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RESUMO

Os sistemas edlicos foram abundantes e muito comuns no inicio da Era Proterozoica
Era, depois de 2.2 Ga. No entanto, a maioria das sucessdes edlicas dessa idade sao
intensamente deformadas e fragmentadas, o que implica que até o momento,
poucas tentativas foram feitas para aplicar uma abordagem de estratigrafia de
sequéncias, para determinar os mecanismos de construgdo, acumulacdo e
preservacdo das sequéncias eodlicas, da mesma forma, ndo existem trabalhos
realizados até o presente momento que utilizem os registros de acumulagao edlica e
reconstrugdes paleogeograficas para modelar a circulagcdo atmosférica do Pré-
Cambriano. A Formacdo Mangabeira €& uma sucessdo edlica de idade
Mesoproterozoéica bem preservada no Craton do Sao Francisco, nordeste do Brasil.
Duas unidades principais foram identificadas com base na arquitetura deposicional e
na analise dos paleoventos. A unidade inferior da Formagao Mangabeira (~ 500 m
de espessura) compreende depositos edlicos de duna, interdunas, lengois de areia
eolicos, assim como depdsitos fluviais. Estes depdsitos sdo organizados em ciclos
sedimentares que se sucedem verticalmente, cada ciclo com 6 a 20 m de espessura,
caracterizados por lencdis de areia edlicos e depositos fluviais que sado substituidos
por dunas edlicas e depositos interdunas indicando uma tendéncia de ressecamento
para o topo. Os dados de paleoventos indicam um transporte atual dominantemente
a norte. Estes ciclos surgem em resposta a oscilagdes climaticas de um clima
relativamente umido para condi¢cdes climaticas aridas possivelmente relacionadas
com forgas orbitais. O limite entre a Unidade Inferior e a Unidade Superior
sobrejacente € marcado por uma mudanga na arquitetura deposicional e uma
mudanga brusca no padrdo de paleoventos. A Unidade Superior (200 m de
espessura) € caracterizada por sucessivos sets de estratos cruzados simples, cada
set com ~ 3 a 10 m de espessura, que indicam a migragdo e acumulagédo de grandes
dunas eodlicas sem regides de interdunas, e que se acumulou como um sistema
edlico seco. Os dados de paleoventos indicam transporte atual predominantemente
ao sul. Esta sucesséo se acumulou durante um episodio de longa duragao de hiper-
aridez. Localmente, a Unidade Superior inclui depodsitos fluviais menores que
registram um evento umido de curta duragdo, ou uma inundagao rara por sistemas
fluviais provenientes das margens da bacia. A combinacdo dos dados de

paleoventos com mapas paleogeograficos demonstra uma boa correlagao entre a

VII|Pagina



circulagdo atmosférica e distribuicdo das massas de terras. Entre 1,6-1,54 Ga o
Craton Sao Francisco estava localizado entre as latitudes médias e o equador. Os
registros do regime de vento a partir dos estratos cruzados da Unidade Inferior sao
consistentes com as posi¢cdes paleogeograficas do Craton do S&o Francisco entre
25° a 35° S, prevalecendo um padréao de vento zonal. Entre 1,54-1,5 Ga a grande
massa de terra (cratons do Sao-Francisco, Congo e Sibéria) derivou mais ao norte
atingindo paleolatitudes entre 30° S e 30°N. Nessa altura, o Craton do S&o Francisco
estava posicionado na zona equatorial. Esta paleogeografia € consistente com os
paleoventos registrados na Unidade Superior, dominando um padrdo de vento de

mongoes.

Palavras-chave: Proterozoico; Arquitetura Deposicional; Ciclos Sedimentares;

Padrdes de vento
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ABSTRACT

Aeolian systems were abundant and widespread in the early Proterozoic Era, after
2.2 Ga. However, the majority of aeolian successions of such great age are intensely
deformed and are preserved only in a fragmentary state meaning that, hitherto, few
attempts have been made to apply a sequence stratigraphic approach to determine
mechanisms of aeolian construction, accumulation and preservation in such systems,
as the same way, no attempts to use the records of aeolian accumulation and
palaeogeographic reconstructions of the land mass distribution to model
Precambrian atmospheric circulation have been undertaken so far. The Mangabeira
Formation is a well preserved Mesoproterozoic erg succession covering part of the
Sao Francisco Craton, northeastern Brazil. Two main units are identified based on
stratigraphic architecture and analysis of regional palaeo-sand transport directions.
The lower unit of the Mangabeira Formation (~500 m thick) comprises aeolian
deposits of dune, interdune, and sand-sheet origin, as well as some of water-lain
origin. These deposits are organized into vertically stacked depositional cycles, each
6 to 20 m thick and characterized by aeolian sandsheet and water-lain deposits
succeeded by aeolian dune and interdune deposits indicative of a drying-upward
trend. Palaeocurrent data indicate aeolian sand transport dominantly to the present-
day north. These cycles likely arose in response to climatic oscillations from relatively
humid to arid conditions, possibly related to orbital forcing. The boundary between
this lower unit and an overlying upper unit is an unconformity of regional extent
marked by a change in the depositional architecture and an abrupt shift in
palaeocurrent pattern. The Upper Unit (200 m thick) is characterized by stacked sets
of simple cross strata, each ~3 to 10 m thick, which are indicative of the migration
and accumulation of large aeolian dunes that lacked interdune flats of appreciable
size, and which accumulated as a dry aeolian system. Palaeocurrent data indicates
aeolian sand transport dominantly to the present-day south. This succession is
interpreted to have accumulated during a long-lived episode of hyper-aridity. Locally,
the upper unit includes minor fluvial deposits that may record a short-lived event of
heightened humidity, or a rare flood event by fluvial systems sourced from the basin
margin. The combination of the palaeowinds data with 1.6 - 1.5 Ga palaeogeographic
maps demonstrate a good correlation between atmospheric circulation and land

mass distribution. At 1.6 to 1.54 Ga Sao Francisco Craton has been located between
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mid-latitudes and equatorial zone. The wind regime records from the cross-strata of
the Lower Unit are consistent with the palaeogeographic positions of Sdo Francisco
between 25° to 35° S, prevail a zonal wind pattern. At 1.54 to 1.5 Ga the large land
mass (Sao-Francisco-Congo and Siberian cratons) drifted farther north reaching
palaeolatitudes between 30° S and 30°N. At that time the Sao Francisco Craton has
been located in the equatorial zone. This palaeogeography is consistent with the
northwestern palaeowinds directions recorded in the Upper Unit which dominates a

monsoonal wind pattern.

Keywords: Proterozoic; Depositional Architecture; Sedimentary cycles; Wind-pattern
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SOBRE A ESTRUTURA DA TESE

A presente tese de doutorado intitulada de "Arquitetura deposicional,
ciclicidade sedimentar e padroes de ventos no Proterozoico, Formacgao
Mangabeira, Supergrupo Espinha¢o” estd estruturada em torno de artigos
submetidos em periddicos. Consequentemente, sua organizacdo compreende as

seguintes partes principais:

a) Contextualizagao sobre o tema, com a descricdo de um breve estado da
arte, e exposicdao do problema cientifico, onde estdo sumarizados os

principais objetivos dessa pesquisa de Doutorado;

b) Artigos submetidos a revistas classificadas nos estratos Qualis da CAPES
A1, Precambrian Research; A2, Sedimentary Geology, e B2, USP Série

Cientifica.

c) Analise integradora que discute e integram os trés artigos, e os principais
resultados adquiridos, bem como as consideragdes finais, que compdem as

principais conclusdes da presente tese.
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INTRODUGAO AO TEMA

1. SISTEMAS EOLICOS NO PRE-CAMBRIANO

O Pré-Cambriano compreende 85% da historia geoldgica da Terra, sendo
que75% das fontes minerais sdo oriundas desse periodo. Esses fatos nos mostram
que, estudos sedimentares nesse intervalo geoldégico merecem uma atencgéo
especial. Ja se discute ha algum tempo (Altermann e Corcoran, 2002; Eriksson et
al., 1998, 2005; Bose et al.,, 2012) que um dos principios fundamentais sobre
padrées de sedimentacdo ao longo dos periodos geoldgicos € que as assembleias
litolégicas do Pré-Cambriano, bem como as estruturas sedimentares e a suas
géneses, em sua maioria apresentam modelos deposicionais modernos como
analogos. Admite-se neste caso, que as leis fisicas foram imutaveis ao longo do
tempo. Ou seja, a génese de uma estrutura sedimentar € a mesma independente do
tempo geoldgico visto que os processos hidrodindmicos geradores sdo atemporais,
vinculados as mesmas leis fisicas. No entanto, embora os processos e produtos
sejam similares ao longo do tempo geoldgico, a variabilidade das taxas e a
intensidade dos processos nao foram os mesmos (Eriksson et al., 2005; Bose et al.,
2012). Apesar da similaridade dos produtos sedimentares, existem diferengas entre
o Fanerozoico e o Pré-Cambriano que necessitam ser consideradas, como, por
exemplo, a auséncia de vegetacdo e o limitado desenvolvimento de solos. Estes
processos superficiais influenciam diretamente nas taxas de erosao, de transporte e
de suprimento sedimentar durante o proterozoico.

