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RESUMO

O Membro Caldeirdo (Formacédo Santa Brigida), Permiano, localizado na
regidao nordeste do Brasil (Bacia de Tucano Central), é caracterizado pela
acumulagdo de arenitos edlicos compreendendo duas associagdes de facies: (i)
dunas edlicas, e (ii) interdunas. A associacdo de facies de dunas edlicas é
caracteriza pela sobreposi¢cao de sets cruzados de dunas compostos basicamente
por estratos de fluxos de grdos nas por¢cdes mais ingremes dos foresets que se
interdigitam a base com estratos transladantes cavalgantes de marcas onduladas
ellicas. As medidas de paleocorrentes dos estratos cruzados apresentam um
sentido de mergulho médio para ENE. A associagao de facies de interdunas ocorre
intercalada com estratos de dunas edlicas e possuem variagao de facies de alta
frequéncia na sua deposicdo entre depodsitos de interdunas secas, umidas e
encharcadas. As laminagdes cruzadas de marcas onduladas subaquosas
apresentam paleocorrente para NNW indicando que as correntes fluviais
encontravam-se confinadas nos corredores de interdunas. Os depodsitos de
interdunas ocorrem em posigdes especificas na sucessao estratigrafica e sugerem
variagdes na taxa de subida do lencol freatico e/ou na taxa de disponibilidade de
areia seca durante a acumulagdo edlica. Quatro intervalos deposicionais foram
encontrados para o Membro Caldeirdao, numerados de | a IV, da base para o topo.
Os intervalos | e Il s&o caracterizados por sistemas edlicos secos, e os intervalos Il
e IV por sistemas edlicos umidos. A alternancia entre sistemas eolicos secos e
umidos podem estar relacionados com flutuacdes climaticas influenciadas por ciclos

orbitais.

Palavras-chave: Membro Caldeirao, sistema edlico, ciclos sedimentares, Permiano.
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ABSTRACT

The Permian Caldeirdao Member (Santa Brigida Formation), located in the
northeast region of the Brazil (Tucano Central Basin), is characterized by
accumulation of aeolian sandstones comprising two facies associations: (i) aeolian
dune and (ii) interdune deposits. The aeolian dunes facies association is made up by
trough to tangencial cross-bedding formed by grainflow strata on the steepest
portions of the foresets that intertongue downwards with wind ripple translatent
laminae. The aeolian cross strata shows a mean dip towards the ENE. The interdune
facies association occur interlayered with aeolian dune cross-bedded sets and are
compounded by facies indicative of dry, damp and wet depositional context
suggesting high frequency variation in the humid of the interdune surface. The
measured paleocurrents to NNW of the ripple cross-lamination indicate that
streamflows was perpendicular to the migration direction of the cross-strata of
aeolian dunes, confined to the interdune depressions. Interdunes deposits occur at
specific intervals in the stratigraphic succession, suggesting temporal changes in the
rate of the water table rise and/or of the dry sand availability. Four depositional
intervals can be observed in aeolian succession of the Caldeirdo Member, numbered
| to IV, from bottom to top. Intervals | and Ill can be classified as dry aeolian systems,
while intervals Il and IV represent wet aeolian systems. The temporal alternation
between dry and wet aeolian systems may be related to climatic fluctuations

influenced by orbital cycles.

Keywords: Caldeirdo Member, aeolian system, sedimentary cycles, Permian.
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VI

ESTRUTURA DA DISSERTACAO

Esta dissertagdo de mestrado esta estruturada em torno do artigo cientifico
denominado com o titulo “Arquitetura de Facies, Modelo Deposicional e Evolugao
Estratigrafica do Sistema Eodlico Permiano do Membro Caldeirdo da Formag&o Santa
Brigida”, submetido ao peridédico Sedimentary Geology em janeiro de 2015. Assim, a

organizagao deste trabalho compreende os seguintes capitulos:

Capitulo 1 (Introdugdo): Compreende a apresentacdo do tema central da
pesquisa de mestrado, bem como os objetivos do trabalho e a localizacdo da area

de estudo;

Capitulo 2 (Contexto Geoldgico): Apresenta o contexto geoldgico o qual esta
situado o Membro Caldeirdo da Formagdo Santa Brigida e as unidades

sedimentares adjacentes;

Capitulo 3 (Estado da Arte): Aborda a reviséo bibliografica de conceitos base
para o entendimento de sistemas deposicionais eodlicos e os principais citacdes e

estudos do Membro Caldeirao;

Capitulo 4 (Metodologia): Este capitulo retrata as principais técnicas e

meétodos utilizados para a aquisi¢ao e trato dos dados;

Capitulo 5 (Bibliografia): Apresenta as referéncias bibliograficas utilizadas nos

capitulos anteriores;

Capitulo 6 (Artigo Cientifico): Contém o artigo cientifico gerado ao término da
pesquisa e submetido ao peridédico. O artigo estd escrito em lingua inglesa e
estruturado em: Abstract, Introduction, Geological Setting, Facies Association,
Bounding Surface Hierarchies, Aeolian Dune and Interdune Relationships,
Stratigraphic Architecture and a Depositional Model, Stratigraphic Evolution,

Conclusions.
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CapPiTULO 1

INTRODUCAO

Nos ultimos anos inumeros trabalhos tem focado na reconstrugao de sistemas
deposicionais edlicos antigos e atuais, definindo-se dois tipos principais: sistemas
eodlicos secos e sistemas edlicos umidos (e.g. Kocurek & Havholm, 1993; Mountney,
2006a). Os sistemas edlicos secos sao aqueles em que o lencgol freatico ou sua
franja capilar encontram-se abaixo da superficie de acumulagdo. Como
consequéncia disso, existe uma alta disponibilidade de areia seca que faz com que
as dunas edlicas cresgam até um tamanho em que elas cobrem todo o substrato
(saturated zone), reduzindo as areas de interdunas a pequenas depressdes entre
dunas edlicas adjacentes. Como consequéncia disso, sistemas edlicos secos geram
sucessdes sedimentares com uma arquitetura deposicional relativamente simples,
caracterizada por sets sobrepostos de estratos cruzados de dunas edlicas,
separados por superficies de interdunas sobrepostas por finos depdsitos de
interdunas secas (dry interdune) (Lancaster & Teller, 1988; Kocurek et al., 1991;
Scherer 2000, 2002; Montney & Howell, 2000). Os sistemas edlicos umidos, por sua
vez, sao aqueles em que o lencol freatico (water table) ou sua franja capilar estao
em contato com a superficie de acumulagao, permitindo a deposi¢cao e acumulagao
de interdunas umidas e encharcadas (Crabaugh & Kocurek, 1993; Mountney &
Thompson, 2002; Dias & Scherer, 2008).

A acumulagdo eodlica ocorre através de uma progressiva subida do nivel
freatico acompanhada pela migragao e cavalgamento de dunas e interdunas edlicas.
O angulo de cavalgamento das dunas edlicas € controlado pela razao entre a taxa
de migracao das formas de leito e a taxa de subida do nivel freatico. Em contextos
onde o balango sedimentar € positivo e constante e a taxa de subida do lencol
freatico se mantém uniforme ao longo do tempo, os estratos de interdunas tenderéo
a apresentar uma espessura regular por uma grande extensio lateral. Por outro
lado, se a disponibilidade de areia ou a taxa de subida do nivel freatico for variavel
no tempo, as areas de interduna tenderam a contrair ou expandir, acarretando em

variacbes na geometria, espessura e extensio lateral dos depésitos de interdunas,

Jones, F. H. (2015).
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resultando em diferentes geometrias estratais entre elementos arquiteturais de

dunas e interdunas.

1.1 PROBLEMA

Apesar de existirem diferentes modelos tedricos que predizem uma variedade
de geometrias estratais entre elementos arquiteturais de dunas e interdunas
(Mountney, 2012), existem poucos estudos de casos no registro geoldégico que
descrevam estas variagdes (e.g. Mountney & Thompson, 2002; Ulicky, 2004;
Mountney & Jagger, 2004).

1.2 OBJETIVOS

Este trabalho foca na reconstrugcdo da arquitetura de facies e a definicao da
evolugdo estratigrafica da sucessdo de dunas e interdunas edlicas da Formacéao
Santa Brigida (Permiano da Bacia de Tucano Norte). Como objetivos especificos,
pode-se destacar: (1) caracterizagdo faciolégica dos depodsitos de dunas e
interdunas, e definicdo de suas relagbes de contato, (2) definicdo da geometria dos
depdsitos de interdunas, (3) hierarquizagdo das superficies limitrofes, (4)
reconstrugdo morfoldgica e morfodindamica das dunas edlicas, (5) compreenséo dos

mecanismos controladores da acumulagao e a preservagao edlica.

1.3 LOCALIZACAO DA AREA DE ESTUDO

A Bacia de Tucano faz parte do contexto geoldgico do Rifte RTJ (Recdncavo-
Tucano-Jatoba) (Fig.1A) e esta localizada na regido nordeste do Brasil, no estado da

Bahia, e ocupa uma area de aproximadamente 30.500 km? (Magnavita et al., 2003).

Jones, F. H. (2015).
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Figura 1. (A) Mapa do Brasil com as principais bacias sedimentares e destaque da
localizagdo da Bacia de Tucano; (B) Subdivisdes e contexto geoldgico da Bacia de Tucano
(extraido e modificado de Magnavita et al., 1992). (C) Mapa apresentando a geologia da
area trabalhada e a localizagao dos pontos dos afloramentos do Membro Caldeirao.

