to oblique winds (Hunter and
Rubin, 1983; Kocurek, 1991; Mountney and Howell, 2000The regular presence of
reactivation surfaces separating subsets indicates periodic rearrangements on the
lee face of the dune. This spacing between reactivation surfaces suggests a cyclic
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strata pattern conducted by seasonal changes in wind direction (Chan and Archer,
1999, 2000; Loope et al., 2001; Mountney, 2006b; Jones et al., 2016).

4.2. Panel 2

4.2.1. Description

The panel 2 is oriented parallel to the cross-strata dip direction (Figs. 5, 6, 7).
It is composed of subarkose, well-sorted, fine- to medium-grained sandstones, with
well-rounded and high sphericity grains, organized into tangential cross-bedded sets,
0.5 to 5.3 m thick. The cross-bedded sets are bounded by lateral extensive, planar
erosive surfaces, with dip angle variation from 2° to 4° and dip direction with vector
mean toward 249° (Fig. 8a). The cross-strata dips have a well-defined unidirectional
pattern with low dispersion, exhibits a mean foresets azimuth toward 87° (Fig. 8b).
The tangential cross-strata have predominance of grainflow (~70%) and
subordinately wind ripple lamination (~30%). The grainflow strata have thickness
ranging from 0.5 to 3.5 cm, comprising massive internal structure or, sometimes,
showed inversely graded laminae (Fig. 9a, c). The grainflow strata have a high dip
angle, which ranges from 18° to 32°, with a mean value of 24°. The wind ripple strata
has millimeter spacing (3 to 8 mm thick) and inversely graded laminae (Fig. 9a, b).

The dip angle of wind ripple laminae ranges from 7° to 19°, with a mean value of 14°.

The cross-bedded sets can be subdivided in subsets bounded by erosive
concave upward surfaces. These surfaces range the dip angle of 8° to 21° with dip
directions having mean orientation toward 083° (Fig. 8c). They are regularly spaced
(1.2 to 4.7 m), marked by higher angle grainflow strata below and lower angle wind-
ripple strata above the surface (Figs. 6, 7, 10). Internally the subsets are
characterized by a sequence of lower angle, wind-ripple laminae in which are
followed in the migration direction by steeper downlapping grainflow strata building
out over the wind ripple basal package (Figs. 6, 7, 10).

Jones, F. H. (2020).
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Figure 5. Photography (a)and interpreted panel (b)of the outcrop 2 showing the facies
architecture as well as bounding surface hierarchies in view nearly parallel to cross-strata dip

direction.

The left portion of the panel 2 exhibits three erosive surfaces that truncate subset
groups (marked in figure 6 by green lines). These surfaces are irregular and have a

low angle with varied dip direction, though with a general sense to ESE (Fig. 6).

4.2.2. Interpretation

The presence of fine- to medium-grained sandstones, well-rounded and highly
spherical grains, arranged in cross-strata sets composed by inverse-graded wind
ripple laminae and grainflow strata evidence aeolian dune deposits (Hunter, 1977;
Kocurek, 1981, 1991, 1996; Ulicny, 2004). The subhorizontal planar erosive surfaces
separating sets are define as interdune surfaces resulting from migration and
climbing of dunes and interdune areas (Kocurek, 1981, 1991, 1996). The dip
directions of interdune surfaces have orientation of the vector mean to 249°,

suggesting climbing toward ENE. The well-defined unimodal pattern with low

Jones, F. H. (2020).




95
dispersion in the dip directions of the tangential strata suggests transverse dunes
with low sinuosities of the crestline (McKee, 1979; Karpeta, 1990; Mountney, 2006b).
The cross-strata dip directions with mean foresets azimuth toward 87°suggest

aeolian dunes migrating toward the east.

52 ==(09/282) o
—(10/301),

e ‘(Wosn\
—_——— _—_30° 103°

(05217 (0711591105

e - 4T ® (001075)

Legend
[ Jwr-windripple (@® - Reactivation surface  28°— 070° - Palaeocurrent

E=1 of - grain-flow () - Interdune surface - ® or ( Surface

—@'_@— Master reactivation surface (different erosive pattern in the dune)

Figure 6. Left portion detail of the panel 2 showing the facies architecture as well as
bounding surface hierarchies. Note the cyclical alternation between grainflow and wind
ripples strata in view nearly parallel to dip of cross-strata. Also note the master erosive

surfaces highlighted in green line. See Figure 5 for position of the sedimentological panel.

Truncating surfaces that subdivide subsets can be interpreted as reactivation
surfaces (Kocurek, 1991, 1996), generated by cyclic partial erosion of the lee face in
the aeolian transverse dunes. The cyclical and regular alternation of grainflow and
wind ripple packages indicates intervals of development of avalanches in the slipface
dune (grainflow deposition) by transverse winds followed by the wind ripples
development intervals indicating that reverse winds not only developed reactivation
surfaces, but also deposited wind ripple strata on the lee face (Kocurek et al., 1991;
Chan and Archer, 2000; Loope et al., 2001; Scherer and Goldberg, 2010). The
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steeper dip angle of the grainflow strata relative to the wind ripple strata that overlap
reactivation surfaces, exhibits that changes in wind direction and wind blow strength
not only caused an alteration in dune migration speed, but also resulted in a change
in dune asymmetry (Rubin and Hunter, 1987). The development of cyclic cross-
bedding separated by reactivation surfaces may be related to seasonal changes of
wind direction (e.g. Hunter and Rubin, 1983; Kocurek et al., 1991; Chan and Archer,
1999, 2000; Loope et al., 2001; Scherer and Lavina, 2005; Scherer and Goldberg,
2010; Jones et al., 2016), suggesting a maximum annual migration rate of the
aeolian dunes of the Aracaré Formation about 4.7 m.

Covered

Legend
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gf - grain-flow
® - Reactivation surface
Q@ - Interdune surface
28°—» 070° - Palaeocurrent
- ® or @ Surface Covered

Figure 7. Right portion detail of the panel 2 showing the facies architecture as well as
bounding surface hierarchies. Note the cyclical alternation between grainflow and wind
ripples strata in view nearly parallel to dip of cross-strata. See Figure 7 for position of the
sedimentological panel.
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Figure 8. Rose diagrams of the outcrop 2 indicating: a) dip directions of interdune surfaces;
b) the cross-bedding dip directions of aeolian dunes; c) dip directions of reactivation

surfaces.

The master reactivation surfaces that truncate distinct subsets and can be
observed in the left portion of the panel 2 suggest a period of erosion and more
expressive smoothing of the lee face of the dune. Schenk et al. (1993) using ground-
penetrating radar to determine internal structures and geometry of the cross-strata
and bounding surfaces described similar features in modern aeolian dunes. The
expressive erosive reactivation surfaces are related to reverse winds impacting the
foresets on the dunes at an oblique angle where vortex scours into upper of the
dunes generally associated to storms. Others works using ground-penetration
radar(Claudino-Sales et al., 2008), and using LIDAR data (Light Detection and
Ranging) (Houser et al., 2008; Yang et al., 2018), exhibit the modifications of the
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relief and creation of erosive surfaces influenced by the action of typhoons for the
recent times. The dune type influences the complexity of internal structure, as
transverse dunes had fewer complexes than barchanoid dunes (McKee, 1966, 1979;
Schenk et al., 1993), facilitating the identification of features that escape the standard
behavior of erosion and deposition. Thereby, the lenses of sand limited by master
reactivation erosive surfaces become evident, and exhibit greater similarity with
higher intensity winds like those originated by storms. After scour by storms, the wind
system resumes normal blowing conditions and the dunes start to migrate again

influenced by prevailing winds.

Figure 9. Photos to the panel 2 illustrating in: a) facies architecture and alternation of
grainflow strata and wind ripple laminae; b) detail of wind ripple laminae; c) detail of grainflow

strata.
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6. DISCUSSION

6.1. Paleogeography and Paleoclimatic Context

The accumulation of successive sets of crescent aeolian dunes cross-strata,
without interlayered interdune observed in outcrops 1 and 2 indicates that the
Aracaré Formation represents a dry aeolian system. In this system, the accumulation
requires a high sand availability, depositional surface with sand saturation, wind
potential in sand-carrying, and water table to be below the depositional surface
(Wilson, 1971; McKee, 1979; Rubin and Hunter, 1982; Kocurek et al., 1992). The
development of dry aeolian systems is favored in arid climates, with actual examples
of the Sahara ergs and Namibia sand sea. Dry aeolian systems typically cover
extensive areas and may be associated with inland ergs (e.g. Botucatu and
Twefefontein Formation - Scherer, 2000; Mountney and Howell, 2000) or coastal
aeolian systems (e.g. Page Sandstone - Havholm et al, 1993; Havholm and Kocurek,
1994). The aeolian dune strata of the Aracaré Formation are interspersed with
lacustrine deposits, suggesting an inland, lacustrine coastal aeolian system (Schaller,
1969; Campos Neto et al., 2007).There are records of aeolian systems in other
Eopermian sedimentary successions accumulated in different sedimentary basins in
the north-central portion of Gondwana, with emphasis on the Pedra de Fogo
Formation in the Parnaiba Basin (Faria Jr. and Truckenbrodt, 1980; Gées and Feijo,
1994; Santos and Carvalho, 2004; Andrade et al., 2014; Abrantes Jr. et al., 2019)
and Santa Brigida Formation in the Tucano Basin (Ghignone, 1963, 1979; Costa et
al., 2007; Jones et al., 2016). These different aeolian units are also interspersed with
lake deposits as suggested by Andrade et al. (2014), Cisneros et al. (2015), Araujo et
al. (2016), lannuzzi et al. (2018), Abrantes Jr. et al. (2019) and Cisneros et al. (2020)
indicating a continental context, refuting some paleogeographic models that infer the
existence of an extensive epicontinental sea in the middle latitudes of the Gondwana
during the Eopermian (Ziegler et al., 1997; Chumakov and Zharkov, 2000; Gibbs et
al., 2002; Poulsen et al., 2007; Peyser and Poulsen, 2008). The intercalation
between aeolian dune field and lake deposits must be related to climatic fluctuations
existing during the Early Permian (Chumakov and Zharkov, 2000; Roscher and

Schneider, 2006; Tabor and Poulsen, 2008). The aeolian deposits represent periods
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of lower humidity associated with icehouse periods, while periods of higher humidity

represent greenhouse periods (Fielding et al., 2008).

m Paleogeography

Legends (A)

A Evaporites Mountains (>1000m)
O Coals [ ] Uplands (200-1000m)

— Winds
O Aracaré Fm [ ] Lowlands (0-200m)

Legends (B and C)

Precipitation (mm/day)

0 2 4 6 8
10 m/s
—
Reference Vector

Figure 11. Permian climate model by Gibbs et al. (2002) to the Sakmarian Stage. (A)
Paleogeography showed the locations of phosphorites, aeolian sands, evaporites, coals, and
aeolian dunes of the Aracaré Formation (red circle). Estimates of paleowind directions are
indicated where available (see table 3 by Gibbs et al., 2002). (B and C) Average seasonal
(DJF and JJA) precipitation (mm/d), sea-level pressure (mb), and surface wind vectors (see
reference vector) for the Sakmarian, both with 4xCO2 Modified Gibbs et al. (2002).

The Aracaré aeolian dunes is located in the mid-latitudes (~36° S) of

Gondwana (Fig. 11a), close to high-pressure between Ferrel and Hadley Cell in the
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southern hemisphere according to the paleoclimatic model proposed by Gibbs et al.
(2002) for the Sakmarian. The paleoclimatic map also exhibits low rainfall for the
Aracaré Formation area (Fig. 11b and c), indicating arid conditions in the region.
Most deserts on Earth are localized in these subtropical high-pressure belts (Horses
latitudes) where the dry air masses come down around 30° latitude (Du Pont, 2015).
Patzkowsky et al. (1991), by applying a paleoclimate model to Early Permian
(Sakmarian), suggests that ever-dry areas were extensive on the western sides of
Pangea due to the dominance of dry air associated with the descending in Horse
latitudes. Roscher et al. (2008) through indicative deposits of climate and climate
modeling classify the area as cold desert. However, the alternation of aeolian dune
facies associations with lake deposits suggests that these arid conditions were not
permanent, with periods where the climatic conditions were milder, increasing runoff

and allowing the development of lake bodies.

6.2. Depositional Model and Stratigraphic Evolution

The composite columnar section (Fig. 12) exhibits two groups in the
stratigraphic succession according to the thickness of cross-strata sets of the
exposed outcrops of palaeodunes of the Aracaré Formation. The basal interval
(panel 1) is composed by smaller cross-bedded sets, while the upper interval (panel
2) is characterized by larger cross-bedded sets. This change in the cross-strata
thickness is also accompanied by a change in the morphology of the dunes, where
the basal sets (panel 1) represent 3D crescent dunes (barchanoid dunes), while the
thicker upper sets (panel 2) are interpreted as 2D crescent dunes (transverse dunes).
This change in the morphology of the dunes and of the cross-strata thickness may be
associated with a progressive increase in the sand availability and climbing angle of
the aeolian dunes over time. Transverse dunes need more sand that barchan dune
for its construction (McKee, 1979; Mountney, 2006b).The development of transverse
dunes is favorable with high sand availability, and its maximum height depends on
the balance between the wind strength and the available sand (McKee, 1979). The
stratigraphic transition of barchan dunes to transverse dunes, must represent the
migration of a central erg over erg margin deposits (Fig. 13), following the classic
model presented by Porter (1986), Mountney and Jagger (2004) and Mountney

(2006a, 2006b). Furthermore, in dry aeolian systems, the dunes that are on the
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margin erg tend to have smaller climbing angles than the aeolian dunes in the central

erg, potentiating the accumulation of thicker cross-strata sets in the central erg area
(Mountney and Howell, 2000; Mountney, 2006b).
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Figure 12. Composite log of outcrops correlation exhibits facies and facies association (F.A.)
in the sedimentary succession of the Aracaré Formation.

6.3. Wind Regime

The patterns of the cross-strata dip directions between panels 1 and 2 have a

difference of approximately 35°, with dip directions of the barchanoid dunes in panel

1 toward southeast and transverse dunes in panel 2 toward east. This variation in the

dip direction of the foresets must be due to the different orientation of the outcrops

and the different morphology of the aeolian dunes. The orientation of the outcrop 1

transversal to the palaeowind must have contributed to this difference in the dip

direction, since most of the measurements of panel 1 were performed on the flanks
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of the concave shapes, not corresponding to the maximum dip direction of the cross-
strata. In turn, outcrop 2 is oriented parallel to the palaeowind, indicating more
precisely the direction of migration of the aeolian dunes, with prevailing wind-blown
toward east. The reactivation surfaces and wind ripple lamination are formed by

reverse or strong oblique winds.

M
ore towards the erg centre

=R
Prevailing Winds Smaller simpje aeolian dunes gef,
- ets

Dummshmg sand Supply

Figure 13. Sedimentary model and wind patterns to the aeolian dunes of the Aracaré

Formation.

The wind regime deduced from the aeolian cross-bedding is consistent with
the atmospheric circulation model proposed to Early Permian by Gibbs et al (2002).
The predominance of aeolian dune paleocurrents to E-ESE is compatible with wind
blowing westerlies during summertime (December, January and February) on the
medium latitudes of southern hemisphere (around 35-400S) (Fig. 11b). In the
wintertime (June, July and August), the study area is located in a region where winds
are inflected to the north-northwest, representing limb of the subtropical high-
pressure belt existing over the Panthalassa flowing back towards the equator with
less intensity than in summer (Patzkowsky et al., 1991; Gibbs et al., 2002) (Fig. 11c).
This oblique to reverse winds would be responsible for the development of the
reactivation surfaces and the wind ripples deposition on the lee face of the Aracaré
aeolian dunes. The seasonal alternation of these seasonal winds would define the
cyclical pattern of types of stratification in the lee face of aeolian dunes. The master
reactivation surfaces can represent episodic contribution of winds with different

direction and intensity, possibly associated with storms.
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7. CONCLUSIONS

The Aracaré Formation is composed by successive sets aeolian dunes cross-strata
without interdune deposits, indicating a dry aeolian system. The aeolian succession
can be subdivided into two intervals according to their cross-bedded size and dune
morphology: (1) smaller cross-bedded sets of barchanoid dunes, and (2) larger
cross-bedded sets of transverse dunes. The transition of barchan dunes/barchanoid
ridges overlapped by transverse dunes suggests the migration of central erg portion
over erg margin deposits. The wind pattern of the Aracaré Formation is in
accordance with the simulated models for the Early Permian. The prevailing winds in
the mid-latitudes (~36° S) of Gondwana toward east in the summertime are
compatible with paleocurrent of Aracaré Aeolian dunes. The presence of regularly
spaced cycles separated by reactivation surfaces within the aeolian dunes cross-
strata suggests seasonal variations in wind direction that reworked the lee face of the

dunes by reverse winds.

Theoretical models are of great importance for the understanding of the Earth's
paleoenvironment and paleoclimate. However, the continuous survey of facies
architecture and paleocurrent data are extremely necessary for the refinement of
theoretical models. This paper provided a new case study in South America allowing
for a more accurate reconstruction of the near-surface wind regime in the middle

latitudes of Gondwana during the Early Permian.
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ABSTRACT

The Permian Pedra de Fogo Formation is located in the Parnaiba Basin,
northeast region of Brazil, and exhibits a sediment accumulation of: (1) playa lake;
(2) lower shoreface; (3) upper shoreface; (4) aeolian sand sheet; and (5) aeolian
dune and interdune. The stratigraphic succession can be separated into three
stratigraphic intervals characterized by different faciological associations, named the
Lower, Middle and Upper Interval. The Lower Interval is composed by playa lake
facies association and lacks aeolian deposits, indicates that the water table or its
capillary fringe reached the depositional surface, promoting a low availability of dry
sand, preventing the development of dunes and aeolian sand sheets. The Middle
Interval consists of facies associations of lower shoreface, upper shoreface, aeolian
sand sheet and aeolian dunes, indicating wide lake bodies with coastal aeolian
system. This interval has a general progradational trend characterized by an increase
in the proportion of aeolian deposits to the top. This general progradational stacking
pattern is composed of nested shallowing upward high frequency cycles, indicating
that the regressive trend was not linear, being marked by numerous transgressions
and regressions of the lacustrine coastline. The Upper Interval represent the return of
the playa lake with tree-ferns stems and leaves at the top of the studied stratigraphic
interval, suggesting ephemeral lake system. The depositional context presented
indicates that the middle latitudes of Gondwana were not permanently arid or semi-
arid in the Cisularian, with periods with a milder climate, allowing the development of
wide and perennial lake bodies that allowed the maintenance of a rich paleofauna
and paleoflora. The winds directions analysis through aeolian dune foresets dip
direction show great compatibility with atmospheric circulation model proposed to
Early Permian that indicates winds blowing to NW in the Parnaiba Basin.

Keywords: Pedra de Fogo Formation; Permian; lacustrine system; aeolian dune
morphodynamic; shallowing upward cycles.
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1. INTRODUCTION

Lacustrine or marine coastal aeolian dune fields occur in different climatic and
tectonic contexts, in different moments of Earth history (Rodriguez-Lopez et al.,
2014). Commonly coastal aeolian systems display a complex association of different
sedimentary environments commonly associated to marine or lacustrine processes
reworking aeolian sediments, sometimes forming clear sedimentary cycles such as
those described by Rodriguez-Lépez et al. (2010, 2012) in mid-Cretaceous Iberian
Desert System, Spain. Additionally fluvial systems can occur (Bohacs et al., 2003;
Scherer et al., 2007; Wang et al., 2016), increasing stratigraphic complexity.
Although there are many works detailing the regional stratigraphic architecture (e.qg.
Chan and Kocurek, 1988; Benan and Kocurek, 2000; Mountney and Russell, 2009;
Rodriguez-Lépez et al., 2010, 2012), there are still few studies that define a high
resolution stratigraphic framework and discuss the processes that control the
development, accumulation and preservation of coastal aeolian systems (Kocurek et
al., 1991; Crabaugh and Kocurek, 1993; Kocurek and Havholm, 1993; Crabaugh and
Kocurek, 1998; Jordan and Mountney, 2010, 2012; Vieira and Scherer, 2017). The
present work aims at an integrated high resolution sedimentological and stratigraphic
analysis of coastal aeolian systems, aiming at understanding the lateral and vertical
relations of the aeolian stratas with the adjacent lake deposits, having as a case

study the Pedra de Fogo Formation (Permian of the Parnaiba Basin).