Os ergs ou sand seas sao amplas areas de deserto recobertas por
sedimentos arenosos. Os ergs no Pré-Cambriano apareceram de forma significativa
depois de 2.0 Ga. O inicio da acumulacao significativa de depdsitos edlicos esta
vinculado com a formagao de grandes massas de terra (Eriksson e Simpson, 1998).
A auséncia de amplos sistemas eodlicos pré-2.0 Ga esta relacionado com a
ocorréncia de pequenos continentes e amplos oceanos. Além disso, essa época foi
caracterizada por intensa formacdo e reciclagem crustal, dominando bacias
sedimentares relacionadas a prismas acrecionarios e arcos de ilhas. A estabilizagao
da crosta continental iniciou no limite do Arqueano-Proterozoico (2.5 Ga), em que

essa transigao (2.6 a 2.4 Ga) foi caracterizada por uma extensa consolidagédo dos
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cratons, abrangendo massas de terra com area aproximada de 2.6 x 106 km? no
inicio do Proterozoico (Condie, 1981). Eriksson e Simpson (1998) argumentam que
a construgdo, acumulacdo e preservagdo dos depodsitos edlicos do
Paleoproterozoico esta mais relacionada a periodos de agregacao continental e
formacao de supercontinentes do que a fatores como a auséncia da vegetacao, a
atmosfera, variagdes climaticas e flutuagdes do nivel do mar. Os supercontinentes
comegaram a ser comuns na superficie terrestre a partir de 2.2 Ga (i.e.
Supercontinente Columbia; Bose et al., 2012), coincidentemente no mesmo periodo
que houve grande preservacao dos sistemas edlicos, em que extensas massas de
terra em latitudes apropriadas propiciaram a acumulagao dos ergs. Além disso, os
riftes intracratdnicos associados com a fragmentagédo dos supercontinentes foram os
ambientes favoraveis para a preservagao dos depodsitos edlicos. A preservagao dos
sistemas edlicos exige necessariamente uma subida do nivel de base, compativel
com as fases iniciais do rifteamento onde as altas taxas de subsidéncia permitem a
preservacao dos depdsitos edlicos acumulados.

Além da cratonizacido dos continentes outra diferenga no Pré-Cambriano que
teve influéncia sobre os sistemas edlicos foram as variagdes climaticas. A partir de
1.8 Ga até 1.0 Ga as condi¢des climaticas foram aparentemente quentes, devido a
razdo oceano:continente, e umidas, devido ao efeito estufa (Ohmoto, 2004). Nos
dias atuais, os processos eodlicos se desenvolvem mais em regides aridas, onde as
variagdes climaticas controlam a disposigao latitudinal da vegetagao. Entretanto, nos
tempos do Pré-Cambriano a vegetagao nao foi um fator limitante para a acumulagéo,
sendo possivel encontrar acumulagdes eodlicas em areas muito maiores do que as
observadas hoje e nos mais variados regimes climaticos (Kocurek et al., 1992;
Simpson e Eriksson, 1993; Trewin, 1993; Miall, 2006). Embora a distribuicéo
temporal dos sistemas edlicos no Pré-Cambriano ndo pode ser relacionada
adequadamente as condicdes climaticas e atmosféricas (Eriksson e Simpson, 1998),
o paleoclima pode ter influenciado a distribuicao espacial dos depdsitos edlicos, bem
como a sua preservagao (Tirsgaard e @xnevad, 1998). Muitos autores (Eriksson e
Simpson, 1998; Eriksson et al, 2013) relacionam a acumulagao de extensas areas
de desertos no Pré-Cambriano com paleolatitudes adequadas (cerca de 30°),
semelhante ao que se observa nos dias atuais e no Fanerozoico (Parrish e
Peterson, 1988; Loope et al., 2001, 2004; Scherer e Goldberg, 2007, 2010). Além

disso, mudancas nas condi¢des aridas para umidas ocasionadas devido as
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oscilagbes climaticas podem ter aumentado a distribui¢cao areal dos sistemas fluviais,
favorecendo o retrabalhamento dos sistemas eolicos por fluxos aquosos. Trewin
(1993) argumenta que a auséncia de vegetacdo aliada a rapidas descargas
favoreceu o retrabalhamento dos sistemas edlicos acumulados nas regides de inter-
flavios durante periodos climaticos umidos. Diferentes arquiteturas deposicionais dos
sistemas eolicos podem ser resultados de variagdes climaticas ao longo tempo.
Diversos trabalhos publicados no Fanerozoico relacionam ciclos de drying- ou
wetting-upward como consequéncias de mudangas climaticas (Mountney, 2006;
Scherer e Lavina, 2005). Embora poucos trabalhos abordem esse tema no Pré-
Cambriano o clima deve ter atuado como um dos principais componentes acerca da

acumulagao e preservacao desses depdsitos.

2. PROCESSOS EOLICOS E SEUS PRODUTOS SEDIMENTARES

Processos descritos como edlicos sdao aqueles que envolvem a agao do
vento, em que a erosao, o transporte e a deposi¢cao ocorrem através do movimento
do ar na superficie da terra. Os processos eodlicos moldam a superficie da terra,
sendo acumulados em algumas regides, podendo gerar formas de leito complexas.
Desta forma, o vento tem sido um importante agente de transporte e deposicao de
sedimentos em bacias sedimentares desde o Arqueano até os dias atuais. No Pré-
Cambriano, as condi¢gdes de acumulacdo dos sistemas edlicos ndo foram muito
diferentes, embora se reconheca que a identificacdo de depdsitos edlicos do Pré-
Cambriano é por vezes dificil, visto que as sucessdes sedimentares, em sua maioria,
encontram-se deformadas e metamorfizadas apresentando muitas vezes diagénese
intensa, em que essas modificacbes destroem as estruturas sedimentares
diagndsticas dos processos edlicos.

Existem diferentes tipos de estratificagcbes edlicas que respondem a um
conjunto de processos sedimentares distintos. Quatro tipos basicos de
estratificacbes sdo diagndsticos de depodsitos eodlicos: laminagdes de marcas
onduladas edlicas (wind ripples), laminacao de fluxo de graos (grainflow lamination),
laminagdo de queda livre de graos (grainfall lamination) e estruturas de adesao
(adhesion strata)., em que a estratificagbes edlicas em menor escala permitem o

reconhecimento dos depdsitos edlicos principalmente no registro estratigrafico.
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Dentro de um sistema edlico existem diferentes elementos arquiteturais,
sendo os mais comuns as dunas edlicas, interdunas, lengdis de areia edlicos, playa
lakes, sabkhas e rios efémeros. Diversos autores (Porter, 1986; Langford e Chan,
1993) reconheceram diferentes zonas de acumulo de sedimentagao edlica e néo
ellica nos ergs interiores e nos campos de dunas costeiras, em que as variagdes
espaciais nos aspectos sedimentoldgicos e da morfologia das formas de leito séo
distintos em cada regido. Isto €, o tamanho das dunas e a sua complexidade
diminui/aumenta a medida que se aproxima/afasta das margens dos ergs (Fryberger
et al., 1979; Lancaster, 1983). Dunas simples, parabdlicas, transversas, zibars e
lengdis de areia edlicos s&o comuns nas margens dos ergs, enquanto que dunas em
estrela, complexos de dunas (draas com dunas transversas, lineares, crescentes)
sdo observadas no interior dos ergs. Além dos tipos morfoldgicos e do tamanho das
dunas, a interagdo com depdsitos nédo edlicos também varia para cada regidao. No
centro dos ergs domina sedimentagdo eolica prolongada e ininterrupta, sem
ocorréncia de depdsitos fluviais, enquanto que nas margens dos ergs (erg margin)
interacdes fluviais e/ou marinhas (sabhkas, playas, wadis) sdao comuns, em que
esses processos geralmente erodem e retrabalham os depdsitos edlicos (Langford,
1989).