O Membro Caldeirao da Formagao Santa Brigida esta localizado quase que
restritamente aos arredores do municipio de Santa Brigida no sertdo do estado da

Jones, F. H. (2015).



12

Bahia. O municipio encontra-se na porcao norte do estado baiano nas proximidades

da divisa estadual com os estados de Sergipe e Alagoas.

A area estudada esta situada na borda leste da Sub-bacia de Tucano Norte
(Fig. 1B) e foram levantados perfis estratigraficos na escala de 1:50 em trés
afloramentos-chave praticamente alinhados de sudoeste para nordeste (Fig. 1C). As
camadas sedimentares estdo sub-horizontais com mergulho levemente para
noroeste, e os perfis verticais foram levantados principalmente ao longo de calhas

de rios efémeros secos.

Jones, F. H. (2015).
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CAPITULO 2

CONTEXTO GEOLOGICO

A Bacia de Tucano esta divida em trés sub-bacias denominadas de Tucano
Sul, Tucano Central e Tucano Norte (Fig. 1B), 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 brago 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 diregdo aos depocentros, a partir da margem flexural, além de uma
maior complexidade estrutural, manifestada por falhas com orientagdes NW-SE, N-S
e NE-SW (Santos et al., 1990).

A Formacéao Santa Brigida encontra-se em um contexto geolégico anterior ao
sistema rifte Recdncavo-Tucano-Jatoba, fazendo parte das bacias sedimentares
Paleozoicas (pré-rifte) sendo descrita primeiramente por Brazil (1947). A presenga
aflorante da Fm. Santa Brigida esta localizada quase que restritamente aos
arredores do municipio de Santa Brigida e é possivel a sua observagdo na borda
leste do rifte na Sub-bacia de Tucano Norte (Fig. 1B) sendo que esta lateralmente
limitada por falhas (Fig. 1C). Ja os limites verticais da Fm. Santa Brigida (Fig. 2)
compreendem a Formacao Curituba na por¢cao basal e o Membro Boipeba da
Formacéao Alianga (Grupo Brotas) no topo. A Formagao Curituba foi interpretada por
Ghignone (1963) como de ambiente deposicional marinho raso de idade Carbonifera
(Dino & Uesugui, 1986). Ja os depodsitos sedimentares do Membro Boipeba sao
classificados como ambiente fluvio-edlico de idade Neo Jurassica (Scherer et al.,

2005) compreendendo o contexto geoldgico de pré-rifte.

Ghignone (1963) subdividiu a Formac&o Santa Brigida em dois membros:
Membro Caldeirdo (base) e Membro Inga (topo). O Membro Inga representa a

instalacdo de um bragco do mar epicontinental afogando o sistema desértico do

Jones, F. H. (2015).
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Membro Caldeirdao através da ocorréncia de transgressdo marinha. O Membro

Caldeirao (foco do estudo) é

representado pelos eolianitos avermelhados

evidenciados pelas estratificagbes acanaladas de grande porte desse sistema

desértico pretérito. Ghignone (1979) posicionou na escala de tempo a Fm. Santa

Brigida no Permiano devido a existéncia de evidéncias de esporomorfos Striatites e

Leuchisparites encontrados no registro sedimentar do Membro Inga.

PERIODO AMBIENTE DEPOSICIONAL | FORMAGAO | MEMBRO
JURASSICO FLUVIO-EOLICO ALIANCA BOIPEBA
RESTRITO A LITORANEO SANTA INGA
PERMIANO - ‘ ~
EOLICO BRIGIDA | CALDEIRAO
CARBONIFERO MARINHO RASO CURITUBA

Figura 2. Representagao cronoestratigrafica da Sub-bacia de Tucano Norte apresentando o
periodo e o ambiente deposicional para a formagdo Santa Brigida e para as formacoes
limitrofes na sucessao vertical. Idades retiradas da carta cronoestratigrafica de Costa et al.

(2007).

Jones, F. H. (2015).
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CAPiTULO 3

ESTADO DA ARTE

A ocorréncia de processos eodlicos € comumente associada com sistemas
aridos de clima quente e frio de sistemas edlicos desérticos, embora possam ocorrer
em uma variedade de cenarios deposicionais (costeiros, outwash de planicies
fluviais e glaciais, e regides vulcanicas) e sob a influéncia de variagbes climaticas
(Mountney, 2006a).

Mountney (2006a) também aborda as dificuldades encontradas muitas vezes
para o reconhecimento de depdsitos edlicos antigos devido a dificil diferenciacao de
estratos de origem edlica em frente a outros ambientes (principalmente fluvial e
marinho). Além disso, Mountney (2006a) lista uma série de dificuldades para
construir uma representacdo detalhada da arquitetura de uma sucessao edlica e sua
reconstrugdo paleoambiental, assim citadas: (1) Embora sistemas de dunas edlicas
sejam tipicamente dominadas por apenas trés ou quatro tipos de facies
sedimentares, as variagdes no arranjo geométrico dessas facies podem levar para
modelos radicalmente diferentes; (2) Apesar de outras facies suprirem apenas uma
pequena propor¢cao da maioria das sucessodes, sua interpretacdo é critica para a
determinagdo dos mecanismos controladores da acumulagao; (3) Erosédo € uma
parte inerente da migracao de formas edlicas, e sucessdes preservadas sao sempre
altamente fragmentadas; (4) A maior parte das sucessdes edlicas € caracterizada
por variagbes laterais nas espessuras das camadas e um baixo grau de

continuidade lateral.

As caracteristicas para a identificagdo de dunas edlicas se dao pelo alto
arredondamento dos graos, textura fosca dos graos, bimodalidade granulométrica, e

ocorréncias de estratificagdes cruzadas de grande porte.

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;
(i) disponibilidade de sedimentos; e (iii) capacidade de transporte do vento (Kocurek,
1996).
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3.1 HIERARQUIA DE FORMAS EOLICAS

As hierarquias de formas edlicas (marcas onduladas, dunas e draas) (Fig. 3)
reconhecidas por Wilson (1972) estdo associadas com a escala temporal dos seus
eventos formadores. Assim temos como escala para marcas onduladas um intervalo
de agao curto, compreendendo o tempo de horas ou dias (Lancaster, 1988). Ja as
dunas possuem escala temporal em um intervalo de 10 a 10 anos (variacdes
sazonais). E os draas dentro de um intervalo de 10° a 10° anos. Essas formas de
leito possuem respostas independentes a fatores como regime de ventos, taxa de
acumulagao de areia e tamanho de grao (Lancaster, 1988). As marcas onduladas
ellicas tipicamente possuem a linha de crista perpendicular a dire¢ao do vento, e
possuem comprimento de onda entre 50 e 200 mm e altura entre 5 e 10 mm
(Mountney, 2006b). As dunas apresentam comprimentos de onda de 3 a 500 m e
altura de 10 cm a 100 m. O termo draa é restrito as formas de leito maiores, em que
o comprimento de onda varia de 300 a 5500 m e a altura de 20 a 450 m,
apresentando a migragdo de dunas superpostas no seu dorso ou na face frontal
(Kocurek, 1981).
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-t 6= | . Lo L
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E 2 — i J'o : -
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1 4 16 64 255 10 40 160 840 2560
| cenfimetros [ metros |

Comprimento de onda das formas de leito

Figura 3: Grafico apresentando a relagao entre o tamanho de gréo versus o comprimento de
onda das formas edlicas e sua classificagdo separada em ftrés grupos distintos
representados por marcas onduladas, dunas e draas. Modificado de Wilson (1972).
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3.2 DuNAS EOLICAS

Os principais componentes para os depoésitos de dunas edlicas sao os sets de
estratificacdo cruzada, as superficies limitrofes e os tipos de estratificacdo (Kocurek,
1991).

Os sets de estratificagcdo cruzada sdo os depdsitos basicos de uma duna
edlica o qual é formado por processos deposicionais através do tempo (Kocurek,
1991). A migracao das dunas desenvolve os sets de estratificagdo cruzada e séo
representadas no registro geologico por estratos transladantes de cavalgamento
subcritico na maioria dos casos (Kocurek, 1991). Devido a relagdo do angulo de
cavalgamento ser menor que a inclinagado do dorso das formas de leito (subcritico),
as dunas eodlicas preservam apenas uma pequena fragao da altura original da duna
(Rubin & Hunter, 1982; Kocurek, 1981, 1991).

Os principais tipos de estratificacbes para identificacdo de dunas edlicas se
encontram na face frontal e refletem diferentes processos fisicos e feicbes para seu
reconhecimento, sendo esses o fluxo de grédos e a queda livre de gréos caracteriza
por processos gravitacionais, e as laminagdes transladantes cavalgantes de marcas
onduladas edlicas caracterizadas por processos trativos (Hunter, 1977; Kocurek,
1991).

Os fluxos de graos sédo gerados quando a facies de escorregamento de uma
duna edlica excede o angulo de repouso da areia seca (32 a 34°), tendo como
resposta uma atividade de escorregamento na frente da duna resultando depésitos
de avalanche (Hunter, 1977; Mountney, 2006a). Muitas vezes se apresentam com

geometria de linguas e podem exibir gradagao inversa de gréos (Kocurek, 1991).