The end of the Carboniferous period was characterized by intense tectonic
movements that resulted in the formation of the supercontinent Pangea from the
collision between Gondwana and Laurasia/Laurussia (Golonka and Ford, 2000).
Continental collisions caused uplift and the generation of huge mountain belts in the
interior and at the edges of the supercontinent. The uplift of these mountains belts
caused significant changes in the wind circulation regime. The previously zonal wind
pattern became monsoonal (Wills, 2002) and the regions inside Pangea were
affected by strong aridity. The uplift generated by agglutination of the supercontinent
Pangea has led to a global marine regression across western Gondwana and the
exposure of continental platforms through the Permian. However, most of the
paleoclimatic and paleogeographic reconstructions of this period are of global scale,

with few detailed paleoenvironmental studies, especially with regard to the medium
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and low latitudes of Gondwana. A sedimentological and stratigraphic study of the
Pedra de Fogo Formation allows a detailed paleoenvironmental reconstruction,
providing parameters that can be used for a more accurate paleoclimatic and
paleogeographic reconstruction of the Gondwana's mid-latitudes during the Early

Permian.

2. GEOLOGICAL SETTING

The Parnaiba Basin is a nearly 600 thousand kmz2 area basin located in the
northeastern region of Brazil (Fig. 1) mainly covering the states of Piaui, Maranhéo,
Tocantins, and a smaller area in the states of Par4, Bahia and Ceara (Caputo, 1984;
Caputo et al., 2005). The Parnaiba Basin is an intracratonic sag basin ranging in age
from Silurian to Cretaceous, developed on a continental basis during the stabilization
stage of the South American Platform (Almeida and Carneiro, 2004; Vaz et al.,
2007). The sedimentary record of the basin overlies a regional nonconformity over
the Amazonian/Araguaia, Parnaiba and Borborema crustal blocks subsequently to
the formation of a post-Brasiliano peneplain (Daly et al. 2014).

The Balsas Group (Tab. 1) was accumulated from the Neocarboniferous to the
Eotriassic and is composed by four stratigraphic formations: (1) Piaui Formation; (2)
Pedra de Fogo Formation, focus of this study; (3) Motuca Formation; e (4) Sambaiba
Formation (Goes and Feij6, 1995). The Piaui Formation is of Pennsylvanian age and
its facies associations are interpreted as fluvial, aeolian and marine accumulated in a
semi-arid climate (Lima and Leite, 1978; Melo et al., 1998; Vaz et al., 2007; Vieira
and Scherer, 2017). The Pedra de Fogo formation, which overlain Piaui Formation, is
essentially characterized by lacustrine and aeolian deposits accumulated during
Cisularian (Vaz et al., 2007). The Motuca Formation overlying to the Pedra de Fogo
Formation, ranging in age from Lopingian to Eotriassic (Caputo, 1984; Dino et al.,
2002), is classified as a desert system with shallow lakes and saline pan (Gées and
Feijo, 1994; Abrantes Jr. and Nogueira, 2013). Overlying to the Motuca Formation,
the Sambaiba Formation vary in age between Meso and Neotriassic (Lima and Leite,
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1978), and its deposits are associated with a desert system composed of sand
sheets and aeolian dunes with some fluvial contribution (Vaz et al., 2007; Abrantes

Jr. and Nogueira, 2013).
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Figure 1. (A) Location of the Parnaiba Province in South America map. (B) Sediment
distribution by geological age, with emphasis on the Poti Formation, Paiui Formation, Pedra
de Fogo Formation and Motuca Formation. (C) Detail of the study area and location of the

main outcrops.
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Table 1. Stratigraphic nomenclature table of the Permo-Triassic of Parnaiba Basin

(according Vaz et al., 2007).

PERIOD DEPOSITIONAL ENVIRONMENT GROUP FORMATION
TRIASSIC DESERTIC SAMBAIBA
DESERTIC, LACUSTRINE MOTUCA
PERMIAN SHALLOW MARINE, COASTAL, BALSAS PEDRA DE
AEOLIAN, STORMS, SABKHA FOGO
CARBONIFEROUS | FLUVIAL, DESERTIC, COASTAL PIAUI

The Pedra de Fogo Formation can be subdivided in three distinct members
(Faria Jr., 1979): (1) Silex Basal Member; (2) Médio Member; e (3) Trisidela Member
(Faria Jr. and Truckenbrodt, 1980a). The Basal Silex Member is composed of an
intercalation of siltstones and dolomitic banks displaying abundant concretions and
siliceous horizons, also showing levels of oncolytes. The Médio Member is
characterized of fine-grained sandstones with large cross-stratification interlayered
with siltstones, shales and carbonate banks with small siliceous concretions. The
Trisidela Member is composed of the intercalation of fine-grained sandstones,
siltstones, shales and carbonate banks, with fossil trunks associated with siltstones
and fine-grained sandstones, as well as structures like dissection cracks, tepees,
algae mats and stromatolite levels (Faria Jr. and Truckenbrodt, 1980b). The
depositional context has been interpreted as a shallow to coastal marine
environments influenced by storms, associated with sabkhas and the aeolian
environment (Gées and Feij6, 1994; Vaz et al., 2007). Based on palynological
studies and host lithologies, Dino et al. (2002) suggest the dominance of a
continental environment with weak, shallow, restricted-marine environment. More
recent studies focusing on facies analysis presented new interpretations about the
depositional system of the Pedra de Fogo Formation such as lake with ephemeral
rivers, lake influenced by storm waves, continental sabkha, central lake, wind dunes
and lake / oasis with flood (Andrade et al., 2014; Araujo et al., 2016; Abrantes Jr. et
al., 2019). Paleobotanical and paleovertebrate studies combined with

lithostratigraphic interpretation suggest a strong terrestrial character of the Pedra de

Jones, F. H. (2020).



122

Fogo Formation with lacustrine, floodplain and channel deposits (Cisneros et al.
2015; Da Conceigao et al., 2016; lannuzzi et al., 2018).

Furthermore, studies show that phytofossils are not limited to the strata of the
Trisidela Member, with abundant records of large gymnosperm wood (some in life
position) and horizontal stems of tree ferns (specimens attributable to Psaronius sp)
in the Silex Basal Member (Da Conceicéo et al., 2016; lannuzzi et al., 2018). The
age of the Pedra de Fogo Formation positioned was firstly stated as Cisularian by
Price (1948) due to the presence of the labyrinthodont amphibian, this age gained
support through palynological studies carried out by Miller (1962), Mesner and
Woldridge (1964), and by bioestratigraphic studies realized by Goées and Feij6
(1994). However, some studies of sporomorphs led to ages between the Cisularian
and the Guadalupian (Lima and Leite, 1978), or even the Late Permian age for the
Trisidela Member (highest member) through occurrence of species as Lueckisporities
virkkiae, Corisaccites alutas, Hamiapollenites karrooensis, Rhizomaspora radiate,
and Tornopollenites toreutos (Dino et al., 2002). On the other hand, studies of
terrestrial paleovertebrates reinforce the Cisuralian age through the discovery of a
new continental tetrapod fauna (Cisneros et al., 2015; Cisneros et al., 2020). Dino et
al. (2002) interpreted that the Pedra de Fogo Formation deposition occurred under
conditions of a warm, arid or semi-arid climate based on the lithologies and the
dominance of taeniate pollen grains. Sedimentological studies also point to hot and
arid climatic conditions (Andrade et al., 2014; Araujo et al., 2016). However, lannuzzi
et al. (2018), analyzing fossil assemblages, infer paleoenvironmental and
paleoclimatic conditions during the Early Permian as wetter than the arid conditions
commonly interpreted for this area based on climatic modeling maps. These more
humid conditions are reinforced by paleoflora, which contains species of ferns (Da
Conceicéo et al., 2016) and by new Captorhinidae finds reinforcing the continental

faunas within the southern tropics in western Gondwana (Cisneros et al., 2020).

3. METHODS
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Two key natural outcrops in hill scarp of the Pedra de Fogo Formation, located

in the municipality of Monsenhor Gil, Piaui state in Brazil, were analyzed in detail
(Fig. 1). The description of the outcrops includes facies and facies association
analyses, besides identification and interpretation of bounding surfaces. Two
composite sedimentary logs with 30 and 36 m thick to outcrop 1 (Fig. 2) and outcrop
2 (Fig. 3) respectively were measured at a scale 1:50 in order to define the facies

succession of the interval.
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Figure 2. Composite sedimentary log measured in outcrop 1. See Fig. 1 for location.

Architectural panels were constructed from the photomontages of the outcrops
1 for four intervals of aeolian dunes named from base to top as panel 1 (4.4 m width
and ~1 m height), panel 2 (8.5 m width and ~1.3 m height), panel 3 (9.6 m width and
1.3 m height), and panel 4 (7.8 m width and 1.7 m height). In these two-dimensional
(2D) panels were defined geometries of the deposits, the relationships between
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depositional styles of the dunes strata, and bounding surface types. The panels 1, 2

and 3 are oriented parallel to subparallel to the paleowind direction, while the panel 4

is oriented to oblique. Cross-bedded sets and bounding surfaces dip direction were

measured and separated in different types for each aeolian dune panel (total

measures of cross-stratified with n = 163 being 49 of wind ripples and 114 of

grainflow, reactivation surface with n = 38, interdune surface with n = 3). A correlation

between the two composite stratigraphic logs was produced and it exhibits the

stratigraphic succession with a total of 36 m thick, as well as the lateral variation of

the facies association.
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4. FACIES ASSOCIATION
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The sedimentary succession of the Pedra de Fogo Formation found in the

outcrops 1 (Fig. 2) and 2 (Fig. 3) of the municipality of Monsenhor Gil was subdivided
into five facies associations (Fig. 4): (1) playa lake; (2) lower shoreface; (3) upper

shoreface; (4) aeolian sand sheet; and (5) aeolian dune and interdune.
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4.1. Playa Lake

4.1.1. Description

Playa Lake facies association is made of tabular sedimentary bodies ranging
from 1.5 to 4 m thick. These deposits are represented by intercalling laminated or
massive reddish mudstones with linsen to flaser heteroliths internally characterized
by wave-ripple lamination. Mudstones occur in tabular beds of tens of meters laterally
while heteroliths are commonly encountered as decimeter—scale lenses sometimes
extending to few meters. Both mudstones and heteroliths exhibit bioturbations (Fig.
5A), load structures and may display desiccation cracks polygonal (Fig. 5B,C) in
shape filled with fine-grained sand or carbonate cement. Less commonly was found
isolated pebbles level in massive sandstones that exhibit fluidization and/or
bioturbations features (Fig. 5D). The most ubiquous structures of this facies
association are silcretes nodules that form oblate concretions and silicified beds of
milimetricaly-spaced horizontal to crinkly lamination with rounded to semi-circular
silicified features in plan view (Fig. 5E,F). This facies association occurs both at the
base and at the top of the stratigraphic succession. Additionally the top of section is
marked by a level of high concentration of tree-fern stems (Fig. 5G) and fern leaves
(Fig. 5H).
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Figure 5. Playa lake facies association. (A) Bioturbated, heterolithic with linsen to wavy
bedding. Note the obliteration of the original lamination due to bioturbation on black arrows.
(B, C) Desiccation cracks in plan view. Note the polygonal geometry characteristic of
desiccation cracks. (D) Massive sandstone with rare pebbles. (E) Silicified, small stromatolite
domes in plan view. (F) Millimetricaly-spaced horizontal and crinkly lamination exhibiting
abundant chert nodules associated to horizontal laminated stromatolite. (G) Tree-fern stems
and (H) fern leaves.

4.1.2. Interpretation

The abundance of mudstones in this facies association suggests deposition in
low energy environment. Heteroliths, linsen to flaser bedding with wave-ripple
lamination suggest oscillatory flows alternate with suspension process. However, the
occurrence of massive sandstone with isolated pebbles, suggest episodic
hyperpycnal flows (Miall, 1996). Bioturbation and silcrete nodules found in limestones
are generally observed in well-drained environments (Retallack, 1988, 1994; Wright,
1999). Silcrete nodules are generated by high levels of alkalinity and salinity
associated with water evaporation characteristics of playa lake and sabkha
environments (Amiel and Friedman, 1971; Briere, 2000). Desiccation cracks result
from subaerial exposure of sediments due to evaporation lowering of the water depth
(Kendall and Warren, 1987; Kendall, 1992). Milimetricaly-spaced horizontal to crinkly
lamination and silicified small domes in plan view are formed by microbial mats, and
the absence of thick bioconstructions suggests shallow water environments
(Grotzinger, 1989; Grotzinger and knoll, 1999; Kah et al.,, 2006). Andrade et al.,
(2014) stated that the original composition of these microbialites is carbonate,
subsequently replaced due to silicification. Tree-fern stem and leaves fossils have
been classified as Psaronius (Araujo et al.,, 2016) and have been frequently
documented in the basin (Araujo et al., 2016; Da Conceicéo et al., 2016; lannuzzi et
al., 2018; Abrantes Jr. et al., 2019) being interpreted as deposited in situ developed
on the margin of the playa lakes.
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4.2. Lower Shoreface

4.2.1. Description

This facies association range from 1.5 to 3 m thick and was formed dominantly
by laminated mudstones overlain by linsen to flaser heteroliths. These heteroliths are
characterized by the millimetric to centimetric (<2 cm) alternation of massive
mudstones and by well sorted, fine- to very fine-grained sandstones, displaying
symmetrical wave ripples lamination in sands (Fig. 6A), and weak to intense
bioturbation (Fig. 6B). Intercalated with mudstones or heteroliths can also occur
lenticular sandstones beds, up to 20 cm, with hummocky cross-stratification.
Additionally, sometimes it can be observed intervals exhibit intraclast (Fig. 6C) and
extraclast (Fig. 6D) pebble lags, as well as the presence of fish tooth (Fig. 6E) and
vertebrate fossils (Fig. 6F).

4.2.2. Interpretation

Symmetrical wave ripples and hummocky cross laminations are generated by
oscillatory flows induced by storms (De Raaf et al., 1977; Dott and Bourgeois, 1982;
Dumas and Arnott, 2006). Considering the intercalation of mudstone and heteroliths
and sandstone beds with wave generated structures, this facies association can
been interpreted as lower shoreface deposited between the fair weather wave base
and the storm wave base (Dam and Surlyk, 1993; Clifton, 2006). In this context
pebble and intraclast lags represent reworking of upstream sediments by high energy

currents during storms.
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Figure 6. Lower shoreface facies association. (A) Wavy bedded heterolithic with symmetrical
wave ripples. (B) Intense bioturbation in heterolithic bedding obliterating the original
structure. (C) Conglomeratic lag composed of angular intraclasts. (D) Extraformational
pebbles within conglomeratic lag. (E) Fish tooth found in mudstone. (F) Vertebrate fossil
mold.

4.3. Upper Shoreface

4.3.1. Description

This facies association exhibits amalgamated beds, well-sorted, fine- to
medium-grained sandstones, made up tabular sand bodies, 1 to 5 m thick. The

individual sandstones beds are 0.15 to 0.3 m thick, displaying swaley cross-
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stratification and trough-cross-bedding, bounded by symmetrical to slightly
asymmetrical top surface, with paleocurrent to NW (Fig. 7A). Low-angle cross-
stratification and wave ripples cross-laminations also can be occur (Fig. 7). Rarely,
cross-lamination ripple can be observed (Fig. 7B). Locally, massive sandstone is
observed with 0.1 m thick.

< - \/\v

avy npple \Q’

Figure 7. Upper shoreface facies association. (A) Amalgamated, fine- to medium-grained
sandstones with swaley cross-stratification. (B) Symmetrical wave ripples cross-laminations
in plan view. (C) Asymmetric current ripples. (D) Sandstones with symmetrical wave ripple

cross-laminations in cross-section with the crestline.
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4.3.2. Interpretation

The presence of amalgamated, fine- to medium-grained sandstones with symmetrical
wave ripples and swaley cross-stratification suggested the dominance of oscillatory
flows in an upper shoreface context (De Raaf et al 1977; Dumas and Arnott, 2006).
The abundant occurrence of swaley cross-stratification indicates a shoreface
dominated by storms (Dott and Bourgeois, 1982). Sandstones with trough cross-
stratifications are generated in shallow waters where the unidirectional component of
the oscillatory flow is most significant (Dumas and Arnott, 2006), representing surf
zone. The local massive sandstones could have been their structure destroyed by
fluidization or intense bioturbation, or deposited by hyperpycnal flow induced by
storms (Orton and Reading, 1993; Zavala et al., 2012; Shanmugam, 2018).

4 .4. Aeolian Sand Sheet

4.4.1. Description

This facies association comprises fine- to medium-grained sandstones, well-
sorted, with well-rounded and high sphericity quartz grains. These sandstones are
distributed in tabular bodies, up to 0.9 m thick, bounded by sharp upper and lower
horizontal surfaces. Internally, the tabular sand bodies exhibit low-angle cross-
stratification mainly composed by inverse graded, translatent wind ripple lamination
(Fig. 8). Sometimes, the shapes of the wind ripples are preserved exhibiting
wavelengths about 5 cm and amplitudes of ~0.4 cm, with orientation of the internal
foresets dip toward NW (Fig. 8A). Well-sorted, fine- to medium-grained sandstone
organized into isolated lenses, 0.1 to 0.2 m thick and more than 10 m wide, with
tangential cross-stratification composed by wind-ripple lamination, occur interlayered
with the low-angle strata. Convolute folds can occur in low-angle cross-strata.
Massive sandstones, with angular to subangular, up to 10 cm, sand intraclasts
preserving the primary wind ripple lamination, can be observed interlayered with low-

angle strata (Fig. 8B,C).
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Figure 8. Aeolian sand sheets facies association (A) Pinstripe laminations characterized by
millimetrically spaced laminations generated by subcritical climbing of wind ripples. (B)
Massive sandstones with angular to subangular sand intraclasts preserving the primary wind
ripple lamination. (C) Interpretation of figure B.

4.4.2. Interpretation

The combination of well-rounded and highly spherical grains, fine- to medium-
grained sandstones, thick tabular sandbodies low-angle cross-strata sets dominated
by inverse-graded wind ripple laminae suggests aeolian sand sheets deposits
(Fryberger et al., 1979; Kocurek and Nielson, 1986). The aeolian sand sheet
package indicates restricted sand availability, preventing the construction of aeolian
dunes (Kocurek and Lancaster, 1999). The wind ripples cross-lamination dip
orientation indicates accumulation of dry aeolian sand sheets and that their
migration is to the northwest (Fryberger and Schenk, 1981). Interlayered cross-strata
are interpreted as residual deposits of small aeolian dunes. The internal architecture
composed only of wind ripple lamination indicates bedforms with poorly-developed

slipfaces or severely truncated (Nielson and Kocurek, 1986; Mountney and Russell,
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2004; Bristow et al., 2010; Simplicio and Basilici, 2015). The limited lateral extent of
the sets suggests isolated dunes separated by extensive aeolian flats (Nielson and
Kocurek, 1986; Scherer et al., 2007). The convolute folds may have been generated
by the overload of the overlying strata, when the sedimentary package is placed
below the water table. This overload causes water and air to escape in areas of high
interstitial water pressure, thus fluidizing and deforming the packages at the
beginning of the burial (McKee et al., 1971; Doe and Dott, 1980; Horowitz, 1982;
Mountney and Thompson, 2002). Massive sandstones with sand intraclasts are
interpreted as the product of hyperconcentrated flows during flash floods (Lawson,
1982; Lavigne and Suwa, 2004). The angularity of the sandstone clasts indicates
minor transport during reworking. The presence of sand intraclasts with well-
preserved wind-ripples lamination suggests the erosion of aeolian sediments
previously deposited, as well as an early cementation that prevented the
disintegration of blocks (Mountney and Howell, 2000; Rodriguez-Lopez et al., 2012;
Ferronatto et al., 2019).