O desenvolvimento de dunas eolicas ocorre em condi¢gdes adequadas de
suprimento sedimentar, disponibilidade de areia seca e capacidade de transporte de
areia pelo vento. O tipo de duna edlica é fungao principalmente da aerodindmica e
do suprimento sedimentar. O reconhecimento e a reconstrugdo de dunas edlicas
através da analise sistematica de paleocorrentes sdo importantes, pois podem
permitir a reconstru¢cdo do padrao de ventos no Pré-Cambriano, tanto na escala
regional ou em escala global. Ja as interdunas s&o regides planas ou em forma de
calha que ocorrem entre dunas edlicas e sao classificadas como interdunas secas,
encharcadas e inundadas (no inglés, dry, damp and wet interdunes; Kocurek e
Havholm, 1993). As interdunas secas ocorrem onde o lencol freatico ou sua franja
capilar ndo interceptam a superficie deposicional. As interdunas encharcadas
ocorrem onde a superficie deposicional estd em contato com a franja capilar do
lencgol freatico e a sedimentacdo é influenciada pela umidade, enquanto que as
interdunas inundadas, ou umidas, sdo aquelas que sao frequentemente alagadas
devido a elevagado do nivel freatico ou através de inundacgdes fluviais relampagos

advindas das margens dos campos de dunas. A geometria das interdunas é
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determinada principalmente pelo espagamento e pela morfologia das dunas edlicas
adjacentes e varia desde calhas espacialmente isoladas circundadas por dunas
eollicas a corredores alongados que se estendem por varios quildmetros circundados
por dunas isoladas (Mountney e Thompson, 2002).

Os lengois de areia edlicos sdo formas de leito de baixo revelo, e se
acumulam em condigdes em que a formacdo das dunas n&o é favoravel. Fatores
como, nivel do lencol freatico alto, estabilizacdo da superficie por cimentacéo, solo,
baixo suprimento sedimentar, inundacbes peridodicas irdo propiciar o
desenvolvimento de lengdis de areia edlicos, inibindo a formagao de dunas (Kocurek
e Nielson, 1986). Os sistemas fluviais efémeros sdo comumente associados com
sistemas eodlicos (Langford, 1989). Duas maneiras de interagbes podem ocorrer
relacionadas a esses sistemas. Interagbes fluviais de curta duragdo nas margens
dos ergs onde as inundagdes fluviais retrabalham os depdsitos edlicos marginais
(Langford, 1989; Kocurek, 1996) ou, em sistemas que dominam a atividade fluvial,
onde inundagdes efémeras sao retrabalhadas pelo vento durante periodos de baixa
ou na auséncia de descargas (Wilson, 1973; Langford, 1989). Nos tempos do Pré-
Cambriano, muitos autores sugerem que a auséncia de vegetacao resultou em uma
frequente inter-relacdo entre processos fluviais e edlicos, ocorrendo em diferentes
contextos climaticos (Tirsgaard e Oxnevad, 1998). Como consequéncia,
intercalacbes de depdsitos eodlicos e fluviais em pequena escala sdo esperadas
ocorrer em uma ampla gama de ambientes deposicionais, sendo comum a sua
preservagao no registro estratigrafico.

Os lencgois de areia edlicos e as dunas edlicas irdo compor os ergs ou sand
seas. Wilson (1973) propds que o termo erg fosse utilizado para descrever "an area
where wind-lain sand deposits cover at least 20% of the ground, and which is large
enough to contain draas”. Na pratica os sedimentdlogos utilizam esse termo (no
inglés erg ou sand sea) para caracterizar areas arenosas com uma cobertura
minima de 125 km?, enquanto que o termo campo de dunas (no inglés dunefields) é
utilizado para areas menores e que nédo contém grandes dunas (Fryberger e
Ahlbrandt, 1979; Thomas, 1989). Campos de dunas costeiros (no inglés coastal
dunefields), outro termo comumente utilizado, da mesma forma que os ergs e os
campos de dunas interiores, sdo compostos por diversas morfologias de dunas, em

que a presenca de cadeias de dunas paralelas a costa, bem como a presenca de
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sedimentos associados - leques de wash-over, sedimentos lacustrinos e praiais -
caracterizam esses sistemas (Rodriguez-Lopez et al., 2014).

Estudos recentes apontam que os ergs atuais se desenvolvem em todos os
continentes e em todas as latitudes, desde o Artico até a Antartica. Entretanto, a
maioria dos ergs interiores esta localizada em baixas e médias latitudes proximo ao
paralelo de 30° enquanto os campos de dunas costeiros sdo encontrados em
médias latitudes (Wilson, 1972, 1973; Miall, 1984; Rodriguez-Lopez et al., 2014). Os
ergs atuais sao sistemas complexos, constituidos por uma variedade de sub-
ambientes deposicionais. Os tipos, estruturas, tamanhos, e a distribuicdo das dunas
e interdunas edlicas, bem como as suas relagbes com outros ambientes
deposicionais (planicies fluviais, leques aluviais, lagos, sistemas costeiros), séo
produtos da interacdo de diferentes variaveis, tais como, clima, topografia,

viabilidade e fonte de agua, vegetagao, entre outros fatores (Kocurek, 1981).

3. ESTRATIGRAFIA DE SEQUENCIAS EM SISTEMAS EOLICOS

A incorporagdo de sistemas eodlicos no registro sedimentar requer um
conjunto especial de circunstancias. Uma variedade de fatores externos (alociclicos)
determina como os sistemas edlicos sdo construidos e posteriormente acumulados,
como a acumulagdo edlica se interrompe e de que forma as sequéncias de
acumulagao edlica sdo incorporadas no registro sedimentar. Segundo Kocurek
(1999) para compreender a arquitetura sedimentar preservada, bem como a
evolucao de sistemas edlicos antigos, € necessario entender trés fases
fundamentais: a construgcdo, a acumulagdo e a preservacao dos estratos eolicos
acumulados (Fig. 13). Segundo Kocurek e Lancaster (1999), a construgdo dos
sistemas eodlicos esta diretamente relacionada com o suprimento sedimentar, a
disponibilidade de sedimentos e a capacidade de transporte pelo vento. A
acumulagcao dos sedimentos é controlada pela propria dindmica do sistema (sistema
edlico seco, umido e estabilizado), enquanto que para ocorrer a preservagao dos
depdsitos acumulados € necessario com que os estratos edlicos sejam posicionados
abaixo do nivel de base regional (nivel freatico para ergs interiores), de modo que,

nenhuma erosao ocorra (Kocurek e Havholm, 1993).
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CONSTRUCAQ DOS SISTEMAS EOLICOS

A relacéo temporal entre a fonte de sedimentos e a constru¢do do campo de
dunas pode ser conceituada pelo regime sedimentar (Kocurek & Lancaster 1999).
Kocurek e Lancaster (1999) definiram que a construgéo de sistemas edlicos € uma
funcdo de trés fatores independentes: suprimento sedimentar, disponibilidade de
sedimentos e capacidade de transporte de sedimentos pelo vento. O suprimento
sedimentar € o volume de sedimentos gerado em um tempo determinado. O
suprimento sedimentar pode ser: (i) contemporaneo, como ocorre, por exemplo, no
Deserto da Namibia, em que ocorre a "alimentagdo" do campo de dunas pelo Rio
Orange e também por processos costeiros (Lancaster e Ollier, 1983; Bluck et al.,
2007); (ii) pode ser pela deflagdo e armazenamento de sedimentos, como ocorre no
Deserto do Saara, em que os sedimentos fluviais sdo armazenados durante os
periodos umidos, e durante os periodos aridos subsequentes, os sedimentos
previamente armazenados sao retrabalhados alimentando o campo de dunas
(Kocurek, 1988); ou (iii) pode ter uma natureza mista, ocorrendo uma mistura do
suprimento sedimentar contemporaneo com o suprimento sedimentar armazenado.
Embora alguns sedimentos possam ser derivados da deflacdo edlica de rochas, a
quase totalidade das areias de ergs tem a sua origem no retrabalhamento de
sistemas aluviais, costeiros ou lacustres.

A disponibilidade de sedimentos secos corresponde a suscetibilidade dos
graos superficiais de serem transportados pelo vento (Kocurek e Lancaster, 1999).
Um contexto de alto suprimento sedimentar ndo é suficiente para a construcao de
ergs, sendo também necessaria uma alta disponibilidade de areia seca. Assume-se
que a disponibilidade de sedimentos diminui em condi¢cdes climaticas umidas. Da
mesma maneira a subida/descida relativa do nivel do mar também influencia na
disponibilidade de sedimentos. Regressdes marinhas expdem a plataforma
continental aumentando a disponibilidade de sedimentos a serem transportados pelo
vento. Outros fatores estabilizantes, como cimentos superficiais, vegetacdo e lags
conglomeraticos também limitam a viabilidade de areia seca (Kocurek, 1999).

