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RESUMO

A Formacdo Tombador, Mesoproterozoico, compreende diferentes sistemas
deposicionais, depositados em um bacia sag, que abrangem desde sistemas aluviais
a estuarinos. Os depoésitos bem preservados e sua ampla ocorréncia em escala
regional (~300 km) faz com que a Formacdo Tombador seja um excelente caso de
estudo no Proterozoico. Foram reconhecidas trés sequéncias deposicionais,
limitadas por superficies erosivas em escala regional no topo da Formacao
Tombador. A Sequéncia | é composta na base por canais fluviais cascalhosos
entrelacados rasos, que séo sotopostos por depdsitos de dunas e lencois de areia
eolicos e inundacbes em lencol intermediario. O limite inferior desta sequéncia &
caracterizado por uma discordancia angular intra-Tombador sobre os sistemas
fluvio-estuarinos, evidenciada por uma mudanca abrupta de facies e mudanca nas
paleocorrentes. Os sistemas fluvio-estuarinos abaixo da discordancia apresentam
paleocorrentes para noroeste enquanto que os sistemas fluviais acima do limite de
sequéncias indicam um transporte para sul. Uma nova entrada abrupta de depdsitos
conglomeraticos relacionados a sistemas de leques aluviais sobre a sucessao fluvio-
edlica, marca o limite da Sequéncia Il. A Sequéncia Ill € caracterizada por sistemas
fluvio-estuarinos na porcdo superior da Formacdo Tombador, que sé&o
progressivamente sucedidos por sistemas marinhos rasos (Formacdo Caboclo),
definindo uma tendéncia geral transgressiva. As Sequéncias | e Il refletem um
soerguimento da area-fonte em resposta a movimentacdes tectdnicas. A mudanca
abrupta de paleocorrentes dos fluviais basais da Sequéncia | indicam uma
reestruturacdo regional das redes de drenagens, enquanto que 0s sistemas de
leques aluviais da Sequéncia Il sugerem sedimentos depositados por uma tectonica
sin-deposicional. Os limites de sequéncias Il e Il € marcado por uma superficie
erosiva regional. A discordancias entre as sequéncias Il e Ill revela um hiato
significante no topo da Formagdo Tombador sugerindo uma origem tectbnica para

esta discordancia.

Palavras-chave: Formacéao Tombador, Mesoproterozoico, sequéncias

deposicionais, analise de facies, sistemas continentais e estuarinos.



ABSTRACT

The Mesoproterozoic Tombador Formation encompasses different
depositional systems deposited in a sag basin, ranging from estuarine to alluvial. The
well preserved deposits and their wide occurrence in the regional scale (~300 km)
define the Tombador Formation as an excellent case study for the depositional
patterns prevailing during the Proterozoic. Three depositional sequences were
recognized for the Upper Tombador Formation, bounded by three semi-regional
scale unconformities. Sequence | is composed of shallow, gravel-bed braided
channels at its base, which are overlain by fine- to coarse-grained sandstones
related to aeolian sand sheets and dunes and intermediate sheetfloods. The lower
boundary of this sequence is characterized by an angular unconformity cutting fluvio-
estuarine deposits, evidenced by an abrupt change of facies and fluvial
palaeocurrents. The fluvio-estuarine deposits below the sequence boundary display
palaeocurrents to northwest, whereas the fluvial strata above the unconformity show
southeastward palaeocurrents. A new abrupt entrance of conglomeratic deposits
related to alluvial fans systems overlying the fluvio-aeolian successions marks the
lower boundary of Sequence Il. The Sequence Il is characterized by fluvio-estuarine
systems in the top of the Upper Tombador Formation, that are progressively covered
by shallow marine systems (Caboclo Formation), defining a general transgressive
trend. The pattern of sequences | and Il probably reflects the uplift of source areas in
response to tectonic movements. The palaeocurrent change in Sequence | indicates
a regional rearrangement of the drainage networks, while the alluvial fan systems of
sequence Il suggest sin-depositional tectonic pulses. The regional erosive surface
between sequences Il and Ill reveals a significant hiatus close to the Tombador

Formation top, what suggests a tectonic origin for this unconformity.

Keywords: Tombador Formation, Mesoproterozoic, depositional sequences, facies

analysis, continental and estuarine systems
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ESTRUTURA DA DISSERTACAO

Sobre a Estrutura desta Dissertacao:

Esta dissertacdo de mestrado estad estruturada em torno do artigo cientifico
intitulado: Depositional Sequences and Facies Analysis in Continental and
Estuarine Systems of the Upper Tombador Formation, Mesoproterozoic,
Chapada Diamantina, Brazil, submetido a revista Sedimentary Geology em
dezembro de 2012. Consequentemente, a organizacao da dissertacao esta disposta

nos seguintes capitulos:

Capitulo 1: Apresenta a introducdo sobre o tema central da pesquisa de
mestrado.

Capitulo 2: Aborda o contexto geoldgico do Craton do Séo Francisco e as
principais unidades que compdem o Supergrupo do Espinhaco na Chapada
Diamantina.

Capitulo 3: Apresenta uma abordagem tedrica sobre sistemas aluviais do Pré-
Cambriano, visto que as sequéncias deposicionais e as superficies limitrofes
definidas neste trabalho tiveram suas géneses vinculadas totalmente ou
parcialmente a estes sistemas. Foi discutido principalmente neste capitulo a
dinAmica desses sistemas no Pré-Cambriano e a dificil caracterizacdo de
sistemas fluviais e leques aluviais dominados por rios no registro geoldgico.
Capitulo _4: Aborda as principais técnicas e métodos utilizados para a
aquisicao de dados e confeccdo dos mesmos.

Capitulo 5: Expbe as referéncias bibliograficas utilizadas nos capitulos
anteriores.

Capitulo 6: Contém o artigo cientifico gerado ao término da pesquisa,

apresentando uma estrutura interna similar a estrutura da dissertagéo.
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1. INTRODUCAO

Sistemas de sedimentacdo antigos, em especial depositos do Pré-Cambriano,
sdo de grande interesse para a comunidade cientifica, visto que a natureza dos
ambientes geoldgicos deste periodo — tectdnica de placas, clima, atmosfera, vida —
foram responsaveis pelas grandes diferencas em relacéo aos depoésitos equivalentes
no Fanerozoico. Em especial, os sistemas aluviais do Pré-Cambriano apresentam
diferencas significativas quando comparados com o0s equivalentes do Fanerozoico
(Eriksson et al., 1998).

A sedimentologia dos sistemas aluviais — leques aluviais e canais fluviais
entrelacados — vem sendo amplamente descrita e discutida (Miall, 1970; Bull, 1972;
Larsen & Steel, 1978; Rust, 1978; Cant & Walker, 1978; Nemec et al., 1980; Allen,
1983; Nemec & Postma, 1993; Blair & McPherson, 1994a,b). O reconhecimento e a
distincdo de depositos de planicie fluvial entrelacada e de leques aluviais no registro
geoldgico muitas vezes sao dificeis, especialmente no que se referem a similaridade
das facies e auséncia muitas vezes de facies gravitacionais, em decorréncia da
baixa preservacdo destes depdsitos pela sua proximidade com a area fonte. Com
base nisso, diversos autores (Miall, 1978, 1985; Collinson, 1978; Nemec & Postma,
1993; Postma, 1990; Reading & Orton, 1991) argumentam que nao existe uma real
distincdo no registro entre depdsitos de leques aluviais e canais fluviais
entrelacados.

A Formacdo Tombador compreende diferentes sistemas deposicionais, que
vao desde sistemas costeiros-estuarinos a sistemas aluviais. Em conjunto com as
formacdes Caboclo e Morro do Chapéu, compéem o Grupo Chapada Diamantina do
Supergrupo Espinhaco, e consiste em depdsitos sedimentares de idade
Mesoproterozoica depositados numa bacia sag. O entendimento dos sistemas
aluviais bem como os padrdes deposicionais da Formacdo Tombador, enriquece a
base cientifica dos depdsitos sedimentares do Pré-Cambriano existentes no Brasil e
no mundo, visto que reconstrucdes paleoambientais e analise de facies em sistemas
tdo antigos sdo geralmente limitados devido a escassa preservacao, resultantes de

processos metamorficos e tectbnicos ocorridos ao longo dos tempos.
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Diversos trabalhos (Pedreira, 1994; Schobbenhaus, 1996; Dussin & Dussin,
1995; Guimarées et al., 2008; Pedreira & Waele, 2008) realizados no Supergrupo
Espinhaco abordam a evolucdo estratigrafica de toda a sequéncia sedimentar que
compde 0 supergrupo, em que os estudos sdo baseados principalmente em dados
geocronologicos e litoestratigraficos. Poucos estudos (Alkmim & Martins-Neto, 2011,
Magalhées et al., 2012) séo realizados acerca da evolucdo cronoestratigrafica com
base principalmente no reconhecimento de sequéncias deposicionais limitadas por
discordancias. O estabelecimento de sequéncias deposicionais vinculadas
geneticamente a sistemas aluviais podem refletir uma ampla interacdo entre
tectonica, clima e eustasia, em que sistemas de leques aluviais ocorrem
preferencialmente em ambientes tectonicamente ativos, estando sujeitos a
alternancias de periodos de quiescéncia e tectdnica.

Definir discordancias e caracterizar sequéncias deposicionais no Pré-
Cambriano muitas vezes é dificil, devido a baixa preservacdo das bacias
sedimentares, em que a sucessdo vertical de facies € limitada e também, pela
caréncia de controle do tempo geoldgico, devido a escassez e complexidade do
conteudo fossilifero (Catuneanu, 2005). O intervalo estudado foi analisado baseado
unicamente no reconhecimento de discordancias, segundo a abordagem da
estratigrafia de sequéncias, em que Mitchum et al. (1977) definem sequéncias
deposicionais como unidades estratigraficas geneticamente relacionadas limitadas
por discordancias ou suas concordancias correlatas. Para isso os critérios utilizados
na identificacdo de discordancias incluem: (1) mudanca abrupta de facies; (2)
mudanc¢a na granulometria entre uma sequéncia e outra; e (3) mudanca no padrao
de paleocorrentes.

Com base nisso, 0s objetivos principais desse trabalho séo: (1) caracterizacao
e interpretacdo das principais associacfes de facies; (2) elaboracdo de um
arcabouco estratigrafico baseado na identificacdo de discordancias; (3) propor um
modelo paleogeografico para os sistemas aluviais — leques aluviais e fluviais
entrelacados; e (4) estabelecer um modelo de evolugdo estratigrafica para as

sequéncias aluviais e flivio-estuarinas do topo da Formacdo Tombador.
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Area de Localizacdo

A Chapada Diamantina, situada na porcéo central do estado da Bahia, além
de reunir uma ampla biodiversidade, expbem ao longo das suas serras, sucessoes
sedimentares proterozoicas. Este trabalho foi realizado a partir de observacdes de
afloramentos da Formacdo Tombador, na Serra do Sincord, préximos ao municipio
de Lencais, no Parque Nacional da Chapada Diamantina.

Foram levantados 6 perfis estratigraficos na escala de 1:100 alinhados de
norte a sul em um transecto de 40 km (Fig. 1). As camadas sedimentares
mergulham para leste, e os perfis verticais foram levantados ao longo dos rios com
direcdo E-W. O mergulho das camadas € bastante variado ao longo das secoes, e

de uma secdo a outra, devido a suaves estruturas de dobramentos existentes na

)

regiao.

LEGEND

D Recent Degosits ' Sao Francisco

D Una Group Craton

. Morro do Chapeu Fm. Chapada \ g:f:ﬁ'llg;aphlc

. Caboclo Fm. Diamantina ;

[:l Tombador Fm. Group e Cities \ )

|:I Paraguagu Group (

. Basement % Rivers _:5 Km \ ©
———— 4 ‘

Figura 1. Mapa de localizagdo apresentando mapa geoldgico simplificado da &rea de estudo mostrando os perfis
estratigraficos levantados ao longo dos rios.
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2. GEOLOGIA REGIONAL

A unidade sedimentar no qual foi desenvolvido este trabalho pertence a uma
das principais unidades geotecténicas do Brasil, o Craton do S&o Francisco. Em
conjunto com o craton africano do Congo, eles formaram em tempos do pré-
Cambriano, a paleoplaca Congo-Sao Francisco, reconhecida por muitos como
membro do supercontinente Rodinia (Weil et al., 1998; Brito-Neves et al., 1999;
Campos Neto, 2000). A longa ligacao da paleoplaca Congo-Séao Francisco, que se
estende talvez até 3,0 Ga (Weil et al.,, 1998) envolve um extenso periodo de
construcbes de bacias sedimentares interiores aos cratons. Entender os estilos de
bacias sedimentares pré-cambrianas que se instalaram no interior dos cratons e os
fatores formadores, como 0 magmatismo, a tectdnica, a eustasia e o paleoclima é
importante para compreender 0s processos sedimentares atuantes e os sistemas de

sedimentacdao em tempos do pré-Cambriano.

2.1. O Créaton do Sao Francisco

O Créaton do Sao Francisco localizado no centro-leste do Brasil faz parte do
Escudo Atlantico da Plataforma Sul-Americana, sendo individualizado como uma
unidade geotectdnica por Almeida (1977). E composto por um nicleo Arqueano e
por dois segmentos de ordgenos colisionais Paleoproterozoicos (Alkmim & Marshak,
1998; Alkmim & Martins-Neto, 2011), durante o evento geolégico Transamazdnico.
Alkmim et al. (1993) redefiniu os limites do Craton, anteriormente definidos por
Almeida (1977). Circundado por faixas méveis de dobramentos é limitado a sul e
oeste pela faixa Brasilia, a noroeste limita-se com a faixa Rio Preto, a norte com as
faixas Sergipana e Riacho do Pontal e a sudeste com a faixa Aracuai. A leste o
limite do Craton € com as bacias sedimentares de Jequitinhonha, Almada, Camamu
e Jacuipe.