4.5. Aeolian Dunes and Interdunes

4.5.1. Description

This facies association consists of well-sorted, with well-rounded and high
sphericity quartz grains, fine- to medium-grained sandstones (Fig. 9). The
sandstones are organized into 0.2 — 2.3 m thick, planar (Figs. 10, 11, 12) or
tangential cross-stratified sets (Fig. 13) that can be traced laterally for tens of meters.

Locally, soft deformation can be observed with a slight disturbance at the base of set.
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Figure 9. (A) Grain flow lenses (gf) interdigitating at the base with wind ripples (wr). (B) Note
the ripple shape preserved. Black arrows point at wind ripple crestline where coarser grained

are concentrated. (C) Inverse grading, wind ripple lamination.

The cross-strata dips have a well-defined unidirectional pattern and low to
medium dispersion (Fig. 14), showing a mean foresets azimuth toward 329° (Fig.
14A). The cross-strata sets are internally dominated by grainflow (ranging from ~60
to 80%), translatent wind ripple laminae (~20 to 40%) and, subordinately, grainfall
laminae (<1%). The grainflow strata comprise medium-grained sandstones with
centimeter scale thickness (~0.6 to 3 cm) and wedge geometry (Fig. 9A), massive or,
more rarely, inversely graded. The grainflow stratas are often amalgamated and its
packages have a high dip angle, which ranges from 15° to 34° and mean value of
26°. The grainfall strata can rarely be found and consist of very fine- to fine-grained
sandstones, organized in 1 to 2 mm thick laminae that are interbedded with grainflow
strata. The wind ripple strata comprise fine-to-coarse grained sandstones arranged in

millimeter-spaced laminations (pin stripe laminations), inversely graded (Fig. 9). The
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wind ripple packages exhibit dip angle ranges from 6° to 26°, with a mean value of
17°.

B3 Wevy ripple (5w) e gplo t9) Covered
28°—» 070° Dip angle and azimuth of the cross-strata [==] sand drift surface F®] Reactivation surface
Dip angle and azimuth of the bounding surface = Flooding surface KD Interdune surface

=

Figure 10. Photomosaic and interpreted outcrop panel showing the facies architecture and
the abrupt lower and upper contact of the aeolian dunes and interdunes facies association.
Note the spaced reactivation surfaces and wind ripples dominantly occurring at the toe set of

dune and migrating over reactivation surfaces. See Fig. 2 for location.

The cross-bedded sets can be subdivided in subsets bounded by erosive
concave upward surfaces. These surfaces range the dip angle of 9° to 27° with dip
directions having mean orientation toward 339° (Fig. 14B). The subsets form a
regular spacing (0.3 to 2.3 m), and are characterized by a sequence of lower angle
composed by wind-ripple laminae in which are followed in the migration direction by
steeper downlapping grainflow strata that interfinger with the wind ripple basal until

the next erosive surface (Figs. 10, 11, 12, 13).

The cross-bedded sets are bounded by sub-horizontal surfaces. Sometimes,
the cross-bedded sets are separated by sandstone exhibiting lenticular geometry, up
to 0.3 m thick, with low-angle cross-stratification composed by wind ripples strata (pin

stripe laminations) (Fig. 13).
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Figure 11. Photomosaic and interpreted outcrop panel showing regularly spaced reactivation
surfaces. Grainflow lenses dominantly on the upper part of dune, interfingering with wind
ripples at the base. See Fig. 2 for location.
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Figure 12. Photomosaic and interpreted outcrop panel showing the facies architecture and
the abrupt lower contact of the aeolian dunes and interdunes facies association. Note the
regularly spaced reactivation surfaces. Grainflow lenses dominantly on the upper part of
dune, interfingering with wind ripples at the base. See Fig. 2 for location.
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Figure 13. Photomosaic and interpreted outcrop panel showing the facies architecture and
the abrupt lower and upper contact of the aeolian dunes and interdunes facies association.
The aeolian interval is characterized by superimposed sets formed by climbing of crescent

aeolian dunes and interdunes.

4.5.2. Interpretation

The presence of well-rounded and highly spherical grains in fine- to medium-
grained sandstones with cross-strata sets composed by inverse-graded wind ripple
laminae, grainflow strata and grainfall lamination evidence aeolian dune deposits
(Hunter, 1977; Kocurek, 1981, 1991, 1996; Ulicny, 2004). The well-defined unimodal
pattern with low dispersion in the dip directions of the tangential strata suggests
crescent aeolian dunes with low to moderate sinuosities of the crestline (McKee,
1979; Karpeta, 1990; Mountney, 2006). The local soft deformation in the base of the
cross-bedded sets can be generated by fluidization from water escape, due to rapid
saturation of dry sands over water-saturated sand due to the advancing dune
(McKee et al., 1971; Doe and Dott, 1980; Horowitz, 1982; Mountney and Thompson,
2002).
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Figure 14. Paleocurrent of the aeolian dunes facies associations. (A) Rose diagrams
showing general dip azimuths of the aeolian dunes cross-bedded sandstones. (B) Rose

diagrams showing general dip azimuths of the reactivation surfaces. (C) Rose diagram

showing general dip azimuths of the aeolian dunes cross-bedded sandstones measured for

each photomosaic (Figures 10, 11, 12, 13). (D) Rose diagram showing general dip azimuths

of the reactivation surface measured for each photomosaic (Figures 10, 11, 12, 13).

The cross-strata dip directions with mean foresets azimuth toward 329°

suggest aeolian dunes migrating toward the northwest. The presence of cyclic cross-

stratification marked by alternation of grain-flow and wind-ripple packages suggests

periods where the formation of a slipface with grain-flow occurs, alternated with
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periods of along slope transport on the lee face by wind ripples (Kocurek et al., 1991;
Chan and Archer, 2000; Loope et al., 2001; Scherer and Goldberg, 2010). The
erosive concave upward surfaces that bound the grain-flow/grain-fall and wind-ripple
subsets can be interpreted as reactivation surfaces (Kocurek, 1991, 1996), indicating
that changes in wind direction and/or wind blow strength caused an alteration in dune
migration speed and dune asymmetry (Rubin and Hunter, 1987; Chan and Archer,
2000; Loope et al., 2001). The cyclic cross-stratification suggest seasonal changes of
wind direction with a maximum annual migration rate of the aeolian dunes of the
Pedra de Fogo Formation about 2.0 m (e.g. Hunter and Rubin, 1983; Kocurek et al.,
1991; Chan and Archer, 1999, 2000; Loope et al., 2001; Scherer and Lavina, 2005;
Scherer and Goldberg, 2010; Jones et al., 2016).

The lenticular sandstones with low-angle, wind ripples lamination, separating
tangential to planar cross-bedded sets suggest dry interdune deposits (Kocurek,
1981; Mountney and Thompson, 2002; Dias and Scherer, 2008; Lancaster, 2013).
The dry interdunes suggest that the capillary fringe of the water table was below the
depositional surface. The low-angle surfaces bounding aeolian dune cross-bedded
sets or placed to the base of the interdune deposits represent interdune surfaces
formed through the migration and climbing of aeolian dunes (Kocurek, 1981, 1991,
1996).

5. STRATIGRAPHIC SUCCESSION

5.1. Description

From the analysis and correlation of the two sedimentary logs, it is possible to
identify three stratigraphic intervals characterized by different faciological

associations, called Lower, Middle and Upper Interval (Fig. 15).
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Figure 15. Correlation panel depicting facies association, sedimentary cycles and interpreted
climatic and A/S ration trend (datum: playa lake deposits at the base of the Upper Interval).
Several cycles can be identified through the superposition of aeolian deposits over
subaqueous one. These cycles reflect drying upward trends in which sand availability
increase in drier periods The overall succession of the Middle Interval, exhibit more frequent
and thicker aeolian deposits to the top, suggesting an increase of dry conditions.

The Lower Interval has a minimum thickness of 7.5 meters and is
characterized by the exclusive occurrence of the playa lake facies association. The
Middle Interval is 28.5 meters thick, representing most of the analyzed succession.
Contact with the Lower Interval is abrupt, marked by the overlapping of lower
shoreface deposits over playa lake deposits. Internally, the Middle Interval is
characterized by well-defined asymmetric sedimentary cycles, characterized by
successions of facies that show a shallowing upward trend, with thicknesses of 1 to 8
meters, which can have two distinct anatomies: (i) lower shoreface to upper
shoreface (base of the interval) and, (ii) upper shoreface to sand sheets and aeolian
dunes / interdunes. In this last cycle anatomy, the aeolian deposits abruptly overlap
the shoreface deposits, separated by a flat surface, with no interdigitation between
them. Towards the top of the Middle Interval there is a decrease in the thickness of
the cycles, as well as a progressive increase in the proportion of aeolian sediments in
relation to shoreface deposits. The Upper Interval, in turn, is marked by an abrupt
overlap of playa lake deposits on strata of aeolian dunes and interdune facies

association.

4.5.2. Interpretation

The three identified intervals represent distinct depositional scenarios that
reflect different behaviors of the base level. The Lower Interval is characterized by a
aggradational stacking pattern indicating a balance between the accommodation
generation (A) and the sedimentary supply (S) rates, suggesting an A/S rate ratio
close to 1 (Martinssen et al., 1999; Scherer et al., 2007). The abrupt overlap of the
playa lake interval by lower shoreface deposits from the base of the Middle Interval

indicates an increase in the base level, marking the development of a transgressive
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surface, indicating a ratio A/S > 1. The progressive increase in the proportion of
aeolian deposits in relation to shoreface deposits indicates a downward trend in the
A/S ratio towards the top of the Middle Interval. However, the presence of high
frequency shallowing upward cycles indicates that the decline in the A/S ratio was
not linear, with oscillations between negative values up to values greater than 1. The
rapid drowning at the base of the cycles indicates an increase in the A/S ratio to
values greater than 1. The progressive shallowing upward of the cycles suggests a
progressive decrease in the A/S ratio, although with values still greater than 1, up to
the base of the aeolian deposits. Basal abrupt contact of the aeolian deposits with
upper shoreface deposits allows to interpret a aeolian deflation (sand-drift surface
sensu Clemmensen and Tisgaard, 1993) associated with a drop in the base level,
indicating a A/S ratio less than 0. The accumulation of aeolian dunes/interdunes and
aeolian sand sheets strata on the deflation surface indicates the return of a positive
A/S ratio, with values between 0 and 1, until a new flooding (overlapping of aeolian
strata by shoreface deposits), where the ratio A/S reaches values greater than 1
again. The Upper Interval represents a return of the conditions existing in the Lower

Interval, with positive A/S ratio values, however close to 1.

6. DISCUSSION

6.1. Depositional Model

As highlighted in the previous item, the studied area of the Pedra de Fogo
Formation presents three stratigraphic intervals that represent, what distinct
continental environmental scenarios: (1) dominated by playa lakes; (2) wave-
dominate platforms surrounded by aeolian dune fields; and (3) playa lakes with the

presence of ferns.

The Lower Interval (Fig. 16) is composed only by playa lakes designated as
ephemeral water bodies with geometry of flat-bottom depression associated to desert
basins. Similar facies associations described in previous works have received

different designations. Andrade et al. (2014) through facies analysis carried out on
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the western edge of the Parnaiba Basin (region of the municipality of Filadélfia,
Tocantins State), classify similar sediments as continental sabkha. Aradjo et al.
(2016) describe similar characteristics in the regions of the municipalities of Filadélfia
(Tocantins State) and Nova lorque (Maranhdo State) suggests that these deposits
are indicative of mud flats. More recently, again in the Filadélfia region, Abrantes Jr.
et al. (2019) classified sediments represented by greenish and reddish gray
laminated mudstones interbedded with chert-rich fine-grained sandstones as
belonging to ephemeral lake. This nomenclatural variation is due to differences in the
most appropriate designation for deposits of fines accumulated in playa, playa lake
and sabkha. In the present work, the designation of playa lake was chosen following
the proposition of Briere (2000). According to Briere (2000), sabkha is assigned to a
shallow basin limited to marginal marine environmental and commonly associated
with gypsum. This author defines playa lakes as a transition between playas and
lakes (flooded playa), that playa is a discharging intracontinental basin with a
negative water balance and often associated with evaporites remaining moist only for
a small portion of the year. This definition of playa lakes fits with the sedimentological
evidences found at the base of the outcrops that preserves fine granulometry,

microbial mats, concretions and mudcraks (Fig. 2, 3, 15).

The absence of aeolian sediments in this scenario highlights the low
availability of dry sand for the wind to transport. This is due to the influence of water
table and its capillary fringe that trap sediments on the surface of the shallow
depressions of playa lakes. The water supply comes from local rain and from poorly
channeled ephemeral river driven by climatic factors. Water table variations are
constantly noticed through the various surfaces containing mud cracks. Variations in
the water depth are extremely common in playa lakes (Rosen, 1994; Bryant and
Rainey, 2002; Castafieda et al., 2005; Scuderi et al., 2010). Studies carried out in
Black Rock Playa (northwestern Nevada in North America) show that during the
spring months, a rise in the water table occurs, generating a floodplain with a depth
of less than 1m that extends over an area of 310 km2. In turn, in the beginning of the
summer the water table drops, exposing the entire floodplain (Adams and Sada,
2014).
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Figure 16. Depositional models and paleoenvironmental interpretation of the Lower Interval.

Medium Interval (Fig. 17) consists of facies associations of lower shoreface,
upper shoreface, aeolian sand sheet and aeolian dunes, suggesting transitional
depositional environment between a coastal aeolian dune field and an adjacent
lacustrine or marine basin. The distinction between marine and lacustrine
environments based only in sedimentological data is difficult due to the similarity of
the active depositional processes, since facies generated by waves can occur in both
environments (Walker and Plint, 1992; Chakraborty and Sarkar, 2005; llgar and
Nemec, 2005; Clifton, 2006; Keighley, 2008; Althaus et al., 2020). However,
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paleontological data support a lacustrine context for the Middle Interval. Vertebrate
fossils remains observed in this facies association reassemble those recently
discovered near to the studied area by Cisneros et al. (2015) and Cisneros et al.
(2020). Based on the fauna ecosystem, these authors interpreted the deposicional
environment as a shallow lake, excluding the hypothesis of an epicontinental sea
defended in previous works (such as those by Faria Jr. and Truckenbrodt, 1980a,;
Pinto and Sad, 1986; Goées and Feijo, 1994; Dino et al.,, 2002; Vaz et al., 2007).
According to Inannuzi et al. (2018), the fossiliferous content of the Pedra de Fogo
Formation is essentially continental, marked by the presence of communities of
terrestrial plants and freshwater fishes and amphibians. The presence of the
stromatolites (Faria Jr. and Trunckenbrodt, 1980b) and palyno-assemblage (Dino et
al, 2002) were considered as indicative of the marine context is questioned because
they can be found in both freshwater and marine environments (lannuzzi et al.,
2018). Evidence of cartilaginous fishes such as xenacanthid sharks can also be
adapted to freshwater (Alves, 2010; Pauliv et al., 2014; Figueroa and Gallo, 2017,

lannuzzi et al., 2018).

Therefore, a wave-dominated lacustrine depositional model bordered by
coastal aeolian dune fields can be proposed for the Middle Interval. The facies
succession composed by lower to upper shoreface deposits is indicative of large lake
bodies, which have an extensive water surface sufficient for the winds to generate
waves that systematically move sediments on the bottom, generating expressive
deposits of fairweather and storms (Chakraborty and Sarkar, 2005; ligar and Nemec,
2005; Keighley, 2008; Althaus et al., 2020). The higher proportion of aeolian deposits
in outcrop 2 in relation to outcrop 1, as well as the thicker occurrence of lower
shoreface deposits in the base of outcrop 1, indicates a context more proximal to NW
(outcrop 2) and more distal to SW (outcrop 1), suggesting that the depositional area
of the basin extended much further east than its current erosive limits. This
depositional trend is also corroborated by the transition of sand sheets from the
outcrop 1 (~24 m and ~26 m) to aeolian dunes in the outcrop 2 (Fig. 15), as well as
the succession of aeolian sand sheets and aeolian dunes in outcrop 2 which are
correlated to upper shoreface packages in the outcrop 1 (=16 m). Another evidence
is the transition from tangential cross-stratification showed greater dispersion of the
foresets dip direction (Fig. 13) indicating sinuous crestline and being classified as

barchan aeolian dunes (~ 29 m of the outcrop 1) to planar cross-stratification with low
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dispersion of the dip direction of the foresets suggesting an almost straight crestline
(outcrop 2) being classified as transversal aeolian dunes (Fig. 15) (McKee, 1979;
Karpeta, 1990; Mountney, 2006).

MIDDLE INTERVAL

The dry aeolian dunes and interdunes The transition from upper shoreface [Contrachion of the

represent the wind domain in the local to dry aeolian sheets occurs through flacustrine Sraa

iSedimemalion strongly

depositional system. the rapid descent of the water table influenced by storm waves.

just below the deposition surface.

Relative fall of Decrease in
the water table. subsidence rate.

Considerable increase
in the availability of dry
sand in the system.

Drier Climatic Conditions

Prevailing Winds

The upper shoreface represents Climatic conditions Relative rise in the water table and/or Water supply ir? the area !hrough ’
| proximal portions of a lake, and ‘with higher humidity. Expansion of | |increase in the subsidence rate implies ephemeral fluvials driven by climatic
| less depth, marked by the —————5———— |flooded areas.| |greater distance between water and factors and/or subsidence.
| absence of mud. accumulation surfaces, generating greater |
h volumes for sediment accommodation. | | The lower shoreface represents

; proximal portions of a lake, and
Low availability of dry depper, marked by mud.
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Figure 17. Depositional models and paleoenvironmental interpretation of the Middle Interval.

This morphological transition is due to barchan dune needs less sand that
barchanoid ridge for its construction, followed by the decrease in size of the
interdune flats (McKee, 1979, Mountney, 2006). The wide occurrence of shoreface

Jones, F. H. (2020).



148

deposits also in the western portion of the basin (Andrade et al., 2014; Abrantes Jr.,
2019) indicates a complexity of the faciological distribution, suggesting the existence
of several lakes along the basin, instead of a single and continuous lake covering the

entire Parnaiba Basin.

Upper Interval (Fig. 18) consists of playa lake with a large amount of fossil
ferns. Andrade et al. (2014) define deposits composed of gray pelite with fragments
of fossilized trunks, as being of lake/oasis origin with flood. Abrantes Jr. et al. (2019)
classify similar deposits as acid saline lake. In the present study, the tree-ferns stems
and leaves are found only in this scenario at the top of the session, however other
works describe the presence of silicified wood composed mainly of large
gymnospermic trunks and tree-ferns stems (Psaronius sp.) distributed by the
sedimentary column (Andrade et al., 2014; Araujo et al., 2016; Da Conceicao et al.,
2016; lannuzzi et al., 2018; Abrantes Jr. et al.,, 2019) of the Pedra de Fogo

Formation.

UPPER INTERVAL

Microbial steeps and the absence
of thick bioconstructions suggest
shallow water environments.

Considerable decrease
in the availability of dry
sand in the system.

Increase in wetlands and
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more humid climatic conditions
than the base playa lakes.
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Figure 18. Depositional models and paleoenvironmental interpretation of the Upper Interval.
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6.2. Lacustrine expansion and contraction induced by climatic oscillations

As highlighted in the previous item, the Middle Interval is characterized by
expansions and contractions of the lakes expressed in shallowing upward cycles.
Similar cycles have been described in other continental sedimentary basins,
especially the Permian Rotliegend Group, where aeolian deposits alternate cyclically
as lake deposits, defining high-frequency cycles of different hierarchical scales
(George and Berry, 1993; Yang and Nio, 1993; Howell and Mountney, 1997; Sweet,
1999). The thinner cycles, with thicknesses similar to those described in the Pedra de
Fogo Formation, are interpreted as having climatic origin (Howell and Mountney,
1997). Relatively wetter periods are characterized by a rise in the water table,
generating an expansion of the lake, while the relatively drier periods the lake
progressively evaporates and contracts, freeing up areas for drying sediments that
can be carried by the winds forming aeolian sand sheets and aeolian dunes. Thus, it
can be concluded that the variations of expansion and contraction of the lakes
represent climatic conditions with dry and wet phases. These climatic variations
between relatively wetter and more arid conditions may also be present in other
portions of Pangea, in diverse depositional environments such as cyclothems of the
U.S. midcontinent (West et al.,1993; Calder,1994; Tandon and Gibling,1994; Miller et
al., 1996), Permian aeolian strata of the Pennines Basin (Clemmensen, 1991,
Frederiksen et al., 1998) and Lower Permian fluvial-aeolian deposits of the Colorado
Plateau (Loope, 1985; Blakey, 1990, 1996; Soreghan et al.,1997; Retallack, 2005;
Mountney, 2006). Meter-scale climatic cycles of Lower Permian marine and mixed
marine and terrestrial strata of Pangea have been attributed to milankovitch-type
orbital variations, which periodically changed the distribution of solar radiation upon
the Earth during Early Permian, affecting global surface temperatures, continental ice

volume, and base level (Tabor and Poulsen, 2008).