A capacidade de transporte de sedimentos pelo vento refere-se ao volume de
sedimentos que o vento consegue transportar. A capacidade de transporte esta
vinculada a energia do vento, podendo ser expresso com uma taxa volumétrica. A

capacidade maxima de transporte ou saturacao do fluxo é alcangada em segundos,
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se existir uma alta disponibilidade de areia. Em caso de um limitado suprimento
sedimentar e ou baixa disponibilidade de areia, o vento se torna insaturado com

relagdo ao seu potencial de transporte, se tornando potencialmente erosivo.

ACUMULACAO DOS SISTEMAS EOLICOS

A existéncia de dunas edlicas em uma determinada area, nao implica
necessariamente na acumulagdo sedimentar. A acumulagdo edlica refere-se a
deposigao total de sedimentos através do tempo, gerando um corpo tridimensional
de estratos que pode ser incorporado no registro geoldgico (Kocurek & Havholm,
1993). A superficie de acumulagao € definida por um plano sob o qual as formas de
leito migram em que os sedimentos acima dessa superficie sdo transportados
enquanto que os sedimentos abaixo sdo acumulados. A maioria dos campos de
dunas e ergs é caracterizada somente pela deposi¢cdo, sem que ocorra acumulagéo
(i.e. nenhuma sequéncia vertical € formada).

A acumulagdo requer um balango sedimentar positivo, no qual a entrada de
areia no sistema supera a saida de sedimentos. Em contraste, um balanco
sedimentar neutro gera bypass, enquanto que um balango sedimentar negativo
ocasiona a erosao dos sedimentos previamente acumulados. A acumulagao
necessita uma desaceleracdo na taxa de transporte e/ou uma diminuicdo na
concentragdo do fluxo ao longo do tempo (Rubin e Hunter, 1982; Kocurek e
Havholm, 1993). A reducao na taxa de transporte de sedimentos ocorre quando ha
uma desaceleragao do vento, geralmente como consequéncia da expansao do fluxo
ao adentrar em uma area deprimida ou pela redugcdo espacial da pressao
atmosférica. A diminuicdo na concentracao do fluxo ao longo do tempo € alcangada
principalmente pela redugao na energia do vento (Kocurek, 1999).

O principal mecanismo reconhecido para a acumulacao edlica é a migracao e
o cavalgamento de dunas e draas, sendo o angulo de cavalgamento uma variavel
determinada pela razao entre a taxa de subida da superficie de acumulagao e a taxa
de migracao da forma de leito. Um angulo de cavalgamento positivo possibilita a
acumulagao. Entretanto, na maioria das vezes os sistemas eodlicos apresentam um
baixo angulo de cavalgamento (subcritico), preservando somente as porgdes basais

dos estratos cruzados As causas da acumulagdo, bem como do bypass e erosao,
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dependem do tipo de sistema edlicos, que basicamente se resumem a trés: sistemas
secos, umidos e estabilizados (Havholm e Kocurek, 1994; Kocurek, 1999).

Em contextos de balango sedimentar neutro ou negativo, ocorre a formagao
de supersuperficies, que correspondem a superficies que marcam o fim da
acumulagao edlica. Um balango sedimentar neutro ird gerar uma supersuperficie de
bypass enquanto que um balango sedimentar negativo corresponde a uma
supersuperficie de deflacdo edlica, onde os ventos se tornam insaturados, e ocorre o
inicio da erosao dos estratos previamente acumulados. As supersuperficies também
podem marcar a mudanca no sistema deposicional de edlico para ndo-edlico, como
por exemplo, inundagdes marinhas em ergs costeiros (Glennie e Buller, 1983; Chan
e Kocurek, 1988). As supersuperficies apresentam uma série de feigbes que
auxiliam a sua identificagao, tais como: gretas de ressecamento, fraturas poligonais,
bioturbagao e horizontes com rizolitos. Em termos de geometria, as supersuperficies
frequentemente sdo lateralmente extensas, e usualmente limitam sequéncias ou
unidades genéticas edlicas distintas (Kocurek e Havholm, 1993). As supersuperficies
geralmente tém a sua génese controlada por fatores alociclicos, mais
especificamente por alteragcdes na disponibilidade de areia, e/ou variagao no lencol
freatico vinculado a fatores dultimos, tais como, variagdo do nivel do mar,

soerguimento tecténico e/ou mudangas climaticas.

PRESERVACAO DOS SISTEMAS EOLICOS

A preservacao dos sistemas edlicos consiste na incorporagcao dos depdsitos
eolicos acumulados no registro estratigrafico. Nos sistemas edlicos, o espago de
acomodacgdo (acumulagdo) nao necessariamente corresponde ao espago de
preservagao (Kocurek e Havholm, 1993), em que a acumulagdo dos sedimentos
edlicos ao longo do tempo ndo garante a incorporagao no registro geoldgico. Para
ocorrer a preservagao dos estratos edlicos acumulados é necessario que os estratos
acumulados estejam abaixo da linha de base de erosao regional. O espago de
acumulacao e o espaco de preservacao sao diferentes para cada tipo de sistema
edlico, sendo que os principais fatores que controlam a preservagcdo sido a
subsidéncia, o nivel de base e superficies de estabilizagao.

A tectbnica permite com que os estratos edlicos sejam acumulados devido a

subsidéncia mecanica ou termal da sucessao sedimentar acumulada. Nos sistemas
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eolicos secos a subsidéncia é o principal fator que permite com que ocorra a sua
preservacdo. Nesses sistemas o espaco de acumulacao e preservaciao ndo sdo os
mesmos, onde a acumulacio ocorre acima do nivel do lencol freatico, enquanto que
a preservacgao ocorre somente se houver subsidéncia, posicionando a acumulagao
abaixo do nivel do lencol freatico. O lencol freatico, no entanto, controla tanto a
acumulagdo quanto a preservagcdo dos sistemas edlicos umidos, visto que os
espacos de acumulacgao e preservagao coincidem neste tipo de sistemas.

Em sistemas edlicos costeiros, as mudancas no nivel do mar influenciam o
nivel do lencol freatico, enquanto que nos ergs interiores as oscilagdes do nivel do
lengol freatico s&o em fungdo das mudangas climaticas. As superficies
estabilizantes, ocasionadas, por exemplo, pela cobertura vegetativa podem
influenciar na preservagao ao longo do tempo dos sistemas edlicos estabilizados,
entretanto os fatores que permitem o crescimento da vegetagdo podem se modificar,

e uma vez removida a vegetagao os estratos acumulados podem sofrer erosao.
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PROBLEMA CIENTIFICO

Um amplo numero de depdsitos edlicos foi documentado no Pré-Cambriano
apos 1,8 Ga, em que Eriksson e Simpson (1998) relacionaram a acumulagao e
preservacgao dos primeiros desertos com a formagao de grandes massas de terra. O
reconhecimento de depdsitos edlicos no Proterozoico tem sido efetuado com
bastante éxito, principalmente através da identificagdo de estruturas diagndsticas da
acao do vento, tais como, estratificacdo cruzada composta por marcas onduladas
transladantes (wind ripples), laminagdo do tipo pin-stripe (riscos de agulha),
estruturas de adesdo e granule ripples (Eriksson e Simpson, 1998). Embora os
depositos eodlicos do Pré-Cambriano estejam bem documentados existem poucos
estudos focando na reconstrucdo da arquitetura de facies e evolugao estratigrafica
de sistemas edlicos proterozoicos (Ross, 1983; Jackson et al., 1990; Chakraborty,
1991; Simpson & Eriksson, 1993; Basu et al.,, 2014), bem como, n&do existem
trabalhos publicados até o presente momento que abordem a reconstrugcédo do
padrdao de ventos em escala global no Pré-Cambriano, relacionando a acumulagao
edlica com a circulacido atmosférica e a distribuicdo dos continentes.

Como ressaltado anteriormente, a reconstrugdo da arquitetura de facies e a
evolugcao estratigrafica dos sistemas eodlicos requerem trés fases fundamentais:
construcdo, acumulacao e preservagao dos sistemas eolicos (Kocurek, 1999;
Kocurek e Lancaster, 1999). Em muitos estudos de sucessdes edlicas no
Fanerozoico, as acumulacdes eodlicas preservadas sdo comumente divididas em
sequéncias, em que cada sequéncia representa uma fase da construgédo e
acumulagao edlica. Estas sequéncias geralmente ocorrem verticalmente empilhadas
compondo uma sucessao, de modo que cada sequéncia € delimitada por uma
supersuperficie, lateralmente extensa que marca um hiato no processo de
acumulacgao, e que pode ser associada a deflagao edlica (ou seja, a eroséo) (Loope,
1985 ; Kocurek e Hunter, 1986; Langford e Chan, 1988; Clemmensen e Hegner,
1991; Mountney et ai, 1999; Scherer e Lavina, 2005; Mountney, 2006). Dessa forma,
as supersuperficies séo tipos de limites de sequéncia (Kocurek, 1988).