Dois grandes dominios morfotectbnicos (Cruz & Alkmim, 2006) foram

individualizados no Craton do Sao Francisco: a Bacia do Sao Francisco e o
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Aulacogeno do Paramirim (Fig. 2). A Bacia do Sao Francisco ocupa todo o segmento
alongado do craton, enquanto que e o Aulacégeno do Paramirim é a grande feicdo
morfoestrutural localizada a norte. Estes dominios sdo separados pelo Corredor do
Paramirim e registram sucessdes sedimentares semelhantes, com coberturas
metassedimentares pré-cambrianas e fanerozoicas. O Aulacégeno do Paramirim
representa uma grande feicdo morfoestrutural da porcdo norte do Craton do Sé&o
Francisco e corresponde a duas bacias riftes intracratbnicas superpostas e
parcialmente invertidas, preenchidos principalmente por metassedimentos
Proterozoicos (Schobbenhaus, 1996; Cruz & Alkmim, 2006).

Brazil Belt
ol —
\ ‘\_ Sergipana

Belt

Paramirim
Aulacogen

Cug/

Sao Francisco
Basin

D Fanerozoic Cover

. Proterozoicas Cover

. Basement
Brasilian Belts

Figura 2. Mapa Geoldégico simplificado do Craton do Sao Francisco e os dominios morfotectonicos: Bacia do Sao
Francisco e Aulacégeno do Paramirim (Modificado de Alkmim et al., 2003).
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2.2. O Supergrupo Espinhaco

O Supergrupo Espinhaco € divido em trés dominios: Serra do Espinhaco
Meridional, Serra do Espinhago Setentrional e Chapada Diamantina. O primeiro e o
segundo dominio localizam-se a oeste do Corredor de Deformacdo do Paramirim, e
0 terceiro dominio localiza-se a leste. Para cada dominio foram adotadas
nomenclaturas diferentes para as unidades deposicionais. O Supergrupo Espinhaco
no dominio Chapada Diamantina, sendo um subobjetivo desta pesquisa serd aqui
caracterizado com uma breve revisdo da estratigrafia. No dominio Chapada
Diamantina, ele € dividido em trés grupos (Figs. 3 e 4): Grupo Rio dos Remédios,
Grupo Paraguacu e Grupo Chapada Diamantina. Os dois primeiros grupos
compdem uma sequéncia deposicional de 12 ordem, com idade de 1,75 Ga
(Schobbenhaus, 1996) e o Grupo Chapada Diamantina compdem uma segunda
sequéncia deposicional de 12 ordem, com idade de 1,5 Ga (Alkmim & Martins-Neto,
2011).

é ; mo
0 Zm
Z w w88 @ L3 <%
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Figura 3. Coluna estratigrafica do Aulacogeno do Paramirim. O quadro vermelho coloca em destaca o dominio
Chapada Diamantina (Extraida de Alkmim & Martins-Neto, 2011).
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Grupos Rio dos Remédios/Paraguacu

Os Grupos Rio dos Remédios e Paraguacu foram depositados em uma bacia
do tipo rift-sag, que em conjunto formam uma sequéncia deposicional de 12 ordem
(Alkmim & Martins-Neto, 2011), em que a evolucédo dessa bacia iniciou ha ca. 1,75
Ga (Schobbenhaus, 1996). O Grupo Rio dos Remédios corresponde ao estagio rift
(fase tectbnica sinrifte), e o Grupo Paraguacu representa o estagio sag (fase
tectbnica pos-rifte).

O Grupo Rio dos Remédios representa uma sequéncia deposicional de 22
ordem (Alkmim & Martins-Neto, 2011), sendo dividido em trés formacdes (Figs. 3 e
4). Novo Horizonte, Lagoa de Dentro e Ouricuri do Ouro. A primeira representa
depdsitos vulcanicos acidos, relacionados a um magmatismo alcalino continental do
inicio do rifte, enquanto que as duas ultimas unidades representam depdsitos
sedimentares relacionados a sistemas lacustres (Formacdo Lagoa de Dentro) e
aluviais (Formacao Ouricuri do Ouro).

O Grupo Paraguacgu representa uma nova sequéncia deposicional de 2°
ordem em que as unidades que compdem esse grupo foram depositadas sob um
regime de subsidéncia termo-flexural, sem grandes atividades tectbnicas
relacionadas a fase sag. Separados da sequéncia anterior por uma discordancia
erosiva, a deposicdo desta unidade registra uma expansao da area deposicional da
bacia (Alkmim & Martins-Neto, 2011), que é marcada pelo surgimento de sistemas
costeiro-marinhos. E dividida em duas unidades deposicionais (Figs. 3 e 4):
Formacdo Mangabeira e Formacdo Acurua. A Formacdo Mangabeira compreende
depdsitos dominantemente edlicos, com alguma incurséo fluvial, depositados em um
sistema de erg costeiro, enquanto que a Formacdo Acurua € representada por

depositos deltaicos e marinhos.

Grupo Chapada Diamantina

Durante o Caliminiano (1,5 Ga) um novo evento cratogénio na bacia do

Espinhaco se estabelece, sendo depositado o Grupo Chapada Diamantina. Esta
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nova bacia sag foi implantada sobre o sitio deposicional anterior ultrapassando os
limites da bacia (Guimaraes et al., 2008). A area deposicional destas unidades se
estendeu por uma &rea aproximada de 68.000 km? apresentando uma ampla
variacdo de facies e de espessura. O Grupo Chapada Diamantina € divido em trés
formag0des (Figs. 3 e 4): Tombador, Caboclo e Morro do Chapéu.

A Formacao Tombador, objeto de estudo neste trabalho, em conjunto com a
Formacédo Caboclo representam um sequéncia deposicional transgressiva de 22
ordem (Alkmim & Martins-Neto, 2011). Na borda oriental da bacia, entre o0s
municipios de Jacobina e Morro do Chapéu, a Formacdo Tombador apresenta
espessuras de até 160 metros (Silva Born, 2011), consistindo dominantemente de
depdsitos edlicos e fluviais efémeros assentados diretamente sobre 0 embasamento
cristalino. JA na regido do municipio de LencoOis o limite basal da Formacéo
Tombador € sobre a Formacgéo Acurua e é marcado por uma discordancia angular
(Derby, 1906; Pedreira, 1994). Nesta regido a Formacdo Tombador apresenta
espessuras de até 800 metros, consistindo em unidades basais fluvio-estuarinas que
passam para depdésitos essencialmente continentais, com sedimentacao aluvial e
edlica. O limite superior da Formacdo Tombador é definido por depdsitos flavio-
estuarinos que passam gradativamente para depdésitos marinhos rasos da Formacéao
Caboclo.

Uma segunda sequéncia deposicional de 22 ordem se estabelece, sendo
depositados os sedimentos da Formacdo Morro do Chapéu. Essa unidade
compreende sedimentos basais depositados por sistemas fluviais entrelacados que
preenchem vales incisos escavados nos sedimentos plataformais da Formacgao
Caboclo, sendo sucedidos por depoésitos estuarinos e deltaicos (Barbosa &

Dominguez, 1996).
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3. SISTEMAS ALUVIAIS NO PRE-CAMBRIANO: REVISAO TEORICA

Durante o Pré-Cambriano, devido a auséncia da vegetacéo, existiam amplos
sistemas de canais fluviais com abundante carga de fundo, e altas descargas,
formando extensas planicies fluviais entrelacadas. Os depdésitos de leques aluviais,
no entanto, ndo foram muito comuns neste periodo. Isso porque a proximidade
destes sistemas com as areas fontes, tectonicamente instaveis, tornou dificil a
preservacdo. A diferenciacdo entre sistemas fluviais e leques aluviais é bastante
problemética em sucessfes fanerozoicas, e ainda mais em depdsitos do Preé-
Cambriano, em que os sistemas de leques aluviais em suas porcfes distais sao
caracterizados por planicies fluviais entrelacadas. A seguir sera levantada uma
discusséo sobre a diferenciacéo entre esses depdsitos e as principais caracteristicas
dos sistemas aluviais descritas no Pré-Cambriano (Eriksson et al., 2006, 2008; Van
der Neut & Eriksson, 2009; Davidson & Hartley, 2010; Koéykka, 2011).

3.1. SISTEMAS ALUVIAIS PROTEROZOICOS

Sistemas aluviais do Pré-Cambriano apresentam diferencas significativas
guando comparados com os equivalentes do Fanerozoico (Eriksson et al., 1998). A
auséncia da vegetacao afeta as assinaturas sedimentolégicas e geomorfoldgicas de
uma bacia hidrografica, alterando os processos hidraulicos e de deposi¢éo (Davies &
Glibing, 2010). A auséncia de raizes diminui a infiltracdo de &gua no substrato
aumentando as taxas de escoamento superficial (Knighton, 1998) da mesma forma
que 0s processos quimicos de desagregacao das rochas foi acelerado (Corcoran et
al., 1998), produzindo mais sedimentos para serem erodidos e transportados.

Schumm (1968) foi o primeiro autor que sugeriu que a falta de vegetagcéao nos
tempos do Pré-Cambriano implicou na alteragcdo dos estilos fluviais. Sem a
influéncia de protecdo das plantas terrestres, o transporte edlico de sedimentos finos

foi significativo (Dalrymple et al., 1985), onde a remog¢éo de sedimentos finos pelo
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sistema edlico teriam influenciado no predominio de sistemas fluviais dominados por
cargas de fundo (bedload dominated rivers).

A auséncia da vegetacdo também permitiu com que os rios fluviais fossem
instaveis e mais suscetiveis as variagdes climaticas, gerando uma instabilidade dos
bancos arenosos e por consequéncia disso, frequente avulsdo do sistema. Estes
rios arenosos experimentaram uma rapida comutacdo e migracdo lateral dos canais
por dezenas de quildmetros (MacNaughton et al., 1997), consequéncia também da
resposta efetiva dos canais as descargas instantaneas.

A geometria em lencgol dos canais fluviais, formando corpos com razdo de
largura e espessura variando de 200:1 a 1000:1 (Fuller, 1985; Els, 1990;
MacNaughton et al., 1997), sugerem que houve um predominio de canais fluviais
entrelacados durante o pré-cambriano (Schumm, 1968; Cotter, 1978; Long, 1978;
Senderholm & Tirsgaard, 1998). Alem disso, alguns autores chegam a sugerir que
sem a vegetacao para agir como um defletor entre deflivio e evaporacédo, a maioria
dos sistemas fluviais entrelacados do pré-cambriano foram efetivamente efémeros
(Trewin, 1993b; Eriksson et al., 1998; Long, 2004).

A sedimentacédo nos sistemas de leques aluviais em tempos de pré-vegetacao
também foi diferente, embora as diferencas possam ter sido mais sutis, em virtude
do fato dos leques aluviais atuais se desenvolverem em contextos desérticos, onde
a vegetacdo ocorra de maneira escassa (Went, 2005). Este autor observou que a
falta de vegetacdo afetou significantemente os processos de sedimentacdo nos
sistemas de leques aluviais em ambientes umidos e &ridos, sobretudo acelerando a
erosao na superficie de declive desses sistemas e nas areas de captacao.

Os sistemas de leques aluviais ocorrem preferencialmente em ambientes
tectonicamente ativos, nas regides de borda de bacia, o que muitas vezes dificulta a
sua preservacao no registro geoldégico (Bose et al., 2008). Estes sistemas estédo
sujeitos a alternancias de periodos de intensa atividade tectbnica, com periodos de
quiescéncia. Durante os periodos de quiescéncia dominam os processos fluviais,
predominando inundagdes em lengol que apresentam sedimentacdo cascalhosa na
sua porgdo mais proximal, que passam para depdsitos arenosos nas suas porcoes
distais (Eriksson, 1978).

Durante os periodos ativos, a auséncia de vegetacéo na superficie dos leques
gera uma maior concentracdo de depositos, facilitando a ruptura do talude, e

consequentemente originando mais depositos de fluxos de detritos e deslizamentos
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de rocha (Bose et al., 2008). As condicbes paleoclimaticas do Pré-Cambriano,
especialmente sobre o efeito estufa dominante na atmosfera daquela época,
também foi um acionador para a grande quantidade de detritos produzidos
(Donaldson & De Kemp, 1998).

Leques Aluviais Versus Canais Fluviais: Problemas na Diferenciacdo

A sedimentologia dos sistemas aluviais — leques aluviais e rios fluviais
entrelacados — ha muito tempo vem sendo descrita e discutida (Miall, 1970; Bull,
1972; Larsen & Steel, 1978; Rust, 1978; Cant & Walker, 1978; Nemec et al., 1980;
Allen, 1983; Nemec & Postma, 1993; Blair & McPherson, 1994a,b). O
reconhecimento e a distincdo de depdsitos de planicie fluvial entrelacada e de
leques aluviais no registro geolégico muitas vezes sdo extremamente dificeis, ainda
mais quando se trata de sistemas aluviais Pré-Cambrianos.

Diversos autores (Miall, 1978, 1985; Collinson, 1978; Postma, 1990; Reading
& Orton, 1991; Nemec & Postma, 1993) argumentam que ndo existe uma real
distincdo no registro, entre depdsitos de leques aluviais e canais fluviais
entrelacados. Fundamentados em seus trabalhos, eles afirmam que os depésitos
fluviais entrelagados “braided-stream” ocorrem em ambos 0s sistemas, e alegam que
a distincdo sO ocorre se associados a estes coexistirem depoésitos de fluxos de
detritos.

Miall (1990) sugere que o termo "leque aluvial” possa ser usado para qualquer
sistema fluvial que ndo seja inteiramente marinho e/ou lacustre, contanto que a rede
de canais seja distributaria. Como observado por Miall (1992), existem diferentes
tipos de leques aluviais, classificados por critérios faciolégicos e geomorfologicos.
Segundo ele, existem leques menores, dominados por processos gravitacionais, e
leques aluviais "gigantes”, como o moderno Kosi, localizado na Iindia, que
predominam processos fluviais. Existem também leques aluviais arenosos onde
predominam os sistemas fluviais entrelagados e os leques terminais, caracteristicos
de ambientes aridos, caracterizados por fluxos efémeros. A partir disso, Stanistreet &

McCarthy (1993) propuseram uma classificagéo para os diferentes estilos de leques
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aluviais, onde os processos fluviais podem ocorrer em diferentes proporgoes,
dependendo de varidveis como o clima, a natureza da &rea-fonte, entre outros. A
primeira classe de leques aluviais definida por eles foram os leques aluviais
dominados por fluxos de detritos (Fig. 5), consistindo em sistemas menores com
comprimento radial de no maximo 10 km. S&o leques aluviais que ocorrem
particularmente em regies &ridas, em que 0S processos gravitacionais de
sedimentos predominam. O segundo e terceiro estilo de leques aluviais sdo aqueles
dominados por rios, entrelacados e meandrantes (Fig. 5), denominados também
como leques fluviais. Estes apresentam extensdo radial maior que 50 km
predominando processos fluviais. O reconhecimento desses sistemas no registro
geoldgico muitas vezes é problematico, principalmente em dados de subsuperficie,
em que os dados de paleocorrentes sdo ausentes, tornando-se impossivel o

reconhecimento do padréo semi-radial comum nesses sistemas.