A queda livre de graos é gerada através da acomodagdo de graos ao
entrarem nas zonas protegidas do vento. Isso geralmente ocorre na face de frente
da duna onde apresenta zonas de separacado do fluxo de ar promovidas por uma
pronunciada curvatura convexa para cima da secao cruzada da duna, por uma
grande altura da duna, e por uma alta velocidade do vento (Cooper, 1958; Hunter,
1977). Os estratos de queda livre de grédos s&o geralmente dificeis de distinguir,
porém sdo com frequéncia moderadamente empacotados (Kocurek, 1991) e exibem

geometria em forma de cunha.
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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
variagdo do angulo de cavalgamento depende do volume de sedimento e da taxa de
migracdo. Muitas vezes apresentam gradacdo inversa de graos (Hunter, 1977;
Kocurek,1991).

3.3 INTERDUNAS

As areas de interdunas s&o importantes indicadoras das condigbes gerais do
campo de dunas e frequentemente apresentam empilhamento de facies complexo
refletindo mudangas em condi¢gdes deposicionais especificas (Fig. 4) (Kocurek,
1981). As interdunas podem ser separadas em depdsitos secos, umidos e

encharcados (Kocurek, 1981), tendo assim, diferentes caracteristicas faciologicas
(Fig. 5).

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

pequenos estratos cruzados de dunas edlicas.

Os depdsitos de interdunas Uumidas (damp interdune) sdao dominados por
estruturas de adeséao edlica. As estruturas de adesao sado formadas pela aderéncia
de areia seca soprada pelo vento sobre uma superficie umida, e consistem em
marcas onduladas de adesdo, domos de adesido e estratos plano-paralelos de
adesao. Embora partiihem a mesma origem basica de formagao, esses diferentes
tipos de estruturas de adesao sao distintos morfologicamente, e sugere condi¢des

deposicionais diferentes (Kocurek, 1981).
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Estratos cruzados de DUNAS
dunas edlicas EOLICAS

Marcas onduladas edlicas
e/ou pequenos estratos
cruzados de dunas edlicas

Estratos plano-paralelos
de adesao

Marcas onduladas
de adesao

INTERDUNAS EOLICAS

Marcas onduladas
subaquosas

Condicdes mais secas em dire¢éo o to|

Estruturas cruzadas D U NAS
de dunas edlicas EOLICAS

Figura 4. Sucessdo vertical de facies de interdunas marcada por uma progressiva
diminui¢cdo da umidade em direcao ao topo (dry upward sucession) (retirado e modificado de
Kocurek, 1981).

Os depositos de interdunas encharcadas (wet interdune) podem apresentar
estilos deposicionais evaporiticas (como precipitagdes de calcita, dolomita, gipso ou
anidrita), ou por estilos deposicionais siliciclasticos de origem lacustre, fluvial ou
feicbes deformadas como estruturas contorcidas e laminagdes brechadas (McKee,
1979; Kocurek, 1981; Mountney & Thompson, 2002,).
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Figura 5. Sintese de estruturas sedimentares e outras feicdes caracteristicas de depdsitos
de interdunas e o intervalo de condi¢bes deposicionais em que se formam (Kocurek, 1981).

3.4 LENCOIS DE AREIA

Lencdis de areia sao diferenciados de interdunas edlicas por representarem
areas cobertas por areias edlicas sem a ocorréncia de dunas com faces de
escorregamento bem desenvolvidos (Fryberger et al., 1979; Kocurek & Nielson,
1986), enquanto regides de interdunas estdo necessariamente separadas por dunas
ellicas. Segundo Langford (1989), os campos de dunas sdo caracterizados por
dunas regularmente espagadas separadas por areas de interdunas arrasadas, e 0s
lengdis de areia sao areas de baixo relevo de areia edlica que tem forma de duna

pouco definida.
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3.5 HIERARQUIA DE SUPERFICIES LIMITROFES

Os sets ou cosets de estratos cruzados séo separados através de hierarquia
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. 6), enumeradas de forma hierarquica

como superficies de 17, 2" e 3" ordem (Brookfield, 1977).
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Figura 6. Modelo de formacao de superficies limitrofes pelo cavalgamento e migracao de
dunas edlicas: (A) dunas simples; (B) dunas compostas. Superficies de primeira, segunda e
terceira ordem séo indicadas pelos numeros 1, 2, e 3, respectivamente. (C) Supersuperficies
truncando distintos episddios de acumulagao edlica (Kocurek, 1991).

As superficies de 1% ordem representam a movimentag&o da duna simples ou

do draa, marcados pela migragcéo das regides de interdunas sobre os depdsitos de
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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
elou encharcadas) facilita a demarcacdo das superficies de 1" ordem no registro
geologico. As superficies de 12 ordem representam superficies de interdunas
(Kocurek, 1996).

Superficies de 2% ordem tém suas origens vinculadas a migragdo de dunas na
face frontal de um draa (Brookfield, 1977). As superficies de 22 ordem normalmente
mergulham paralela ou obliquamente ao sentido de migra¢do do draa, apresentando
inclinagdes variaveis. As superficies de 22 ordem representam superficies de

superposic¢ao (Kocurek, 1996).

As superficies de 3% ordem ocorrem dentro de um set de estratificagbes
cruzadas, sendo a génese atribuida ao efeito da erosdo da frente da duna seguida
de nova deposigdo devido as flutuagdes locais na dire¢do e velocidade do vento
(Brookfield, 1977; Kocurek, 1981). As superficies de 32 ordem representam

superficies de reativacao (Kocurek, 1996).

Também pode ser identificada em sucessdes eodlicas uma quarta superficie
denominada de supersuperficie (Kocurek, 1988). Esta superficie € formada pelo
término da acumulagdo edlica em uma determinada area devido a eventos de
deflacdo edlica, inundagédo (por agua ou lava) e estabilizagdo (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
alteragdes na disponibilidade de areia e/ou variagdo no lengol freatico, vinculados a

variagcao do nivel do mar, ao soerguimento tecténico e/ou as mudancgas climaticas.
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CaAPiTULO 4

METODOLOGIA

As estratégias de agao foram dividas em trés etapas: pré-campo, campo e

pOs-campo.

A etapa de pré-campo concentrasse no levantamento bibliografico com intuito
de abastecer o projeto com informacdes sobre a area de estudo, métodos
descritivos e critérios de avaliagao dos sistemas edlicos. O pré-campo também inclui
a pesquisa e verificacdo de cartas topograficas da area de estudo, sendo uma
ferramenta indispensavel para a orientagdo de campo e o acesso aos afloramentos.
Além das cartas, a interpretacado de fotos aéreas e imagens de satélite auxiliam no
reconhecimento e selegdao prévia dos afloramentos possivelmente com maior
potencial para a realizagao do estudo. Toda esta organizacado de dados topograficos,
levantamentos aerofotogramétricos e dados adicionais, tais como mapas geologicos,

s&o incluidos em uma base de dados SIG (Sistema de Informagao Geogréfica).

A etapa de campo compreende campanhas em busca por afloramentos
relevantes na unidade de estudo, e no levantamento de sec¢des estratigraficas na
escala 1:50. Nas secbes sao descritas as facies, as associagcdes de facies, e
realizado medi¢cdes de paleocorrentes quando possivel. Nessa etapa se procura
definir as principais litofacies, associa¢des de litofacies e superficies limitrofes a fim
de se reconstruir a arquitetura deposicional das diferentes sequéncias. Para melhor
detalhamento das regides de interdunas foi realizado o levantamento de dados nas

escalas 1:25e 1:2,5.

A terceira etapa é a de pds-campo, a qual consiste no refinamento, na
integracédo e na interpretacdo dos dados adquiridos em campo. Isto compreende a
digitalizacdo das segdes colunares e construgcdo de fotointerpretagdes utilizando
programas especificos. A fotointerpretacado tem o objetivo de ajudar na delimitagao
da geometria das facies e camadas de grande escala, o que complementa
consideravelmente o dado unidimensional da secdo colunar levantada,

principalmente para a geometria das facies e suas variagdes laterais. Também é
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realizada a correcao e interpretacdo das medidas de paleocorrentes e a geragao de
diagramas de rosetas para os dados direcionais das paleocorrentes. Todos os dados
sdo compilados em uma base padronizada, organizados por pontos de
afloramentos, e com o preenchimento de tabelas de dados na base SIG elaborada
no pré-campo. Estes dados quando finalizados, servem diretamente para a
preparagao e orientacdo da proxima etapa de campo, e para a interpretacao (seja

preliminar ou final) dos dados levantados.

Para alcangar os objetivos deste estudo foram realizados levantamentos
sistematicos e detalhados, na escala 1:50 (com observagdes nas interdunas para
melhor entendimento na escala 1:2,5), de 3 afloramentos chave localizados proximo
ao municipio de Santa Brigida, Estado da Bahia, Brasil (Fig. 1). As descricbes dos
afloramentos incluem analise de facies e associacdo de facies, assim como a
identificac&o e interpretacdo de superficies limitrofes. Os dados foram dispostos em
uma coluna estratigrafica composta apresentando as variagbes de umidade com
base na sedimentologia. A seguir foram elaborados os modelos deposicionais e a

reconstrucao da evolucao deposicional do Membro Caldeirao.

4.1 ANALISE FACIOLOGICA

A analise faciolégica compreende técnicas como o levantamento de perfis
colunares, descricdo de facies e associagdes de facies para entdo interpretar o

sistema deposicional.