O reconhecimento das supersuperficies constitui a base para a definicao de
um arcaboucgo da estratigrafia de sequéncias em sucessodes edlicas. No entanto, o

reconhecimento de supersuperficies em sucessodes edlicas do Pra-Cambriano, bem
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como a construcado de modelos relacionados com a evolugao temporal e espacial
das unidades edlicas, sdo escassos (Deynoux et al., 1989). Isso porque as
sucessdes eolicas dessa idade se encontram frequentemente fragmentadas e
deformadas, em que a auséncia de continuidade lateral de exposicdo para
demonstrar as relagdes entre as sucessdes edlicas e as supersuperficies séo
omitidas ou fragmentadas (Eriksson e Simpson, 1998;. Bose et al, 2012).

Grandes acumulacdes edlicas e as facies sedimentares relacionadas sdo os
melhores indicadores de desertos no Pré-Cambriano em que a acumulagdo de
extensos desertos requeriram palaeolatitudes adequadas (Eriksson et al., 2013), da
mesma forma como se observa nos dias atuais, onde amplos desertos (> 12.000
km?, Pye e Tsoar, 2009) ocorrem entre as latitudes de 15° e 30°. A circulagdo
atmosférica €& dependente da distribuicdo latitudinal da radiagdo solar e da
distribuicdo das massas de terra. Varios modelos de circulagdo atmosférica, com
base nos registros de ventos adquiridos pelas diregdes de paleocorrentes em
arenitos eolicos e conciliando esses dados com reconstrugdes paleogeograficas
foram aplicados com sucesso no Fanerozoico, principalmente relacionado ao
supercontinente Pangea (refs). Tal correlacdo é muito mais dificil nos tempos do
Pré-Cambriano devido ao registro sedimentar incompleto aliado a presenca de
mapas paleogeograficos controversos (por exemplo, Li et al, 2008; Zhang et al,
2012; Evans, 2013;. Pisarevsky et al, 2003, 2014).

OBJETO DE PESQUISA: FORMAGAO MANGABEIRA

A Formacao Mangabeira foi formalmente definida por Schobbenhaus & Kaul
(1971) e descrita por Pedreira (1994) como um pacote sedimentar com cerca de
1500 metros de espessura, interpretados como depdsitos fluviais entrelacados e
depdsitos edlicos (Pedreira, 1994). Recentemente, o Projeto Ibitiara-Rio de Contas
do Servico Geoldgico do Brasil (Guimaraes et al., 2008) caracterizou a Formacao
Mangabeira por litofacies geradas por processos eodlicos em ambiente desértico
costeiro, com ocorréncia de sistemas fluviais efémeros, intercalados no topo com os
depdsitos marinhos da Formacdo Acurua. No mesmo trabalho a estimativa de
espessura maxima da Formagao Mangabeira foi recalculada para aproximadamente
600 metros. Datagdes absolutas da Formagdo Mangabeira foram realizadas por
Babinski et al. (1999) e Silveira et al. (2013), obtendo a idade aproximada de 1.5 Ga
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em intrusdes maficas toleiticas (soleiras e diques) na base da Fm. Mangabeira.
Recentemente Guadagnin et al. (2015) forneceram dados de proveniéncia,
determinando que os sedimentos da Formagado Mangabeira sdo de origem reciclada
associada com ambientes colisionais.

Nessa tese foi prosposta uma nova abordagem acerca da sucessao
sedimentar bem como foi estimada uma nova espessura, diferente da proposta pela
literatura (Schobbenhaus e Kaul, 1971; Pedreira, 1994). A Formagdo Mangabeira
compreende um amplo deserto com dimensdes aproximadas de 50.000 km?,
apresentando uma sucessao sedimentar bem preservada com ~700 m de
espessura. Duas unidades edlicas foram mapeadas, baseado principalmente na
arquitetura sedimentar e nos dados de paleocorrentes. A Unidade Inferior é
composta por varios ciclos de drying-upward limitadas por supersuperficies, em que
cada sequéncia eodlica representa episédios de acumulacao e deflagao edlica. Cada
ciclo compreende lencgois de areia éolicos associado com depdsitos fluviais que sao
substituidos por dunas e interdunas edlicas. As dunas edlicas dessa unidade
apresentam um vetor médio para NNE. A Unidade Superior compreende dunas
ellicas de grande porte sem regides de interdunas e apresentam um vetor médio de

transporte para SW.

OBJETIVOS

Os principais objetivos dessa tese sao (i) reconstruir a arquitetura de facies de
sistemas edlicos proterozoicos, bem como definir os fatores que controlaram a
construcdo, acumulacdo e preservacao de sucessdes edlicas; e (ii) propor pela
primeira vez um modelo de padrdes de ventos para o Mesoproterozoico, a partir da
coleta sistematica de dados de paleocorrentes edlicas, posicionadas em mapas
paleogeograficos disponiveis na literatura.

Os obijetivos especificos desse estudo estao listados abaixo:

e Analise das litofacies e dos elementos arquiteturais (associacao de facies) a
fim de reconstruir e interpretar os varios sub-ambientes deposicionais
representados pelas sequéncias eodlicas preservadas, mapeadas em

afloramentos e dados de subsuperficie (GPR);
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e Propor um modelo deposicional que retrate a evolugdo sedimentar dos

depdsitos edlicos da Formagao Mangabeira;

e Discutir as principais variaveis que controlaram a construgado, acumulagao e

preservacgao de sucessdes edlicas no Proterozoico;

e Apresentar mapas paleogeograficos de escala global, posicionando os

depositos edlicos da Formagao Mangabeira;

e Discutir o regime de ventos no Proterozoico (1,6 a 1,5 Ga) e propor um

modelo de padrao de circulagcédo atmosfeérica;
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RESUMO

Unidades eolicas consistem em excelentes reservatorios de hidrocarbonetos, visto que a
arquitetura deposicional dos sistemas eolicos geram variagdes significativas na
heterogeneidade em diferentes escalas hierarquicas. A Formag¢do Mangabeira de idade
~1,5 Ga depositada no Craton do Sdo Francisco ¢ composta dominantemente por
depositos edlicos. Onze perfis laterais foram descritos e interpretados e 6,2 km de linhas
de GPR foram adquiridos permitindo correlacionar os afloramentos com dados de
subsuperficie, com o objetivo de demonstrar a arquitetura deposicional dos depdsitos
edlicos da Formagdo Mangabeira. Duas associacdes de facies foram identificadas:
associacao de dunas e interdunas eolicas (AF1) e associacao de lencois de areia edlicos
(AF2). Essas associagdes de facies compdem ciclos de condi¢des mais secas para o
topo, com espessuras de 6 a 20 metros. Cada ciclo ¢ limitado na base e no topo por
superficies planas, lateramente extensas, interpretadas como supersuperficies de
deflacdo eolica. As secoes de GPR obtidas permitiram caracterizar em subsuperficie a
geometria dos corpos arenosos, assim como hierarquizar as suas superficies
constituintes. A geometria dos depositos edlicos pdde ser visualizada em cortes
longitudinal e transversal, em relagdo ao mergulho dos estratos cruzados. O uso do GPR
para identificar a morfologia dos depositos sedimentares, bem como a variacdo lateral e



vertical das associagdes de facies e superficies limitrofes ¢ considerado uma excelente
ferramenta para prever a continuidade dos depdsitos sedimentares e as heterogeneidades
de reservatorios eolicos.

Palavras-chave: Sistemas edlicos proterozoicos; Arquitetura deposicional; Superficies
limitrofes; Radar de Penetra¢ao do Solo

ABSTRACT

Eolian units consist of excellent hydrocarbon reservoirs, since the depositional
architecture of the eolian systems generate significant variations in heterogeneity at
different hierarchical scales. The Mangabeira Formation aged ~ 1.5 Ga deposited in Sao
Francisco Craton is composed dominantly by eolian deposits. Eleven lateral profiles
were described and interpreted and 6.2 km of GPR lines were acquired, in order to
display the depositional architecture of eolian systems of the the Mangabeira Formation.
Two facies associations were identified: eolian dunes and interdune (AF1) and aeolian
sandsheet (AF2). These facies associations comprise drying-upward cycles, 6 to 20 m
thick. Each cycle is limited at the bottom and top by flat surfaces, laterally extensive,
interpreted as deflations supersurface. The GPR sections obtained allowed to
characterize the subsurface geometry of sand bodies, as well as the internal surfaces.
The geometry of the eolian deposits could be visualized in longitudinal and transverse
profiles relative to the dip direction of the cross-strata. The use of the GPR to identify
the morphology of sedimentary deposits as well as the lateral and vertical variation of
the facies associations and adjacent surfaces is considered a very useful tool to provide
continuity of sedimentary deposits and reservoir heterogeneities.