LEQUES ALUVIAIS DOMINADOS LEQUES ALUVIAIS DOMINADOS
POR FLUXOS DE DETRITOS POR RIOS - ENTRELACADOS

Proximal
Barras longitudinais
cascalhosas
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canalisados
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Fluxos de detritos distais e
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LEQUES ALUVIAIS DOMINADOS
POR RIOS - MEANDRANTES
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Figura 5. Modelos de leques aluviais de Stanistreet & McCarthy (1993): Leques Aluviais dominados por fluxos de
detritos; Leques Aluviais dominados por Rios Entrelagcados e Leques Aluviais dominados por Rios Meandrantes.

Contrastando com esta abordagem Blair & McPherson (1994a, b) afirmam
que existe distincdo entre leques aluviais e sistemas fluviais, onde essa diferenca é
determinada pela morfologia, processos sedimentares e hidraulicos, e assembleia

faciologica. Estes autores reconhecem os componentes geomorficos dos leques
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aluviais, que incluem a forma conica radial, aclive ingreme deposicional e sua
associacdo com areas-fontes elevadas, sendo reconhecidos por eles dois estilos de
leques aluviais (Fig. 6): leques aluviais dominados por fluxos de detritos e
dominados por inunda¢des em lencol. Blair & McPherson (1994a, b) afirmam que a
singularidade da assembleia faciologica facilita a diferenciagdo no registro em
ambientes onde o contexto geomoérfico ndo se reconhece mais. Segundo eles, estes
sistemas de leques aluviais sdo caracterizados por depositos sedimentares de fluxo
gravitacional, no qual dominam os processos de fluxos de detritos, fluxos
hiperconcentrados e inundacdes em lencol, enquanto que processos de fluxos

trativos sao raros e/ou ausentes.

Canal Canal
Alimentador Alimentador

Depositos de
Talus

Lobo deposicional
abandonado

K Inundagdes
Lobo deposicional em Lencol

Depésitos recentes Lobo deposicional ativo Canais Fluviais
Distributarios

de fluxos de detritos i
ativo Superficiais E

Figura 6. Modelos de leques aluviais de Blair & McPherson (1994a, b): a) Leques Aluviais dominados por fluxos
de detritos e b) Leques Aluviais dominados por inundag¢des em lencgol.

Blair & McPherson (1994a, b) argumentam que talvez o maior equivoco a
respeito dos leques aluviais € a crenca de que eles sdo construidos a partir de
sistemas de canais fluviais entrelacados distributarios. A ideia foi popularizada por

Bull (1972) que escreveu:

[...] A maioria dos sedimentos dos leques aluviais consistem de depdsitos
em lencol siltico-areno-cascalhoso depositados por uma rede de canais
fluviais entrelagados distributarios. . .. Os canais distributarios rasos
rapidamente sdo preenchidos por sedimentos e em seguida, deslocam-se a
uma curta distancia para outro local. Os depositos resultantes comumente
sdo depdsitos fluviais arenosos e cascalhosos com geometria em lengol que
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sdo atravessados por canais rasos que repetidas vezes se dividem e se
unem. . [...]

No entanto a analise feita por Blair & McPherson (1994b) nos diferentes
sistemas de leques aluviais que mostram canais fluviais distributarios entrelacados
revelaram que estas caracteristicas sao superficiais. Elas sdo formadas tanto pelos
processos primarios de sedimentacdo, como a incisdo de pequenos canais durante
as inundacgdes, e/ou tanto pelos processos secundarios, que remoldam os depdsitos
primérios, incluindo os fluxos de detritos e inundacées em lencol. A identificacédo
equivocada acerca da construcdo dos leques aluviais por processos secundarios
tem sido a causa das interpretacbes erradas de muitos sistemas fluviais
entrelacados, analisados como sistemas de leques aluviais. Estes autores apontam
uma diferenca contrastante entre os sistemas de leques aluviais e canais fluviais, em
gue este Ultimo apresenta superficies cbncavas para cima em cortes transversais

enguanto que os leques aluviais apresentam superficies convexas para cima.

A Questdo da Caracterizacao dos Leques Aluviais no Pré-Cambriano

Conforme discutido anteriormente, a caracterizagdo dos sistemas
fluviais e leques aluviais geram discussdes e controvérsias. Blair & McPherson
(1994b) propuseram a diferenciacdo entre leques aluviais e canais fluviais
entrelacados com base nos parametros hidraulicos dos fluxos. Tanto nos canais
fluviais quanto nos leques aluviais 0s trés parametros - velocidade, regime do fluxo e
tensdo cisalhante - sdo fortemente influenciados pelas diferentes declividades. Eles
argumentam também que existe uma quebra distinta nos valores dos gradientes
longitudinais para os varios tipos de sistemas aluviais. Eles recomendam limitar o
termo "leque aluvial" para sistemas com alto aclive, que apresentam valores de 1.5°
e 25° (0.026 - 0.466) para as declividades. Ja os sistemas fluviais entrelagados,
meandrantes e distributarios exibem declividades menores do que 0.4° (declividade:
0.007). De acordo com estes autores, sistemas fluviais que apresentam valores
entre 0.4°-1.5° (0.007 - 0.026) s&o raros (Fig. 7).
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Figura 7. Diagrama de profundidade da lamina da &gua versus declividade, proposto por Blair & McPherson
(1994b). Valores de declividade de 0,024 — 0,040 indicam sistemas fluviais e valores superiores a 1,5 indicam
leques aluviais. Gap deposicional natural apresenta valores de 0,04 — 1,5.

A questado é: Os parametros hidraulicos propostos pelos autores supracitados
podem ser aplicados para as sucessdes sedimentares do Pré-Cambriano? Para
responder a esta pergunta, diversos autores (Eriksson et al., 2006, 2008; Van der
Neut & Eriksson, 2009; Davidson & Hartley, 2010; Kéykka, 2011) realizaram estudos
paleohidrolégicos em sucessbes Pré-Cambrianas, a fim de estabelecer critérios
acerca desta questao.

Eriksson et al. (2006) estimaram o0s parametros paleohidrologicos da
Formacdo Blouberg (Grupo Waterberg, 2.06 - 1.88 Ga, Africa do Sul), a fim de
explorar as possiveis caracteristicas dos sistemas fluviais do Pré-Cambriano. Eles
concluiram que nédo houve diferenca nos valores dos hiatos (gap) das
paleodeclividades para o Grupo Waterberg, e que o "hiato de deposicdo natural”
(gap depositional) proposto por Blair & McPherson (1994b) apresentava valores
menores no Pré-Cambriano. Eriksson et al. (2006) concluiram também que o calculo
da paleodeclividade a partir da carga variavel de sedimentos usando a porcentagem
de 5% de argila e silte € mais confiavel do que utilizar os parametros de
profundidade e largura dos canais, e que o0s valores que eles encontraram
apresentam um comportamento similar aos rios fluviais, ndo existindo, portanto um

estilo fluvial Unico para o Pré-Cambriano.
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Eriksson et al. (2008) discutem um estilo fluvial dnico para o
Paleoproterozoico baseado em dados paleohidrolégicos. Ele contra argumenta o
trabalho realizado por Blair & McPherson (1994b) onde ndo tem como aplicar os
mesmos parametros hidrologicos para esta época. Esses autores realizaram um
estudo no Grupo Waterberg (2.06 - 1.88 Ga, Africa do Sul), para estimar os valores
paleohidrologicos da Formacdo Mogalakwena, pertencente a Bacia Principal (Main
Basin) e também para comparar os resultados das paleodeclividades desta
formacdo com as formacgOes Wilgerivier (Bacia de Middleburg) e Blouberg (Bacia
Principal). Estas unidades foram caracterizadas como sistemas fluviais entrelacados,
sendo que as duas Ultimas sdo correlatas entre si. Eles observaram que as
paleodeclividades apresentaram valores entre 0.007 (maximo de rios fluviais) e
0.026 (minimo de leques aluviais), valores que correspondem ao intervalo do gap
deposicional definido por Blair & McPherson (1994b). Eles viram que é necessario
postular algum mecanismo para o Paleoproterozoico, onde existiram de maneira
localizada e de curta duracéo, aclives elevados, que aparentemente apresentavam
configuracdes de sistemas fluviais entrelacados.

Ao trabalhar com depdsitos do Pré-Cambriano, é importante salientar que as
taxas e intensidades dos processos foram diferentes, mas ndo 0s processos em Ssi
(Donaldson et al., 2002; Eriksson et al., 2004). Van der Neut & Eriksson (2009)
sugeriram uma combinacédo Unica de intemperismo, auséncia da vegetacao e bacias
com margens escarpadas (paleodeclividades ingremes) para os depdsitos destas
formacdes. Condi¢bes paleocliméaticas quentes e Umidas sao inferidas em grande
parte no Paleoproterozoico, produzindo maior quantidade de sedimentos finos. Com
isso, € postulado que fluxos de detritos e fluxos hiperconcentrados tenham ocorrido
nos sistemas fluviais cascalhosos, sendo trazidos por sistemas de leques aluviais e
posteriormente incorporados aos sistemas de rios fluviais.

Koykka (2011) realizou um estudo numa bacia rifte, de idade
Mesoproterozoica (Rjukan Rift, Noruega), a fim de caracterizar os padrdes de
sedimentacdo de planicies fluviais entrelacadas e leques aluviais. Os valores
apresentados por ele sugerem interpretar os sistemas como leques aluviais do que
rios fluviais, embora muito dos valores encontram-se plotados no intervalo do gap
deposicional proposto por Blair & McPherson (1994b). Ele considera que os canais
fluviais das margens escarpadas ndo foram muito bem preservados, devido a

tectonica e a evolugcdo da bacia. Koykka (2011) relaciona que os poucos valores
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plotados que apresentaram valores de 0.026 m/m indicam resquicios destes canais
ingremes, relacionados a borda escarpada e que o gap deposicional indica uma
intercalacdo dos sistemas de leques aluviais distais e sistemas de planicies fluviais
entrelacadas. Como apontado por Eriksson et al. (2006) € possivel que este "hiato"

tenha sido muito menor durante o Pré-cambriano.
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4. TECNICAS E METODOS

As técnicas e métodos utilizados envolvem trabalhos de laboratério e de
campo. O levantamento bibliografico em conjunto com analise de mapas e
fotografias aéreas permitiu um reconhecimento preliminar da Formacédo Tombador,
onde os melhores afloramentos consistem em exposi¢cdes naturais ao longo dos rios
e serras existentes no Parque Nacional da Chapada Diamantina. O levantamento
dos perfis estratigraficos e as paleocorrentes foram adquiridos em varias idas ao
campo, no periodo de janeiro a novembro de 2011, totalizando 53 dias de campo. A

seguir, uma breve descri¢cao das técnicas e métodos.

4.1. Levantamento Bibliografico

O levantamento bibliografico persistiu durante todo o trabalho e consistiu na
aquisicdo e leitura de artigos cientificos, teses de doutorado e trabalhos de
conclusdes acerca do contexto geoldgico, abordando a Formacdo Tombador e a
Bacia do Espinhaco. Somado a isto, também foi feita uma revisé@o bibliografica sobre
sistemas deposicionais do Pré-Cambriano, principalmente sistemas aluviais
Proterozoicos. Entender os processos geoldgicos que atuaram no Pré-Cambriano foi
importante para caracterizar as associac¢des de facies e o modelo deposicional da

Formag&o Tombador.

4.2. Imagens, Fotografias Aéreas e Mapas

Foram utilizadas imagens de Radar SRTM (Shuttle Radar Topography
Mission) obtidas gratuitamente através do site da USGS (http//:seamless.usgs.gov).
O uso dessas imagens serviu como base altimétrica para a construcdo das secoes

geoldgicas. As fotografias areas tiveram importancia no estudo preliminar da area.
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Foram obtidas através do site da CBPM (Companhia Baiana de Pesquisa Mineral),
apresentando escala 1:108.000. O mapeamento pelas fotografias aéreas foi
importante para definir areas com provaveis afloramentos, em que 0s critérios
principais utilizados para identificar essas areas foram as diferencas de tonalidades
e o relevo. A integracdo dos dados gerou como produto final mapas geoldgicos,
topogréficos e de detalhes. Foi utilizado o software ESRI® ArcMap™ 10.0, em que
todos as imagens e fotografias areas, bem como os dados dos alforamentos, como
as coordenadas foram inseridos neste programa (Fig. 8). O sistema de coordenada
utilizado foi a projecdo UTM e datum horizontal SAD69, zona 24S. A base geoldgica
do mapa foi extraida da CPRM (Companhia de Produgdo e Recursos Minerais) e a
base topografica, contendo dados de hipsografia, hidrografia, estradas, pontos de
referéncia foi obtida através da SEI (Superintendéncia de Estudos Sociais e

Econdmicos da Bahia).
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Figura 8. Mapa geoldgico confeccionado no ESRI® ArcMap™ 10.0, com todos os elementos utilizados: imagem
SRTM, fotografia aérea e base geologica.
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4.3. Levantamento Estratigrafico

O levantamento estratigrafico representa a principal etapa para a realizacao
do estudo. Como em muitos casos, a area a ser estudada localiza-se em lugares
distantes da localidade em que se reside, exigindo um deslocamento, € importante
que a aquisicdo dos dados seja feita de maneira correta. Para isso, 0
estabelecimento de coletas sistematicas € indispensavel para obter um resultado
final satisfatorio.