O levantamento de perfis estratigraficos constitui a técnica de trabalho mais
importante em estratigrafia. Os perfis estratigraficos sao precisamente os
ordenamentos das unidades estratigraficas, estendendo-se o nome também a sua
representacdo grafica, na qual se desenha, a escala, a ordenagdo dos materiais
estratigraficos. Em outras palavras, o levantamento de um perfil colunar € a forma de
representar graficamente uma sucessao vertical de facies em uma area aflorante,
levando em conta os contextos sedimentologicos, estratigraficos, estruturais,

diregdes de paleocorrentes e paleontoldgicos.
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Um perfil colunar (Fig. 7) apresenta basicamente dois eixos, em que o eixo

das abscissas (horizontal) constitui a granulometria do corpo sedimentar, e o eixo
das ordenadas (vertical) constitui a espessura das camadas sedimentares relativas
conforme os objetivos e a escala de estudo. No perfil também esta agregado a
descricdo das facies encontradas, os codigos das facies, as medidas de SO, as
medidas de paleocorrentes, as estruturas locais, conteudo fossilifero, local de
amostragem de rocha, localizagdo das fotos, além das informagdes basicas como

coordenadas geograficas e escala de trabalho.

Facies sedimentoloégica € um corpo de rocha caracterizado por uma
combinagao particular de litologia e estrutura sedimentar que o diferencia dos corpos
sedimentares adjacentes, refletindo um processo deposicional. A descricdo de facies
envolve alguns atributos importantes e diagndsticos, e segundo Tucker (2003) se
leva em consideragcdo: a litologia caracteristica, as texturas, as estruturas
sedimentares, a presenga ou auséncia de conteudo fossilifero, a cor, a geometria da
camada, a paleocorrente. Os cddigos de facies foram nomeados de acordo com a
nomenclatura proposta por Miall (1996) para sistemas fluviais (Quadro 1), em que a
primeira letra é maiuscula e indica o tamanho de grdo dominante (e.g. “S”
representando sand) enquanto que, a segunda letra € minuscula e indica a estrutura
ou textura (e.g. “p” significa em inglés planar cross-bedding, e “ms” matrix
supported). Para facies correspondes ao sistema edlico se acrescenta a letra “e”
minuscula e entre parentes (e.g. St(e) representando arenito com estratificagao

cruzada tangencial edlico).

Apos a completa descrigcao de facies se deve fazer a associacédo e sucessao
de facies. A associagdo e facies compreende o grupo de facies geneticamente
relacionadas que tem um significado ambiental (Collinson & Thompson, 1989). Ja a
sucessao de facies compreende a mudanga progressiva vertical ou lateralmente nas
propriedades das facies (e.g. ciclos de granodecrescéncia ou granocrecéncia

ascendente) auxiliando na identificagdo do sistema deposicional.
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Figura 7. Modelo padrdo utilizado no campo para o levantamento de perfis colunares e
descricao das facies.

O préximo passo é interpretar o sistema deposicional utilizando modelos de
facies de ambientes ja conhecidos e/ou propor um novo modelo. O sistema
deposicional compreende uma assembleia tridimensional de facies sedimentoldgicas
geneticamente associadas por processos ativos/inferidos e ambientes,
representando o ambiente deposicional e os processos que atuam nele. Ja o modelo

de facies € o sumario geral de um sistema deposicional particular, envolvendo

Jones, F. H. (2015).



inimeros exemplos

individuais de sedimentos

sedimentares pretéritas (Walker, 1992).
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recentes e de formacdes

T o Estruturas -
Cddigo Facies . Interpretacao
sedimentares
Cascalho maci¢o matriz- . Fluxo de detritos plastico, fluxo viscoso,
Gmm Gradagao incipiente a .
suportado alta coesao interna
Gmg Cascalho matriz-suportado Gradagao inversa a normal F.quo de dgtrltos psieuq°plasuco, fluxo
viscoso, baixa coeséo interna
Fluxo de detritos, alta concentragéo de
Gei Cascalho clasto-suportado Gradagéao inversa clastos (alta coes3o interna) ou fluxo de
detritos pseudoplastico (baixa coesao)
Cascalho macigo clasto- Fluxo de detritos pseudoplastico (fluxo
Gem -
suportado turbulento)
Gh Cascalho clasto-suportado, Acamadamento horizontal, Formas de leito longitudinais, depdsitos
acamadamento incipiente imbricamento residuais (lags)
- Estratificacdes cruzadas . .
Gt Cascalho estratificado Preenchimento de pequenos canais
acanaladas
- Estratificacdes cruzadas Formas de leito transversais, crescimento
Gp Cascalho estratificado ) A
planares deltaico a partir de barras remanescentes
St Areia fina a muito grossa Estratificagdes cruzadas Blinas 3D, cristas sinlosas olllinguoides
(podendo ser cascalhosa) acanaladas
Sp Areia fina a muito grossa Estratificagdes cruzadas Dunas transversais 2D
(podendo ser cascalhosa) planares
. oo Laminagdes cruzadas de Marcas onduladas (regime de fluxo
Sr Areia muito fina a grossa s
marcas onduladas inferior)
sh Areia muito fina a grossa Laminacéo horizontal, Formas de leito plano (regime de fluxo
(podendo ser cascalhosa) lineacao de particdo superior/ critico)
Areia muito fina a grossa E's;traflflcagoes crou zadas de Preenchimentos de suaves depressoes
Sl baixo angulo (<15°) (podendo ) .
(podendo ser cascalhosa) ) L (scour fills), dunas atenuadas, antidunas
ser sigmoidais)
Areia fina a muito grossa - Preenchimentos de suaves depressoes
Ss Amplas e suaves depressoes )
(podendo ser cascalhosa) (scour fills)
Sm Areia fina a grossa Maciga ou laminagéo indistinta D(-J.p.OSItO.S de ﬂLfXOS h|pe_rconcent~rados,
fluidizagdes ou intensa bioturbagao
Laminagdes finas,
L Laminagdes cruzadas de Depésitos externos ao canal, canais
Fl Areia, site, lama . L . =
marcas onduladas de muito abandonados ou depésitos de inundagéo
pequeno porte
Fsm St i e Depésitos externos ao canal ou canais
abandonados
Fm Lama, silte Macico, gretas de contragéo Depositos externos ao canal ou canais
abandonados
Fr Lama, silte Macigo, raizes, bioturbacao Solo incipiente
c ColeL [ G Restos vegetais, filmes de Depositos de pantanos vegetados
lama (swamps)
Paleossolo carbonatico (calcita, Feicbes pedogénicas: o i
B L B ) Solo com precipitacdo quimica
siderita) noédulos, filamentos

Quadro1. Classificagédo de litofacies fluviais (Miall, 1996).

Jones, F. H. (2015).




28

Os perfis colunares foram levantados com o auxilio de trena para medir a
espessura das camadas. As camadas encontravam-se levemente basculadas e isto
definiu o sentido de caminhamento do perfil, o levantamento teve pela camada mais
basal aflorante, seguindo a direcdo de mergulho das camadas. Para o registro do
empilhamento estratigrafico nos perfis, utilizou-se escala de 1:50, sendo que em
algumas partes do levantamento foram feitas ampliagdes nas escalas 1:25 e 1:2,5
com o objetivo de aumentar o detalhamento de fei¢des importantes para este

trabalho.

Os perfis colunares individuais podem ser agrupados, formando uma seg¢ao
colunar composta que represente toda a unidade estudada. Estas correlacbes
demonstram a correspondéncia lateral entre unidades fisicamente separadas, com
base na idade, litologia, fosseis e/ou através da extensdo lateral de superficies

chave.

A coleta de algumas amostras € importante para melhorar a analise de
texturas e composigdo dos graos utilizando lupas em amostras de mao, ou para
maior detalhamento confeccionando laminas petrograficas podendo assim analisar
também influéncias diagenéticas no paleoambiente. Nesse trabalho as amostras de
m&o tém por objetivo apenas de modo a ilustrar as suas texturas e a sua

composi¢cao mineral.

4.2 MEDIDAS DE ESTRUTURAS SEDIMENTARES

As medidas estruturais sedimentares estdo compreendidas para esse
trabalho em medidas de paleocorrentes e acamamento (S0), e sdo de vital
importancia para o estudo de rochas sedimentares proporcionando informagdes de
paleogeografia, paleodeclividades, dire¢cdes de correntes e vento, e grande utilidade

na interpretagéo de facies.

Segundo Tucker (2003) diversas feigdes de uma rocha sedimentar podem ser
usadas como indicador de paleocorrentes (Fig. 8). Algumas estruturas registram a
direcdo de movimento (azimute) da corrente enquanto outras apenas registram a

linha de movimento (trend).
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Para a escala proposta no trabalho a medicdo de paleocorrentes é
imprescindivel para a analise de elementos arquiteturais, classificagcdo das
superficies limitrofes e caracterizagao morfodindmica das dunas. Elas sdo extraidas
através de dados de superficie nas estruturas sedimentares. Miall (1990) indicou
alguns tipos de estruturas e fabricas que indicam a dire¢do do fluxo, séo elas:
marcas onduladas (ripple marks) e estratificagdes cruzadas, lineagdes de particao e
lineagdes primarias de correntes (produto de fluxo de formas de leito planas).
Juntamente, com a medi¢cado de estruturas indicadoras de fluxo deve-se medir a SO

do perfil litolégico para verificar a necessidade de corregcdes de paleofluxos.

Figura 8. Imagem mostrando a coleta de dados de paleocorrente com a bussola de modelo
tipo brunton em estruturas sedimentares em marcas onduladas.

As paleocorrentes foram medidas principalmente em estratificagdes cruzadas
eolicas de grande porte, utilizando para tal uma bussola brunton. Para efetuar a
medigao de paleocorrentes, toma-se medida da direcdo e do mergulho dos estratos
e das superficies deposicionais (S0) dos afloramentos, usando a notagdo em trama
(Fig. 9). Nesse método, mede-se o angulo horizontal entre a diregdo de mergulho do

plano e o norte magnético e o angulo vertical entre o plano da estrutura e um plano
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horizontal imaginario, tendo como resultado o angulo e a dire¢do de mergulho dos

estratos.