Keywords: Proterozoic eolian systems; Depositional Architecture; Boundary surfaces;
Ground-Penetrating Radar

INTRODUCAO

A arquitetura deposicional dos sistemas edlicos, produto dos processos de
constru¢do, acumulagdo e preservagdo tem profundo impacto da andlise de reservatério.
Intimeros trabalhos tém demonstrado que sucessoes edlicas apresentam uma arquitetura
deposicional bastante complexa, que geram variagdes significativas na heterogeneidade
dos reservatorios em diferentes escalas hierarquicas. Unidades edlicas consistem em
excelentes reservatorios de hidrocarbonetos, destacando-se intimeros campos em
diferentes bacias sedimentares no Brasil e no mundo (e.g. Fm. Sergi, Bacia do
Recdncavo, Brasil; Fm. Minnelusa, Bacia de Powder River, EUA). Ao contrario do que
se pressupunham em décadas passadas, os reservatorios eolicos podem ser
extremamente complexos, apresentando rapidas taxas de mudancgas laterais e verticais
da litologia e das propriedades petrofisicas, tornando a predicdo geoldgica de
heterogeneidades extremamente dificil. As sucessOes eodlicas sdo caracterizadas por
diferentes hierarquias de superficies limitrofes (Kocurek, 1988; Kocurek et al., 1991)
que tendem a compartimentar o reservatorio. As superficies regionalmente extensivas
(supersuperficies) constituem-se nas principais barreiras de permeabilidade em
reservatorios eodlicos, sendo um dos principais controladores da heterogeneidade em
uma escala gigascopica. As superficies internas a uma sequéncia eolica (superficies de
1%, 2* e 3* ordem) definem unidade de fluxo em escalas progressivamente menor,
definindo as heterogeneidades megascdpicas a macroscopicas do sistema.



Afloramentos rochosos, quando bem expostos, fornecem excelentes informagdes
acerca das facies, superficies internas e geometria dos depodsitos e podem servir como
analogos na interpretacio de dados em subsuperficie. Entretanto, normalmente os
afloramentos apresentam extensdes laterais e espessura limitadas, e muitas vezes
encontram-se parcialmente encobertos pela vegetacao e/ou afloram em trincheiras rasas
nas estradas, o que inviabiliza uma andlise da arquitetura de facies dos depositos
sedimentares. Como os depositos edlicos mais comuns sdo constituidos por areias
quartzosas (resistivas) a utilizacdo do método GPR (Ground-Penetrating Radar),
permite o imageamento de feicdes em subsuperficie e tem sido aplicada com bastante
éxito como uma ferramenta complementar. Especialmente em cortes de estradas onde
esta ferramenta permite a correlacdo das informagdes obtidas em superficie com aquelas
adquiridas logo abaixo, contiguas, muitas vezes com a identificacdo de geometrias,
estruturas sedimentares ¢ de superficies cronoestratigraficas. O uso do GPR tem sido
muito utilizado em sucessdes eodlicas do Recente (Havholm et al., 2002; Botha et al.,
2003; Dam et al., 2003; Adetunji et al., 2006; Trivedi et al., 2012), entretanto existem
poucos trabalhos acerca desse assunto em sucessdes edlicas antigas (Silva e Scherer,
2000; Jol et al., 2003; Akinpelu, 2010), ainda mais do proterozoico, onde as sucessoes
sedimentares, em sua maioria, encontram-se deformadas e metamorfizadas
apresentando muitas vezes diagénese intensa.

A Formagao Mangabeira, de idade Mesoproterozoica acumulada no Craton do
Sao Francisco ¢ composta dominantemente por depdsitos edlicos. O presente estudo
tem como objetivo principal demonstrar que a arquitetural deposicional dos sistemas
eolicos da porgao inferior da Formagao Mangabeira, assim como, diferentes hierarquias
de superficies, podem ser mapeadas a partir dos dados de GPR. Como decorréncia
disso, ¢ possivel elaborar modelos de predicio das mudangas na geometria e
conectividade dos corpos arenosos, servindo como uma ferramenta essencial na analise
de heterogeneidade em sistemas edlicos.

CONTEXTO GEOLOGICO

A Formagdo Mangabeira, de idade Mesoproterozoica localiza-se no Craton do
Sao Francisco (Fig. 1a). Essa formagdo em conjunto com outras unidades compde o
Supergrupo Espinhago, no dominio da Chapada Diamantina (Fig. 1b). A Formagao
Mangabeira foi formalmente definida por Schobbenhaus & Kaul (1971) e descrita por
(Pedreira, 1994) como dunas edlicas de grande porte associada com depositos fluviais.
Recentemente, o Projeto Ibitiara-Rio de Contas do Servico Geoldgico do Brasil
(Guimaraes et al., 2008) caracterizou a Formag¢ao Mangabeira por litofacies geradas por
processos eolicos em ambiente desértico costeiro, com ocorréncia de sistemas fluviais
efémeros, intercalados no topo com os depdsitos marinhos da Formacdo Acurua.
Datagdes absolutas da Formacdo Mangabeira foram realizadas por Babinski et al.
(1999) e recentemente por Silveira et al. (2013), em que foi obtido idade de ~1,5 Ga em
soleiras e diques maficos, intrudidos na base da Formagao Mangabeira.
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Figura 1. Mapa de localizagdo. (A) Craton do Sao Francisco; (B) Supergrupo Espinhaco
no Dominio Chapada Diamantina e Formagao Mangabeira (amarelo); (C) Localizagao
das secoes de GPR.

MATERIAIS E METODOS

A coleta de dados de GPR foi realizada ao longo das margens de estradas
pavimentadas, principalmente ao longo da BA-142, préximo ao municipio de Barra da
Estiva (Fig. 1c). A aquisicdo dos dados foi feita utilizando o sistema SIR-3000 da
GSSI™ (Geophysical Survey Systems, Inc.) sendo empregadas as antenas de 200 MHz e
400 MHz. No total, foram cobertos 6,2 km de linhas de GPR de 200 metros com pontos
de controle a cada 50 m. A Tabela 1 apresenta os parametros usados na aquisi¢ao. A
polarizacdo das antenas foi ortogonal a direcdo das linhas. A velocidade média foi
calculada em uma camada de arenito que teve a espessura medida por taquedmetro



(metros) e por GPR (tempo). A velocidade e as propriedades dielétricas medidas nas
amostras em laboratério confirmaram os valores usados durante a aquisicdo de campo.
A antena de 200 MHz permitiu penetragdo mais profunda (profundidade de
aproximadamente 20 m), enquanto a antena de 400 MHz obteve melhor resolucdo com
6-8 m de profundidade de penetracdo. As rotinas basicas de processamento foram
aplicadas sobre os dados, incluindo correcdo topografica, corre¢do do start time,
remocdo de ganho, filtro passa-banda, remocdo de background, decaimento de energia,
branqueamento espectral, diffraction stack e migracao.

A fim de calibrar as se¢oes de GPR com os afloramentos, 11 perfis laterais
foram construidos e interpretados, complementados com perfis estratigraficos
levantados na escala 1:100. A interpretacao dos afloramentos é baseada na identificagdo
das associagdes de facies definidas por uma série de atributos litologicos, tais como,
cor, textura, composi¢do, estruturas sedimentares e geometria. Nos perfis laterais, a
distribuicao detalhada das facies e associagdo de facies, bem como as superficies
limitrofes foram tracadas ao longo dos afloramentos, com o objetivo de facilitar a
correlacdo com os dados em subsuperficie.

Tabela 1. Parametros de aquisi¢do utilizados no imageamento.

. ~ FREQUENCIA CENTRAL DA ANTENA
PARAMETROS DE AQUISICAO 200 Mz 400 Mz
T Rate (Taxa de transmissdo de 100 MHz 100 MHz
dados da antena)
Modo de aquisi¢ao Disténcia Distancia
Samples (Amostragem do trago) 512 512
Range (Tempo de abertura da Janela 200 300
de Amostragem)
Velocidade média de propagacdo da
onda (m/ns) 0,13 0,13
Rate (NUmero de tragos que o
sistema registra na memoria RAM 100 100
por segundo)
SCN/UNIT (espagamento entre os
50 50
tragos)
Gain (Fungdo que compensa a ”» -
atenuacdo do sinal em profundidade) Automatico Automatico
Filtro Passa baixo 400 800
Filtro Passa Alto 50 100
Stacking (Empilhamento, elimina 3 3
ruido aleatério)

ARQUITETURA DEPOSICIONAL

Foram definidas duas associagdes de facies na Formacdo Mangabeira: (AF1)
dunas e interdunas eolicas e (AF2) len¢dis de areia eolicos.