6.3. Paleoclimate and Wind Regime

The low- and mid-latitudes of the Gondwana during the Cisularian are
retreated as wide zone of aridity (Rees et al., 2002; Gibbs et al., 2002; Roscher et al.,
2008). Arid zones favor the presence of deserts due to the dominance of dry air

(Patzkowsky et al., 1991). Deserts tend to have high availability of dry sand in the

Jones, F. H. (2020).



150
system for wind transport and the formation of aeolian dune fields (Wilson, 1971;
McKee, 1979; Rubin and Hunter, 1982; Kocurek et al., 1992). The Cisularian
sediments of the Pedra de Fogo outcrops presented in this study are located close to
the limit between low- and mid-latitudes (~28° S) of Gondwana in the southern
hemisphere. Therefore, paleoclimate models should be found in this region with
sedimentary features suggestive of arid climate (Patzkowsky et al., 1991; Chumakov
and Zharkov, 2000; Gibbs et al., 2002; Tabor and Poulsen, 2008; Rodriguez-Lopez
et al.,, 2014). However, sedimentological and paleontological evidence of the Pedra
de Fogo Formation supports the theory of more persistent humidity moments
(Cisneros et al., 2015; lannuzzi et al., 2018; Cisneros et al.; 2020). Paleontological
evidence indicates that there was enough moisture to support the local flora and
fauna as revealed in recent studies by Cisneros et al. (2015), lannuzzi et al. (2018)
and Cisneros et al. (2020). lannuzzi et al. (2018) argues that in addition to
arborescent pteridophytes and large gymnosperms, most fossil vertebrates would
require permanent bodies of water indicating a tropical climate with very humid
summers. Sedimentological data reinforce this hypothesis at least for the Middle
Interval, where the implementation of large lakes occurred. But even in the intervals
of playa lake (Lower and Upper Interval), the presence of subaerial exposure
features is not systematic, occurring at specific levels. This indicates the existence of
prolonged periods where the water table intercepted the depositional surface keeping
the substrate moist. That way, even in the intervals of playa lake some ponds of
water were permanent, which would provide the necessary conditions for the
maintenance of flora and fauna for long periods. Rees et al. (2002) through Permian
phytogeographic patterns (see Fig. 6C of these authors) suggest for the region of
Parnaiba Basin a small area classified as tropical summer wet in the Sakmarian.
However, this tropical summer wet area should be much larger as highlighted by
lannuzzi et al. (2018).

In this context of milder climatic conditions, the energy of the winds was high,
as evidenced by the depositional model of the Middle Interval. The wide occurrence
of shoreface and aeolian deposits indicates that the winds were strong enough to
generate waves in the lakes, as well as transporting and depositing aeolian dunes
and aeolian sand sheets in coastal regions. The presence of aeolian dune cross-
bedded sets compounded predominantly by grainflows strata indicating aeolian dune

crestline oriented transversally to dominant winds (Sweet and Kocurek, 1990; Sweet,
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1992; Eastwood et al., 2012; Pedersen et al., 2015). Thus, transversal dunes allows
linking more precisely the wind pattern, and overall configuration of the cross-strata
dip directions of the aeolian dunes indicates that the prevailing wind-blown toward
northwest in the region. The migration of the aeolian dunes of Pedra de Fogo
Formation is compatible with the data presented by Gibbs et al. (2002). The aeolian
deposits of the Pedra de Fogo Formation were positioned in a paleolatitude of 28°S
during Early Permian, where the atmospheric circulation model indicates that present
a wind path for NW. The reactivation surfaces and wind ripple wedges are formed by
reverse or obliqgue winds and can be a result of seasonal variations in the winds that
erode the lee face of aeolian dunes. This direction of the dominant winds to the NW,
can also be identified in the deposits of playa lake in the Lower Interval. Although
with a very small number (n = 4), the wave ripple presents a NE-SW crestline

orientation, compatible with winds blowing to NW.

7. CONCLUSIONS

The Pedra de Fogo Formation is composed in studied area by playa lake,
lower shoreface, upper shoreface, aeolian sand sheets and aeolian dunes facies
association. These facies associations are grouped into three distinct intervals. The
Lower Interval is made up of the playa lake facies association. The Middle Interval is
characterized by lower shoreface, upper shoreface, aeolian sand sheet and aeolian
dunesl/interdunes facies association. Finally, the Upper Interval is composed of playa
lake deposits with a large amount of fossil ferns. The stratigraphic succession
indicates a variation in the characteristics of the lakes, from the context of ephemeral
lakes, with a positive A/S ratio, but smaller than 1 (Lower and Upper Intervals), to
broad and perennial lake bodies, with an A/S ratio greater than 1 (Middle Interval),
although with frequent variations from the base level. The characterization of the
Middle Interval as wide lakes, corroborates paleoenvironmental scenarios based on
the fossiliferous content and the faciological characteristics proposed for the Pedra
de Fogo Formation in other sectors of the basin (Andrade et al., 2014; Cisneros et
al., 2015; Araujo et al., 2016; lannuzzi et al., 2018; Abrantes Jr. et al., 2019; Cisneros
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et al., 2020). The depositional context presented indicates that the medium latitudes
of Gondwana were not permanently arid or semi-arid in the Cisularian. Relatively
wetter periods allowed the development of wide and perennial lakes that sustained

the rich paleofauna and paleoflora.
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ABSTRACT

Paleoclimatic models classify the middle latitudes of the western Gondwana
as desert climate during Early Permian. However, some recent stratigraphic and
paleontological studies have presented data that contradict this climatic picture
indicating higher humidity conditions than expected by mathematical models. This
study aims to fill the lack of correlations between Paleozoic basins during the Early
Permian in central Gondwana. The sedimentary records used in this study are
located in the northeastern region of Brazil, and comprise part of a series of
intracratonic basins as the Pedra de Fogo Formation of Parnaiba Basin, Santa
Brigida Formation of Tucano Norte Sub-basin, and Aracaré Formation of Sergipe-
Alagoas Basin. The aims are to reconstruct the palaeoenvironments and discuss the
wind pattern as well as the factors that influenced environmental differences between
the different studied areas and wind regime to western Gondwana. Through the
analysis of the balance between accommodation space and sediment supply, it was
possible to notice that the availability of dry sand in the system increases towards the
inside of the continent in the central band of Gondwana, decreasing the influence of
water table on sedimentary accumulation. Relatively drier and wetter climatic
condition in subtropical paleolatitudes close to 30°S are reflected by sedimentary
cycles and can be express through expansion and contraction of lake and aeolian
sediments (Pedra de Fogo Formation) or through alternating between dry and wet
aeolian system (Caldeirao Member). The wind regime inferred by dip direction of the
cross-strata of aeolian dunes in the different stratigraphic units studied is consistent
with the atmospheric circulation model proposed to Early Permian, which indicates
the predominance of westerlies winds at latitudes greater than 30°S and trade winds
at latitudes less than 30°S.

Keywords: wind regime, aeolian dune system, Early Permian, paleoclimate,

Gondwana.
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1. INTRODUCTION

The positioning of extensive land masses of the supercontinent Pangea in
mid-latitudes during Paleozoic and Triassic ages favored the development of
extensive ergs (Parrish et al., 1986; Zharkov and Chumakov, 2001; Eastwood, 2008).
Ancient aeolian systems have been reported in mid-latitudes of the Pangea during
the Permian (Rodriguez-Lépez et al., 2014). The vast majority of these studies are
based on aeolian deposits of the northern hemisphere (e.g. Europe and USA), such
as Yellow Sands (Clemmensen, 1989; Chrintz and Clemmensen, 1993), the Leman
Sandstone Formation (Sweet, 1999), the Schnebly Sandstone Formation (Blakey
and Middleton, 1983; Blakey, 1990), the Lyons Sandstone Formation (McKee, 1979),
White Rim Sandstone (Chan, 1989; Tewes and Loope, 1992), the Cedar Mesa
Sandstone (Langford and Chan, 1988, 1989; Mountney and Jagger, 2004; Mountney,
2006a; Langford et al., 2008). Southern hemisphere regions have few studies of
aeolian systems such as Piramboia Formation (Dias and Scherer, 2008), Buena
Vista Formation (Goso et al., 2001), De la Cuesta Formation (Spalletti et al., 2010),
Andapaico Formation (Correa et al.,, 2012) and they still lack integrative models
relating climate models to the Permian.

Only few studies documented Permian aeolian ergs close to low and medium
of the Gondwana (NE Brazil), like Pedra de Fogo Formation (Andrade et al., 2014;
Abrantes Jr. et al., 2019), Santa Brigida Formation (Jones et al., 2016) and Aracaré
Formation (Silva, 2020). The present paper aims to reconstruct palaeoenvironments
and palaeowind patterns in Midwestern Gondwana during the Early Permian. The
present work includes a compilation, interpretation and integration of faciological data
and cross-strata dip directions measured in aeolian strata of the Pedra de Fogo,

Santa Brigida and Aracaré Formations accumulated in mid-latitudes of Gondwana.
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2. GEOLOGICAL SETTING

The Pedra de Fogo Formation of Parnaiba Basin, Santa Brigida Formation of
Tucano Norte Sub-basin, and Aracaré Formation of Sergipe-Alagoas Basin are part
of a series of intracratonic basins (Brito Neves, 2002; Silva et al., 2003) located in the

northeastern region of Brazil (Fig. 1).
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Figure 1. (A) South America map exhibits the location of the Sergipe-Alagoas Basin, Tucano
Norte Sub-basin and Parnaiba Province in Northeastern of Brazil. (B) Detail of Parnaiba
Basin showed the local geology and the location of the municipalities of Filadélfia in
Tocantins State and Monsenhor Gil in Piaui State. (C) Detail of Sergipe-Alagoas Basin and
Tucano Norte Sub-basin exhibiting the location of the municipalities of Santa Brigida in Bahia

State and Igreja Nova in Alagoas State.
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2.1. Pedra de Fogo Formation (Parnaiba Basin)

The Pedra Fogo Formation overlies the Carboniferous Piaui Formation and is
overlaid by the Permian Motuca Formation (Tab.1l) (Gées and Feij6, 1995). The
Pedra de Fogo Formation is characterized by intercalations of carbonate, siltstones
and fine-grained sandstones initially interpreted as the register of a
epiconticontinental marine environment (Faria Jr., 1979; Faria Jr. and Truckenbrodt,
1980), and later were extended to shallow to coastal marine environments influenced
by storms, laterally associated with sabkhas and the aeolian environment (Goes and
Feijo, 1994; Vaz et al., 2007). However, recent studies have documented deposits
indicative of shallow and large perennial to ephemeral lake dominated by waves,
laterally associated with ephemeral fluvial and coastal aeolian dunes fields (Andrade
et al., 2014; Cisneros et al.,, 2015; Araujo et al., 2016; Abrantes Jr. et al., 2019;
Cisneros et al., 2020). Paleoflora and paleofauna assembly reinforce this idea,
mainly because of the presence of continental tetraphods as well as tree-ferns
(Psaronius sp) and large gymnosperm wood and absence of exclusive marine fossils
(Cisneros et al. 2015; Da Conceicéo et al., 2016; lannuzzi et al., 2018; Cisneros et al,
2020). Initially, the Pedra de Fogo Formation was interpreted as formed under warm,
arid or semi-arid climate conditions (Dino et al., 2002; Andrade et al., 2014; Araujo et
al., 2016). Nevertheless, new studies based on fossil assemblages analysis suggest
the existence of relatively wetter periods (lannuzzi et al., 2018; Cisneros et al., 2020).
Pedra de Fogo Formation age is Cisularian based on the presence of labyrinthodont
amphibian (Price, 1948), palynological studies (Mller, 1962; Mesner and Woldridge,

1964), and terrestrial paleovertebrates (Cisneros et al., 2015; Cisneros et al, 2020).

2.2. Santa Brigida Formation (Tucano Norte Sub-basin)

The Santa Brigida Formation overlies the Curituba Formation and is preceded
by the Alianga Formation, and is composed by Caldeirdo and Ingad members (Tab.1).
The main outcrop of Caldeirdo Member is located in the municipality of Santa Brigida
(State of Bahia). Caldeirdo Member is composed by reddish sandstones exhibit
large-scale trough cross-stratified sets deposited by aeolian crescent simple dune

and interdune deposits (Costa et al., 2007; Jones et al.,, 2016). The interdune
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deposits occur interbedded with sets of aeolian dune cross-stratification, and exhibit
features indicative of both dry and damp origin, as well as stream flows confined to
the interdune corridors with paleocurrents perpendicular to the dune migration. Jones
et al. (2016) separated the sandstones into four stratigraphic intervals that alternate
between wet and dry aeolian systems due to climatic oscillations induced probably by
orbital cycles, which influenced the rate of water table rise and/or dry sand
availability. The Ingh Member was interpreted as an epicontinental sea arm with
west-east orientation that flooded the desert system of the Caldeirdo Member during
marine transgression (Ghignone, 1963). However, recent studies of palinoflora based
on the abundance of pollen with Taenid forms (mainly of the genera Lueckisporites)
and the lack of evidence of marine paleomicroplankton suggests a predominantly
continental environment under the influence of hot and dry climate (Dino et al., 2018).
In this way it is possible to correlate the deposits of the Ingh Member with the
deposits of the Pedra de Fogo Formation which suggest a shallow and large lakes
environment (Andrade et al., 2014; Cisneros et al, 2015; Araujo et al, 2016; lannuzzi
et al., 2018; Abrantes Jr. et al., 2019; Cisneros et al., 2020). Sporomorphs studies of
the genera Striatites and Lueckisporites and radiometric dating of the palinozone
within the Ingd Member position the Santa Brigida Formation in the Early Permian
(Ghignone, 1979; Dino et al., 2018).

2.3. Aracaré Formation

The Aracaré Formation (Igreja Nova Group) is located in the Sergipe-Alagoas
Basin and overlies the Batinga Formation and is preceded by the Candeeiro
Formation (Tab.1), bounded at top and bottom by unconformities (Brito Neves, 1983;
Feijo, 1994). The Aracaré Formation is composed of heterogeneous lithology, such
as sandstones with large cross-stratification associated with oolitic-oncolitic
calcarenites, algal mats and silicified stromatolites (Souza-Lima et al., 2002), as well
as black, shiny and brittle shales and silex (Schaller, 1969). Firstly, the facies of the
Aracaré Formation was interpreted as continental to coastal marine environments
(Schaller, 1969; Feij6, 1994; Campos Neto et al., 2007) and the sedimentary
succession was classified as transgressive-regressive cycle (T-R) (Campos Neto et
al., 2007). Other interpretation considered the sediments as being a beach bordered

by a large lake due to the presence of Botryococcus braunii algae which is related to
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fresh water in a hot and dry climate (Souza-Lima et al., 2002). Recently, Silva (2020)
interpreted the Aracaré Formation as a coastal aeolian system that is laterally
interdigited with carbonate / siliciclastic deposits accumulated in a shallow to coastal
lacustrine context similar to the environment proposed for the Pedra de Fogo
Formation (Andrade et al., 2014; Cisneros et al, 2015; Araujo et al, 2016; lannuzzi et
al., 2018; Abrantes Jr. et al., 2019; Cisneros et al., 2020). The presence of ferns
(Psaronius) in Aracaré Formation (Souza-Lima, 2007) is also another similar feature
with Pedra de Fogo Formation (Da Conceicao et al., 2016; lannuzzi et al., 2018).
Paleoclimatic interpretation suggests a monsoon climate, with a variation of a semi-
arid/arid climate with more humid periods (Silva, 2020). Sporomorphs of the genera
Striatites, Lueckisporites, Limitisporites, Vestigisporites, Vittattina and Striatosacites
found at the bottom of the unit gives these sediments an Eopermian age (Schaller,
1969).

Table 1. Correlation and stratigraphic subdivision of the Carboniferous-Jurassic fills of the
Parnaiba Basin, North Tucano Sub-basin and Sergipe-Alagoas Basin showing the
litostratigraphy, period and the depositional environment for, respectively, Pedra de Fogo
Formation, Santa Brigida Formation and Aracaré Formation, and bordering units. Ages of the
Parnaiba Basin from Vaz et al. (2007), North Tucano sub-basin from Costa et al. (2007), and

Sergipe-Alagoas Basin from Campos Neto et al. (2007).

CORRELATION PARNAIBA BASIN TUCANO NORTE SUB-BASIN SERGIPE-ALAGOAS BASIN
DEPOSITIONAL DEPOSITIONAL DEPOSITIONAL
PERIOD ENVIRONMENT GROUP FORMATION ENVIRONMENT FORMATION [ MEMBER ENVIRONMENT GROUP FORMATION
EXTRUSIVE, FLUVIAL,
JURASSIC INTRUSIVE - MOSQUITO AEOLIAN ALIANCA BOIPEBA FLUVIAL PERUCABA | CANDEEIRO
TRIASSIC DESERTIC SAMBAIBA
DESERTIC RESTRICTED <
' MOTUCA INGA
LACUSTRINE TO COASTAL DESERTIC,
AEOLIAN
SANTA ’ .
PERMIAN SHALLOW BALSAS BRIGIDA COASTAL, ARACARE
DELTAITIC,
LAKE, LAKE
COASTAL, PEDRADE ~ IGREJA
AEOLIAN, FOGO AEOLIAN CALDEIRAO NOVA
STORMS,
SABKHA
FLUVIAL,
CARBONIFEROUS] DESERTIC, PIAUI SHALLOW CURITUBA - GLACIAL, BATINGA
COASTAL MARINE DELTAITIC
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3. AEOLIAN FACIES ARQUITECTURE

The main outcrops studied in this paper are located in the municipalities of
Filadélfia (Fig. 2) and Monsenhor Gil (Fig. 3) for Pedra de Fogo Formation,
municipality of Santa Brigida (Fig. 4) for Caldeirdo Member, and municipality of Igreja
Nova (Fig. 5) for Aracaré Formation.

3.1. Municipality of Filadélfia (Pedra de Fogo Formation)

The facies characterization of the Pedra de Fogo Formation in the municipality
of Filadélfia was based in Andrade et al., (2014) and Abrantes Jr. et al (2019). The
aeolian dunes of Pedra de Fogo in this region are composed of bimodal grains, well
sorted, well-rounded with high sphericity and inverse grading, fine- to medium-
grained sandstones with planar or tangential cross-stratification, 0.3—1.5 m thick (Fig.
2). The cross-strata sets are internally dominated by grainflow and grainfall laminae
and aeolian dunes were classified as transverse dunes (Abrantes Jr. et al., 2019).
Dip directions show a mean foresets azimuth toward E-SE suggesting that the wind
blowed from the west/northwest. The presence of regularly spaced reactivation
surfaces suggests seasonal changes of wind direction (Abrantes Jr. et al., 2019). Dry
interdunes and channelized flows concentrating quartz pebbles and silicified trunk
fragments (arborescent ferns, calamitaleans and gymnosperms) can occur
interlayered with aeolian dunes cross-strata. The channelized flows have
paleocurrents orthogonal to prevailing migration of aeolian dunes and suggest that
they were transported within interdune corridors.

Jones, F. H. (2020).