Figura 9. Método em TRAMA (dip-direction). D é a dire¢ao azimutal (Azm) de mergulho do
plano em relagdo ao norte magnético (N). M é o dngulo de mergulho do plano em relagao a
uma superficie horizontal (H). A representacido do plano é dada por: D; M. (Modificado de
McClay, 1987).

De acordo com Tucker (2003), ao depararmos com rochas sedimentares
tectonicamente inclinadas, se faz necessario a restauracdo das diregdes de fluxo
pretéritas ao basculamento. A corregdo se torna necessaria quando tal
basculamento é superior a 10°, e para restaurar o paleofluxo real utiliza-se a
projecao estereografica. O presente trabalho ndo necessitou o uso de correcdes
para as paleocorrentes, pois o angulo de basculamento foi inferior a 10°. A
representacdo grafica dos dados de paleocorrentes foi a forma grafica de diagrama
de roseta, elaborado no programa RockWorks 2006®. O diagrama de roseta (Fig.
10) € um histograma convertido numa distribuicao circular. A circunferéncia pode ser
dividida em segmentos de 20, 30, 40 ou 45°, e as pétalas da rosa sao desenhadas
com os raios dos segmentos proporcionais ao numero de medidas ou ao percentual
do total de medidas. Além disso, o programa confecciona um resumo estatistico com
as principais informacgdes de fatores e classificacdo como tipo de método, populagao

dos dados, padrao de paleocorrente (Fig. 11), vetor médio.
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RESUMO ESTATISTICO
Calculation Method: Frequency
Class Interval: 10 Degrees
Min.Length Filtering: Deactivated
Max. Length Filtering: Deactivated
Azimuth Filtering: Deactivated
Data Type: Unidirectional
Population: 22
Maximum Percentage: 22,7 Percent
Mean Percentage: 10,0 Percent
Standard Deviation: 7,36 Percent
Vector Mean: 74,94 Degrees
Confidence Interval: 18,43 Degrees
R-mag: 0,84

Figura 10. Diagrama de roseta de mostrando uma tabela de resumos estatisticos com
informacdes da quantidade de medidas (population) e diregcdo angular do vetor médio
(vector mean).

unimodal bimodal polymodal
bipolar oblique

N N

S

S S

Figura 11. Os quatro tipos de padrdes de paleocorrente, plotados em diagramas de roseta
(com intervalos de 30°). Tucker (2003).
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ABSTRACT

The Permian Caldeirdo Member (Santa Brigida Formation), located in the
northeast region of the Brazil (Tucano Central Basin), is characterized by
accumulation of aeolian sandstones comprising two facies associations: (i) aeolian
dune and (ii) interdune deposits. The aeolian dunes facies association is made up by
trough to tangential cross-bedding formed by grainflow strata on the steepest
portions of the foresets that intertongue downwards with wind ripple translatent
laminae. The aeolian cross strata shows a mean dip towards the ENE. The interdune
facies association occurs interlayered with aeolian dune cross-bedded sets and is
compounded by facies indicative of dry, damp and wet depositional context
suggesting high frequency variation in the humid of the interdune surface. The
measured paleocurrents to NNW of the ripple cross-lamination indicate that
streamflows was perpendicular to the migration direction of the cross-strata of
aeolian dunes, confined to the interdune depressions. Interdunes deposits occur at
specific intervals in the stratigraphic succession, suggesting temporal changes in the
rate of the water table rise and/or of the dry sand availability. Four depositional
intervals can be observed in aeolian succession of the Caldeirdo Member, numbered
| to IV, from bottom to top. Intervals | and Ill can be classified as dry aeolian systems,
while intervals Il and IV represent wet aeolian systems. The temporal alternation
between dry and wet aeolian systems may be related to climatic fluctuations

influenced by orbital cycles.

Keywords: Caldeirao Member, aeolian system, sedimentary cycles, Permian.
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1 INTRODUCTION

Many recent studies have focused on the reconstruction 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). Dry
aeolian systems are those in which the water table or its capillary fringe is below the
depositional surface. This results in an abundance of dry sand, which causes the
aeolian dunes to grow to a size that covers the entire substrate (saturated zone).
This reduces the interdune areas to small depressions between adjacent aeolian
dunes. 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 overlaid by thin, dry interdune deposits (Lancaster and Teller, 1988;
Kocurek et al., 1991; Scherer, 2000, 2002; Mountney and Howell, 2000). In contrast,
wet aeolian systems are those in which the water table or its capillary fringe is placed
in contact with the deposition surface, allowing the deposition and accumulation of
wet and damp interdunes (Crabaugh and Kocurek, 1993; Mountney and Thompson,
2002; Dias and Scherer, 2008). Aeolian accumulation occurs by means of a gradual
rise in the water table that is followed by migration and climbing of the aeolian dunes
and interdunes. In contexts where the sedimentary balance is positive and constant
and the rate of the rise of the water table remains uniform over time, the interdune
strata tend to exhibit a regular thickness over large distances. Conversely, if sand
availability or the rate of the rise of the water table varies over time, interdune areas
tend to contract and expand, which causes variations in the geometry, thickness and
lateral extension of the interdune deposits. This results in distinctive geometries of
interaction between the dune and interdune architectural elements. Although there
are different theoretical models that predict a variety of strata geometries between
dune and interdune architectural elements (Mountney, 2012), there are few case
studies in the geological record that describe these variations (e.g., Mountney and
Thompson, 2002; Ulicny, 2004; Mountney and Jagger, 2004). This study focuses on
the reconstruction of facies architecture and the definition of the stratigraphic
evolution of the succession of aeolian dunes and interdunes of the Permian Santa

Brigida Formation (Caldeirdo Member), North Tucano Basin (Fig. 1). The specific
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objectives are to (1) characterize the facies of the dune and interdune deposits and
define their contact relationships, (2) characterize the facies of the interdune deposits
and define their geometry, (3) define the hierarchy of surfaces boundary, (4)
reconstruct the morphology and morphodynamics of aeolian dunes and (5)
understand the mechanisms that have controlled aeolian accumulation and

preservation.

In this paper, three key outcrops of the Caldeirdao Member were analysed in
detail (Fig. 1). The description of the outcrops includes analyses of the facies and
facies associations and identification and interpretation of surfaces. Sedimentary logs
were measured at a scale 1:50 (interdune observations were made at a scale of
1:2.5 for better understanding) in order to define the vertical succession of the facies
and facies association. In addition, architectural panels were made to define the two-
dimensional (2D) geometries of the deposits. Paleocurrent orientations were
measured from cross-stratified sets of the different lithofacies. The individual logs
were arranged in a composite stratigraphic log that shows the stratigraphic
succession, allowing the differentiation of various aeolian stratigraphic intervals in the
Caldeirdo Member Depositional models and reconstruction of the stratigraphic

evolution of the Caldeirdo Member were subsequently produced.

2 GEOLOGICAL SETTING

The Tucano Basin is divided into the South Tucano, Central Tucano and North
Tucano sub-basins (Fig. 1) and exhibits structural boundaries that have a northwest-
to-southeast orientation. The Tucano Basin is one of a series of half grabens
(Recédncavo-Tucano-Jatoba) that constitute an intracontinental rift formed during

Gondwana fragmentation.
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Figure 3. (A) Brazil Map to location of the Recéncavo-Tucano-Jatoba (RTJ) Rift Basin; (B)
Subdivisions and geological setting to Tucano Basin (extracted and modified Magnavita et
al.,, 1992). (C) Map showing the geology of the area worked and the location of points to

main Caldeirdo Member outcrops.

According to Costa et al. (2007) the North Tucano sub-basin has a typical half-

graben geometry which has the fault border to the west. These authors also report
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that normal faults guide the dipping of the beds towards the depocentres from the
flexural margins. This sub-basin has considerable structural complexity, which is
evidenced 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 Recéncavo-
Tucano-Jatoba rift system and is part of the Palaeozoic (pre-rift) sedimentary basins
that were first described by Brazil (1947). 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 and
1C). The Santa Brigida Formation (Fig. 2) overlies the Curituba Formation and was
preceded by the Boipeba Member of the Alianga Formation (Brotas Group). The
Curituba Formation was interpreted by Ghignone (1963) as shallow marine
depositional environment, deposited during 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., 2005), accumulated

in an early rift phase (Kuchle et al., 2011).

PERIOD DEPOSITIONAL ENVIRONMENT | FORMATION | MEMBER
JURASSIC FLUVIAL-AEOLIAN ALIANCA BOIPEBA
SERA RESTRICTED TO COASTAL SANTA INGA _

AEOLIAN BRIGIDA | CALDEIRAO

CARBONIFEROQUS SHALLOW MARINE CURITUBA

Figure 2. Chronostratigraphic representation of the Sub-basin of Tucano Norte showing the
period and the depositional environment for the formation Santa Brigida and the neighboring
formations in vertical succession. Ages taken from chronostratigraphic letter of Costa et al.
(2007).

Ghignone (1963) subdivided the Santa Brigida Formation into two distinctive
stratigraphic intervals: the Caldeirdo Member, at the base, and Inga Member, at the
top. The Inga Member represents the establishment of an epicontinental sea arm that
drowned the desert system of the Caldeirdio Member by means of marine

transgression. The Caldeirdo Member, which is the object of this study, is
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represented by the reddish aeolianites that are evidenced by large-scale trough
stratifications associated with a desert system. Ghignone (1979) considered that
Santa Brigida Formation was accumulated in the Permian because of sporomorphs
of the genera Striatites and Lueckisporites that are found in the sedimentary record

of the Inga Member.