Associacao de Facies de Dunas e Interdunas (AF1)

Essa associagdo de facies ¢ composta dominantemente por arenitos finos a
médios, subarredondados a arredondados, bem selecionados arranjados em sets de
estratos cruzados acanalados com espessuras que variam de 0,2 a 2 metros de
espessuras. As por¢des mais ingremes dos foresets sdo compostas por estratos de fluxo
de graos (Fig. 2a) que se interdigitam em direcdo a base com laminagdes transladantes
cavalgantes milimetricamente espacadas (Fig. 2b). Os estratos transladantes cavalgantes




da base dos sets tangenciam de maneira assintotica e em baixo angulo a superficie
limitrofe que ¢ lateralmente extensa e mergulha suavemente em sentido contrario ao do
mergulho dos estratos cruzados. Em cortes transversais ao fluxo, os estratos cruzados e
a superficie limitrofe dos sets apresentam uma geometria acanalada. Por vezes
observam-se superficies internas aos sets, que truncam os estratos cruzados abaixo,
enquanto os estratos cruzados acima sdo concordantes com a mesma. Geralmente essas
superficies sdo observadas em segdes paralelas ao mergulho dos estratos cruzados, e
ocorrem inclinadas em um angulo superior a 20°. O sentido do mergulho médio dos
estratos cruzados € para nordeste e as paleocorrentes variam entre 335° a 045°.

Os sets de estratos cruzados podem ocorrer intercalados com arenitos muito
finos, bem selecionados, com laminagdes suborizonais, formadas essencialmente por
estratos transladantes de marcas onduladas edlicas. E comum a presenca de siltitos e
arenitos muito finos apresentando laminagdes onduladas crenuladas e corrugadas (Fig.
2¢). Ocorrem dispostos em camadas lenticulares e irregulares, com espessuras de 10 a
20 cm e extensdo de 10 a 20 metros (Fig. 2).

A presenca de arenitos bem selecionados estruturados em sets de estratos
cruzados compostos por laminas de fluxo de graos, queda livre de graos e de marcas
onduladas eodlicas permite interpretar estes depositos como dunas eélicas (Hunter,
1977). A geometria acanalada dos estratos cruzados em corte transversal ao fluxo aliada
a alta dispersdo do mergulho dos foresets indica dunas crescentes. A presenca comum
de depositos de fluxos de graos sugerem formas de leito com uma face de
escorregamento bem desenvolvida. Os arenitos que formam pacotes delgados e
descontinuos que ocorrem intercalados com estratos cruzados de dunas eolicas podem
ser interpretados como depositos de interduna. A geometria lenticular desses depdsitos
indica que esses depositos formavam pequenas depressdes isoladas e desconectadas. Os
arenitos com estratos transladantes cavalgantes de marcas onduladas edlicas indicam
interdunas secas, enquanto os siltitos e arenitos com laminagdes onduladas crenuladas
indicam atividade microbiana, formados em condigdes em que a franja do lencol
freatico interceptava a superficie deposicional formando interdunas umidas. As
superficies suborizontais que limitam os estratos cruzados em se¢des paralelas ao fluxo
e por vezes sdao sobrepostas por depdsitos de interdunas sdo interpretadas como
superficies de 1* ordem (terminologia de Brookfield, 1977), geradas a partir do
sucessivo cavalgamento de dunas edlicas. As superficies que compartimentam os sets, €
mergulham no mesmo sentido dos estratos cruzados; sdo interpretadas como superficies
de 3* ordem e representam, portanto, superficies de reativagcdo, ou seja, formadas pela
reativagdo da face frontal por ventos secundario (Brookfield, 1977).
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Figura 2. Associacdo de Facies de Dunas e Interdunas Eolicas: (a) perfil colunar
esquematico e (b) perfis laterais interpretados, ilustrando a arquitetura deposicional dos
depositos eodlicos bem como as superficies limitrofes; (c) estratos de fluxo de graos que
se interdigitam em dire¢do a base com (d) laminagdes transladantes cavalgantes
milimetricamente espacadas; (e) laminag¢des onduladas crenuladas e corrugadas nas
interdunas.

Associacio de facies de Lencdis de Areia Edlicos (AF2)

Esta associacdo de facies compreende dominantemente arenitos muito finos a
médios, bimodal, subarredondados a subangulosos, moderadamente selecionados,
dispostos em camadas tabulares de 0,6 a 6 metros de espessura e extensao lateral de no
minimo dezenas de metros (Fig. 3). Internamente as camadas sdo compostas por
estratos cruzados de baixo angulo formados por laminagdes transladantes cavalgantes de
marcas onduladas eolicas, milimétricas e inversamente gradadas (Fig. 3a) e
intercalacoes milimétricas a centimétricas de siltitos e arenitos finos crenulados e
ondulados, suborizontais (Fig. 3b). Localmente ocorrem sets de estratos cruzados
tangenciais de pequeno porte (20 cm) formados por estratos transladantes de marcas
onduladas eolicas. Em algumas por¢des também se observam estruturas de deformacao,
como carga e chama. Por vezes também ocorrem intercalados com os depositos eolicos
desta associagdo, arenitos finos a médios apresentando laminac¢des cruzadas de marcas
onduladas, separados por finos drapes de lama (Fig. 3c). Os arenitos com estratos
cruzados de baixo angulo compostos por laminagdes transladantes de marcas onduladas
edlicas inversamente gradadas sdo interpretados como depositos de lengois de areia
eolicos (Scherer, 2002; Scherer et al., 2007). O desenvolvimento de lencodis de areia esta
associado a regidoes com alta velocidade dos ventos e/ou a contextos de baixa




disponibilidade de areia seca (Kocurek e Nielson, 1986). A presenca de estratos
cruzados isolados, intercalados com as laminagdes horizontais ou de baixo angulo
indicam dunas edlicas famintas migrando sobre amplas areas de lencodis de areia edlicos
(Kocurek e Nielson, 1986). Laminagdes crenuladas e corrugadas sdo interpretadas como
associadas a estruturas de adesdo e/ou atividade microbiana (Kocurek e Fielder, 1982).
Os arenitos finos a médios apresentando laminagdes cruzadas de marcas onduladas sdo
interpretados como a migracdo de formas de leito 2D e 3D, formadas por fluxos
unidirecionais em regime de fluxo inferior (Miall, 1977). A ocorréncia de drapes de
argilitos indica assentamento gravitacional de sedimentos em um ambiente de baixa

energia, provavelmente relacionados aos estdgios finais dos fluxos efémeros (Miall,
2006).
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Figura 3. Associacdo de Facies de Lengdis de Areia edlicos: (a) perfil colunar
esquematico e (b) perfis laterais interpretados; (c) arenitos compostos por estratos
cruzados de baixo angulo formados por laminagdes transladantes cavalgantes de marcas
onduladas eoélicas; (d) siltitos e arenitos finos crenulados e ondulados, suborizontais; (€)
laminagdes cruzadas de marcas onduladas.

DISCUSSAO
Ciclos sedimentares

A porcdo inferior da Formagdo Mangabeira ¢ composta por ciclos sedimentares,
com espessuras de 6 a 20 metros, que mostram condi¢des deposicionais mais secas para

o topo (drying-upward cycles; Béllico et al., submet.). A base dos ciclos ¢ caracterizada
por depositos de lengdis de areia eodlicos que sdo sucedidos por depositos de dunas e



interdunas eélicas, sendo normalmente transicional a passagem entre estas duas
associacdes de facies, marcado por um progressivo aumento no tamanho os estratos
cruzados de dunas eolicas. Estes ciclos de condigdes mais secas para o topo sao
limitados no topo e na base por supersuperficies, marcadas por superficies planas e
erosivas, interpretadas como superficies de deflagdo que representam paradas na
acumulagao eolica.

Calibracio dos dados de GPR com os afloramentos

As secdes de GPR obtidas com as antenas de 200 MHz e 400 MHz permitiram
caracterizar em subsuperficie a geometria dos corpos arenosos, assim como hierarquizar
as suas superficies constituintes. As se¢oes foram adquiridas tanto em pontos em que foi
possivel calibrar com os afloramentos rochosos (Segdes 1 e 2; Figs. 4 e 5), como
também foi realizada a interpretagao em locais em que nao existia afloramentos ou a
exposi¢ao era limitada (Segdes 3 e 4; Figs. 6 e 7). A geometria dos depdsitos eodlicos
pdde ser visualizada em cortes longitudinal (Secdes 1 e 3; Fig. 4 e 6), obliquo (Secao 2;
Fig. 5) e transversal (Secao 4; Fig. 7), em relagdo ao mergulho dos estratos cruzados.
Em cortes longitudinal e obliquo (Secdes 1, 2 e 3; Figs. 4 e 5) ¢ possivel individualizar
as associagoOes de facies de dunas e interdunas edlicas e os lencodis de areia eodlicos, bem
como as diferentes hierarquias de superficies. J4 no corte transversal (Secdo 4) foi
possivel individualizar a geometria das dunas edlicas e as superficies de 1* ordem. As
camadas sedimentares apresentam-se inclinadas, com angulo variavel, entre 5° e 12°.