Figure 2. (A) Image showing aeolian dunes of the Pedra de Fogo Formation in the

municipality of Filadélfia and (B) detail image of planar cross-bedding (Spc) and wind ripple
lamination (Swr) (these images are from Abrantes Jr. et al., 2019, see page 303). Photo
exhibiting sets of aeolian dunes (C) and interpreted outcrop panel (D) showing planar cross-
stratification with tangential base (arrows) (these images are from Andrade et al., 2014, see

page 51).

3.2. Municipality of Monsenhor Gil (Pedra de Fogo Formation)

The facies characterization of the Pedra de Fogo Formation in the municipality
of Monsenhor Gil was based in Jones et al. (in press). The aeolian dunes of the
Pedra de Fogo are fine- to medium-grained sandstones essentially composed of
quartz grains, well-sorted, with well-rounded and high sphericity, organized into 0.2—
2.3 m thick sets exhibiting planar to tangential cross-stratification (Fig. 3). The cross-
strata sets are internally composed by grainflow and subordinately by translatent
wind ripple laminae. The dip directions show a mean azimuth toward 329° suggesting
aeolian dunes migrating toward northwest. The aeolian dunes have been classified
as barchan and transversal dunes. The presence of reactivation surfaces regularly
spaced suggest seasonal changes of wind direction with a maximum annual
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migration rate of the aeolian dunes about 2.3 m (Jones et al., in press). Sometimes,
the sandstones exhibit low-angle cross-stratification mainly composed by inverse
grading and pin stripe laminae of translatent wind ripple, suggesting aeolian sand
sheets deposits. The aeolian sand sheets are positioned in transition between lake

sediments and aeolian dunes.

<%

& v

—_——— Legend | Wavy ripple (Sw) Wind ripple (wr) Grain-flow (gf)
28°—070° Dip angle and azimuth of the cross-strata == sand drit surface Reactivation surface
overed [28°=>070°] Dip angle and azimuth of the bounding surface [==] Flooding surface [ Interdune surface

Figure 3. Photomosaic exhibiting aeolian dunes and wavy ripples of lake deposits of the
Pedra de Fogo Formation in the municipality of the Monsenhor Gil/PI (A) and interpreted
outcrop panel (B) showing regularly spaced reactivation surfaces. Grainflow lenses
dominantly on the upper part of dune, interfingering with wind ripples at the base.
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3.3. Municipality of Santa Brigida (Caldeirdo Member)

The facies characterization of the Caldeirdo Member in the municipality of
Santa Brigida was based in Jones et al (2016). The aeolian dunes of Caldeirdo
Member comprise subarkose, well-sorted, fine- to coarse-grained sandstones, with
well-rounded and high sphericity grains. The sandstones exhibit trough-tangential
cross-stratification, composed by grainflow and wind ripples organized into 1-3.5 m
thick sets, interpreted as crescent aeolian dune deposits (Fig. 4). Dip directions show
a mean foresets azimuth toward ENE. Sometimes, dry, damp and wet interdune
deposits are interlayered with dune cross-beds suggesting spatial and/or temporal
variations in the moisture of the substrate. Streams flows confined in interdunes are
oriented perpendicular to aeolian dune migration direction, toward NNW. The
stratigraphic succession of the Caldeirdo Member is characterized by alternation
between dry aeolian systems and wet aeolian systems. These temporal alternations

in aeolian systems reflect changes in the availability of dry sand and/or the rate in the

water table rise, possibly controlled by orbitally-driven climatic fluctuations.

| Legend | E=1 Wind ripple (wr) Grain-flow (gf)
8°—»070° Dip angle and azimuth of the cross-strata E® Reactivation surface

> —()
I 28°—070°| Dip angle and azimuth of the bounding surface D] Interdune surface | \\ \ \Dune
—

m\ Interdune

Figure 4. Photomosaic exhibiting aeolian dunes and interdunes of the Santa Brigida
Formation (Caldeirdo Member) in the municipality of Santa Brigida/BA (see page 138 in
Jones et al, 2016) (A) and interpreted outcrop panel (B) showing regularly spaced

reactivation surfaces.
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3.4. Municipality of Igreja Nova (Aracaré Formation)

The facies characterization of the Aracaré Formation in the municipality of
Igreja Nova was based in Jones et al (in press).The aeolian dunes of Aracaré
Formation are composed of subarkose, well-sorted, fine- to medium-grained
sandstones, with well-rounded and high sphericity grains, organized into tangential
cross-bedded sets composed by inversely-graded wind ripple laminae and grainflow
strata, 0.5 to 5.3 m thick (Fig. 5).

Wind ripple (wr) Grain-flow (gf)
28°—»070° Dip angle and azimuth of the cross-strata Reactivation surface
[28°—>070°| Dip angle and azimuth of the bounding surface D Interdune surface

Figure 5. Photomosaic exhibiting aeolian dunes of the Aracaré Formation in the municipality
of Igreja Nova/AL (A) and interpreted outcrop panel (B) showing regularly spaced
reactivation surfaces. Grainflow lenses dominantly on the upper part of dune, interfingering

with wind ripples at the base.
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This aeolian succession was distinguished in two groups according to their

size and morphology: (1) smaller cross-bedded sets of barchanoid dunes (basal),
and (2) larger cross-bedded sets of transverse dunes. This sedimentary succession
indicates a migration of aeolian dunes located of central erg portion over margin erg
deposits and showed an overall configuration of the prevailing wind-blown toward
east (Mean dip directions of the foresets azimuth toward 087°). The reactivation
surfaces are associated winds blowing toward west and represented reverse winds
and may be related to seasonal changes of wind direction. The aeolian dunes field

was classified as dry aeolian system.

4. DISCUSSION

4.1. Deposicional Models and Paleogeography

In the municipality of Filadélfia, the depositional model to interdune and
aeolian dunes of the Pedra de Fogo Formation (Fig. 6, brown circle) suggest the
marginal portion of the ephemeral lake system represented by sand flats, associated
with ephemeral stream contributions in metasaturated zone (Abrantes Jr. et al.,
2019). Metasaturated zones show influence of the water table on the depositional
surface and are characterized by incomplete sand cover, decreased availability of dry
sand and great spacing of aeolian dunes separated by large interdune areas (Wilson,
1971; Mountney, 2006a; Mountney, 2012; Rodriguez-Lo6pez et al., 2014). Small sets
of aeolian dunes with planar to tangential cross-stratification (Andrade et al., 2014;
Abrantes Jr. et al., 2019) suggests transverse bedforms (McKee, 1979; Karpeta,
1990; Mountney, 2006b) and the sand supply was probably limited, considering the
smaller size of the cross sets (Brookfield, 1977; Kocurek e Havholm, 1993; Andrade
et al., 2014). High energy fluvial channels eroded the substrate, concentrating quartz
pebbles and silicified trunk fragments. The fluvial flows exhibit an orthogonal
paleocurrents in relation with the migration of aeolian dunes suggesting that they
were confined to the interdune regions (Abrantes Jr. et al., 2019). The increase in

aeolian dune areas are related to drier periods that caused a lowering of the water
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table followed by an increase in dry sand availability. On the other hand, the increase
in the lake area is suggestive of relatively wetter periods that contributed to an
increase in rainfall and runoff, raising the water table and limiting the dry sand

availability in the system. These alternations are controlled by climatic fluctuations

indicating seasonality or variations in the subsidence rate (Andrade et al., 2014).
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Central Pangeah V
Gondwana
- 30°S «®
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Legend

. Pedra de Fogo Formation
(Monsenhor Gil/Pl)

. Pedra de Fogo Formation
(Filadélfia/TO

. Caldeirdo Member
(Santa Brigida/BA)

Aracaré Formation
(Igreja Noval/AL)

Figure 6. Depositional models of each studied location positioned on the paleogeographic
map during the Early Permian. Paleogeographic global map of Pangea by Ron Blakey
(http://jan.ucc.nau.edu/~rch7/). Detail of west Gondwana map modified from Abrantes Jr. et
al. (2019). Depositional model of Caldeirdo Member modified from Jones et al. (2016).
Depositional model of the Pedra de Fogo Formation in municipality of Filadélfia modified
from Abrantes Jr. et al. (2019), and paleolatitude positioning to Sakmarian by Gibbs et al.
(2002).

In Monsenhor Gil municipality, the depositional model for Pedra de Fogo

Formation aeolian dunes (Fig. 6, green circle) exhibits interactions with lake systems
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dominated by storm waves (mainly upper shoreface) or playa lakes, thus suggesting
variations in the depositional surface between subsaturated and saturated sand
zones (Wilson, 1971; Mountney and Thompson, 2002; Mountney, 2006a). The
transition from lake to aeolian is marked by a deflation surface, while the transition
from aeolian to lake is marked by a flooding surface. Subsaturated zones are marked
by a rise of water table and domain of lake systems with larger wet areas, and thus
reflecting low availability of dry sand in the system for aeolian rework. Saturated
zones suffered less interference from the water table compared to subsaturated
zones, making some areas of dry sand available for wind loading and the subsequent
formation of deflation surfaces, aeolian sand sheets and aeolian dunes. The aeolian
sand sheets can be related to the erg margin, while the aeolian dunes are more likely
to represent the central erg (Porter, 1986; Mountney and Jagger, 2004; Mountney,
2006a, 2006b).Two morphological types of crescent aeolian dunes are described by
Jones et al (in press). one predominant, with an almost straight crestline being
classified as transversal aeolian dunes and other indicating sinuous crestline being
classified as barchan aeolian dunes. Laterally, barchan dunes exhibit a downwind
transition to transverse dunes. The repeated transition between lake and aeolian
environments suggest groundwater fluctuations controlled by climatic variations with
dry and wet phases that control expansion and contraction of the lakes and dunes

field area.

The depositional model to aeolian dunes of Caldeirdo Member (Fig. 6, blue
circle) exhibits intervals in which the presence or absence of damp/wet interdune
deposits (Jones et al., 2016) represent metasaturated and saturated zones
respectively (Wilson, 1971; Mountney, 2006a). The saturated zones are
characterized by successive climbing of aeolian dunes accompanied by small areas
of dry interdunes without interference from the water table in the sedimentation
indicate dry aeolian systems. The metasaturated zones are composed by wet
interdunes deposits separating aeolian dunes cross-strata indicate that the water
table or its capillary fringe intercepts the interdune surface controlling aeolian
accumulation and forming wet aeolian systems. In intervals of wet aeolian systems,
the interdune flats form corridors oriented parallel to the direction of the dune crests,
and allow the passage of ephemeral fluvial currents with direction perpendicular to
the direction of migration of the dunes (Jones et al., 2016). Dry aeolian systems are

likely to relatively drier periods that influence in fall of the water table followed by an
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increase in the availability of dry sand in interdune. Wet aeolian systems are
influenced by relatively wetter periods that contribute with an increase in rainfall and
runoff, generating a rise in the water table that interferes in the accumulation surface
(Jones et al., 2016). The overlies of sediments from the Inga Formation represents a
new rise in the water table marked by a flooding surface above the aeolian deposits
in a predominantly continental environment. The higher humidity in the region
influenced the dry sand availability in the system, preventing the aeolian mobilization

of sediments.

The depositional model to aeolian dunes Aracaré Formation (Fig. 6, orange
circle) exhibits the successive climbing of aeolian dunes without the accumulation of
interdunes representing saturated zones (Wilson, 1971; Mountney, 2006a).
Saturated zones have no interference from the water table in the sedimentation,
having total sand coverage with areas of dry interdunes restricted laterally, indicating
dry aeolian system. The Aracaré is composed of two types of aeolian dunes in which
the thickness of the sets and the morphology differ between them. The first type of
dunes (more basal) has relatively smaller set sizes and represents 3D crescent
dunes classified as barchanoid dunes. The second type (overlapping) has thicker
sets and represents 2D crescent dunes classified as transverse dunes (McKee,
1979; Karpeta, 1990; Mountney, 2006b). This difference in dune types suggests a
progressive increase in the sand availability and climbing angle of the aeolian dunes
over time (Mountney, 2006b). Transverse dunes needs more sand availability that
barchanoid ridge for its construction (McKee, 1979, Mountney, 2006b) and suggest
the migration of the aeolian dunes of a central erg over erg margin deposits (Porter,
1986; Mountney and Jagger, 2004; Mountney, 2006a, 2006b). The aeolian dunes are
overlapped by sediments of aqueous origin marked by a flooding surface similar to
what occurs with the Santa Brigida Formation. The increase in the water table level
implies a decrease in the dry sand available for wind loading, and thus, not favoring

the accumulation and construction of aeolian dunes.

The depositional models of Pedra de Fogo Formation, Aracaré Formation and
Santa Brigida Formation are composed by different facies associations and
represents distinct depositional episodes in different areas of western Pangea. The
distribution in Gondwana of the locations of the Permian depositional models in this

study are concentrated close to paleolatitude of 30°S during the Cisuralian (Fig. 6)
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and are arranged in the following order, from west to east, Pedra de Fogo Formation
in the municipality of Filadélfia (~31°S) and municipality of Monsenhor Gil (~28°S),
Caldeirdo Member (~35°S) and Aracaré Formation (~36°S). Analyzing the intervals
with the presence of aeolian packages in the different Permian basins reported in this
study, the differences in the proportion of dry and wet sediments are visible. The
proportion of aeolian dunes cross-strata in relation to interdunes and sand sheets
deposits increases towards the east. The Pedra de Fogo Formation has a smaller
proportion of aeolian dune deposits in relation to interdunes and / or aeolian sand
deposits sheets when compared to the Santa Brigida Formation. As well as the
Santa Brigida Formation (Caldeirdo Member) has a smaller proportion of dry
sediments in relation to the Aracaré Formation (composed of aeolian dunes with dry
interdunes). In this way, it can be deduced that dry aeolian systems start to dominate
towards the east. It is well known that the availability of dry sand in the system
increases towards the interior of the continent, having less influence of water table on
the sedimentary surface (Kocurek et al., 2001). The balance between
accommodation and sediment supply increases westward among the models cited
here and are strongly characterized by lacustrine flooding of the Pedra de Fogo
Formation, where the sediment supply is not sufficient to entirely fill the available
accommodation space in the system. Analyzing the portion of the sedimentary record
above the ranges composed of aeolian deposits in the Aracaré Formation exhibiting
fines sediments that correspond to large water basins as big lakes (Silva et al.,
2019), can be correlated with the upper portions of the Santa Brigida Formation (Inga
Member) and the Motuca Formation (overlies the Pedra de Fogo Formation) that
reflect lacustrine environments (Abrantes Jr. and Nogueira, 2013; Dino et al., 2018;
lannuzzi et al., 2018). This flooding is due to a rapid rise in the water table, bringing
moisture into the interior of Gondwana and establishing support for the development
of flora and fauna.

4.2. Wind Regime and Paleoclimate

The continentally due larger landmass aggregation of Pangea and its constant
migration to the north during the Permian, allied with the regression of epicontinental
seas, orographic barriers and the position close to latitude 30°S, fits into a global

model composed by red beds and evaporite deposits in numerous Earth locations
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(Glennie, 1987; Dubiel et al., 1991; Eastwood, 2008) supporting the growing aridity
and establish the ideal conditions for deserts development (Patzkowsky et al., 1991;
Chumakov and Zharkov, 2000; Rees et al., 2002; Gibbs et al., 2002; Roscher et al.,
2008; Tabor and Poulsen, 2008; Rodriguez-Lépez et al., 2014; Abrantes Jr. et al.,
2016). Nevertheless, recent studies of paleoflora and paleofauna suggest permanent
lakes (Cisneros et al., 2015; Da Concei¢cdo et al.,, 2016; lannuzzi et al., 2018;
Cisneros et al.,, 2020) refuting an environment governed by fully arid climatic
conditions and indicating a more tropical climate with very humid summers in the
Pedra de Fogo Formation (Rees et al.,, 2002; lannuzzi et al., 2018). Even in the
intervals with drier climatic conditions represented by the playa lakes association,
some ponds should be permanent and thus allow the maintenance of the local
ecosystem (lannuzzi et al., 2018). The contrast of aeolian and lacustrine sediments is
most evident towards the west border of Parnaiba Basin (closest to the Panthalassa
ocean) where sedimentological sensitivity of the Pedra de Fogo Sandstone and its
high frequency variations produce the lake expansion and contraction that reflect the
climatic variations between drier and wetter periods in subtropical paleolatitudes
close to 30°S in the western part of Pangea (Abrantes Jr. et al., 2019). These high
frequency oscillations can be induced by climate and/or relative tectonical variations
(Howell and Mountney, 1997; Scherer et al., 2007). These fluctuations may have
been induced by seasonality or orbitally-induced climate changes (Clemmensen et
al., 1994; Jones et al., 2016). These variations can also be observed in the Santa
Brigida Formation (Caldeirdo Member) due to the alternation found between dry and
wet aeolian systems (Jones et al., 2016).

The main outcrops of this study are located in a zone that close to the limit
between low- and mid-latitudes (~28° to ~36°) of Gondwana in the southern
hemisphere during the Early Permian. The wind regime is well recorded through the
dip directions pattern of the cross-strata indicates that the prevailing wind-blown
toward northwest in Monsenhor Gil, east-southeast in Filadélfia (Andrade et al.,
2014; Abrantes Jr. et al., 2019), east-northeast in Santa Brigida (Jones et al., 2016),
and east in Igreja Nova (Jones et al., in press) (Fig. 7). The wind patterns deduced
from the aeolian cross-bedding to the Pedra de Fogo Formation, Caldeirdo Member
and Aracaré Formation are consistent with the atmospheric circulation model
proposed to Early Permian by Gibbs et al. (2002) (Fig. 7).
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Figure 7. (A) Permian paleogeography model by Gibbs et al. (2002) to the Sakmarian Stage

showed the locations of phosphorites, evaporites, coals, and aeolian dunes of the Aracaré
Formation, Caldeirio Member and Pedra de Fogo Formation (circles). Estimates of
paleowind directions are indicated where available (see table 3 by Gibbs et al., 2002).
Average seasonal for summer (B) and winter (C) in the southern hemisphere exhibiting data
like precipitation (mm/d), sea-level pressure (mb), and surface wind vectors (see reference
vector) for the Sakmarian, both with 4xCO2, modified Gibbs et al. (2002). Detail images of
surface wind vectors for summer (D) and winter (E) in the southern hemisphere presenting
the regions where are located the main outcrops this paper. Rose diagrams from the
measurements of the dip direction of the aeolian dunes cross-strata each locality studied (F).
The rose diagram to Monsenhor Gil is from Jones et al. (in press) Filadélfia is from Andrade
et al. (2014), to Santa Brigida is from Jones et al. (2016) and to Aracaré in from Jones et al.

(in press).

Pedra de Fogo Formation exhibits the predominance of aeolian dune field to
driest periods during wintertime (June, July and August) on the medium latitudes of
southern hemisphere. The paleocurrent of the aeolian dunes indicates variations in
the direction of migration of the aeolian dunes in the Pedra de Fogo Formation. This
difference in the wind pattern in the Pedra de Fogo Formation is due to the aeolian
dune fields in Monsenhor Gil being positioned further north, in paleolatitude of about
28°, already under the influence of trade winds, while the aeolian dune fields in
Filadélfia are at paleolatitudes of about 31°, already under the influence of the
westerlies (Figs. 6 and 7). Caldeirdo Member it is positioned further away from the
lake zones and the fluctuation between wet and dry aeolian systems is driven by
orbital cycles that control the rise and fall of the water table (Jones et al., 2016). The
cross-strata of the Caldeirdo Member are compatible with westerly winds on the
medium latitudes of southern hemisphere (~35°). Aracaré Formation has
sedimentary accumulation closer to the center of Gondwana and with lesser
influence of the water table in its deposition, characterized by the accumulation of a
thick package of dry aeolian system. The direction of migration of the aeolian dunes
of the Aracaré Formation to the east is compatible with westerlies winds zone
predicted to occur in the paleolatitudes of around 36°. The reactivation surfaces and
wind ripple wedges are found in the aeolian dunes of Pedra de Fogo, Santa Brigida

and Aracaré formations, have their origin from reverse or oblique winds and can be a
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result of seasonal variations in the winds that erode the lee face of aeolian dunes
(Kocurek, 1991, 1996; Chan and Archer, 1999, 2000; Loope et al., 2001; Mountney,
2006b; Scherer and Goldberg, 2010).