3 FACIES ASSOCIATION

The Caldeirdo Member of the Santa Brigida Formation comprises two different

facies associations: aeolian dunes and interdunes.

3.1 Aeolian Dunes Facies Association

3.1.1 Description

This facies association consists of subarkose, reddish, moderately sorted,
medium-to-coarse grained sandstones. The grains are well-rounded and have high
sphericity. The sandstones exhibit tangential or trough cross-stratification (depending
on the orientation of the outcrop), with a thickness of the sets that ranges from 1 to
3.5 m (the mean set thickness is approximately 2 m). The cross-strata sets are
internally characterized by different types of stratification, which includes wind ripple,
grainflows and grainfall. Grainflow is predominant on the cross-sets, followed by wind

ripple marks and, very rarely, by grainfall deposits.

The wind ripple strata (Fig. 3A-B-C) are composed of fine-to-coarse
sandstones, arranged in millimetric lenses (3 to 9 mm) (Fig. 3B) with inverse grading
(Fig. 3A). The dip angle of these laminae ranges from 5° to 20°, with a mean value of
14°, corresponding to the base of the cross-strata sets. The wind ripple cross-strata
make up approximately 39% of the deposits of the Caldeirdao Member of the Santa

Brigida Formation.
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Figure 3. (A) Subcritically climbing translatent strata with inverse grading (representing by
inverse triangle). (B) Subcritically climbing translatent strata millimeter spaced. (C) Wind

ripple laminae (wr) interlayer with packages of grainflows strata (gf).

The grainflow deposits are composed of medium to coarse-grained
sandstones, organized in 0.4 to 5 cm thick, massive to inversely graded laminae (Fig.
4A-B). In a cross-section that is transverse to the cross-strata dipping, the grainflows
strata exhibit a lenticular geometry (Fig. 4C-D), which has a lateral extension of a few
centimetres to greater than 1 m. In contrast, in a cross-section that is parallel to the
cross-strata dip, the grainflow strata exhibit a wedge geometry (Fig. 4A) that has a
lateral extension of up to 2 m. The grainflow strata have a high dip angle, which
ranges from 20° to 30°. The grainflow strata make up approximately 60% of the

Caldeirao Member cross-strata.

The grainfall strata consist of very fine to fine-grained sandstones, well sorted,

homogeneous, and organized in laminae 1 to 10 mm thick, that interlayer with
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grainflow strata (Fig. 4C-D). The grainfall strata are rarely observed in the Caldeirao

Member and represent only approximately 1% of the cross strata.

Figure 4. (A) Aeolian dune cross-strata showing grainflows tongues (gf). (B) Grainflow strata
compared by medium to very coarse-grained sands. (C) Strike section of the grainflows
alternating with grainfall. (D) Detail of Figure A showing lenticular grainflow (gf) interlayer with

grainfall (gfa), inverse triangle showing inverse grading in grainflow strata.

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. The cycles can be observed to
exhibit internal variations in the dip angle of the foresets in some outcrops. In
particular, sequences of wind ripple laminae that have lower dip angles are followed,
in the direction of migration, by grainflow and grainfall strata that have higher dip

angles.
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Figure 5. (A) Sandstones with deformed tangential cross-bedding. (B) Convoluted
stratification, folding preterit subcritically climbing translatent strata. (C) The ellipse is
marking the coarse-grained sand levels in convoluted sandstones. (D) Flame structure in

toeset of aeolian dune cross-strata.

Layers of medium sandstones can be observed that are well sorted and
sometimes have coarse sand (Fig. 5C). Deformed cross-strata (Fig. 5A-B) can also
be observed, with generation of convoluted folds and large-scale flame structures
that reach up to 1 m in height (Fig. 5D). Wind ripple laminae that are older than the

folding event can be observed in some parts of the convoluted folds (Fig. 5B).

The cross-strata dips have a well-defined unidirectional pattern and have a
mean vector of 75° (Fig. 6). Despite being unidirectional, the cross-strata exhibit

highly dispersed dipping directions (within a range of approximately 100°).
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STATISTICAL SUMMARY
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Figure 6. Rosette diagram indicating the cross bedding dip directions of aeolian dunes mainly
to ENE.

3.1.2 Interpretation

The presence of fine to coarse-grained sandstones that are well sorted, with
well-rounded and highly spherical grains, arranged in cross-strata sets that are
composed of wind ripple, grainflow and grainfall strata suggest aeolian dune deposits
(Hunter, 1977). The unimodal direction of the paleocurrents indicates crescent
aeolian dunes. The trough geometry of the cross-strata combined with high
dispersion in the direction of the foresets indicates crescent dunes with a sinuous

crestline.

The height of the aeolian dunes can be inferred from the proportional
relationship between the thickness of grainflows and the height of the slip face of
aeolian dunes (Kocurek and Dott, 1981; Romain and Mountney, 2014). The
maximum thickness of grainflows strata are 5cm when compared to empirical data
that plots grainflow thickness against reconstructed dune height (Kocurek and Dott,
1981; Romain and Mountney, 2014), 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) considering

grainflow strata up to a maximum thickness of 4 cm.
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The presence of cycles that are formed by alternating grainflow / grainfall
strata and wind ripple laminae indicates the occurrence of intervals during which the
dunes had well-developed slip faces that alternated with periods during which much
of the lee face was covered by wind ripples (Kocurek, 1991). This cyclic strata pattern
suggests periodic change in wind direction, probably related to seasonal changes in
wind direction (Loope et al., 2001; Scherer and Goldberg, 2010). Transverse, primary
southwesterly winds were responsible for the of grainflow strata packages, while
secondary oblique to reverse winds covered the lee face with wind ripples. The
maximum thickness of a cycle, ~ 1.5 m, indicates the maximum annual migration rate
of the aeolian dunes of the Caldeirdo Member. These values are similar to those that
have been observed in other examples from the geological record (e.g., Loope et al.,
2001; Scherer et al., 2005; Scherer and Goldberg, 2010). Kocurek (1996) classifies
the erosive bounding surfaces between grainflows and wind ripples as reactivation

surfaces, which will be discussed later.

The sets that feature sandstones that have convoluted folds and flame
structures may have been generated by fluidisation that resulted from water escape,
due to rapid saturation of dry sands. According to Mountney and Thompson (2002),
the flame structures indicate the escape of water and air in areas of high interstitial
water pressure. The deformation and its occurrence in the base portions of sets
indicate disturbance that resulted from liquefaction at a level that was beneath the
water level (McKee et al.,, 1971), but they are better explained by the transport of
saturated sand by an advancing dune (Doe and Dott, 1980; Horowitz, 1982). In other
words, 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.

3.2. Interdunes Facies Association

3.2.1 Description

This facies association consists of subarkose, reddish, moderately to well
sorted, very fine to very coarse-grained sandstones. This facies association is 0.5 to

2m thick extending more than 100 m laterally (the maximum outcrop extent) and
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occurs interbedded with sets of the cross-stratified aeolian dunes and vertically
interdigitated with aeolian dune cross-strata. These sandstones units can be
composed by their different types of sedimentary structures, such as: horizontal wind
ripples lamination, adhesion structures, ripple cross-lamination and horizontal,

parallel lamination.

The wind ripple laminations are arranged in horizontal laminae that have
thicknesses of 1 to 5 mm. Internally, the laminae exhibit inverse grading,
characterized by fine sandstones at the base that grade into coarse sandstones at
the top. Concentration levels of granules and very coarse sand can sometimes be
observed (Fig. 7). The horizontal, wind ripple lamination usually show an
interfingering or transitional relationship with the toesets of overlying aeolian dune

units.

The ripple cross-laminated sandstones form isolated sets or cosets that have
thicknesses that range from 3 to 8 cm and are sometimes covered with thin (<1 cm)
mud layers (Fig. 7). In plain view, the ripple marks are slightly asymmetric and exhibit
straight and bisected crest lines. The ripple marks have amplitudes of 0.4 to 1.0 cm
and wavelengths that range from 2.5 to 5 cm (Fig. 8). This lithofacies has
paleocurrents oriented to the north-northwest, with a mean vector of 347° (Fig. 9).
They are locally interlayered with horizontal stratified sandstones that are up to 15

cm thick.
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Figure 7. (A) Sandstones package of interdune region showing the interlayer of climbing
translatent wind ripples strata (Sh(e)), adhesion horizontal strata (Sha), subaqueous ripple
marks (Sr) and horizontal lamination (Sh). (B) Detail of Figure A. (C) Silt drape covering

supercritical subaqueous ripple marks.

The adhesion structures (adhesion ripple marks and adhesion plane-parallel
strata) are arranged in strata that are less than 20 cm thick. The adhesion ripple
marks (Fig. 10A-B) are less than 1 cm in height and have wavelengths that range
from 2 to 3.5 cm. In plain view, the adhesion ripple marks have sinuous and
asymmetric crests. The plane-parallel adhesion strata (Fig. 7 and 10C) are more
common than the adhesion ripple marks and form millimetric, crenulated and thinly
spaced horizontal laminae. Only two measurements of the migration direction of the
adhesion ripple marks were possible, and their paleocurrents were oriented toward

the east-southeast, with vectors to 125° and 130°.
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Figure 8. (A), (B) and (C) Subaqueous ripple marks showing straight crestlines.