O levantamento estratigrafico consiste na confeccdo de secbes colunares,
descricdo sedimentoldgica, aquisicdo de dados de paleocorrentes, aquisicdo de
fotografias e coleta de coordenadas geograficas para calculos de encobertos,
quando existir. As sec¢fes colunares foram construidos seguindo uma planilha ja
preparada no laboratorio (Fig. 9). S&o representacdes graficas das rochas em forma
de coluna, em que o eixo horizontal representa a granulometria e o eixo vertical
representa a espessura das camadas. Neste trabalho foi utilizada a escala 1:100 e o
preenchimento das lacunas é feito através das facies observadas.

Os atributos que definem a facies séo: cor, geometria, composi¢éo, textura,
estruturas sedimentares e contetdo fossilifero. Para determinacdo da textura, foi
utilizada uma tabela textural de campo, elaborada pela Petrobras. Através dela,
pode-se determinar com precisdo a granulometria e com o auxilio de uma lupa,
estima-se o grau de arredondamento do gréo e a selecdo dos sedimentos. Neste
trabalho foram utilizados os conceitos de litofacies de Reading (1996). Este autor
sugere que se o conteudo fossilifero for ausente ou de pouca importancia e a énfase
for sobre as caracteristicas fisicas e quimicas da rocha, o termo mais indicado é
litofacies. As diferentes litofacies podem ser agrupadas em associacdes de litofacies,
caracterizando subambientes deposicionais implicando em um significado genético

dentro de sistemas deposicionais definidos (Miall, 1984).
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Figura 9. Parte da sec¢do colunar levantada no Rio Roncador. Exemplo de como é adquirido o dado geoldgico,
em que é possivel observar da esquerda para a direita: desenho grafico com as estruturas observadas, o cédigo
de litofacies, os dados de paleocorrentes, a numeracgao das fotografias e a descricdo sucinta das litofacies.
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As litof4cies foram classificadas de acordo com Miall (1996), onde este prop6s
uma simples classificagdo para sistemas fluviais, usando duas letras como cddigo
(Fig. 10). A primeira letra € maiuscula e indica o tamanho de grdo dominante, onde
G = gravel (cascalho), S = sand (areia) e F = fine-grained (areia muito fina, silte e
argila) e a segunda letra € minuscula e indica textura ou estrutura, como exemplo, p
= estratificacdo cruzada planar (planar cross-bedding). Para classificar as litofacies
do sistema edlico foi utilizada a mesma tabela, porém, foi adotado o uso da letra “e”
entre parénteses depois do cbédigo, da mesma forma que as litofacies dos sistemas
estuarinos também foram adaptadas.

A aquisicdo dos dados de paleocorrentes foi obtida utilizando uma bussola
Brunton. A notagéo trama (Dip Direction) foi adotada, em que o angulo horizontal
entre a direcdo de mergulho do plano e o norte magnético e o angulo vertical entre o
plano da estrutura e um plano horizontal imaginario foram medidos. As principais
estruturas sedimentares medidas foram as superficies deposicionais (Sp) das
camadas e estruturas e fabricas que indicam a direcdo do fluxo, como, marcas

onduladas, estratificacdo cruzada, lineacao de particdo, seixos imbricados.
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Table 4.1. Facies classification. (Modified from Miall 1978¢)

79

Facies code

Facies

Sedimentary structures

Interpretation

Gmm

Gmg

Gcei

Gem

Gh

Gt

Gp

St

Sp

Sr

Sh

Sl

Ss

Sm

Fl

. Fsm

Fm

Fr

Matrix-supported,
massive gravel

Matrix-supported
gravel

Clast-supported
gravel

Clast-supported
massive gravel

Clast-supported,
crudely bedded
gravel

Gravel,
stratified

Gravel,
stratified

Sand, fine
to very coarse,
may be pebbly

Sand, fine
to very coarse,
may be pebbly

Sand, very
fine to coarse

Sand, very fine
to coarse,
may be pebbly

Sand, very fine
to coarse,
may be pebbly

Sand, fine to
very coarse, may
be pebbly

Sand, fine
to coarse

Sand, silt,
mud

Silt, mud
Mud, silt

Mud, silt

Coal, carbon-
aceous mud

Paleosol carbonate

(calcite, siderite)

Weak grading

Inverse to
normal grading

Inverse
grading

Horizontal bedding,
imbrication

Trough cross-beds

Planar cross-beds

Solitary or grouped
trough cross-beds

Solitary or grouped
planar cross-beds

Ripple
cross-lamination

Horizontal lamination
parting or streaming
lineation

Low-angle (< 15°)
cross-beds

Broad, shallow scours

Massive, or faint
lamination

Fine lamination,
very small ripples

Massive

Massive, desiccation
cracks

Massive, roots,
bioturbation

Plant, mud films

Pedogenic features:
nodules, filaments

Plastic debris flow
(high-strength, viscous)

Pseudoplastic debris flow
(low strength, viscous)

Clast-rich debris flow (high strength),
or pseudoplastic debris flow (low
strength)

Pseudoplastic debris flow
(inertial bedload, turbulent flow)

Longitudinal bedforms,
lag deposits,
sieve deposits

Minor channel fills

Transverse bedforms,
deltaic growthis from older
bar remnants

Sinuous-crested and linguoid
(3-D) dunes

Transverse and linguoid
bedforms (2-D dunes)

Ripples (lower flow regime)

Plane-bed flow
(critical flow)

Scour fills, humpback or
washed-out dunes,
antidunes

Scour fill

Sediment-gravity
flow deposits

Overbank, abandoned channel, or
waning flood deposits

Backswamp or abandoned channel
deposits

Overbank, abandoned channel, or
drape deposits

Root bed, incipient soil

Vegetated swamp deposits

Soil with
chemical precipitation

Figura 10. Classifica¢&o das litofacies de Miall (1996).
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Em todos os perfis estratigraficos foram tiradas fotografias de detalhe, de
intervalo e fotografias para a confeccdo de fotomosaicos. Os numeros das
fotografias foram anotados na planilha da coluna estratigrafica e as descricdes das
fotografias foram descritas na caderneta de campo. Como os perfis estratigraficos
foram levantados ao longo dos rios, e devido ao dificil acesso para levantar o perfil
foi necessario calcular o encoberto. O encoberto foi calculado utilizando funcées
trigonométricas. Quando possivel era calculado no campo e, mas muitas vezes foi
calculado em laboratério, através de secdes geoldgicas, construidas através do

programa Global Mapper 11.0 (Fig. 11).

FUNCOES TRIGONOMETRICAS
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Figura 11. Secdo geolégica do Rio Mucugézinho utlizando o programa Global Mapper, e funcdes
trigonomeétricas, ambas utilizadas para o calculo de encobertos.

4.4. Correcao e Confeccao dos Diagramas de Paleocorrentes

Como os afloramentos da Formagdo se encontram em sua maioria
tectonicamente inclinados, apresentando um angulo superior a 12°, grande partes
das estruturas medidas foram corrigidas e tratadas estatisticamente (Fig. 12).

Segundo Tucker (1982) quando camadas sedimentares encontram-se inclinadas é
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necessario restaurar as dire¢cdes medidas nas estruturas sedimentares para suas
orientacdes originais. A correcao foi realizada a partir do programa StereoWin e 0s
dados foram apresentados na forma de diagramas de rosetas pelo software
RockWorks 15.0.

270~ 90

Figura 12. A esquerda: diagrama de rosetas das paleocorrentes medidas. A direita: diagrama de rosetas das
paleocorrentes corrigidas.

4.5. Correlacdo de Secdes Estratigraficas

A correlacdo estratigréfica consiste numa ferramenta essencial para
interpretagdes geologicas. No entanto, os depdsitos aluviais geralmente séo dificeis
de mapear e correlacionar devido a frequente mudanca lateral das facies e a
auséncia de camadas continuas individuais (Miall, 1996).

Neste trabalho, a correlacao estratigrafica teve como base a correlacdo de
sequéncias deposicionais limitadas por discordancias regionais. Os critérios
adotados para a identificacdo de superficies de discordancias foram: mudanca
abrupta da granulometria, mudanca abrupta de associa¢fes de facies e mudanca no

padrao de paleocorrentes.
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Abstract

The Mesoproterozoic Tombador Formation encompasses different depositional
systems deposited in a sag basin, ranging from estuarine to alluvial. The well
preserved deposits and their wide occurrence in the regional scale (~300 km)
define the Tombador Formation as an excellent case study for the depositional
patterns prevailing during the Proterozoic. Three depositional sequences were
recognized for the Upper Tombador Formation, bounded by three semi-regional
scale unconformities. Sequence | is composed of shallow, gravel-bed braided
channels at its base, which are overlain by fine- to coarse-grained sandstones
related to aeolian sand sheets and dunes and intermediate sheetfloods. The
lower boundary of this sequence is characterized by an angular unconformity
cutting fluvio-estuarine deposits, evidenced by an abrupt change of facies and
fluvial palaeocurrents. The fluvio-estuarine deposits below the sequence
boundary display palaeocurrents to northwest, whereas the fluvial strata above
the unconformity show southeastward palaeocurrents. A new abrupt entrance of
conglomeratic deposits related to alluvial fans systems overlying the fluvio-

aeolian successions marks the lower boundary of Sequence Il. The Sequence
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Il is characterized by fluvio-estuarine systems in the top of the Upper
Tombador Formation, that are progressively covered by shallow marine
systems (Caboclo Formation), defining a general transgressive trend. The
pattern of sequences | and Il probably reflects the uplift of source areas in
response to tectonic movements. The palaeocurrent change in Sequence |
indicates a regional rearrangement of the drainage networks, while the alluvial
fan systems of sequence Il suggest sin-depositional tectonic pulses. The
regional erosive surface between sequences Il and Ill reveals a significant
hiatus close to the Tombador Formation top, what suggests a tectonic origin for

this unconformity.

Keywords
Tombador formation, Mesoproterozoic, depositional sequences, facies analysis,

continental and estuarine systems

1. Introduction

The study of the Proterozoic continental succession is very difficult, both
in a sedimentological and a stratigraphic point of view. Precambrian alluvial
systems exhibit significant differences when compared with their Phanerozoic
equivalents (Eriksson et al., 1998). The sedimentology of alluvial systems —
including alluvial fans and braided channels — has been widely reported and
discussed (Miall, 1970; Bull, 1972; Cant and Walker, 1978; Allen, 1983; Nemec
and Postma, 1993; Blair and McPherson, 1994a, b). The recognition and
distinction between these systems in the geological record are not easy, since
the alluvial fan systems, in many cases, pass to fluvial braidplain towards in
their more distal portions. The similarity of facies, poor preservation of debris
flow deposits and the need to identify the palaeocurrent patterns at semi-
regional scale, causes the frequent misinterpretation of Precambrian alluvial fan
systems as braided channels. Furthermore, few papers in the literature develop
a sequence stratigraphic approach in Proterozoic continental successions. The
recognition of unconformities and the definition of depositional sequences are

limited, due to poor preservation of sedimentary basins, combined with the
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absence of fossil content, which renders difficult the establishment of a
cronostratigraphic framework (Catuneanu et al., 2005).

The Mesoproterozoic Tombador Formation, Espinhaco Supergroup of
the Chapada Diamantina domain, eastern Brazil, comprises different
depositional systems deposited in a sag basin, ranging from estuarine-coastal
to alluvial systems. The Upper Tombador Formation, object of this work,
comprises mostly alluvial fan and fluvial systems. Several studies, based mostly
on lithostratigraphic and geochronological data (Pedreira, 1994; Schobbenhaus,
1996; Dussin and Dussin, 1995; Guimaréaes et al., 2008; Pedreira and Waele,
2008), address the stratigraphic evolution of the entire Espinhago Supergroup
sedimentary succession. Considering this, the aim of this works are to: (1)
characterize and interpret the main facies associations; (2) develop of a
stratigraphic framework based on the identification of unconformities; (3)
propose a palaeogeographic and depositional model for the alluvial systems;
and (4) establish an evolutive stratigraphic model for the alluvial and fluvio-

estuarine sequences on the Upper Tombador Formation.

2. Geological Setting

The Palaeo-Mesoproterozoic Espinhago Supergroup comprises a
succession of metasedimentary and subordinate volcanic rocks and is one of
the main sedimentary successions of the Sdo Francisco Craton. Along with the
Sdo Francisco Supergroup (Alkmim, 2004), these units comprise the
Proterozoic sedimentary cover on the morphotectonic features of the Paramirim
aulacogen in the northern portion of the craton (Fig. 1). The Espinhaco
Supergroup was subdivided into three main domains: the southern Espinhaco,
located on the Aracuai Belt (Minas Gerais state), the northern Espinhaco, and
the Chapada Diamantina, located on the Paramirim Aulacogen (Bahia state;
Almeida, 1977; Alkmim, 2004).

The Espinhacgo basin records a series of depositional events, alternating
different sedimentation and tectonic episodes over time (Danderfer and
Dardene, 2002; Danderfer et al., 2009). Recent studies on the Espinhaco

Supergroup in the Paramirim aulacogen defined two depositional sequences
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bounded by first order surfaces (Guimarées et al., 2008; Danderfer et al., 2009;
Alkmim and Martins-Neto, 2011), reflecting the evolution of two superimposed
rift-sag basins. In the Chapada Diamantina domain, the first rift-sag basin (1.75
— 1.57 Ga) is represented by the Rio dos Remédios and Paraguacu groups,

while the other sag basin (1.57 — 0.9 Ga) is represented by the Chapada
Diamantina Group.

Brazil Belt
em e ———m o —
' ‘. _~ Sergipana
ﬁ _ Belt

Paramirim
Aulacogen

0 200km

/
l:‘ Fanerozoic Cover

D Proterozoicas Cover

. Basement
Brasilian Belts

Fig. 1. Simplified map of the S&o Francisco Craton and its sedimentary cover
(Modified from Alkmim et al., 1993).