5. CONCLUSIONS

The geographical distribution of depositional model in western Pangea
exhibits, from west to east, Pedra de Fogo Formation (Parnaiba Basin), Santa
Brigida Formation (Tucano Norte Sub-basin) and Aracaré Formation (Sergipe-
Alagoas Basin). The sediment supply and accommodation ratio, and the availability
of dry sand in the system increases towards the interior of the continent to medium
paleolatitude in Gondwana, indicating a decrease in the influence of water table on
sedimentary accumulation. Sedimentary cycles reflecting relatively drier and wetter
climatic condition in subtropical paleolatitudes close to 30°S can be express through
expansion and contraction of lake and aeolian sediments (Pedra de Fogo Formation)
or through alternating between dry and wet aeolian system (Caldeirdo Member). The
identification of this cyclicity is difficult towards the center of the continent followed by
the dominance of dry aeolian systems (Aracaré Formation). The wind regime inferred
by dip direction of the cross-strata of aeolian dunes in the different stratigraphic units
studied is consistent with the atmospheric circulation model proposed to Sakmarian
by Gibbs et al. (2002). This consistence in the correlation between mathematical

models and paleocurrents certifies and improves paleoclimatic models.
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The Permian Caldeirdo Member (Santa Brigida Formation), located in the Tucano Central Basin, northeast region
of Brazil, is characterized by a sandstone succession of aeolian origin that comprises the preserved deposits of
dunes and interdunes. Grainflow and translatent wind-ripple strata, and frequent presence of reactivation
surface, compose the cross-bedding of crescent aeolian dune deposits. The aeolian cross-strata show a mean
dip toward the ENE. In places, interlayered with dune cross-beds, occur interdune units composed of facies
indicative of dry, damp and wet condition of the substrate, suggesting spatial and/or temporal variations in the
moisture content of the interdune accumulation surface. The presence of NNW current ripple cross-lamination
in wet interdune areas indicates streamflows confined to interdune corridors and oriented perpendicular to
aeolian transport direction. Lenses of damp and wet interdune strata exhibit mainly interdigitated and transition-
al relationships with the toe-sets of overlying aeolian dune units in sections parallel to aeolian transport, indicat-
ing that dune migration was contemporaneous with accumulation in adjacent interdunes. Lateral variations in
the preserved thickness of the interdune units and the associated rare occurrence of abrupt and erosive contacts
betweeninterdune and overlying dune sets, suggest temporal variations in the angle of dune and interdune climb
that may be related to high-frequency changes in water table position. Four stratigraphic intervals in the
Caldeirdo Member can be identified, two intervals showing cross-bedding of aeolian dunes without wet
interdune areas and two intervals exhibiting aeolian dunes separated by wet interdune areas, marking the tran-
sition between dry aeolian systems (Intervals I and I11) and wet aeolian systems (Intervals Il and IV). The tempo-
ral alternations between dry and wet aeolian systems reflect changes in the availability of dry sand and/or the
rate in the water table rise, possibly controlled by orbitally-driven climatic fluctuations.
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1. Introduction

Many recent studies have focused on the reconstruction and interpretation of
ancient and modern aeolian depositional systems, and two main types have been
identified: dry and wet aeolian systems (e.g., Kocurek and Havholm, 1993;
Mountney, 2006a). Kocurek and Havholm (1993) identified a third type of aeolian
system denominated a stabilizing system. However, this type of system, though
common in the Quaternary, is rare in the older geological record. Dry aeolian
systems are those in which the water table or its capillary fringe lies below the
accumulation surface. This results in an abundance of dry sand, which encourages
aeolian bed forms to grow to a size that covers the entire saturated substrate zone
(Wilson, 1971, 1973). Bedform growth occurs at the expense of interdune flat areas
which tend to become reduced to isolated interdune depressions between adjacent
aeolian dunes. In dry aeolian systems, dunes tend to commence climbing (i.e.,
accumulating) only once the interdune flats have been infilled. Consequently, dry
aeolian systems generate sedimentary successions that have a relatively simple
depositional architecture that is characterized by overlapping sets of aeolian dune
cross-strata. The cross-strata are separated by interdune surfaces that are overlain
by thin, dry interdune deposits (Lancaster and Teller, 1988; Kocurek et al., 1991,
Mountney and Howell, 2000; Scherer, 2000, 2002). In contrast, wet aeolian systems
are those in which the water table or its capillary fringe is placed in contact with the
accumulation surface, allowing the deposition and accumulation of wet and damp
interdunes (Crabaugh and Kocurek, 1993; Mountney and Thompson, 2002; Dias and
Scherer, 2008). In the majority of wet aeolian system, the aeolian accumulation
occurs by means of a progressive rise in the relative water table that occurs
penecontemporaneously with migration of aeolian dunes and interdunes. In contexts
where the sedimentary balance is positive and constant and the rate of relative water
table rise remains uniform over time, the accumulating bodies of interdune strata
tend to exhibit a regular thickness over large areas. Conversely, if sand availability or
the rate of water table rise varies over time, variations in the variations (e.g.,

Mountney and Thompson, 2002; Mountney and Jagger, 2004; Uli¢ny, 2004).

Jones, F. H. (2020).
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This study focuses on the reconstruction of facies architecture and the
stratigraphic evolution of a preserved aeolian dune and interdune successions of the
Permian Santa Brigida Formation (Caldeirdo Member), North Tucano Basin, NE
Brazil (Fig. 1). The specific objectives are to (1) provide depositional models of the
studied dunefield systems, (2) define the mechanisms that promote an alternate
development of dry and wet aeolian systems, and (3) provide a Gondwanan example
of an aeolian succession that accumulated in a Permian intracratonic basin.
Extensive erg systems across large parts of Pangea were constructed in response to
the location of landmasses in subtropical desert latitudes (Rodriguez-Lépez et al.,
2014). Although several Permian aeolian successions of the Southern Hemisphere of
Pangea are documented in the review by Rodriguez-Lopez et al. (2014), several
other aeolian successions are also known, such as the Pirambdia Formation in Brazil
(Dias and Scherer, 2008), the Buena Vista Formation in Uruguay (Goso et al., 2001),
and Permian aeolian systems of Argentina from the retroarc Paganzo Basin (Spalletti
et al, 2010; Correa et al., 2012), as well as aeolian cross-bedding of the

CaldeiraoMember, which provides a valuable new case study.

2. Geological setting

The Tucano Basin, located in the northeast region of Brazil, is divided into the
South, Central and North Tucano sub-basins (Fig. 1) and exhibits structural
boundaries that have northwest-to-southeast orientations. The Tucano Basin is one
of a series of half grabens (Recb6ncavo—Tucano-Jatoba) that constitute an

intracontinental rift formed during Gondwana fragmentation.

According to Costa et al. (2007), the North Tucano sub-basin has typical half-
graben geometry which has a fault border to the west. These authors also report that
normal faults guide bed dip toward the depocenters from the flexural margins. This
sub-basin has considerable structural complexity, as demonstrated by faults that
have northwest-to-southeast, north-to-south and northeast-to-southwest orientations
(Santos et al., 1990).

The Santa Brigida Formation's geologic context predates the Recdncavo—
Tucano-Jatoba rift systemand is part of a series of Paleozoic (pre-rift) sedimentary

basins that were first described by Brazil (1947). The Santa Brigida Formation is
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found in the northern rift system outcropping in the North Tucano sub-basin, and
there are no records of these deposits in Recéncavo Basin and the South and
Central Tucano sub-basin. The outcrop area of the Santa Brigida Formation is
bounded by faults and is located near the city of Santa Brigida, but extends to the
eastern edge of the basin at the North Tucano sub-basin (Fig. 1B, C). The Santa
Brigida Formation (Table 1) overlies the Curituba Formation and was preceded by
the BoipebaMember of the Alianga Formation (Brotas Group). The Curituba
Formation was interpreted by Ghignone (1963) as representing the preserved
accumulation of a shallowmarine environment, and deposited during the
Carboniferous (Ghignone, 1963; Costa et al., 2007). The sedimentary deposits of the
Boipeba Member are classified as a fluvial-aeolian environment of Neo-Jurassic age

(Scherer et al., 2007) and accumulated in an early rift phase (Kuchle et al., 2011).

Table 1. Stratigraphic subdivision of the Carboniferous—Jurassic fill of the North Tucano sub-
basin showing the period and the depositional environment for the formation Santa Brigida
Formation and its subdivisionsmembers, beside formation boundaries in vertical succession.
Ages from Costa et al. (2007).

Period Depositional environmental Formation Member
Jurassic Fluvial-Aeolian Alianca Boipeba
Permian Restricted to coastal Santa Brigida Inga

Aeolian Caldeirdo
Carboniferous Shallow marine Curituba

Ghignone (1963) subdivided the Santa Brigida Formation into two distinctive
stratigraphic intervals: the Caldeirdo Member at the base, and IngAMember at the
top. The Ingad Member represents the establishment of an epicontinental sea arm that
drowned the desert system of the CaldeirdioMember by means of marine
transgression. The Caldeirdo Member, which is the object of this study, is
represented by reddish aeolianites that are characterized by large-scale trough
cross-stratified sets associated with a desert system. Ghignone (1979) proposed that

the Santa Brigida Formationwas of Permian age based on the identification of
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sporomorphs of the genera Striatites and Lueckisporites that are found within the

Inga Member.

3. Methods

In this paper, data acquisitions of the Caldeirdo Member were made from
three main natural outcrops located in intermittent river channel and adjacent reliefs
which were analyzed in detail (Fig. 1). The description of the outcrops includes
analyses of the facies and facies associations and identification and interpretation of
surfaces. Four sedimentary logs (8, 10.5, 10.5 and 6 m thick) were measured at a
1:50 scale (interdune observations were made at a scale of 1:2.5) in order to define
the vertical succession of the facies and facies associations. In addition, architectural
panels from two photomosaics — one with the view plane subparallel to the paleowind
showed the bottom outcrop 2 (15 m width and 3 m height), the other with the view
plane perpendicular to paleowind presenting the outcrop 3 (18 m width and 6 m
height) — were used to define the two-dimensional (2D) geometries of the deposits
and the relationships between dune and interdune strata. Paleocurrent orientations
were measured from cross-stratified sets of the different lithofacies (cross-bedding
with n=58, current ripple cross-laminated with n=4, and adhesion ripple strata with n
= 2). The individual logs were arranged in a composite stratigraphic log that exhibits
the stratigraphic succession totaling 62m thick (with covered areas), allowing the
differentiation of various aeolian stratigraphic intervals in the Caldeirdo Member.
Depositional models and reconstruction of the stratigraphic evolution of the Caldeirao
Member were subsequently produced.

4. Facies associations

The Caldeirdo Member of the Santa Brigida Formation comprises two facies

associations: aeolian dune and interdune.

4.1. Aeolian dune facies association

Jones, F. H. (2020).
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4.1.1. Description

This facies association consists of subarkose, well-sorted, fine- to coarse-
grained sandstones, with well-rounded and high sphericity grains. The sandstones
exhibit trough-tangential cross-stratification, organized into 1-3.5 m thick sets.
Foresets aremoderately curved in horizontal section (concave downpaleowind),
displaying a dip directional spread ranging from 050° to 100° in a single set. The
cross-strata dips have a unidirectional pattern, showing a mean foresets azimuth
toward 075° (Fig. 2). The cross-strata sets are internally dominated by grainflow
(60%), translatent wind ripple laminae (~39%) and, very rarely, by grainfall laminae
(b1%). The cross-bedded sets present a vertical trend, from low angle, wind ripple

strata at the base to foresets that interfinger with grainflow and grainfall strata up-dip.

The wind ripple strata appear as fine-to-coarse grained sandstones arranged
in 3 to 9 mm thick, inversely graded laminae (Fig. 3). Individual stratum can be traced
laterally up to 2 m. The dip angle of these laminae ranges from 5° to 20°, with a
mean value of 14°. The grainflow strata are 0.4 to 5.0 cm thick, comprising massive
or inversely graded (Fig. 4A, B), medium-to-coarse grained sandstones. In sections
parallel to paleotransport, grainflowstrata exhibitwedge geometry (Fig. 4A) and they
can be traced up the foreset slope for 3—6 m.

7

08l—

ROSE DIAGRAM: AEOLIAN DUNES CROSS-STRATA
Population 58

Vector Mean 74.5 Degrees
R-mag 0.76

Fig. 2. Rose diagram indicating the cross-bedding dip directions of aeolian dunes.
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Fig. 3. (A) Subcritical climbing translatent strata with inverse grading (represented by inverse
triangle). (B) Subcritical climbing translatent strata millimeter-spaced. (C) Wind ripple laminae
(wr) interlayer with packages of grainflows strata (gf).

Along strike, the laminae formlens-shaped bodies, typically up to 2min length
(Fig. 4C, D). The grainflow strata have a high dip angle, which ranges from 18° to
30°.

The grainfall strata are rare and consist of very fine- to fine-grained
sandstones, organized in 1 to 5 mm thick laminae that interlayer with grainflow strata
(Fig. 4C, D).

Sometimes, the aeolian strata form well-defined cycles in the intermediate
portion of the sets, in which the grainflow deposits alternate with the wind ripple
strata deposits in cyclical repetitions that range from 15 to 150 cm perpendicular to
the dip of the foresets (Figs. 5, 6). The cycles exhibit internal variations in the dip
angle of the foresets in some outcrops (Fig. 6). In particular, sequences of ripple
laminae that have lower dip angles are followed, in the direction of migration, by
grainflow and grainfall strata that have higher dip angles and downlap wind ripple

strata.

Jones, F. H. (2020).
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Soft deformation structures can be observed in aeolian sets (Fig. 7) extending
from bottom to top of the layer. The thickness of the deformed sets is up to 1 m and
the width of the deformation reaches is greater than 30 m. The cross-strata are
intensely folded (convolute folds), but still have evidence of internal laminations
corresponding to translatent wind ripple and grainflow (Fig. 7C). The cross-beds in
the top section exhibit large-scale flame structures that reach up to 1 m in height (Fig.
7). The internal lamination of cross-strata that underlie deformation sets is not clear,

thus it is not possible to differentiate grainflows and translatent wind ripples.

Fig. 4. (A) Aeolian dune cross-strata showing grainflownwedges (gf). (B) Detail of the
grainflowwedge geometry. (C) Strike section of the grainflows alternating with grainfall. (D)
Detail of Figure A shows lenticular grainflow (gf) interlayer with grainfall (gfa). Inverse triangle

showing inverse grading in grainflow strata.

4.1.2. Interpretation

The presence of fine- to coarse-grained sandstones with wellrounded and
highly spherical grains, arranged in cross-strata sets that are composed of wind
ripple, grainflow and grainfall strata suggests aeolian dune deposits (Hunter, 1977,
Kocurek, 1981, 1991, 1996; Ulicny, 2004). The unimodal direction of the

Jones, F. H. (2020).
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paleocurrents and the trough geometry of the cross-strata combined with high
dispersion (around 100°) in the direction of the foresets indicate crescent dunes with
a sinuous crestline. A dominant presence of the grainflow deposits indicates aeolian
dunes with well-develop slipfaces, suggesting dunes with crestline oriented

transverse to prevailing paleowind (Kocurek, 1991).

The height of the aeolian dunes can be inferred fromthe proportional
relationship between the thickness of grainflows and the height of the slipface of
aeolian dunes (Kocurek and Dott, 1981; Romain and Mountney, 2014). The
maximum thickness of grainflow strata is 5 cm, which, when compared to empirical
data that plots grainflow thickness against reconstructed dune height (Kocurek and
Dott, 1981; Romain and Mountney, 2014), implies that the height of the aeolian
dunes must have been more than 10 m. This represents the minimal height of the
dunes as the scheme proposed by Kocurek and Dott (1981) and Romain and

Mountney (2014) considered grainflow strata up to a maximum thickness of 4 cm.

The presence of cycles formed by alternating packages of grainflow/grainfall
strata and ripple laminae (Figs. 5, 6) indicates the occurrence of intervals during
which the dunes had well-developed slipfaces that alternated with periods during
which much of the lee face was covered by wind ripples (Kocurek, 1991). Kocurek
(1996) classifies the erosive bounding surfaces between grainflows and wind ripples
as reactivation surfaces, discussed later. This cyclic strata pattern suggests to
seasonal changes in wind direction (Loope et al.,, 2001; Scherer and Goldberg,
2010). Transverse, prevailing southwesterly winds were responsible for the grainflow
strata packages, while secondary oblique to reverse winds covered the lee face with
wind ripples. The maximum thickness of the cycle (1.5 m) potentially indicates the
annual dune advance rate of the Caldeirdo Member dunes. Similar annual migration
rates have been identified in modern and ancient dunes (e.g., Kocurek et al., 1991,
Loope et al., 2001; Scherer and Lavina, 2005; Scherer and Goldberg, 2010). The
sets that feature sandstones that have convoluted folds and flame structures may
have been generated by fluidization fromwater escape, due to rapid saturation of dry
sands. Based on similar observations from another aeolian succession, Mountney
and Thompson (2002) concluded that flame structures indicate the escape of water
and air in areas of high interstitial water pressure. The deformation and its

occurrence from basal to upper portions of sets indicate disturbance that resulted
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from liquefaction below the water level (McKee et al., 1971;Mountney and
Thompson, 2002),whichmay be explained by loading of water-saturated sand due to
the advancing dune (Doe and Dott, 1980; Horowitz, 1982; Mountney and Thompson,
2002). Thus, the folded and twisted shape is derived from the overload of the water-
saturated sand (such as in the interdune areas), which resulted from successive

climbing of aeolian dunes on top of it.

e
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Fig. 5. Photomosaic and images located in stratigraphic logwithin interval Il in Fig. 15. (A)
Photomosaic and interpretative outcrop panel showing the geometry and relationships
between dune and interdune sandstones. (B) Close up of (A) showing the interdigitated

relationships between dune and interdune in decimeter scale.

4.2. Interdune facies association

4.2.1. Description
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This facies association consists of subarkose, reddish, moderately to well
sorted, very fine to very coarse-grained sandstones. Architectural elements that
comprise this facies association are 0.2 to 3 m thick extending more than 20 m
laterally (the maximum outcrop extent) and occur interbedded with sets of cross-
stratified aeolian dunes, and possess lenticular geometry (Fig. 5). These sandstones
units can be differentiated by an assemblage of sedimentary structures that includes
horizontal wind ripple lamination, adhesion structures, current ripple cross-lamination

and planar lamination.

BRSNS

wr - wind ripple

gf - grainflow

® - Reactivation surface
Q@ - Interdune surface
22°— 071° - Palaeocurrent

- ® Surface
B

Fig. 6. Photography and interpreted outcrop panel showing the cyclical alternation between
grainflow (gf) andwind ripples strata (wr) in view nearly parallel to dip of cross-strata. Note
that sequences of lower angle, wr laminae are followed in the migration direction by steeper
grainflow strata building out over the ripple wedges. Reactivation surfaces truncate
crossstrata, bounding between grainflow strata (below) and wind-ripple strata.
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Packages of wind-ripple laminated strata are characterized by horizontal
laminae 3 to 5 mm thick (Fig. 8). Internally, the laminae exhibit inverse grading,
characterized by fine-grained sandstones at the base that grade into coarse-grained
sandstones at the top. Lags of granules and very coarse sand, b0.5 cm, can
sometimes be observed interlayered with horizontal wind-ripple deposits. The
horizontal wind ripple lamination usually shows an interfingering or transitional

relationship with the toesets of overlying aeolian dune units (Fig. 5).

MC overed

Covered

= —

Sc(e) - Contorted stratification
St(e) - Aeolian cross-strata

Sr - Subaqueous ripple mark
Sh - Subaqueous horizontal strata
Sha - Adhesion horizontal strata
Sh(e) - Aeolian horizontal stratification
FS - Flame structure

26°—>355° - Palaeocurrent

wr - Translatent wind ripple lamination
of - Grain-flow lamination

Fig. 7. (A) Photomosaic and outcrop panel showing aeolian dune cutting damp/wet
interdune. Note flame structure in aeolian dune cross-strata and sandstones with deformed
tangential cross-bedding in top of the section. (B) Top view image exhibiting convoluted
stratification. (C) Detail of folded aeolian dune sandstones showing wind ripple strata (C1)
and grainflow strata (C2).
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The current ripple cross-laminated sandstones form isolated sets or cosets

that have thicknesses that range from 3 to 8 cm and are sometimes covered with
mud drapes (b1 cm) (Fig. 8). In plan view, the current ripples are slightly asymmetric
and exhibit straight and bisected crestlines. The current ripples have amplitudes of
0.4 to 1.0 cm and wavelengths that range from 2.5 to 5 cm (Fig. 9). Although few
direct measurements could be recorded, this lithofacies has a mean paleocurrent
orientation toward 347° (Fig. 10). The current ripple laminations are locally

interlayered with horizontal stratified sandstones that are up to 15 cm thick.