3.2.2 Interpretation

This facies association is interpreted as 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 different
sedimentary process operating in the interdune regions: dry, damp and wet
interdunes (Kocurek, 1981). The dry interdunes are characterized by deposits of
horizontal, wind ripples climbing translatent strata and suggest that the capillary

fringe of the water table was below the depositional surface.
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STATISTICAL SUMMARY
Calculation Method: Frequency
Class Interval. 10.0 Degrees
Azimuth Filtering: Deactivated
Data Type: Unidirectional
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Figure 9. Rosette diagram showing the paleocurrents direction of the subaqueous ripples
marks to NNW.

The damp interdunes 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 areas in
which the capillary fringe of the water table intercepted the interdune region or the
interdune area that became humid as a consequence of fluvial inundation. The
vertical transition between wind ripple marks and adhesion strata reflects changes in
the moisture content of the substrate, which were associated with changes in the
water table fluctuation rate or in the availability of dry sand (Chakraborty and
Chaudhuri, 1993). The paleocurrents suggest a record of oblique winds in the region,

which reinforces the idea of cyclical and seasonal winds.

The wet interdunes contain sandstones with horizontal lamination and, more
frequently, ripples 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 interbedded with subaqueous
rippled strata suggests that the fluvial flood events were episodic and of short
duration (Fig. 7). The measured paleocurrents show an aqueous 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).
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Figure 10. (A) Plain view of adhesion ripple marks. (B) Detail of Figure A. (C) Adhesion

plane-parallel strata showing crinkled lamination (Sha = adhesion horizontal sandstone).

4 BOUNDING SURFACE HIERARCHIES

4.1 Description

Two hierarchies of bounding surfaces (Fig. 11 and 12) were identified in the
Caldeirao Member aeolian deposits; they can be classified as first-order and third-
order according to the description of Brookfield (1977).
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Bounding Surfaces Hierarchy

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

Interdune surface bounding
Ny dune cross-strata at the
Surface usually followed by a overlay interdune deposits.

dune cross-strata without
the ocurrence of interdune
deposists.

change in the angle and / or
dip of the cross bedding. 4m
Reactivation surface truncate underlying
: strata and it dip at medium to high angle
@ Interdune Surface B8N Dune # (15-20 °) in the same dip direction of the
(@) Reactivation Surface I Interdune 40m cross bedding.

Figure 11. Diagram block showing the bounding surface hierarchy to the aeolian dunes of

Caldeirdao Member.

The first-order surfaces are planar, subhorizontal and have considerable
lateral continuity in cross-sections that are parallel to the dip of the cross-strata (Fig.
11). These surfaces can bound sets of aeolian dune cross-strata without occurrence
of the interdune deposits or separate aeolian dune cross-strata from the overlying
interdune deposits (Fig. 11 and 12). The first-order surfaces can also be called

interdune surfaces (Kocurek, 1996).

The third-order bounding surfaces occur in the same set of aeolian dunes as
the first-order surfaces (Fig. 11). These surfaces dip at a medium-to-high angle (15 to
20°) in the same direction of the cross-strata and are usually combined with a change
in the dip angle of the cross-strata under and above the surface. These surfaces may
be regularly spaced and exhibit a change in the type of aeolian stratification that is

below (grainflow / grainfall strata) and above them (wind ripple strata) (Fig. 12), as
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discussed in the aeolian dune facies association topic. The third-order surface is also

called a reactivation surface (Kokurek, 1996).

Figure 12. Photography and interpreted outcrop panel showing the cyclical alternation
between grainflow (gf) and wind ripples strata (wr). The number 1 represents interdune

surfaces and number 3 to reactivation surfaces.

4.2 Interpretation

The first- and third-order bounding surfaces have different origins. The first-
order surfaces are thought to be the result of the migration and climbing of dunes and

interdune areas (Kocurek, 1981). Accumulations of successive sets of cross-strata
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between the first-order bounding surfaces represent remnant deposits that were left

by the passage of aeolian dunes (Kocurek, 1981).

The third-order surfaces are interpreted as reactivation surfaces. Their origin is
attributed to the effect of erosion of the lee face of the dunes, a consequence of local
fluctuations in wind direction and/or speed (Rubin and Hunter, 1983). Mountney
(2006b) argues that these changes are common because airflow over 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
cyclic reactivation surfaces, such as when reverse or oblique winds erode the surface
of the lee face of dune and therefore decrease its slope angle. Besides eroding the
lee face, these reverse or oblique winds often deposit wind ripples cross-strata that
have a lower dip than underlying grainflows cross-strata (Rubin and Hunter, 1983).
The spacing between reactivations is sometimes regular, which reflects cyclicality in
the fluctuations in airflow (Fig. 12), suggesting seasonal cycles, as previously

discussed.

5 AEOLIAN DUNE AND INTERDUNE RELATIONSHIPS

Caldeirdao Member sandstones differ in the cycles of interaction of dunes and
interdunes (Fig. 13). The contact relationships between the dunes and underlying
interdunes show different geometries that reflect different interaction processes
between dunes and interdunes. These processes can be described as abrupt,

interdigitated and gradational.
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Abrupt Contact

Cune

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

1.4 meters deep.

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

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

Interdune

Dune

E Intertongue Contact

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

3- The contact between grainflow and underlying wind-ripple package £
define a reactivation surface.

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

Gradational Contact

1- Gradational contact between interdune and overlying dune unity
marked by progressively increase of the dip angle of wind ripple strata.
2- This kind of contact indicate a syncronous migration of dunes
adjoining interdune, without reactivation of dune lee face by reverse
winds.

: Adhesion Laminas 0 1 2 3 4

%}ﬁ Aeclian Dune Corss-Strata
Wind Ripples

=== Subagueous Current Ripples elari

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

aeolian dunes and interdunes found for the Caldeirao Member.

The abrupt contact is defined where the aeolian dune cross-strata excavate
damp and wet interdunes constitutes abrupt contact. The erosion surface is upwardly
concave (Fig. 13A and 14A-B), and its incision into the interdunes reaches 1.4 m in
depth. The interdigitations contacts (Fig. 13B and 14E-F) show interfingering
between dune toeset and interdune units and show cyclic alternation, 10 a 40 cm
thick, between grainflow and wind-ripple dominated package in the the mid portion of
the foresets. The bound between grainflow strata and overlying wind ripple package
is marked by reactivation surface. The gradational contacts of the dry interdunes
(Fig. 13A and 14C-D) show a gradual transition from horizontal stratification at the
base to low-angle cross-stratification at the foot of the dune that progressively
increases its dipping angle to become high-angle cross-stratification, without

presence of the reactivation surface.
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Figure 14. Contact relationships between aeolian dunes and interdunes to the Caldeirao
Member. Photography and interpreted outcrop panels of (A) aeolian dune scour dry and wet
interduna, (B) intertongue between aeolian dune and interduna, and (C) gradual vertical
migration of dry interdune to aeolian dune. (St(e)1 = sandstone with low angle cross bedding;
St(e)2 = sandstone with tangential cross bedding; Sc(e) = sandstone with convoluted

stratification; Sh(e) = sandstone with horizontal stratification; Sr(e) = wind ripple marks; Sha

sandstone with adhesion horizontal strata; Sh = sandstone with horizontal stratification; Sr

subaqueous ripple marks).

The interdune must previously have been dry for the dune base to cut the
underlying wet and damp interdune strata that characterize abrupt contact (Fig. 14A-
B). Mountney (2006b) reports that this dune and interdune relationship might result
from seasonal fluctuation in groundwater level, in which the deposition of wet and
damp interdunes occurs in the wetter periods and the depositional surface of the
interdune is dry during the drier periods, which allows wind erosion. The

interdigitation of dry dunes and interdunes (Fig. 14E-F) implies episodes of erosion of
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the dune front by reverse or oblique winds that reduce the angle of the front face and
develop a reactivation surface, which are followed by episodes of deposition of a
wedge of climbing translatent aeolian strata of dune plinths. The return of dominant
winds that are transverse to the crest line causes resumption of the deposition of
grain flow strata that covers the wedges of translatent strata at a higher angle
(Kocurek, 1991; Scherer and Lavina, 2005; Mountney, 2006b). The facies
architecture of gradational contact between dunes and interdunes (Fig. 14C-D)
suggests a context of synchronous migration of aeolian dunes with adjoining dry
interdunes (Mountney, 2006b).

6 STRATIGRAPHIC ARCHITECTURE AND A DEPOSITIONAL MODEL

Analysis of a composite columnar section (Fig. 15A) of the study area allowed
identification of changes in the depositional architecture of the aeolian system over
time, which revealed four different stratigraphic intervals (Fig. 15 and 16). The
intervals were defined based on the presence or absence of deposits of interdunes
that are associated with first-order surfaces. All of the intervals are characterized by
simple, crescent aeolian dunes with curved crests, with paleocurrent to northeast,
which indicates a predominance of southwesterly winds. The Caldeirdao Member was
formed at paleolatitudes of approximately 30° south, which, according to the Permian
atmospheric circulation model that was proposed by Gibbs et al. (2002), was
dominated by the westerlies. This is consistent with paleocurrent data from the
aeolian dunes. However, the presence of constant reactivation surfaces indicates
that there were reverse or oblique seasonal winds that reworked the lee face of the
aeolian dunes (Kocurek, 1991; Chan and Arche, 1999, 2000; Scherer and Goldberg,
2010).
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Figure 15. Composite log and diagrams block showing the depositional models for dry

aeolian system (Intervals | and Ill) and the wet aeolian system (Intervals Il and |IV) Caldeirdo
Member.
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The first depositional interval (interval ) has a minimum thickness of 8 m (the

base of the interval was not identified) and is characterized by overlying sets of
cross-strata that were generated by the migration and climbing of aeolian dunes.
These sets of cross-strata have thicknesses of 2 to 3 m and are separated by first-
order surfaces that do not have associated interdune deposits. This constitutes a dry

aeolian system (Fig. 16).
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Figure 16. Stratigraphic logs for the four intervals found in the Caldeirao Member. Intervals |
and lll showing facies association of dry aeolian system, and intervals Il and IV showing

facies association of wet aeolian system.