The beginning of the Espinhaco Supergroup sedimentation in the
Chapada Diamantina domain occurred at approximately 1.75 Ga. Related to an
extensional intracratonic event with associated anorogenic magmatism, it
generated a series of intracontinental rifts. The rifting stage is represented by
the Rio dos Remédios Group, and the Paraguacu Group represents the sag
basin stage. The Rio dos Remédios Group comprises continental siliciclastic

depositional systems (alluvial fans, aeolian, and fluvio-deltaic-lacustrine
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systems) and associated volcanic units deposited under conditions in which
tectonics primarily controlled sedimentation. These deposits are covered by the
sedimentary succession of the Paraguacu Group, representing a phase of
thermal subsidence in which the paleoclimate and eustasy began controlling the
sedimentation (Guimardes et al., 2008; Loureiro et al., 2009). A new event
occurred during the Calymmian (1.4 — 1.2 Ga), and a second episode of basic
magmatism (1.57 Ga, Babinski et al., 1999; Battilani et al., 2007; Loureiro et al.,
2009; Danderfer et al., 2009) marks a new tectonic extension in the Paramirim
aulacogen. This new extensional and expansion phase in the basin is controlled
by flexural crust subsidence (Guimaraes et al., 2008), which created a second
boundary of first-order sequences (Guimardes et al.,, 2008; Danderfer et al.,
2009; Alkmim and Martins-Neto, 2011; Guadagnin et al., in prep.). The
Chapada Diamantina Group represents this new sag basin, which is placed on
the rift-sag sedimentary sequences of the Rio dos Remédios and Paraguacu
groups. This sequence comprises alluvial, estuarine, and fluvio-aeolian deposits
(Tombador Formation) succeeded by shallow marine systems (Caboclo
Formation). A new sequence boundary occurs at the top of the marine
sequence (Dominguez, 1993; Alkmim and Martins-Neto, 2011), representing a
fluvial incision combined with a lowering of the base level and depositing tidal
estuarine sediments (Morro do Chapéu Formation, Dominguez, 1992; Pedreira,
1994).

The Tombador Formation, together with the Caboclo and Morro do
Chapéu formations, comprises the Chapada Diamantina Group (Fig. 2a). In the
present study, the maximum described thickness Tombador Formation was of
600 meters, overlying with an angular unconformity the deltaic deposits of the
Acurua Formation (Derby, 1906; Pedreira, 1994), and being composed of
alluvial, estuarine, and aeolian deposits. The upper limit to the Caboclo
Formation is gradational, characterising the Tombador and Caboclo formations

as a transgressive sequence.

3. Methods and Study Area

The study was carried out along six vertical sections at 1:100 scale from

outcrops of the Tombador Formation in the Sincora Range, near the Lengois
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city, and outcrops near the Jacobina city in the central portion of the state of
Bahia (Fig. 2a). The sedimentary layers dip to the east, and vertical sections
were collected along the EW direction on river valleys (Fig. 2b). Generally, the
rivers cliffs offer excellent exposures with good lateral continuity. However, it
was necessary to calculate the stratigraphic thickness covered by vegetation
using trigonometric functions. The dip of the layers varies throughout the
sections and from one section to another, because of soft folding structures.
The dip angle of the layers ranged from 5° to 25° and corrections in
paleocurrent data were performed for structural dips exceeding 12°. Data
collected included grain size, mineralogy, sedimentary structures, geometry and
surface boundaries. Paleocurrent data were recorded mostly from cross-

stratified beds, ripple cross-laminations and, less frequently, pebble imbrication.
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Fig. 2. In (a) simplified geologic map of the study area in the Chapada
Diamantina Domain and (b) location of the vertical sections studied.
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4. Sedimentary Facies and Facies Association

Based on the characteristic lithology, grain size, and sedimentary
structures, seventeen different sedimentary facies were recognized in the
Tombador Formation (Table 1). These facies were grouped into ten genetically-
related facies associations (Fig. 3): (i) debris flow deposits; (ii) shallow, gravel-
bed braided channel; (iii) shallow, sand-bed braided channel; (iv) proximal
sheetflood; (v) intermediate sheetflood; (vi) aeolian sand sheets and aeolian
dunes; (vii) floodplain deposits; (viii) tide-influenced shallow, sand-bed braided

channel; (ix) upper flow regime tidal flats; and (x) shoreface.

Table 1. The main facies and their occurrence in the facies association

identified in the Upper Tombador Formation (modified from Miall, 1996).

Facies Textures Structures Interpretation Facies Association
Code
Gci Pebble- to boulder- Inverse grading Clast-rich debris flow Debris flow deposits
supported (high strength) or
conglomerates pseudoplastic debris flow

(low strength)

Gem Pebble- to boulder- Massive Pseudoplastic debris flow | Debris flow
supported (inertial bedload, turbulent | deposits; Shallow,
conglomerates flow) or deposition by gravel-bed braided

high-density fluvial; Shallow,

hyperconcentrated flows sand-bed braided
fluvial; Floodplain

deposits
Gh Pebble- to cobble- Horizontal Longitudinal bedforms, Shallow, gravel-bed
supported bedding, lag deposits, sieve braided fluvial
conglomerates imbrication deposits
Sh Very fine- to coarse- Horizontal Plane-bed flow (upper Debris Flow
grained sandstones, | lamination, parting | flow regime) Deposits; Shallow,
may be pebble lineation gravel-bed braided
fluvial; Shallow,
sand-bed braided
fluvial; Proximal
Sheetfloods;
Intermediate
Sheetfloods;
Floodplain deposits;
Upper flow regime
Sand Flats;
Shoreface
Sl Very fine- to coarse- Low-angle cross- Scour fills, washed-out Proximal
grained sandstones, stratification dunes, attenuated dunes Sheetfloods;
may be pebble (<10°) (transitional flow regime) Intermediate

Sheetfloods; Tide
Influenced Shallow,
sand-bed braided
channels
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St Very fine- to coarse- | Solitary or Sinuous-crested and Debris Flow
grained sandstones, grouped trough linguoid dunes (3D), Deposits; Shallow,
may be pebble cross-stratification | migration of longitudinal gravel-bed braided

bars in the channels fluvial; Shallow,

(lower flow regime) sand-bed braided
fluvial; Proximal
Sheetfloods;
Intermediate
Sheetfloods;
Floodplain deposits;
Tide Influenced
Shallow, sand-bed
braided channels;
Upper flow regime
Sand Flats

Sr Very fine- to coarse- Ripple cross- Climbing ripple migration, | Proximal

grained sandstones lamination subcritical to supercritical, | Sheetfloods;
unidirectional to Intermediate
bidirectional. Lower flow Sheetfloods;
regime subaqueous Floodplain deposits;
traction deposits Tide-influenced
braided fluvial; Tide
Influenced Shallow,
sand-bed braided
channels; Upper
flow regime Sand
Flats; Shoreface

Sm Very fine- to coarse- | Massive Hyperconcentrated flow, Shallow, gravel-bed
grained sandstones, intense bioturbation braided fluvial;
may be pebble Intermediate

Sheetfloods;
Floodplain deposits;
Upper flow regime
Sand Flats

Sw Siltstone to very fine- | Climbing wavy Alternating flow energy Upper flow regime
to medium-grained ripple-lamination under wave influence Sand Flats;
sandstones Shoreface

St(t) Very fine- to coarse- | Trough cross- Subaqueous dunes Tide Influenced
grained sandstones, stratification migration 2D and 3D and Shallow, sand-bed
may be pebble with bounded by migration of subaqueous braided channels
mud drapes reactivation bars in the channels

surfaces under the influence of
tidal currents, bidirectional
current, mud drapes from
slack-water periods

Ss(t) Very fine- to coarse- | Sigmoidal-cross- Acceleration changing to Tide Influenced
grained sandstones, stratification full vortex flow conditions, | Shallow, sand-bed
may be pebble bounded by followed by deceleration braided channels

reactivation within a single tide
surfaces

Ht Very fine- to | Horizontal Alternating deposition Proximal
fine-grained lamination and/or from traction currents and | Sheetfloods;
sandstones ripple cross- suspension, channel Floodplain Deposits
alternating with lamination abandonment or
siltstone overbank

Fl Very fine-grained Horizontal Deposition from Floodplain deposits;
sandstones to lamination suspension or from very Shoreface

siltstone

low current
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Fm Very fine-grained Massive, may be Deposition from Shoreface
sandstones to mudcracks and suspension and
siltstone rain prints flocculation, subaerial
exposure
Sh(e) Fine- to coarse- Horizontal and Migration of wind-ripple Aeolian sand
grained sandstones wind-ripple under conditions of net sheets and Aeolian
lamination sedimentation dunes
Sl(e) Fine- to coarse- Low-angle Residual deposits of Aeolian sand
grained sandstones stratification and dunes or sandsheets with | sheets and Aeolian
wind-ripple attenuated dunes dunes
lamination;
St(e) Fine- to coarse- Grainflow Residual deposits of 3D Aeolian sand

grained sandstones

laminae; wind-
ripple lamination;
trough
cross-stratification

crescentic bedforms.
Grainflow laminae
indicate dunes with well-
developed slipfaces.

sheets and Aeolian
dunes
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Part 2
Fig. 3. Typical facies assemblages and vertical logs for facies association 10,

with respective palaeocurrent values. Facies codes are informed at left.

4.1. Facies Association 1: Debris Flow Deposits

Description

This facies association consists of poorly-sorted, massive, clast-supported
(facies Gcm; Fig. 4a) and inverse-graded (facies Gci; Fig. 4b) conglomerates.
Modal grain size varies from granules to boulders with boulder dominant clast
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size. Clasts are sub-angular to sub-rounded and the matrix is constituted by
coarse-grained feldspathic sand. The clasts show weak imbrication (Fig. 4c). At
the Jacobina area, this facies association occurs directly on the gneissic-granitic
basement, with a maximum thickness up to 40 m and individual beds 1 to 5-m-
thick. Occasionally, some clast-supported conglomerate exhibits inverse,
coarse-tail grading (facies Gci) arranged in 1-m-thick beds, and the dominant
clast composition is green and white quartzite. At the Lencgéis city, the
thicknesses range from 2 to 18 m, and individual beds are 2 to 5 m-thick. Clasts
are composed by 70% sedimentary rocks and 30% white and green quartzites
(Fig. 4d). In both regions the clast-supported conglomerate beds are up to 100-
m-wide with irregular sub-horizontal, weakly erosive basal surfaces. The clast-
supported conglomerate beds are capped by lenticular beds up to 0.3-0.5-m-
thick, horizontal-stratified (facies Sh; Fig. 4e) or trough cross-stratified (facies
St), coarse-grained sandstones. Sandstone beds usually contain dispers small
pebbles and clast imbrication, with unidirectional palaeocurrent to the

southwest.

Interpretation

This facies association is interpreted as sediment-gravity-flow deposits. The
clast-supported nature, poor sorting, absence of internal organisation and
presence of sand matrix, suggest deposition from cohesionless debris flows in
which the sediments are transported by frictional grain interactions (Nemec and
Steel, 1984; Blair and McPherson, 1994a, b). The absence of clay in the
interparticle matrix causes the flow not to present cohesive strength, and
instead, dispersive, turbulent, buoyant and structural-grain forces are the
sedimentary transport mechanisms (Blair and McPherson, 1994a, b). The
presence of sub-horizontal, irregular and weakly erosive basal contacts suggest
the presence of a more turbulent flow in a first stage (Wells and Harvey, 1987).
The deposition of clast-supported conglomerates with coarse-tail inverse
grading indicates different responses to the dispersive and buoyant forces, in
which larger clasts are concentrated on the top and front of the flow due to the
density differences between these particles and surrounding material (Nemec
and Steel, 1984). The occurrence of amalgamated beds suggests that the

debris flows deposits consist of a sum of surges, wherein the deposition occurs
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by incremental aggradation of individual surges (Davies, 1986, 1990; Major,
1997; Sohn, 1999). The localised imbrication of some clasts in restricted
intervals is common in deposits of cohesionless debris flows, in which the
transfer of the solid-solid momentum is dominant, and clasts are forced to
parallel the shear tension of the grain to grain collisions (Rees, 1968; Postma et
al., 1988; Todd, 1989, 1996). The coarse grained plane-parallel laminated and
trough cross-bedded sandstones are attributed to the aqueous flows from
sheetfloods that succeeded debris flows (Ballance, 1984; Wells, 1984).
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Fig. 4. Plate showing debris flow deposits facies association. In (a) massive,
boulder conglomerates (facies Gcm), in (b) cobble-boulder conglomerate
showing coarse-tail inverse grading (facies Gci), in (c) poorly sorted
conglomerate showing cobble imbrication, in (d) composition predominantly
sedimentary clasts (Lencdis region), in (e) thin bedded/stratified coarse-grained

sandstones interbedded with lenses of conglomerate (facies Sh).

4.2. Facies Association 2: Shallow, gravel-bed braided channel
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Description

This facies association is composed of sheet-like conglomerate bodies (Fig. 5a)
ranging from 2 to 5 m in thickness that extend laterally for more than 500 m.
The wit ratios are greater than 100:1 for individual conglomerate bodies. These
conglomerate bodies are bounded by sharp to horizontal basal contacts.
Internally, these bodies show fining-upward cycles (Fig. 5b), with basal
massive, clast-supported conglomerates (facies Gcm), or with horizontal
stratification and incipient imbrications (facies Gh), intercalated upward with
massive (facies Sm), horizontally-stratified (facies Sh), or trough cross-
stratified, medium- to coarse-grained sandstones (facies St). The
conglomerates are poorly-sorted, ranging from granules to cobbles,
predominantly in cobble size (Fig. 5c), with sandy matrix. The clasts are
generally sub-rounded, predominantly composed of white and green quartzite
(Fig. 5c), but occasionally including granite clasts and mud intraclasts. The
conglomerate beds are disposed in 0.5 to 2.5-m-thick beds that extend laterally
tens of meters and show minor internal erosion surfaces (Fig. 5d). Sandstones
beds present lenticular geometry, ranging from 0.3 to 0.6 m in thickness, being
eroded by the overlying conglomerates. Dispersed pebbles and cobbles occur
along the sand beds. In some intervals, the alternation of sandstones and
conglomerates becomes less frequent, giving way to amalgamated
conglomerate beds (Fig. 5d). Palaeocurrents indicate a mean vector to South.