The adhesion structures (adhesion ripple strata and adhesion planeparallel
strata) are arranged in 20 cm thick beds. The adhesion ripple strata (Fig. 11A, B) are
less than 1 cm in height and have wavelengths that range from 2 to 3.5 cm. In plan
view, the adhesion ripple strata have sinuous and asymmetric crests. The plane-
parallel adhesion strata (Figs. 8, 11C) are more common than the adhesion ripple

strata and formmillimeter-scale, crenulated and thinly spaced horizontal laminae.

Fig. 8. (A) Sandstones package of interdune region showing the interlayer of translatent wind
ripples strata (Sh(e)), adhesion horizontal strata (Sha), ripple cross-lamination (Sr) and
horizontal lamination (Sh). (B) Close up of (A) showing alternation of horizontal stratification
and ripple cross-lamination. (C) Detail silt drapes covering supercritical subaqueous ripple
marks.

Jones, F. H. (2020).
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Fig. 9. (A—C) Subaqueous ripple marks showing straight crestlines.
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Fig. 10. Rose diagram showing the paleocurrent directions of the subaqueous ripples marks
to NNW.
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Fig. 11. (A) Plan view of adhesion ripple marks. (B) Detail of Figure A. (C) Adhesion plane-
parallel strata showing crinkled lamination (Sha).

4.2.2. Interpretation

The presences of lenticular sandstones bodies composed by translatent wind
ripple strata, adhesion strata and current ripple strata that interlayer with dunes
cross-strata suggest that this facies association represents interdune deposits
(Kocurek, 1981; Mountney and Thompson, 2002; Dias and Scherer, 2008). The wide
variations in the sedimentary structures that comprise this facies association indicate
a different sedimentary process operating in the interdune regions, defining dry,
damp and wet interdune deposits (Kocurek, 1981). The dry interdunes are
characterized by deposits of horizontal wind ripples and climbing translatent strata
and suggest that the capillary fringe of the water table was below the depositional
surface. The dampinterdunes are composed of the adhesion structures that
originated from the adherence of dry sand grains that were carried to wet surfaces by
the wind (Kocurek, 1981; Kocurek and Fielder, 1982). Damp interdunes developed in
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areas where the capillary fringe of the water table intercepted the interdune region, or
where the interdune area became wet as a consequence of fluvial inundation. The
vertical transition between wind ripple strata and adhesion strata reflects changes in
the substrate wetness associated with either modifications of the rate of water table
fluctuation or dry sand availability (Chakraborty and Chaudhuri, 1993; Scherer and
Lavina, 2005).

The wet interdunes contain sandstones with horizontal lamination and, more
frequently, current ripple cross-lamination, indicating periods of fluvial incursion into
the interdune areas. The vertical interlayering of the fluvial deposits with dry to damp
interdune sandstones, within the same interdune unit, suggests that the fluvial flood
events were episodic and of short duration (Fig. 8). The measured paleocurrents
show flow direction perpendicular to the migration direction of the cross-strata of
aeolian dunes, indicating that the fluvial incursions were confined to the interdune

depressions (Herries, 1993).

4.3. Bounding surface hierarchies

4.3.1. Description

Two hierarchies of bounding surfaces (Figs.5, 6, 12)were identified in the
Caldeirdao Member aeolian deposits; they can be classified as interdune migration
surfaces and reactivation surfaces based on the terminology of Kocurek (1991,
1996), which correspond to first-order and third-order bounding surfaces of Brookfield
(1977).

The interdune surfaces are planar, subhorizontal and have considerable
lateral continuity in sections parallel to the dip of the cross-strata, exhibiting minimum
relief (Figs. 5, 12). These surfaces truncate underlying cross-sets of the dune facies
and can be overlain by horizontally stratified interdune facies or directly by other sets

of dune cross-strata (Figs. 5, 6, 12).

The reactivation surfaces are marked by a change in the angle cross-strata
which is also accompanied by changes in stratification type (Figs. 5, 6, 12),
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sometimes showing a regular spacing. These surfaces dip in the same direction as
the cross-strata and document a cyclic evolution of cross-sets from high angle,
grainflow cross-strata below the surface, to lower-angle inclined, wind-ripple strata

above the surface (Figs. 5, 6).

Reactivation surface shows a similar
trend to that of cross-strata.

nterdune surface truncate
underlying cross-sets of
the dune facies and can be
overlain by horizontally
stratified interdune.

Interdune surface bounding
dune cross-strata without
the occurrence of interdune
deposits.

Surface usually followed by a
change in the angle and / or

dip of the cross bedding. 4m
Reactivation surface truncate underlying
R strata and it dip at medium to high angle
(D Interdune Surface Dune (15-20°) in the same dip direction of the
(R) Reactivation Surface I Interdune 40 m cross bedding.

Fig. 12. Diagram block showing the bounding surface hierarchy to the aeolian dunes of the

Caldeirdao Member.

4.3.2. Interpretation

The interdune and reactivation surfaces have different origins. The interdune
surfaces result from migration and climbing of dunes and interdune areas (Kocurek,
1981, 1991, 1996). Accumulations of successive sets of cross-strata between the
interdune surfaces represent remnant deposits that were left by the migration of
aeolian dunes (Kocurek, 1981, 1991). As highlighted by Kocurek and Havholm
(1993), sometimes it is difficult to discriminate autogenic interdune migration surface
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of the supersurface, generated by an autogenetic process, that represents regional-
scale surfaces that mark the interruption of the aeolian accumulation. However the
absence the deflation lag, polygonal fractures, local relief, paleosols, bioturbation and
eodiagenetic evaporitic cementation allow these surfaces to be interpreted this
surface as autogenic interdune migration bounding surfaces (Kocurek, 1988;
Mountney, 2006a, 2006b).

The origin of reactivation surfaces is attributed to the effect of erosion of the
lee face of the dunes, a consequence of changes in dune height, changes in dune
asymmetry and/or local fluctuations inwind direction and/or speed (Rubin and Hunter,
1983; Kocurek, 1991). Mountney (2006b) argues that wind fluctuations are common
because airflowover an aeolian dune lee face is often subject to turbulent changes
and is very rarely stable. Additionally, periods of airflow fluctuation can sometimes be
regular, generating reactivation surfaces, such as when reverse or oblique winds
erode the surface of the lee face of dune and therefore decrease its slope angle
(Kocurek, 1991; Chan and Archer, 1999, 2000; Scherer and Goldberg, 2010).
Besides eroding the lee face, these reverse or oblique winds often deposit wind
ripple cross-strata that have a lower dip than underlying grainflow crossstrata (Rubin
and Hunter, 1983) (Fig. 6). The return of dominant winds that are transverse to the
crestline causes resumption of the deposition of grainflow strata that covers the
wedges of translatent strata at a higher angle (Kocurek, 1991; Scherer and Lavina,
2005; Mountney, 2006b). The spacing between reactivations is sometimes regular,
indicating seasonal erosion and reworking in lee face, suggesting seasonal changes
in wind direction and/or strength (Chan and Archer, 1999, 2000; Loope et al., 2001;
Mountney, 2006b) (Fig. 6).

5. Aeolian dune and interdune relationships

5.1. Description

Caldeirdo Member sandstones exhibit different types of interaction between
dunes and underlying interdunes (Fig. 13). These contact relationships can be
described as abrupt, interdigitated or gradational. Abrupt contact is when the aeolian
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dune cross-strata erode damp and wet interdunes (Fig. 7). The erosion surface is
concave, and its incision into the interdunes reaches 1.4m in depth (Figs. 7, 13A,
14A). Interdigitated contacts (Figs. 5, 13B, 14B) show encroaching between dune
toeset and interdune units perpendicular to the dip of the foresets on a centimeter
scale (5—-40 cm), where wind-ripple strata up dune lee slope above reactivation
surfaces. Gradational contacts (Figs. 13C, 14C) show a progressive upward

transition from horizontal, dry interdune deposits to low-angle, dune toe-set strata.

Abrupt Contact

1- Cross bedding of aeolian dunes scour damp and wet interdunes.
2- Erosive surface is concave upwards with incision reaching up to
1.4 m deep.

3- Wet interdune have dried prior to scour in consequence of a water
table fall.

4- Relative water table fall, lowering possibly is related to seasonal
variations between wet and dry condition.

Interdune \ Dune

Dune

E’ Interfingered Contact

1- Intertonguing between dune plinth strata and dry interdune unit.
2- The cross-strata shows a cyclic alternation between grainflow and
wind rippled packages.

3- The contact between grainflow and underlying wind-ripple package EEsaisaS ST
defines a reactivation surface.

4- The cyclicity may represent seasonal variation in wind direction.

Interdune ‘ Dune

Gradational Contact

1- Gradational contact between interdune and overlying dune units
marked by progressive increase of the dip angle of wind ripple strata.
2- This kind of contact indicates synchronous migration of dunes
adjoining interdune, without reactivation of dune lee face by reverse
winds.

w Aeolian Dune Cross-Strata B ' Adhesion Laminae
Wind Ripples Subaqueous Current Ripples meters

Fig. 13. Summary and schematic model of the types of contact relationships between aeolian

dunes and interdune found for the Caldeirdo Member.

5.2. Interpretation

The process by which the dune base cuts underlying wet and damp interdune
strata in abrupt contacts (Figs. 7, 14A) requires a water table fall to allow the damp or
wet depositional substrate to dry out and liberate sediment for aeolian reworking
(Kocurek and Havholm, 1993; Mountney and Thompson, 2002). The gradational and

encroached contact between dune cross-strata and underlying dry interdune units
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denotes that dune advance was coexistent with vertical accumulation of the
interdune deposits (Pulvertaft, 1985; Mountney and Thompson, 2002; Mountney,
2006b). However, the encroachment of wind-ripple strata up dune lee slopes above
reactivation surfaces implies an episodic reduction of dune lee slope angle and the
construction of low angle dune plinths. In turn, the gradational contact between
dunes and interdunes (Fig. 14C) suggests a continuous and regular climbing of
dunes and interdunes and indicates invariability through time of the bedform shape
and behavior (Rubin and Carter, 2006).

%MM

St(e)1 - sandstone with low-angle cross bedding Sh(e) - aeolian horizontal strata Sh - subaqueous horizontal strata
St(e)2 - sandstone with tangential cross bedding Sr(e) - wind ripple mark Sr - subaqueous ripple mark
Sc(e) - sandstone with convolute stratification Sha - adhesion horizontal strata (@ - interdune surface

Fig. 14. Contact relationships between aeolian dunes and interdunes to the Caldeiréo
Member. Photography and interpreted outcrop panels of (A) aeolian dune scour dry and wet
interdunes, (B) intertongue between aeolian dune and interdune, and (C) gradual vertical
migration of dry interdune to aeolian dune.
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6. Stratigraphic architecture

6.1. Description

The facies succession (Fig. 15) of the study area allowed identification of
changes in the depositional architecture of the aeolian system over time, resulting in
four different stratigraphic intervals (Figs. 15, 16). The intervals were defined based
on the presence or absence of interdune deposits covering the interdune surfaces.
All of the intervals are characterized by simple, crescent aeolian dunes with sinuous

crestlines and the paleomigration direction of the aeolian dunes to the northeast.

The depositional Intervals | and Il have a thickness of 8 m (minimum) and 11
m, respectively, and are characterized by overlying sets of cross-strata that were
generated by the migration and climbing of crescent aeolian dunes. These sets of
cross-strata have thicknesses of 2 to 3 m to Interval | and 2 to 5 m to Interval Il and
are separated by first-order surfaces that do not have associated interdune deposits
(Fig. 16).

The depositional Intervals Il and IV are characterized by sets of aeolian dune
cross-strata that are interlayered with dry, damp and wet aeolian interdune deposits
(Fig. 16), which show variations in the thickness section parallel to transport (Fig. 5).
Depositional Interval 1l has a thickness of approximately 11 m and is composed of
aeolian dunes cross-strata sets ranges from 1 to 3.5 m interlayered with interdune
deposits ranging from 25 to 70 cm in thickness. The contact between the aeolian
dune cross-strata and underlying interdune deposits is of the interdigitated or
gradational type (Fig. 14). In turn, Depositional Interval IV, which is at the top of the
CaldeiraoMember section, has a thickness of approximately 6mand is characterized
at the base by 3 m thick interdune deposits on which sets of aeolian dune cross-
strata are superimposed on abrupt and erosive contact (Fig. 16). The sets of aeolian
dune cross-strata have thicknesses that range from 0.7 to 1.8 m and have soft-
sediment deformation structures, such as convoluted lamination and flame structures
(Figs. 7, 16).
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Depositional Model of Dry Aeolian System
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Fig. 15. Composite log and summary three-dimensional architectural models for dry aeolian
system (Intervals | and IIl) and thewet aeolian system(Intervals Il and 1V) to studied outcrop
section of the Caldeirdo Member.
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Fig. 16. Stratigraphic logs for the four intervals of the Caldeirdo Member. Intervals | and IlI
showing facies association of dry aeolian system, and Intervals Il and IV showing facies
association of wet aeolian system. Location of the outcrops in Fig. 1.

6.2. Interpretation

The facies architecture characterized by successive sets of crescent aeolian
dune cross-strata, without interlayered interdune deposits, allows interpretation of the
Intervals | and Ill as dry aeolian systems. In this system, the water table is below the
depositional surface and does not control aeolian accumulation. Accumulation in dry
aeolian systems typically requires a high sand availability and does not occur until
the depositional surface reaches sand saturation. This condition is marked by the
aeolian dunes climbing without the development of laterally extensive adjoining
interdune flat areas (Wilson, 1971; Rubin and Hunter, 1982; Kocurek et al., 1992).

Rather, the interdunes took the form of small depressions between adjacent aeolian

Jones, F. H. (2020).



222

dunes. The presence of sinuous crestlines suggests that interdunes were laterally

discontinuous in the Intervals | and Il (Fig. 15).

In turn, the Intervals Il and IV are characterized by sets of crescent aeolian
dune cross-strata interlayered with dry, damp and wet interdune deposits, indicating
wet aeolian systems. The significant sinuosity of the aeolian dunes can imply
isolation of the interdune areas, although in metasaturated systems the interdune
flats can be wide (Wilson, 1971, 1973), forming extensive corridors that follow the
direction of the dune crests (Fig. 16). In the present case, the presence of
sandstones with subaqueous ripples (wet interdune) with paleocurrents that are
perpendicular to the aeolian dune cross-strata indicates that ephemeral rivers were
channeled in the aeolian interdune regions, suggesting laterally connected and open

interdune corridors.

In wet aeolian systems, the water table or its capillary fringe intercepts the
interdune surface, controlling aeolian accumulation. The climbing of the aeolian
dunes and interdunes requires a progressive rise in the water table, in which the
climb angle is controlled by the rates of bothwater-table rise and downwind migration
of the bedforms (Kocurek and Havholm, 1993; Mountney and Thompson, 2002;
Mountney, 2006b). The geometry and facies characteristics of the interdune deposits
aremarked by the occurrence of abrupt, interdigitated and gradational contact
between dune and interdune strata, together with variations in thickness of interdune
deposits in sections parallel to flow, indicate that thewet aeolian systems of the
CaldeiraoMember (Intervals Il and 1V) represent dynamic models of aeolian
accumulation (Mountney, 2012). The distinctive geometries of interaction between
the dune and interdune architectural elements can be generated by two processes
(Mountney and Thompson, 2002; Mountney, 2012): (1) Climbing of aeolian dunes
and interdunes occurs under conditions of variation in the climbing angle over time,
which can be caused by high-frequency (annual or decadal) oscillations of the water
table, or (2) dunes and the adjoining interdunes expanded and contracted over time

but accumulated in response to an angle of climb that remained essentially constant.

The frequent interlayering between dry, damp and wet interdune deposits in
wet aeolian systems of Intervals Il and IV may be related to annual or decadal
variations in rainfall (Mountney and Thompson, 2002). Oscillations of this scale in the

water table modified the degree of moisture in the interdune surface, which
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generated alternating dry, damp or wet interdune facies. This is similar to the
accumulation model that was proposed by Mountney and Thompson (2002) for the
Triassic Helsby Sandstone Formation of the Cheshire Basin, UK.

The sets of cross-strata of the wet aeolian systems of the Caldeirdo Member
tend to be thinner than those of the dry aeolian systems. This variation in preserved
cross-bedded thickness in dry and wet aeolian systems is probably caused by
decreases in the size of the dunes and in the climbangle during the accumulation
ofwet aeolian systems. During periods of a high water table, there is a decrease in
the availability of dry sand,which causes a decrease in the size of the dunes and an
expansion of the interdune areas (Havholm and Kocurek, 1991; Mountney, 2006a,
2012). The climb angle also tends to decrease because small aeolian dunes migrate
faster than large aeolian bedforms (Mountney, 2012). A relatively low climb angle
combined with small dune size causes the sets of cross-strata to be thinner. In
contrast, increased dune size and consequent reduction in the size of interdune
areas in dry aeolian systems, tend to generate cross-strata that are thicker than
those of wet aeolian systems that have the same climb angle.

The temporal alternation between wet and dry aeolian systems that is
observed in the Caldeirdo Member is very likely related to changes in climate that
altered the rate of the rise in the water table and the availability of dry sand (Fig. 17).
Relatively drier periods aremost likely characterized by a decrease in the rate of rise
in the water table. This, combined with an increase in the availability of dry sand in
the system from the areas of interdune or external areas outside the dune field,
favored the development of dry aeolian systems. In contrast, relatively wetter periods
are characterized by an increase in rainfall and runoff, which generate a rise in
thewater table that may intercept the accumulation surface. This results in the
development of wet aeolian systems. Stratigraphic cycles on a decameter-scale have
been identified in aeolian successions of different ages. These are attributed mainly
to climate changes that are induced by orbital cycles (Loope, 1985; Clemmensen et
al., 1994; Scherer and Lavina, 2005; Mountney, 2006b).
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Fig. 17. Relationship between water table oscillation, sand accumulation and basin
subsidence in the aeolian succession of the Caldeirdo Member. The alternation between wet

and dry systems can be interpreted as a consequence of climatic changes.

Permian—Carboniferous aeolian successions in different basins (e.g., Corrie
Sandstone, UK; Dawlish Sands, UK; Cedar Mesa Sandstone, USA) exhibit well-
defined sedimentary cycles that result from glaciations and deglaciations that are
induced by orbital variations (Clemmensen et al., 1994). These climate cycles cause
changes in the eustatic level of the oceans, which directly influenced rainfall rates in
the medium and low latitudes of the Pangea supercontinent (Clemmensen et al.,
1994). Orbital variations not only affect the duration of the seasons and the contrast
between summer and winter for the mid-latitudes, but also affect the intensity of

monsoons (De Boer and Smith, 1994). Because the Caldeirdo Member was
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positioned at a paleolatitude of approximately 30°S, it can be inferred that the
temporal variations between wet and dry aeolian systems may have been driven by
climatic oscillations that were most likely induced by orbital cycles. Clemmensen et
al. (1994) argue that the climate in low and middle latitudes during the Permianwas
influenced significantly by the expansion and contraction of the polar ice caps. The
relatively dry intervals were related to minimum climate phases, during which the
polar ice caps grew and Hadley cells were compressed. The relatively damp intervals
represent maximum climate phases, during which the polar ice caps contracted and

Hadley cells expanded (Clemmensen et al., 1994).