Interval Il has a thickness of approximately 11 m and is characterized by sets
of aeolian dune cross-strata that are separated by interlayered deposits of dry, damp
and wet aeolian interdunes (Fig. 16). The thickness of these sets of aeolian dunes
cross-strata ranges from 1 to 3.5 m, and the thickness of the interdune deposits
ranges from 25 to 70 cm. The interdune deposits are composed of climbing

translatent wind ripple strata, adhesion structures and subaqueous horizontal
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lamination and ripple cross-lamination and are vertically and laterally interspersed,
which indicates varying degrees of substrate moisture. The contact between the
aeolian dune cross-strata and underlying interdune deposits is of the interdigitated or
gradational type (Fig. 14), which indicates a simultaneous accumulation of both. This
defines a wet aeolian system. The significant sinuosity of the aeolian dunes implies
isolation of the interdune areas. However, in some cases, these interdune areas can
be interconnected to form a geometry of elongated bodies that follows the direction of
the dune crests. The occasional presence of sandstones with subaqueous ripple
marks (wet interdune) with paleocurrents that are perpendicular to the aeolian dune
cross-strata (Fig. 6) indicates ephemeral river floods that were channelled in the

aeolian interdune regions and had a north-to-northwest paleoflow direction (Fig. 9).

Depositional interval Il has an approximate thickness of 11 m and is
characterized by the absence of interdune deposits and the presence of direct
superposition of simple crescent aeolian dune cross-strata, as in depositional interval
I. The thickness of the cross-bedded sets ranges from 2 to 5 m, and these are
separated by first-order surfaces. These characteristics also indicate a dry aeolian

system (Fig. 16).

Depositional interval IV, which is at the top of the Caldeirdo Member section,
has a thickness of approximately 6 m and is characterized at the base by a thick area
of interdune deposits on which sets of aeolian dune cross-strata are superimposed
on abrupt and erosive contact (Fig. 16). The interdune deposit has a thickness of 3 m
and consists mainly of translatent wind ripple strata and adhesion structures, which
indicates that the interdune surface had varying moisture conditions. Sandstones
with horizontal stratification alternate, occasionally with ripple cross lamination with
mud drapes, which indicates the existence of rapid river floods that entered the
interdune area. 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 (Fig. 5 and 16). The presence of damp and wet
interdune deposits that are associated with the fluidisation features of the aeolian
dunes suggests an affinity with a wet aeolian system at the top of the Caldeirao
Member. The abrupt and erosive contact relationship between dune and interdune
suggests an excavation of the interdune area before the deformation that occurred

on the sets of aeolian dunes. The soft deformation structures may have occurred as
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a consequence of the sediment load resulting from the migration and climbing of
aeolian dunes over time (Doe and Dott, 1980; Horowitz, 1982; Mountney and
Thompson, 2002). Facies models of the dry (intervals | and Ill) and wet (intervals Il

and V) aeolian systems are shown in Fig. 15.

7 STRATIGRAPHIC EVOLUTION

The vertical variations in the architecture of the dunes and interdunes of the
Caldeirao Member indicate temporal changes in the factors that control aeolian
accumulation. The alternation of intervals that consist mainly of aeolian dune cross-
strata (dry aeolian system) with intervals that are characterized by damp and wet
interdune deposits interbedded with aeolian dune strata (wet aeolian system),

indicates changes in sand saturation in the aeolian system (Fig. 15A).

Intervals | and Il are characterized by migration and climbing of aeolian dunes
without the development of interdune deposits, which defines a dry aeolian system
(Fig. 15B). In this type of system, the groundwater level 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 a sand saturation. This condition is marked by the
aeolian dunes climbing without the development of plane interdunes (Wilson, 1971;
Rubin and Hunter, 1982; Kocurek et al., 1992). The aeolian dunes grow to a size that
covers the depositional surface, which results in interdune areas that are restricted to

small depressions between the aeolian dunes (Fig. 15B and 16).

Intervals Il and IV are characterized by sets of aeolian dune cross-strata that
are interbedded with damp, wet and dry interdune deposits, which defines a wet
aeolian system (Fig. 15C and 16). 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 require a progressive rise in the
water table, in which the climb angle is controlled by the ratio between the rate of the

rise in the water table and the rate of aeolian dune migration. Variation in the
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thickness of the interdune deposits, the type of the contact between dunes and
interdunes and the vertical alternation of lithofacies, which all indicate differences in
the moisture of the interdune deposits, suggest that the wet aeolian system intervals
accumulated with a variable but positive climb angle. Additionally, the presence of
abrupt and erosive contacts of the aeolian dune strata with the underlying wet
interdune deposits that was observed in interval IV requires a drop in the water level
of sufficient duration to allow the substrate to dry and release sediments for aeolian
reworking (Mountney and Thompson, 2002; Mountney, 2006b). The geometry and
facies characteristics of the interdune deposits therefore indicate that the wet aeolian
systems of the Caldeirdo Member (Intervals Il and IV) represent dynamic models of
aeolian accumulation (Mountney, 2012). Whereby the climbing of aeolian dunes and
interdunes occurred under conditions of variation in the climb angle over time, which
was caused by high-frequency oscillations of the water table. 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 probably is caused by
decreases in the size of the dunes and in the climb angle during the accumulation of
wet 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 riverbed
forms migrate faster than large aeolian bedforms (Mountney, 2012). A relatively low
climb angle combined with small dunes size causes the sets of cross-strata to be
thinner. In contrast, increased dune size and the 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 Caldeirao Member is very likely to be 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 are most likely characterized by a decrease in the rate of

rise in the water table or even a drop in the water table. This, combined with an
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increase in the availability of dry sand in the system, favoured the development of dry
aeolian systems. In contrast, relatively wetter periods are characterized by an
increase in rainfall and in the runoff, which generate a rise in the water table that
starts to intercept the depositional surface. This results in the development of wet

aeolian systems.

Stratigraphic cycles on a decimetric scale have been identified in aeolian
successions of different ages. These are attributed mainly to climate changes that
are induced by orbital cycles (Clemmensen et al., 1994; Scherer and Lavina, 2005;
Mountney, 2006b). Permian-Carboniferous aeolian successions in different basins of
the earth (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. These glaciations and
deglaciations cause decreases and increases in the eustatic level of the oceans,
which directly influenced rainfall rates in the medium and low latitudes of the
Pangaea supercontinent. 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 (Boer and Smith, 1994). Because the Caldeirdo Member was
positioned at latitude of approximately 30° S, which is within the limits of middle
latitudes, it can be inferred that the temporal variations between wet and dry aeolian
systems must have been caused 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 Permian was 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).
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Figure 17. Relationship between the water table oscillation, the sand accumulation and the
basin subsidence to the aeolian succession of the Caldeirdo Member. The alternation
between wet and dry Aeolian systems can be interpreted as consequence of the climatic

changes.

The variations in the internal facies of the interdune deposits in wet aeolian
systems must 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 generated alternating dry, damp or wet
interdune facies. Periods of low rainfall tended to decrease the degree of moisture in
the depositional substrate, which allowed the deposition of dry interdune strata.
Periods of high rainfall tended to generate a rapid increase in groundwater level,

which saturated the substrate and favoured the deposition of damp interdune facies.
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Frequent variation in the water table also caused variation in the climb angle over
time, which caused expansion and contraction in the interdune area that is expressed
by a depositional architecture that is marked by differences in the thickness and
lateral extension of the interdune deposits (Mountney and Thompson, 2002;
Mountney, 2012).

8 CONCLUSIONS

The aeolian succession of the Caldeirdao Member can be subdivided in two
different facies association: aeolian dunes and interdunes. The interdune deposits
occur interbedded with sets of the aeolian dunes cross-stratification. The presence of
dry interdune deposits interlayered with centimetre-scale layers of damp interdune
deposits suggests high frequency fluctuations of the water table (weekly, monthly?).
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 position
in the stratigraphic succession suggesting temporal changes in the rate of the water
table rise and/or of the dry sand availability during aeolian accumulation. The
intervals characterized by the presence of interdunes deposits interlayer with aeolian
dune cross-strata suggest wet aeolian systems, while intervals characterized by
directly overlapping of the aeolian dunes cross-bedded, without interdune layers
between the sets, indicate dry aeolian systems. The Caldeirdo Member was inserted
within the limits of middle latitudes in Gondwana, and it can be inferred that the
temporal alternation of wet and dry aeolian systems must be due to climatic
oscillations, probably induced by orbital cycles, that influenced the rate of the water
table rise and/or the dry sand availability. The cross-strata dip directions to ENE of
the aeolian dunes indicate paleowinds blowing from the WSW in the study area
during the Permian. The presence of cycles regularly spaced within of the aeolian
dunes cross-strata, marked by alternating grainflow and wind ripple strata separated
by reactivation surfaces, suggest possible seasonal variations in the winds direction,

with strong reverse or oblique winds that reworked the lee face of the dunes.
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