Interpretation

This facies association can be interpreted as fluvial channel deposits (Miall,
1978, 1985). The clast-supported conglomerate with horizontal stratification is
interpreted as longitudinal gravel bar deposits (facies Gh). The stratified
sandstones are interpreted as products of flat-bed upper-flow regime (facies Sh)
and of migration of sinuous-crested dunes, deposited under lower-flow regime
(facies St). The occurrence of massive clast-supported conglomerates (facies
Gcm) with sand matrix suggests deposition by high-density, hyperconcentrated
flows (Wells and Harvey, 1987). The set of the lithofacies Gecm and Sm can be
interpreted as traction carpets (Todd, 1989), in which the shear tension and

dispersive forces are the primary mechanism of grain collision. The deposition
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of the Gecm facies on the base of the conglomerate bodies presenting erosive
base suggests a high-energy flow in which the transported gravels are moved
by high density dispersive forces along the channels during the high magnitude
flooding periods. The massive sandstones that succeeded the conglomerates
represent the deceleration periods of these floods (Todd, 1989). The absence of
macroforms and the dominance of horizontal lamination and isolated cross-
strata suggest shallow and wide fluvial channels. The occurrence of tabular
conglomerate bodies with numerous minor internal erosion surfaces, associated
with gravel traction-carpets current deposits, indicate predominance of gravel
bedforms, characteristic of shallow, gravel-bed braided channels (Miall, 1996).

Longitudinal
Bars

Erosive
base

O\ \Superimposed
Bars
A

~ o Traction
Carpets

Fig. 5. Plate showing shallow, gravel-bed braided channel facies association. In
(a) tabular beds with erosive base of cobble conglomerate, in (b) superimposed
cycles of cobble conglomerate and coarse-grained sandstones, in (c) well-
rounded boulders of predominantly white and green quartzite, in (d)
amalgamated conglomerate beds with internal erosion surfaces.

4.3. Facies Association 3: Shallow, sand-bed braided channel
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Description

This facies association is characterized by extensive sheets of sandstones
ranging from 0.5 to 2.0 m in thickness and extending laterally for tens of meters.
These tabular sandbodies are bounded at the base by erosive surfaces, with of
up to 1 m of relief in outcrop scale (Fig 6a). Internally, they are composed of
medium- to coarse-grained, poorly sorted sandstone and clast-supported
pebble conglomerate (Fig. 6b). The clasts are rounded to sub-rounded,
composed of white quartzites and less common green quartzites and
sandstones (Fig. 6¢). The sandstone bodies commonly show internally fining-
upward trends (Figs. 6b and 6d), arranged from massive clast-supported pebble
conglomerate (Facies Gcm) to trough cross-bedded, coarse-grained
sandstones (Facies St) arranged in 10 to 60-cm-thick sets. Horizontally-
stratified coarse-grained sandstones (Facies Sh) occur locally. Sometimes,
superimposed trough cross-bedded sets separated by sub-horizontal surfaces
can constitute the whole sandbodies. Palaeocurrents display a wide dispersion,
varying throughout the sections, ranging from northwest to southeast, with a
mean vector mean to southwest. Typically, these deposits occur intercalated
with sediment-gravity-flow deposits.

Interpretation

Based on the presence of sandbodies bounded by erosive surfaces covered by
conglomeratic deposits, the occurrence of a fining-upward succession and the
prevalence of trough cross-bedding with unidirectional paleocurrent trends
suggest the deposition of fluvial channels. The occurrence of superimposed
sets of trough cross-bedding separated by sub-horizontal surfaces suggests
that the filling of channels occurred by the migration and climbing of 3D dunes,
with the development of sand bedforms (SB element), suggesting shallow,
sand-bed braided channel (Miall, 1996). The sandstones with horizontal
stratification that sometimes occur associated with facies Gecm and St are
interpreted as products originated from shallow, fast flows deposited under
upper-regime plane bed conditions (Miall, 1996). The intercalation of these
deposits with debris-flow deposits and the high dispersion of their

palaeocurrents suggests fluvial distributary channels, formed from the
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bifurcation of the main feeder channel of alluvial fans that are the proximal

deposits of the distributary zone, according to Kelly and Olsen (1993).
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Fig. 6. Plate showing shallow, sand-bed braided channel facies association. In
(@) red line indicate the contact with the intermediate sheetflood facies
association and white dashed line indicate the internal weakly erosive surfaces,
in (b) fining-upwards succession of pebble conglomerate (facies Gcm) and
coarse-grained sandstones (facies St), in (c) plan view of a lag pavement
showing the pebble composition, in (d) black dashed line indicate the trough
cross-stratified sandstones (facies St) covering massive pebble conglomerate

(facies Gecm).

4 .4. Facies Association 4: Proximal sheetflood
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Description

This facies association comprises tabular multiple stacked sandbodies, and
consists of thin (<1.5-m-thick) and laterally extensive sheets, generally with
sharp, slightly undulating erosive basal surfaces (Fig. 7a). These tabular bodies
are composed of medium- to very coarse-grained sandstones with granules and
pebbles dispersed (Fig. 7b) or concentrated at the base of the sets. Internally,
they show predominantly low-angle (facies Sl; Fig. 7c) and trough cross-
bedding (facies St; Fig. 7d) in sets that are 0.3 to 0.8-m-thick. Horizontally-
stratified (facies Sh; Fig. 7e) and ripple cross-laminated sandstones (facies
Sr), and heterolites of siltstone and laminated sandstone (facies Ht), occur less
frequently. Palaeocurrents show wide dispersion from south to northeast. This

facies association typically occur associated with debris flow deposits.

Interpretation

The presence of tabular sandbodies with a slightly undulating erosive base and
the predominance of low-angle and trough cross-bedded, coarse-grained
sandstones are interpreted to be the result of high-energy flood deposition,
unconfined sheets and poorly defined fluvial channels (Nemec and Postma,
1993; Blair, 2000). The amalgamated packages of sandbodies represent a
series of flooding events that frequently aggraded in wide shallow channels.
The occurrence of ripple cross-laminated sandstones is a common product of
waning flow velocity associated with flow termination (Miall, 1996). The
laminated heterolites represent low energy flows related to the final stage of the
floods (Tunbridge, 1981).
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Fig. 7. Plate showing proximal sheetflood facies association. In (a) white line
indicates slightly undulating erosive base. Box indicate the zoom of figure 7d, in
(b) poorly sorted sandstone, in (c) low-angle cross-stratified sandstone (facies
Sl), in (d) internally the trough cross-stratified sandstones (facies St) are
arranged in 20-cm-thick sets, in (e) horizontally-stratified sandstones (facies Sh)

underlain by trough cross-stratified sandstones (facies St).

4 5. Facies Association 5: Intermediate sheetflood

Description

This facies association consists of tabular sheets with 0.6 to 1.2-m-thick and
extend laterally for >200 m, exhibiting non-erosive basal contacts (Fig. 8a).
Internally, these deposits are composed by moderately-sorted, fine- to medium-
grained sandstones. Horizontally-stratified (facies Sh; Fig. 8b), low-angle
(facies Sl; Fig. 8c) and ripple cross-lamination (facies Sr; Figs. 8b and 8d) is
abundant throughout the sandbodies. Ripple cross-stratification and massive

siltstones (facies Fm) are most common, occurring near the upper parts of
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sandstones sheets. Some tabular sheets are composed essentially by Sl and
Sh facies. Massive (Facies Sm) and trough cross-stratified (facies St)
sandstones also occur, but are not abundant. Desiccation cracks (Fig. 8e) in the
siltstones are rare to absent. They exhibit palaeocurrents with wide dispersion
from south to northeast. This facies association is typically intercalated with the
aeolian sandsheet and dune deposits (Fig. 8a).

Interpretation

Laterally extensive tabular sandstones with horizontal and low-angle cross-
stratification are interpreted as distal deposits of unconfined or poorly-confined
sheetfloods (Tunbridge, 1981, 1984; Hampton and Horton, 2007). The cycles of
facies Sh/SI/Sr indicate oscillation of upper to lower flow regime during a single
depositional event. The alternation of Sh/SI facies at the base and Sr at the top
reveals the cyclical nature of these deposits, in which the initial floods had a
high-energy flow character that rapidly decreased its energy before finally
dissipating (Williams, 1971). The presence of dissecation cracks or silt drapes
bounding the sets results from a decrease of the flow related to final stages of
floods with frequent subaerial exposure (Miall, 1996). The intercalation of distal
ephemeral sheetfloods with aeolian sandsheets and dunes deposits suggests
arid or semiarid settings (Tunbridge, 1981, 1984; Sneh, 1983; Stear, 1983,
1985).
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Fig. 8. Plate showing intermediate sheetflood facies association. In (a)
intercalation of aeolian (facies St(e) and Sl(e)) and intermediate sheetfloods
facies association (facies Sl), showing tabular beds with sharp contacts, in (b)
cycles of horizontal stratification (facies Sh) and ripple cross-lamination (facies
Sr) sandstones (arrow), in (c) low-angle cross-stratified sandstones (facies Sl),

in (d) climbing ripples in a plan view, in € desiccation cracks in siltstones.

4.6. Facies Association 6: Aeolian sand sheets and aeolian dunes

Description

This facies association consists of bimodal, moderately to well-sorted, fine- to
coarse-grained sandstones arranged in tabular bodies up to 3-m-thick and tens
of meters wide (Fig 9a). Internally, these sandbodies are composed by 0.3 to
1.5-m-thick sets of horizontal (facies Sh(e)) to low-angle cross-stratification
(facies Sl(e); Fig. 9b) (<5°) composed by inversely graded, millimetric wind-
ripple laminae (Fig. 9c). Occasionally, well-sorted, fine- to medium-grained
sandstones organized into isolated sets or co-sets of trough cross-bedding

(facies St(e); Fig. 9d) composed by wind-ripple lamination and inversely-
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graded grainflow strata (1 to 4 cm; Fig. 9e). From a view parallel to palaeflow,
cross-strata are tangential to their basal bounding surfaces, which are planar
and dip gently (<2°) in a direction opposite to cross-bedding. Cross-strata define

a mean dip towards the northeast.

Interpretation

The bimodal sandstones with horizontal or low-angle cross-stratification,
composed exclusively by wind-ripple lamination, are interpreted as aeolian
sandsheet deposits (Scherer, 2002; Scherer et al., 2007). The interlayered well-
sorted, fine- to medium-grained sandstones organized into isolated sets or co-
sets of trough cross-bedding formed by wind-ripple laminae and grain flow
strata suggest as residual deposits of aeolian dunes. The occurrence of grain
flow strata indicates aeolian dunes with a well-developed slipfaces. The
presence of isolated cross-strata interlayered with horizontal or low-angle cross-
stratification indicates aeolian dunes migration on wide aeolian sand sheets
areas. The presence of successive sets of cross-strata indicates climbing of the
aeolian dunes formed in conditions of larger availability of sand in the system.
The horizontal to upwind-dipping surfaces bounding cross strata (view parallel
to paleoflow) are interpreted as first order surfaces, generated from the
successive climbing of aeolian dunes (Brookfield, 1977). Unimodal distribution
of dip azimuths of cross-strata indicates crescentic aeolian dunes. The
presence of trough cross-strata from a view transverse to paleoflow indicate 3D

crescentic dunes.
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Fig. 9. Plate showing aeolian sand sheets and aeolian dunes facies
association. In (a) large scale trough cross-beds of aeolian dunes (facies St(e))
overlain by aeolian sand sheet deposits (facies Sl(e)), in (b) low-angle cross-
stratified aeolian sandstones (facies Sl(e)), in (c) wind-ripple strata in the
aeolian sand sheet facies, in (d) trough cross-bedded aeolian sandstones
formed by the climbing of 3D aeolian dunes, in (d) grain flow strata in a set of

trough cross-strata sandstone.

4.7. Facies Association 7: Floodplain deposits

Description

This facies association consists of laterally extensive tabular sheets of
interbedded fine-grained sandstones and siltstones, with up to 3-m-of thickness.
Individual beds exhibit non-erosive basal contacts and are generally 0.05 to 0.3-

m-thick. Horizontally-stratified (facies Sh; Fig. 10a) and ripple cross-stratified
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sandstone (facies Sr; Fig. 10b), massive sandstone (facies Sm) and finely
laminated (Facies Fl) to massive siltstones (Facies Fm) characterized these
deposits. Commonly associated with these deposits, centimetric layers of
massive clast-supported conglomerate (facies Gecm; Fig.10c) and medium- to
coarse-grained sandstones with trough cross-stratification (facies St; Fig.10d)
occur. Sub-angular to sub-rounded pebbles and cobbles of quartzites,
sandstones and minor dark volcanic rocks (Fig.10e) occur locally dispersed
along the heterolithic sets (Fig.10f). Massive, greenish, up to 0.2-cm-thick
mudstone can be observed (Fig. 10g), intercalated with heterolithic siltstones
and sandstones (Facies Ht). Mud cracks and rain prints are present in some

siltstones. Palaeocurrents show mean vector to southwest.

Interpretation

The tabular, heterolithic siltstones and sandstones are interpreted as floodplain
deposits that can represent two distinct depositional settings: (a) lateral
overflows of channels during fluvial floods (overflow lobes) or (b) distal portions
of ephemeral, high-energy sheetfloods deposits (Spalletti and Pifiol, 2005;
Hampton and Horton, 2007). The unidirectional palaeocurrents approximately
transversal to channel axes reinforce the hypothesis that this facies association
represents lateral channel overflows during fluvial floods, instead of distal
portion of sheetfloods. The siltstones may have been deposited by gravitational
settling of particles in suspension in the final flooding stages or in temporary
floodplain ponds. The occurrence of laminated heterolites of fine-grained
sandstones and siltstones interbedded with lenses of conglomerates can be
interpreted as aqueous flows reworking segments of inactive and abandoned
alluvial fans lobes (Blissenbach, 1954; Denny, 1967; Went, 2005). This
evidence points to low competence flows related to the distal portion of alluvial
fans systems. The occurrence of mud cracks and rain prints also suggests
frequent subaerial exposure. Greenish mud layers are interpreted as volcanic

tuffs deposited on the floodplain (Guadagnin et al., in prep.).
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Fig. 10. Plate showing floodplain deposits facies association. In (a) horizontally-
stratified fine-grained sandstones (facies Sh), in (b) ripple cross-laminated
(facies Sr; arrows) interbedded, horizontally-stratified (facies Sh) sandstones, in
(c) lenses of massive cobble conglomerates within sandstones (facies Gecm), in
(d) conglomerate lag overlain by trough cross-stratified sandstones, in (e) dark
volcanic (arrows) clast within sandstones, in (f) clast dispersed along the
heterolithic sets, in (g) massive greenish mudstone, in (h) ripple marks and

desiccation cracks present in siltstone.