7. Conclusions

The aeolian succession of the Caldeirdo Member can be subdivided in two
different facies associations: aeolian dune and interdune. The interdune deposits
occur interbedded with sets of aeolian dune crossstratification. The presence of dry
interdune deposits interlayered with centimeter-scale layers of damp interdune
deposits suggests high frequency fluctuations of the water table (monthly, years?). In
turn, the presence of the ripple cross-laminated sandstone with paleocurrents
perpendicular to the migration direction of the aeolian dunes indicates streamflows
confined to the interdune corridors. The interdune deposits occur at specific positions
in the stratigraphic succession, suggesting temporal changes in the rate of thewater
table rise and/or of the dry sand availability during aeolian accumulation. The
intervals characterized by the presence of interdune deposits interlayered with
aeolian dune cross-strata suggest wet aeolian systems, whereas intervals
characterized by directly overlapping of the aeolian dunes cross-bedded, without
interdune layers between the sets, indicate dry aeolian systems. The
CaldeiraoMemberwas developed in a basin that occupied the limits of middle
latitudes in Gondwana, and it can be inferred that the temporal alternation ofwet and
dry aeolian systemswasmost likely due to climatic oscillations, probably induced by
orbital cycles, that influenced the rate of water table rise and/or dry sand availability.
The presence of cycles regularly spacedwithin the aeolian dunes cross-strata,
marked by alternating grainflow and wind ripple strata separated by reactivation
surfaces, suggests possible seasonal variations in wind direction, with strong reverse

or oblique winds that reworked the lee face of the dunes.
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High resolution stratigraphy of initial
stages of rifting, Sergipe-Alagoas Basin, Brazil

Estratigrafia de alta resolucao dos estdgios
iniciais de rifteamento, Bacia de Sergipe-Alagoas, Brasil

Carrel Kifumbi'*, Claiton Marlon dos Santos Scherer?,
Fibio Herbert Jones®, Juliano Kuchle®

ABSTRACT: The present work aims to characterize the Meo-
Jurassic i Meocomian succession of the Serpipe-Alagoas Basin,
located im nontheast repion of Brazil, in order to discover the
infuence of tecbonics on sedimentation in detailed scle and thes
separating this sadimentary succesion in tECOODO-SET L
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comnection of fBults and individualization of the half-praben.
The scattering in the palsocurrent direction in this unit indicates
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radical chamge in peometric characteristics of the basin due to the
increase of teconic activity.
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Participacdo e apresentacao oral no 48° Congresso Brasileiro de Geologia,

outubro de 2016, Porto Alegre/RS, Brasil (ISBN: 978-85-99198-13-1).

EVOLUCAO ESTRATIGRAFICA DE DUNAS E INTERDUNAS EOLICAS EM
RESPOSTA A VARIACOES CLIMATICAS, MEMBRO CALDEIRAO,

PERMIANO, BRASIL

Jones, F.H.'; Scherer, CM.5.7; Kuchle, J.7
"Universidade Federal do Rio Grande do Sul

RESUMO: Muitos estudos recentes t8m focado na reconstrugio e interpretagio de sistemas
deposicionais edlicos antigos e modemos, e dois tipos principais foram identificados: sistemas
edlicos secos e Omidos. Além desses, um ferceiro tipo de sistema edlico foi identificado e
denominado como sistema de estabilizagdo. No entanto, este tipo de sistema, embora comum
no Quaterndrio, & raro nos registros geologicos mais antigos. © Membro Caldeirio (Santa
Brigida Formacdo) estd inserido temporalmente no Permiano e seus melhores afloramentos
estlo localizados na Bacia de Tucano Central, regi#io nordeste do Brasil. O Membro Caldeirdo
& caracterizado por uma sucessio de arenitos de origem edlica que compreende os depositos
preservados de dunas e interdunas. Estratos de fluxos de grios e estratos transladantes de
marcas onduladas, e a frequente presenga de superficles reativagio, compdem a estratificagio
cruzada de depdsitos de dunas edlicas crescentes. Os estratos cruzados edlicos apresentam
um mergulho médio para a ENE. Em alguns locais, intercalados com estratos cruzados de
dunas edlicas, ocomem unidades de interdunas compostas por facies indicativas de condigbes
seca, Umida e encharcada do substrato, sugerindo variagies espacials efou temporais no teor
de umidade da superficie de acumulagio de interdunas. A presenga de marcas onduladas
subaquosas com migragio para NNW em areas de interdunas encharcadas indica gue o fluxo
fluvial estava confinado nos corredores de interdunas e orientado perpendicularmente & diregio
de fransporie edlico. Lentes de estratos de interdunas Omidas e encharcadas exibem,
principalmente, relagies de contato interdigitado e fransicional com o pé das dunas
sobrepostas em segbes paralelas ao transporte edlico, indicando que a migragio das dunas foi
contemporanea com acumulagio de sedimentos em interdunas adjacentes. Variagbes laterais
na espessura preservada das unidades de interdunas associada as raras ocoméncias de
relagbes de contato abruptas e erosivas entre a area de interdunas e os sets de dunas
sobrepostos, sugerem variagoes temporails no angulo de cavalgamento de dunas e interdunas
05 quais podem estar relacionados a mudangas de alta frequéncia na posigio do nivel de dgua
subterrdnea. Quatro intervalos estratigraficos no Caldeirio Membro podem ser identificados,
dois intervalos exibindo estratificagio cruzada de dunas edlicas sem areas inferdunas dmidas,
e dois intervalos apresentando dunas edlicas separadas por areas interdunas Omidas,
marcando a fransiglo entre os sistemas edlicos secos (intervalos | e ll) e sistemas edlicos
amidos (Intervalos Il e IV). As alternancias temporais entre sistemas edlicos secos e Umidos
refletem mudangas na disponibilidade de areia seca efou na taxa de subida do lengol fredtico,

possivelmente controlado por flutuagdes climaticas influenciadas por ciclos orbitais.

PALAVRAS-CHAVE: MEMBRO  CALDEIRAO, SISTEMAS  EOLICOS,
SEDIMENTARES.
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PARECER:

O aluno esta apto a receber o titulo de Doutor em geociéncias tendo em vista
a tese entregue e estando de acordo com os critérios estabelecidos pelo
PPGGEO/UFRGS. O trabalho esta bem apresentado, organizado e possui um tema
muito relevante na area cientifica para qual o aluno cursou o doutoramento. A tese
é facil de ler e compreender, facilitando a discussao dos dados. A apresentacao foi
clara e dentro do tempo estimado. As figuras estao claras e com boa resolugao e
citadas corretamente no texto. Entretanto ha algumas figuras como a 17 que estao
com tamanho e resolugao inadequados, dificultando a visualizagc&do. Além disso falta
o “modificado de” em algumas legendas e necessita-se de uma padronizagdo nas
legendas, pois ora tem a fonte da foto, ora ndo. Ha alguns poucos problemas de
pontuacdo e acentuacdo, bem como de concordancia verbal e nominal. Sugiro
reescrever algumas frases que estdo com 6 ou 7 linhas que dificultam a leitura e
compreensao. Abaixo seguem alguns apontamentos em relagéo a dissertagéo e ao
artigo apresentados. Além disso, o arquivo em *pdf traz as principais corregcbes a

serem feitas visando o aceite dos manuscritos e a aprovagao do aluno.

RESUMO: Esta bem escrito, com poucas frases confusas e salienta os resultados
obtidos. Entretanto, faltou dar énfase a importancia do trabalho o problema que foi
solucionado, destacando os resultados obtidos acarretaram de importante para os
estudos de sistemas eolicos do Permiano. As mesmas alteracbes devem ser feitas
no ABSTRACT.




INTRODUCAO: Confusa, algumas frases extensas e outras repetidas, com
diferentes tempos verbais na mesma sentenca. Nao ha uma apresentacgao clara do
que sera visto neste trabalho, de qual problema ele ira solucionar e como ira
solucionar. Um paragrafo falando de caréncia de estudos com uma frase dizendo
que teu estudo vai contribuir com “novos e valiosos casos” nao é suficiente. Nao
parece uma introducao de tese de doutorado e sim um apanhado sobre sistemas

eolicos.

OBJETIVOS: Pelo titulo da tua tese o objetivo especifico 1 deveria ser o objetivo
geral. Note que até aqui o leitor ainda ndo tomou conhecimento claro do problema,

metodologia e importancia da tese, ficando deslumbrado com o titulo.

ESTADO DA ARTE: Primeira parte confusa e descontinua (reconhecimento,
processo, reservatério, volta para caracteristicas de reconhecimento), nesse aspecto
menos € mais, seja objetivo e organizado: caracteristicas e processos sedimentares,
formas de leito, subambientes, superficies, fatores controladores, reconstrucéo de

eventos e condi¢gdes durante o Permiano.

O item 2.3 esta confuso tornando a leitura dificil, creio que o resumir a partir da
pagina 38 seja mais esclarecedor. Creio que o titulo do item esta inadequado, pois
nao aborda a reconstrucao de ventos e sim como variam as formas de leito conforme

a incidéncia dos mesmos.

O item 2.4 esta bem escrito e traz informagdes relevantes para o desenvolvimento
da tese. Entretanto, creio que ha poucas citagbes (somente 6) para um tema tao
abrangente e importante para a tese (Fluteau et al., 2000; Kessler, 2001; Boucot et
al. 2013; Benison et al., 1999, Sheldon, 2005; Mei & Henderson, 2001; Zambito &
Benison, 2013; Helvig, 1972), sendo que nos resultados é falado em regressao de
mares epicontinentais, barreiras orograficas e posigdo paleocontinental, inclusive

citando autores que ndo aparecem nesta revisao.

METODOLGIA: Sucinta, os métodos nao sao explicados e somente citados. Como
é feita uma analise faciologica? Quais aspectos utilizados para isso? Como se faz o
levantamento de um perfil colunar e a aquisicdo de um fotomosaico? Que material

se usa para isso? Como confeccionar os diagramas e analisar as paleocorrentes?




Como integrar estes dados para uma anadlise do todo? Foram corrigidas as
paleocorrentes para remover a componente de rotagao continental? Se sim, quais
parametros usados para isso (Euler rotation - Pisarevsky et al. 2014)? As corregdes

das paleocorrentes devem ser feitas e os dados reavaliados.

CONTEXTO GEOLOGICO: Em dez paginas ndo é dado um contexto e sim a
geologia geral dos locais de estudo. Entendo que sejam Formacbes e bacias
distintas, mas este item que deveria ser resumido e n&o a metodologia. Foi feita uma
boa revisao inclusive sobre paleontologia, mas faltou uma sintese abordando as trés
formagdes e colocando o teu ponto de vista. Nao foram citadas as bases geoldgicas

utilizadas nos mapas.

RESUMO DOS RESULTADOS: Interessante este item para melhor entendimento da
tese. A razao entre o espaco de acomodacéao/suprimento sedimentar ou suprimento

sedimentar/espago de acomodacao.

ARTIGO 1: Muito bem escrito, transparéncia dos dados obtidos e clareza nos
resultados, sendo estes bem argumentados. Ha algumas sugestbes em relagédo as
figuras, mas a leitura flui, € de facil compreensao e o tema é pertinente a tese.

Na figura 1, ndo precisa um Brasil tdo grande enquanto a identificacdo dos
afloramentos € pequena, talvez seja interessante uma redistribuigdo dos quadros.
Na figura 2 sugiro aumentar a legenda e os valores nos desenhos, bem como
melhorar a escala (o martelo esta pequeno e nao é dito o tamanho dele na legenda).
Vejo que ha algumas medidas com menos de 15° de mergulho, sugiro popular isto
com mais medidas.

Na figura 4, a localizagdo do campo de dunas € dificil compreender, sabendo da
divulgacao internacional do artigo, sera melhor fazer mais um quadro pequeno ao
lado esquerdo mostrando o local no Brasil e SC.

Na figura 6 e 7 ndo tem escala e nem o tamanho da pessoa na legenda.

Na figura 11, os circulos vermelhos indicando a localizagdo acabam obstruindo a
visdo das setas, ndo consigo ver para onde esta apontando, mesmo que tenham
outras ao lado, sugiro aumentar o circulo, permitindo uma melhor visualizagado das

setas.




ARTIGO 2: A ultima frase do abstract esta deslocada, sugiro realocar ela. “There are
few studies” na introducdo € uma das frases que tem mais citagdes na tese. A
introducéo esta confusa e ao finaliza-la ndo sabemos do que trata o trabalho e muito
menos sua relevancia, sugiro que seja reescrito focando na ciclicidade deposicional.
Excelente descricio e interpretacao das facies e associagdes de facies. A qualidade
do dado adquirido é bem ilustrada, percebe-se o refinamento pelos perfis colunares,

painéis fotograficos interpretados e os diagramas de rosetas.

Figura 5, 6, 7, 8, 9, 11, 12, 13 problemas com a escala, pois aparece metade
(moedas e martelo) e ndo ha descrigao do tamanho na legenda, sugiro retirar da foto

e pbér uma barra preto e branco.
Na figura 9 falta um titulo na legenda (Associagao de facies de dunas edlicas).

As figuras 10, 11, 12 e 13, podem ser unidas em uma ou duas figuras so, facilita a

visualizacao e valoriza o dado. As medidas estdo em letra muito pequena.

Na figura 14, letra C e D arrumar o nome dos diagramas pois esta 7,8,9 e 10,

enquanto na legenda esta 10,11,12 e 13.

Figura 16, 17 e 18 ndo tém escala definida, tanto que os peixes e arvores ficam com
o mesmo tamanho. Os depdsitos hiperpiquinais da figura 16 seriam desse tamanho
quando comparados com as camadas macigas interpretadas? Nao se identifica
facilmente estes depdsitos macigos nas figuras dos perfis colunares (2 e 3). Estes
depdsitos macicos sdo interpretados como hiperpiquinais com fluidizagdo e
bioturbagdo nos depdsitos de playa lake, e como inundag¢des durante tempestades
nos depositos de shoreface. Sugiro correlacionar a interpretacdo dos playa lakes
com a do lower shoreface. Aléem disso, ndo ha uma referéncia sobre estas
inundacdes na discussdo do modelo deposicional do intervalo inferior. Creio que
seria importante destacar estas camadas macicas, correlacionar entre os

afloramentos se possivel e atrelar a variagao climatica abordada.

Por fim, é abordado a expansao e contracao lacustre e o regime de ventos, ambos
relacionados a oscilagbes climaticas. A discussao sugere que teriam periodos

umidos e aridos, mas que mesmo nos momentos aridos teriam corpos d’agua para




sustentar os fésseis encontrados e que a energia dos ventos seria alta para gerar
ondas e transportar dunas e lengdis de areia na regido costeira. Estes ventos
encaixam-se no padrao de ventos para os 28° de paleolatitude. Esta muito bem
escrito, mas é relevante correlacionar estas discussdes na conclusao, pois ficou um
apanhado de ideias soltas que nao se conversam. Sugiro também que, caso nao

seja aceito o0 manuscrito, submeter para a revista PPP.

ARTIGO 3: Na figura 6, colocar cada figura em um quadro e nomea-las de A—F, o
que indicam as cores no mapa 2? Novamente ndo tem uma escala comum para os
blocodiagramas, parece uma colcha de retalho. Sugiro a retirada dos circulos como

legenda, inserindo o nome de cada Formacao acima dos blocos.

Na pagina 187 afirma que a Fm. Pedra do fogo tem o predominio dos ventos secos
do inverno, mas isso seria so para porcao de Filadélfia, pois para Monsenhor Gil ndo

tem diferenca entre inverno e verao na figura 7.

O artigo € um apanhado geral dos outros dois, com insercdo de dados do Abrantes
e Andrade, como também da dissertacdo do aluno. Sugiro que caso nao seja aceito
0 manuscrito, os dados sejam processados e formatados em tabela e que sejam
fornecidos estes dados como dados suplementares, dando sustentabilidade para as
conclusdes atingidas. Por fim, os artigos se complementam e a inser¢géo dos dados
de mestrado mostra a trajetoria bem objetiva do aluno ao cursar a pés-graduacgao.
Além disso estdo todos de acordo com o tema central da tese e da area de

doutoramento.
i /7
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PARECER:

O trabalho apresentado pelo aluno foi excelente, com texto bem organizado e claramente
escrito, 6timo estado da arte (tanto sobre sistemas edélicos como unidades estudadas),
coleta sistematica de dados e aplicacdo apropriada da metodologia (andlise facioldgica,
medidas de paleocorrentes com validade estatistica, fotomosaicos), e interpretacées
condizentes com os dados. O objetivo geral de reconstruir os paleoventos no Paleozdico
do Gondwana foi alcancado, bem como a maioria dos objetivos especificos
(estabelecimento de modelo deposicional, reconstrucao paleogeografica, idenficacdo de
ciclicidade, e entendimento da evolucgédo estratigrafica). Entretanto, a discussao sobre os
mecanismos controladores da ciclicidade e paleoclima foi um tanto superficial, e as
causas dos periodos umidos e secos identificados poderiam ter sido melhor exploradas.
Especificamente, seria importante desenvolver a discusséo acerca dos mecanismos
controladores da evolugéo estratigrafica e ciclicidade em diferentes escalas (superposicao
de ciclos sazonais? orbitais? glacio-eustaticos? tectbnicos?), talvez comparando com 0s
ciclotemas no Pensilvaniano dos Estados Unidos e/ou contracdo e expansao das zonas
de baixas latitudes durante periodos glaciais e interglaciais. Outra questao importante é a
corre¢do das medidas de paleocorrentes para a posi¢éo paleogeografica no Eopermiano.
N&ao existe nenhuma informacéo sobre se isto foi feito (nem no resumo da tese nem nos
artigos), e essas medidas deveriam ser corrigidas porque a América do Sul no
Eopermiano se encontrava rotada em sentido horario,o que impacta diretamente as
direcBes de paleoventos usadas nas interpretacfes (especialmente se o0s paleoventos
coincidem ou ndo com os padrdes globais). De qualquer forma, a tese apresentada é de
otima qualidade e contribui substancialmente para a compreenséao do paleoclima e
padrdes de circulagdo atmosférica no Gondwana durante o Permiano. Parabenizo o aluno
e seu orientador pelo excelente trabalho!
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PARECER:
A tese apresentada cumpre 0s requisitos exigidos e apresenta um capitulo
introdutdrio, os trés manuscritos submetidos a periddicos com qualis Capes e
também as respectivas mensagens de aceite por parte dos editores. Os objetivos
propostos foram alcancados com a tese apresentada. O titulo comenta sobre o
"EoPermiano” porém ao longo do texto e nos manuscritos utiliza-se Permiano
Inferior. Acho que ha necessidade de uniformizar ou comentar sobre a utilizagao
dos termos desta forma. Em relacéo ao capitulo "Estado da arte", que considero
fundamental para o entendimento da pesquisa realizada, verifica-se a necessidade
de algumas correc¢des ortograficas. O texto, de uma forma geral, € de dificil
entendimento. As frases sdo muito extensas e confusas, acredito que por
problemas de traducao (um dos exemplos € o ultimo paragrafo da pagina 18 que
continua na pagina 19). As figuras sao de boa qualidade mas algumas legendas
precisam ser aprimoradas e corrigidas. Na figura 1, comenta-se sobre uma
micrografia de lamina petrografica porém néo ha detalhes referentes ao aumento e
outros pontos que obrigatoriamente devem ser citados num registro deste tipo.
Também fica-se em davida pois no item da Metodologia, ndo € citada a confecgéo
de laminas petrograficas e a sua descricéo.
Outra uniformizacdo necessaria refere-se a localizacao de inUmeras fotografias de
ambientes recentes utilizados e de grande importancia no contexto da tese.
Os manuscritos estdo muito bem apresentados e redigidos e deveréo ser melhor
avaliados pelos revisores das revistas onde foram submetidos. No entanto, uma
davida que fica registrada é, se o autor, fez algum tipo de correcéo nos valores
medidos das paleocorrentes. O autor ndo comenta se isto foi realizado e, se ndo
foi, qual seria o motivo. Outro ponto que pode ser aprimorado refere-se aos
conceitos referentes as bacias sedimentares brasileiras. Sugere -se que sejam
utilizadas referéncias bibliograficas mais atualizadas e uniformes.
Estas sugestdes foram feitas no sentido de aprimorar o excelente trabalho
apresentado. Agradeco e parabenizo o autor e orientador pelo resultado
apresentado.
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