4.8. Facies Association 8: Tide influenced shallow, sand-bed braided

channel

Description

This facies association consists of lenticular medium-grained to conglomeratic
sandstones, 1.5 to 2.3-m-thick, with multiple internal and basal erosion surfaces
(Fig.11a), extending laterally by tens of meters. The sandbodies packages
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exhibit well-developed fining-upwards successions (Fig. 11b) of conglomeratic
sandstones, bipolar cross-stratified sandstones (Facies St), sigmoidal cross-
stratified sandstones (Facies Ss(t); Fig. 11c) and rare low-angle stratified
sandstones (Facies Sl). The cross-sets in simple cross-strata vary from 0.5 to
1.0-m-thick and compound cross-strata vary from 0.5 to 1.5-m-thick. In places,
the sandstones show regularly-spaced, concave, steeply dipping (25°) cross-
stratification with reactivation surfaces (Facies St(t); Fig 11d). Sigmoidal cross
beds are recognized by downcurrent transitions in foreset angle from gently
dipping to more steeply dipping (Fig. 11e), accompanied by increasing to
decreasing thickness of cross-strata within the sets, which are bounded by
reactivation surfaces. Rare ripple cross-laminated, fine-grained sandstones
(Facies Sr) occur capping the sandbodies or climbing up the median-base
portion of the foresets (Fig. 11f) with direction opposite to the main flow. The
palaeocurrent data derived from cross-strata and ripple cross-laminations
exhibit dispersion among the sections. The sections located at the North show a
predominance of palaeocurrents to W-SW and subordinate palaeocurrents to E-
NE, while in the sections located at the South the main palaeocurrents present
SSW-SSE direction and subordinate palaeocurrent to NNW-NNE.

Interpretation

The conglomeratic and medium-grained sandstones disposed in fining-upwards
succession, the predominantly unidirectional palaeocurrents together with the
channel-shape and significant internal and basal erosion surfaces suggest
deposition in fluvial channels (Bristow, 1993; Collinson, 1996). The absence of
macroforms, the lack of lateral accretion beds and the rare overbank deposits
suggest shallow fluvial channels with relatively low sinuosity (Miall, 1996). The
multiple erosion surfaces indicate repeated episodes of channel incision and
infill. The occurrence of bipolar cross-strata indicating reversing currents
suggest that the deposits of shallow, sand-bed braided channel were reworked
by tidal currents (Shanley et al., 1992; Plink-Bjorklund, 2005; Martinius and
Gowland, 2011). The reactivation surfaces on steeply dipping cross-strata
indicate that bedform lee-side is changed into the stoss-side by reversals in flow
direction (Shanley et al., 1992) or superimposition of the other bedforms

(Dalrymple, 1984; Shanley et al., 1992). The sigmoidal beds with increasing to
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decreasing foreset angle and cross-strata thickness are interpreted as
representing accelerating flow conditions, followed by deceleration within a
single ebb tide (Shanley et al., 1992). The difference in foresets thickness is
interpreted as changes in the acceleration of dune migration caused by neap-
spring-neap tide fluctuations (Kreisa and Moiola, 1986; Martinius and Gowland,
2011). This deceleration happens when the tide has greater strength against
the river. At the spring moment, the ebb current is "broke" more intensely by the
flood current. The reactivation surfaces within the individual sigmoidal beds
have been attributed to the migration of superimposed bedforms (Dalrymple,
1984; Shanley et al., 1992). The low-angle cross-stratification was deposited by
high velocity currents. The ripple cross-laminated deposits that cap the
sandbodies represent abandonment of channels, or were deposited in
interchannel areas (Plink-Bjorklund, 2005). The ripple cross-laminations that
climb up the middle-basal portion of the foresets with direction opposite to the
main flow indicate reversing to much weaker, subordinate currents. The bipolar
cross-strata indicating reversing currents display a dominant south to south-
westward fluvial palaeocurrents and subordinate north to northeast tide

palaeocurrents.

St(t)

.

LD Sigmoidal cross
strata

===
e

st :




70

Fig. 11. Plate showing tide-influenced, shallow, sand-bed braided channel
facies association. In (a) lenticular geometry with multiple internal and basal
erosive surfaces, in (b) fining-upwards succession of massive pebble
conglomerate and cross-stratified sandstones, in (c) sigmoidal cross-bedded
sandstones, in (d) sandstones with regularly-spaced concave reactivation
surfaces (arrows), in (e) downcurrent transition in foreset angle from steeply
dipping for gently dipping, in (f) ripple cross-lamination climbing (arrows) up the

median-base portion of the foreset with direction opposite to the main flow.

4.9. Facies Association 9: Upper flow regime tidal sand flat

Description

This facies association is dominated by amalgamated sandsheets (Fig. 12a), up
to 2-m-thick and tens of meters laterally extense. The sandstones are medium-
to coarse-grained and are generally moderately to poorly-sorted (Fig. 12b).
Individual beds have sharp, slightly undulating, erosive bases. Sets are
characterized by horizontal stratification (facies Sh; Fig. 12c), ripple cross-
lamination (facies Sr; Fig. 12d), trough cross-stratification (facies St) and
rarely wavy lamination (facies Sw; Fig. 12e). Occasionally, these sandbodies
are interlayered with thin massive mudstone beds (facies Sm). These deposits
are arranged in 0.3 to 0.7-m-thick sets, with frequent alternation of facies Sh
and Sr or St and Sr. The trough cross-stratifications define a palaeocurrent to

NW-SW, while the ripple cross-laminations show paleoflow direction to NE-SE.

Interpretation

The occurrence of sandstones with bipolarity in the palaeoflow direction
suggests tidal deposits. Sandstones with horizontal stratification formed under
upper flow regime succeeded by sandstones with ripple cross-lamination are
common in high-energy tidal flats (Dalrymple et al., 1985; Dalrymple et al.,
1990; Dalrymple, 1992; Plink- Bjorklund, 2005). The sandstones with horizontal
stratification are interpreted as deposits formed in upper flow regime associated
to the dominant tide, and the climbing ripples are developed in conditions of
subordinate tide flows. The sandstones with trough cross-stratification represent

the migration of sinuous crested dunes deposited in conditions of weaker
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dominant tide. The sandstones with wavy ripples represent the oscillatory flow
under the influence of waves in low energy conditions (Tirsgaard, 1993) and
massive mudstone is interpreted as the product of suspension fallout in low

energy conditions.

Dunes with
palaeocurrent
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Fig. 12. Plate showing upper flow regime tidal sand flat facies association. In (a)
tabular, laterally-extensive fine-grained sandstones, in (b) poorly-sorted with
granular sandstones, in (c) climbing ripples overlain horizontally-stratified
sandstones, in (d) alternation of horizontally- and ripple cross-laminated

sandstones, in (e) wavy laminated sandstone.

4.10. Facies Association 10: Shoreface (Caboclo Formation)
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Description

This facies association consists of tabular sandstone and siltstone bodies, 0.2
to 2-m-thick and several meters laterally extense. These deposits are
dominated by fine- to medium-grained sandstones with horizontal stratification
(facies Sh; Fig. 13a), wavy-lamination (facies Sw; Figs. 13b and 13c), and
ripple cross-lamination (facies Sr; Fig. 13d). The beds have sharp bases that
are bedding-parallel to slightly wavy or erosive. Interbedded with wavy-
laminated sandstones occur laminated mudstones (facies Fl; Figs. 13e and
13f) or massive mudstone (facies Fm; Fig. 13g). These deposits are arranged
in sets up to 20-cm-thick and the facies succession displays a general fining
upwards trend. Paleocurrents from ripple cross-lamination indicates varied
directions (Fig. 13d).

Interpretation

The presence of sandstones with wavy-lamination suggests deposition in the
shoreface. The sandstones with horizontal stratifications intercalated with wavy
ripples are interpreted as flat bedforms developed in conditions of upper flow
regime and reworking by waves (Simpson et al., 2002). The alternation of wavy
ripples and current ripples are products of combined flows in which the current
ripples are generated by traction currents, and the wavy ripples are generated
by oscillatory flows. The laminated and massive mudstones are interpreted as
the product of suspension fallout below wave base. The heterolithic sediments
that succeeded the sand package represent rhythmic alternation between
mudstones deposited from suspension in more distal zones of the shoreface,
and wavy-laminated sandstones deposited from flows imprinted by storm waves
(McCormick and Grotzinger, 1993).



Heterolithic of fine-
grained sandstone
and mudstone

Fig. 13. Plate showing shoreface facies association. In (a) horizontally-
laminated sandstones with wavy ripples on the top, in (b) wavy-laminated
sandstones, in (c) wavy-rippled sandstones (arrows), in (d) ripple marks indicate
the various flow direction (arrows), in (e) and (f) intercalation of wavy rippled
sandstones and laminated mudstones, in (g) drapes of massive mudstones

interlayered with wavy-laminated fine-grained sandstones.

5. Stratigraphic Framework

The Tombador Formation presents thickness ranging from 150 to 600
meters with the largest thickness in the Lencgoéis region and the smallest
thickness close to the Jacobina region (Silva Born, 2011). At the Sincora
Range, the Tombador Formation exhibits thicknesses of up to 600 meters and
is subdivided into lower and upper intervals, with distinct stratigraphic
signatures. The lower interval, predominantly fluvial and estuarine, overlies with
an angular unconformity the Acuruad Formation (Derby, 1906; Pedreira, 1994).
The upper interval, the focus of the present work, is characterised by alluvial
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fan, fluvial braidplain and aeolian systems covered by fluvio-estuarine deposits
on the top (Fig. 14).

The upper interval can be subdivided in three depositional sequences
limited by regional unconformities (Fig. 14): (i) Sequence |, characterised by
fluvio-aeolian deposits; (i), Sequence Il, composed of essentially alluvial
deposits; and (iii) Sequence lll, consisting of fluvio-estuarine and shallow
marine deposits. The studied interval was analysed based only on recognition
of unconformities. Mitchum et al. (1977) define depositional sequence as
genetically related stratigraphic units bounded by unconformities or their
correlative conformities. The criteria used to identify unconformities in outcrops
include: (1) an abrupt change in the facies, which may involve both a change in
the depositional systems or alterations in the architecture of the facies within a
specific depositional system; (2) an abrupt change in the texture and grain size
across the unconformity; and (3) changes in the palaeocurrent patterns.
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Fig. 14. Correlation of the six vertical sections showing the three depositional
sequences of the Upper Tombador Formation. The fluvio-estuarine basal
sequence shows mean vector direction to north-westward. The first boundary
coincides with an abrupt change of the palaeocurrent, with a mean vector
direction to the south, and with a grain size increase. The second boundary is
marked by an abrupt grain size, with a high dispersion in the palaeocurrents
typical of alluvial fan systems. The third sequence boundary is accompanied by
an establishment of fluvio-estuarine systems. The location map indicates the

vertical sections.

5.1. Sequence |

Sequence I, with thickness ranging from 100 to 120 m, comprise a fluvio-
aeolian systems in which 25% of the total sequence thicknesses are shallow,
gravel-bed braided channels concentrated on the base, and the remainder of
the section includes intercalations of the intermediate sheetfloods and aeolian
deposits. The lower boundary is characterized by an intra-Tombador angular
unconformity, that is marked by the abrupt entrance of conglomerates and
conglomeratic sandstones interpreted as shallow, gravel-bed braided fluvial
deposits overlying fine- to coarse-grained sandstones linked to fluvio-estuarine
systems (vertical section 2) or fluvio-aeolian systems (vertical sections 4 and 5).
The unconformity is clearly due to the change in the fluvial paleocurrent from
WNW in the lower interval to SSE at the base of Sequence | (Fig. 14). On top of
gravel-bed braided fluvial deposits at the base of Sequence |, aeolian and
intermediate sheetflood sandstones occur interbedded. In general, the
palaeowind data indicate an average transport vector to the northeast with
dispersion from northwest to east. The intermediate sheetfloods, in turn, have a
wide dispersion of palaeocurrent directions with an average vector to the west.
The palaeocurrents of the sheetfloods that occur interlayered with aeolian
dunes point to a sediment transport perpendicular to the migration of aeolian

dunes.

5.2. Sequence Il
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This sequence shows thicknesses ranging from 40 to 70 m and its lower
boundary is marked by an abrupt change in grain size from intermediate
sheetfloods and aeolian sandstones (Sequence |) to debris flow conglomerates
and proximal sheetfloods or shallow, sand-bed braided channel sandstones
(Sequence I, Fig. 14). The dispersion of palaeocurrent data and the facies
associations of Sequence Il are typical of alluvial fans system (Fig. 15). Thus,
each vertical section displays distinct vertical stacking due to lateral facies
variations within the alluvial fan (Figs. 14 and 15). Vertical sections 3 and 4
exhibit similar stratigraphic succession, in which the base is composed of
proximal sheetfloods and debris flow deposits approximately 18-m-thick
covered by shallow, sand-bed braided channels and floodplain deposits on the
top. Vertical section 5 exhibits sand-bed braided channels underneath debris
flow intercalated with floodplain deposits. Vertical section 6, in turn, presents
amalgamated sand-bed braided channel with no occurrence of debris flows and
floodplain deposits. Vertical sections 1 and 2 suggest a facies distribution
related to distal portions of the alluvial fans. Vertical section 2 comprises thin
beds of debris flow and sand-bed braided channels overlain by amalgamated
proximal sheetfloods while vertical section 1 exhibit thin-bedded debris flow
deposits overlain by proximal sheetfloods deposits and aeolian sand sheets and
dunes. Palaeocurrents show various directions, common in alluvial fan systems
presenting semi-radial geometry. In general, two domains are observed in the
palaeocurrents obtained from sand-bed braided channel and sheetfloods
deposits. The fluvial deposits of the Southern sections (vertical sections 3, 4, 5
and 6) suggest transport of sediments ranging from South to West, while the
fluvial strata of the Northern (vertical sections 1 and 2) show dominant

palaeocurrents to Northwest and North (Figs. 14 and 15).

5.3. Sequence Il

This sequence is formed by deposits belonging to two distinct
lithostratigraphic units. The base comprises sandstones from the Tombador
Formation while the top show mudstones from the Caboclo Formation. Ranging
from 20 to 70 m thick, Sequence Ill is bounded at its base by an abrupt

entrance of fluvio-estuarine systems characterised by tide-influenced, shallow
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sand-bed braided channel and upper flow regime tidal flats deposits, over
continental deposits of Sequence Il (Fig. 14). The tidally-influenced braided
channels show palaeocurrents with a dominant ebb direction to the South-
Southwest and flood tide direction to the North-Northeast. The tidal flats facies
association shows bidirectional palaeocurrents to West-Northwest and East-
Northeast, the first possibly related to flood tide and the second to ebb tide.
Those lithofacies associations are succeeded by shallow marine deposits
(mudstones of the Caboclo Formation) but the upper boundary of Sequence llI

was not defined in the present study.

6. Stratigraphic Evolution: Discussion

The upper portion of the Tombador Formation is characterised by three
depositional sequences bounded by regional unconformities (Fig. 14),
deposited in a wide intracratonic sag basin developed on the Congo-S&o
Francisco Craton (Dussin and Dussin, 1995; Schobbenhaus, 1996; Guimaraes
et al., 2008).

Sequence | is characterised in the base by conglomerates and
conglomeratic sandstones deposited by shallow, gravel-bed braided channels,
which are overlain by fine- to coarse-grained sandstones associated to
intermediate sheetfloods and aeolian dunes and aeolian sand sheets. The lower
boundary of this sequence is marked by an angular regional erosive surface,
evidenced by an abrupt change of facies and fluvial palaeocurrents (Magalhées
et al., 2012). Below the sequence boundary dominate fine- to medium-grained
sandstones linked to fluvio-estuarine systems with a dominant fluvial
palaeocurrent to the West (Magalhdes et al., 2012; Fig. 14); above the
unconformity, conglomeratic deposits of the shallow, gravel-bed braided
channels on the base of Sequence | exhibit an average palaeocurrent to the
South. This change in the fluvial palaeocurrent suggests a regional
reorganization of the drainage basin. Conglomerates of the Tombador
Formation are predominantly composed of white and green quartzites, being
the green quartzites rich in fuchsite (chromium mica) from the Jacobina Group.
Pedreira (1994) suggested that the Jacobina Group outcropped eastward from

the Sincord Range and was the source for sediments of the Tombador
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Formation in the Mesoproterozoic. The composition of the clasts and the
existence of a high-energy braided fluvial system with sediment transport to the
South suggest a tectonic rearrangement of the drainage systems coming from
high areas to the East, and may be related to alluvial fan systems.

The high-frequency intercalation between ephemeral fluvial and aeolian
deposits observed in Sequence | is extremely common in Proterozoic
successions. Such intercalation between fluvial and aeolian deposits may be
due to autocyclic or allocyclic factors. The autocyclic factors result from the
short term interrelationship between coexisting underwater and aeolian
depositional processes. The absence of vegetation in the Precambrian resulted
in wide interfluve areas reworked by aeolian deposits under all types of climatic
conditions (Dalrymple et al., 1985; Kocurek et al., 1992; Simpson and Eriksson,
1993; Trewin, 1993). Allocyclic factors are associated with mechanisms external
to the basin, such as climate, sea level change, sediment supply and basin
tectonics (Kocurek, 1996, 1999). In this case, the absence of well-defined
drying or wetting upward cycles, the small thickness, and low lateral continuity
of the aeolian packages suggest coexistence between fluvial sheetfloods and
aeolian deposits, excluding the hypothesis of allocyclic factors controlling the
fluvio-aeolian interaction.

A new abrupt entrance of conglomeratic deposits related to alluvial fans
systems overlying the fluvio-aeolian successions marks the lower boundary of
Sequence Il. The development of this sequence boundary and the
establishment of an alluvial fan system may be related to a new tectonic
reactivation. The presence of tuff layers within floodplain deposits of Sequence
II (Guadagnin et al., in prep.) indicates a volcanic event in the basin or in
adjacent area. According to Guadagnin et al. (in prep.) these tuffs may be
related to magmatism resulting from collisional or extensional tectonics at the
eastern margin of the Congo-Sao Francisco palaeoplate that might have
affected the interior of the plate and hence influencing the sediment dynamics of
the Tombador Formation (Magalhdes et al., 2012).

Therefore, the lower unconformity of Sequence IlI, as well as its
sedimentary succession, would reflect tectonic uplift and subsidence resulting
from the intraplate stress that occurred within the Congo-Sao Francisco

palaeoplate (Guadagnin et al.,, in prep.) The entrance of conglomeratic
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sediments of Sequence Il may be related to uplift of source areas in response to
a sin-depositional tectonics (Allen and Heller, 2012). Several studies indicate
that intraplate stresses can be transmitted for hundreds of kilometres within
oceanic and continental plates, causing uplift or subsidence in intracratonic
basins. Different authors argue that tectonic movements within intracratonic
basins are related to processes acting at the plate margins. The intraplate
stresses are increasingly used to explain the beginning or reactivation of large
intracratonic structures, even though the main locus of extension or
compression is located at long distances (Cloetingh et al., 1985; Kominz and
Bond, 1991; Heller et al., 1993).

The lateral facies variability between vertical sections within Sequence |l
corresponds to distinct segments of the alluvial fan system (Fig. 15). The
predominance of debris flows deposits in the proximal portions, and the
occurrence of traction flow deposits in the distal segments can be explained by
initial debris flows that segregate and evolve to diluted flows, in a way similar to
that described by Sohn (1999). Thus, the debris flows deposits at the base of
vertical sections 3 and 4 correspond to proximal zones deposited in the main
trench of the alluvial fans or in other larger channels within the alluvial fan
system (Went, 2005). In the studied sections, debris flow deposits between 1 to
10 m thick were deposited in the main trench. The deposits arranged in fining-
upwards cycles that occur overlying debris flows deposits at the base of
sequence Il in vertical sections located to the South are interpreted as shallow,
sand-bed braided channels that correspond to fluvial distributary channels at
the intermediary segments of the alluvial fans. The changes in grain size and
lateral facies variability suggest that the proximal deposits of alluvial fans fed
the fluvial, sand-bed braided channels in more distal portions (Hadlari et al.,
2006). To the North (vertical sections 1 and 2), the predominance of fluvial
sheetflood and aeolian dunes and aeolian sandsheets over shallow, sand-bed
braided channels and debris flows suggest deposition at distal zones of alluvial

fans.
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and sheetfloods
processes

Talus Cone

Shallow, sand-bed
braided channels

sd Po Bl

Fig. 15. Palaesogeomorphology map during deposition of the Sequence II,
showing alluvial fan depositional system. Squares show the position of the

vertical sections.

Debris flows deposits cutting fluvial sand-bed braided channels can be
interpreted as the migration of the main feeder channel over old channels
(Went, 2005). The floodplain deposits interbedded with thin conglomerates
layers at the top of Sequence Il may result from sporadic building of alluvial
lobes over floodplains (Went, 2005). They also suggest sporadic traction flows
reworking the surface of feeder channels of alluvial fans or other abandoned
deposits, transported and redeposited at the distal segments of alluvial fans (fan
toes) (Blissenbach, 1954; Denny, 1967). The radial pattern of fluvial
palaeocurrentes, with wide dispersion and mean vector to the southwest,
suggest that these systems came from highlands located at the northeast of the
Sincord Range. The stratigraphic correlation along the vertical sections
suggests the alluvial fan had a minimum coverage radius of 40 km, the total
distance of vertical sections.

Integration of data from the present work with those of Silva Born (2011)

indicates that Sequence Il extended further to the North nearby Jacobina city
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(Fig. 16), where this unit shows thickness of up to 150 meters. Silva Born
(2011) concluded that proximal alluvial fan deposits dominated by gravity flows
located to the North graded southwards to fluvial sheetfloods and aeolian
sandstones. Therefore, the occurrence of Sequence Il further to the North
suggests an increase of its depositional area in relation to that of Sequence |
(Fig. 16). However, there are compositional differences between the
conglomerates of Sequence Il in the Jacobina and Lencgois regions. In the
Jacobina area, conglomerates present meta-sedimentary subrounded clasts
with medium sphericity of green and white quartzite, while nearby Lencois
conglomerates show angular clasts with low sphericity composed of 70%
sedimentary rocks and 30% metasedimentary rocks. This difference in clast
composition suggests some differences of source area for the alluvial fans. In
Jacobina, the basement that served as source rock (Fig. 16) for the northern
systems was the Jacobina Group whereas in nearby Lencois, the dominance of
clasts of sedimentary rocks with high textural immaturity suggests the source
area for conglomerates were sedimentary rocks most likely from Rio dos
Remédios and/or Paraguacu Group (Fig. 16) that may have been uplifted in the
edge of the basin.

Based on palaeocurrent data in the Jacobina and Lencéis area, it was
possible to estimate the dimensions of the alluvial fan systems and to
understand the spatial distribution of the main facies associations that compose
Sequence Il. The stratigraphic framework including both areas indicates that the
base of Sequence Il is primarily composed of debris flows conglomerates and
shallow, sand-bed braided channels, with greater thicknesses in the North and
South extremities (Fig. 16). Fluvial sheetfloods and aeolian sandstones are
thicker in the central area located between Lencéis and Jacobina.
Palaeocurrent data in both areas indicate a radial pattern with dominant
transport to Southwest and variations to Northwest and Southeast. The
geographic position of the vertical sections and the projection of palaeocurrents
with respect to proximal deposits suggest that the alluvial fans had a minimum
coverage radius of at least 40 km and that the proximal fan were located

approximately 20 to 40 km to the east from the vertical sections.
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Fig. 16. In (a) stratigraphic cross section showing integrated data with Jacobina
region (Silva Born, 2011), in (b) palaeogeographic map of the Sequence Il with
the location of vertical sections of both areas, black square shows place of Fig.
15.

An erosive surface on top of continental deposits of Sequence Il marks
the lower boundary of Sequences Il (Figs. 14 and 16). The base of Sequence
[l is characterised by tide-influenced, shallow, sand-bed braided channels with
fluvial palaeocurrent to the South- Southwest or by tidal flat medium-grained
sandstones with bipolar paleocurrent and eventual wave reworking. The fluvial
palaeocurrents with preferential direction to South-Southwest indicate a
coastline with Northwest-Southeast direction.

The occurrence of tide-influenced, shallow, sand-bed braided channels is
rare in the geological record because most of the fluvial systems influenced by
tide in the Phanerozoic are linked to meandering channels located in the
proximal portion of estuaries (Shanley et al., 1992; Plink-Bjoérklund, 2005).
During the Precambrian, however, the absence of vegetation affected the fluvial
styles and braided fluvial and deltaic systems dominated, even in distal portions
of alluvial plains (Tirsgaard, 1993; Eriksson et al., 1995). In the study area, the
occurrence of tidal facies associations in all vertical sections indicates a tide-
influenced palaeoshoreline. The lateral facies correlation suggests that the
braided fluvial systems were not active along the palaeoshoreline, and that
inactive areas would be eventually covered by tidal flats deposits (Tirsgaard,
1993).

Tide-influenced braided fluvial deposits and tidal-flat deposits are
overlain by shallow marine deposits of the Caboclo Formation, defining a
general transgressive trend for the base of Sequence Ill. The upper boundary of
sequence lll, although not defined in the present study, may correspond to the
second order sequence boundary defined by Alkmim and Martins-Neto (2011),
which marks the contact between the Caboclo and Morro do Chapéu
formations. Dating of stromatolitic limestones of the Caboclo Formation yielded
a 1,140 + 140 Ma age (Babinski et al., 1993), and recent dating on volcanic tuff
on top of Sequence Il of the Tombador Formation estimated an age of 1,416 *

28 Ma (Guadagnin et al., in prep). With that in mind, the boundary between
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Sequences Il and Ill comprises a hiatus of up to 200 Ma, what suggests a
tectonic origin for this sequence boundary although its genesis could not be

linked to any tectono-magmatic event in the basin or adjacent areas.

7. Conclusions

Three depositional sequences bounded by regional unconformities were
identified for the upper interval of the Tombador Formation. Sequence | is
characterised by deposits of shallow, gravel-bed braided fluvial channels that
are overlain by fluvial sheetflood and aeolian dunes and aeolian sand sheets.
Sequence Il is formed of debris flows, fluvial sheetfloods, shallow, sand-bed
braided fluvial channels and floodplain deposits that constituted an alluvial fan
system. Moreover, Sequence Il occur further to the North and was deposited in
a larger depositional area compared to that of Sequence I. The composition of
conglomerates clasts revealed distinct source areas for Sequence Il, one at the
North related to the Jacobina Group and another to the South related to the Rio
dos Remédios and/or Paraguacu Group. Sequence lll is characterised by tide
influenced shallow, sand-bed braided channels and tide flats deposits overlain
by shallow marine deposits of the Caboclo Formation.

The three depositional sequences display significant palaeo-geographical
variations, linked to probable tectonic movements of the basin. Thus, tectonics
was the main controlling factor of the accumulation and development of
sequence boundary unconformities. Sequences | and Il are marked by the
entrance of coarse clastic sediments that probably reflect the uplift of source
areas in response to tectonic movements linked to compressional or
extensional events at the eastern margin of the Congo-S&o Francisco
palaeoplate. The establishment of a gravel braided fluvial system of Sequence |
along with a change of palaeocurrents with respect to the lower sequence
suggest a regional restructuring of the drainage systems. The development of
alluvial fans systems from highlands to the East and consequent widening of
the depositional area of Sequence Il suggest sediments deposited under syn-
depositional tectonics conditions. The unconformity marks at the base of
Sequence lll reveals a significant hiatus close to the top of the Tombador

Formation what suggests a tectonic origin for this unconformity. Sequence IlI
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shows fluvio-estuarine systems being progressively covered by shallow marine
systems, hence defining a regional transgression. The top of Tombador
Formation (fluvio-estuarine) and the base of the Caboclo Formation (shallow
marine) form a single depositional sequence. The upper boundary of Sequence
[l was not identified in the study area and they separate the Caboclo and Morro
do Chapéu formations.
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