A associacao de facies de lengois de areia ¢ representada nas se¢des estudadas,
tanto paralelas, quanto transversais ao fluxo, por uma série de refletores paralelos,
continuos, de baixa a alta amplitude. Nao foi possivel individualizar a grande maioria
das estruturas internas edlicas que compdem esses depositos, bem como os depdsitos
aquosos que ocorrem relacionados, devido a falta de contraste de propriedade elétrica
(constante dielétrica) e a atenuacdo do sinal GPR. Algumas se¢des (se¢des 2 e 3)
apresentam refletores levemente concavos e inclinados de pequena escala, lateralmente
descontinuos, que tangenciam em downlap os refletores continuos, que podem ser
interpretados como dunas edlicas famintas. Sotoposto e sobreposto a associagdo de
lencdis de areia eolicos, ocorrem uma série de refletores inclinados (se¢do 3), com
caracteristicas distintas, relacionados a associa¢ao de facies de dunas e interdunas
edlicas.

A associacdo de facies de dunas e interdunas eodlicas apresentam diferentes
geometrias dos refletores, conforme a orientagdo da se¢do em relagdo ao mergulho dos
estratos cruzados (Figs. 4 e 5). Em cortes paralelos ao fluxo, os foresets das dunas
edlicas sdo representados por refletores concavos, inclinados e de baixa amplitude, cujo
topo ¢ truncado em alto angulo e a base encontra-se em downlap, tangenciando
refletores planos e continuos de menor inclinagdo, interpretados como superficie de 1*
ordem. Em cortes transversais ou fortemente obliquos ao fluxo, tanto os estratos
cruzados quanto as superficies de 1* ordem sdo marcadas por refletores concavos. Nao
sdo possiveis as superficies de 1* ordem que pudessem representar depdsitos de
interdunas. As superficies de 3* ordem sdo representadas em se¢des de GPR por
refletores concavos, continuos e de alta amplitude que compartimentam internamente os
sets, e mergulham no mesmo sentido dos refletores dos estratos cruzados.

Os pacotes de dunas e interdunas edlicas sao separados dos depodsitos de lengois
de areia eodlicas por refletores descontinuos, com média a alta amplitude, paralelos ao
mergulho regional das camadas que variam de 5° a 12°. E possivel observar nas segdes
1, 2 e 3 que (transectas paralelas e obliquas ao fluxo), que as sucessdes de estratos
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cruzados de dunas edlicas bem como as superficies limitrofes internas, sdo truncadas
pelas supersuperficies. Na secdo 3 ¢ possivel identificar trés ciclos separados por
supersuperficies, permitindo inclusive a montagem de uma secdo colunar hipotética,
com a distribui¢do das associagdes de facies e das superficies de 1 e 3" ordem. As
supersuperficies apresentam extensao de centenas de metros (Fig. 5), marcando paradas
na acumulagdo edlica, delimitando ciclos de condi¢cdes mais secas para o topo,
conforme discutido por Ballico et al. (submet.).

Implica¢des na definicio das heterogeneidades de reservatorios

Quanto a aplicacao desse estudo em escala de reservatorio, a sucessdo edlica da
Formacdo Mangabeira apresenta duas diferentes escalas de heterogeneidades, definidas
como la ordem e 2a ordem. As heterogeneidades de 1a ordem sdo representadas pelas
sucessOes sedimentares limitadas por supersuperficies, cuja espessura varia de 5 a 20
metros. As heterogeneidades de la ordem sdo determinadas pelas variagdes na
geometria e nas caracteristicas facioldgicas existentes entre a AF1 e AF2. Algumas
supersuperficies podem ter um grande impacto na heterogeneidade dos reservatorios,
visto que elas justapdem litologias com permeabilidades distintas desde uma escala
local até regional, podendo influenciar fortemente no fluxo de fluido, particularmente se
as facies acima ou abaixo da superficie limitrofe tem uma permeabilidade baixa o
suficiente para atuar com baffles ou barreiras (Chandler et al., 1989, Mountney e
Thompson, 2002).

As heterogeneidades de 2a ordem sdo caracterizadas por variagdes litologicas
dentro das associagdes de facies, envolvendo uma escala menor, embora ainda possa ter
um efeito grande na distribuicdo da permeabilidade dentro das unidades de fluxo. Por
exemplo, os depodsitos de lencdis de areia edlicos podem apresentar variagdes
significativas na permeabilidade vertical, visto que sdo compostos por estruturas de
adesdo e apresentam intercalagdes milimétricas de drapes de lama e areia. Outro
exemplo sdo as estruturas internas que formam os estratos cruzados de dunas edlicas.
Os tipos de estratificacdes e suas caracteristicas texturais tem um forte impacto na
permeabilidade. Os fluxos de graos, em decorréncia de um empacotamento mais
frouxo, exibem valores de permeabilidade que sdo uma ordem de magnitude mais alta
que as laminas de marcas onduladas edlicas adjacentes (Chandler et al., 1989). Como as
laminagdes de marcas onduladas edlicas se concentram na base, enquanto os estratos de
fluxo de graos dominam no topo dos estratos cruzados de dunas eolicas, ocorre uma
variacdo vertical na permeabilidade da base para o topo dos sets, influenciando no fluxo
de fluidos dentro do reservatorio (Chandler et al., 1989; Mountney and Thompson,
2002). Da mesma forma que os depdsitos de interdunas tendem a apresentar uma
continuidade lateral menor que os depositos dunas eodlicas, representando
potencialmente barreiras de fluxo ou baffles em escala interpogo (Shebi, 1995).
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Figura 5. Linha 2: Se¢do 2 de GPR adquirida em corte obliquo ao fluxo. Refletores
concavos relacionados com os depositos de dunas e interdunas edlicas e refletores
planos, paralelos as supersuperficies representam os depodsitos de lencdis de areia

eolicos.
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Figura 6. Linha 9: Se¢ao 3 de GPR adquirida em corte paralelo ao fluxo, sem a
calibracdo com afloramentos. Foram identificados trés ciclos caracterizados por lengois
de areia eolicos na base que sdo sucedidos por sets de estratos cruzados de dunas
edlicas. Refletores bem marcados sdo interpretados como supersuperficies. O pacote
estd basculado para o sentido SE, com angulo de mergulho de cerca de 10°.
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Figura 7. Linha 10: Se¢do 4 de GPR adquirida em corte transversal ao fluxo. Dunas
edlicas representadas por refletores concavos com alta amplitude. Superficies inclinadas
e lateralmente extensas foram interpretadas como supersuperficies.

CONCLUSOES

As secoes de GPR adquiridas ao longo de afloramentos rochosos revelaram
detalhes acerca da geometria e superficies limitrofes dos depositos eodlicos da Formacao
Mangabeira. Foram identificadas duas associagdes de facies, dunas e interdunas edlicas
e lencois de areia eolicos, bem como as superficies limitrofes. Foram definidas
superficies de 1* e 3" ordem na sucessdo de dunas e interdunas edlicas, assim como
foram demarcadas supersuperficies separando os pacotes de dunas e interdunas edlicas
dos estratos de lengdis de areia eodlicos sobrejacentes. O uso do GPR para identificar a
morfologia dos depdsitos sedimentares, bem como a variacdo lateral e vertical das
associagdes de facies e superficies limitrofes ¢ considerado uma excelente ferramenta
para prever a continuidade dos depdsitos sedimentares e as heterogeneidades de
reservatorios. Estudos como este, que integram dados de superficie com dados de
subsuperficie servem como analogos na interpretagdo de se¢des geoldgicas adquiridas
somente em subsuperficie.
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15 Abstract

16  Aeolian systems were abundant and widespread in the early Proterozoic Era, before
17 2.2 Ga. However, the majority of aeolian successions of such great age are intensely
18 deformed and are preserved only in a fragmentary state meaning that, hitherto, few
19 attempts have been made to apply a sequence stratigraphic approach to determine
20 mechanisms of aeolian construction, accumulation and preservation in such systems.
21  The Mangabeira Formation is a well preserved Mesoproterozoic erg succession
22 covering part of the Sdo Francisco Craton, northeastern Brazil. The lower unit of the
23 Mangabeira Formation (~500 m thick) comprises aeolian deposits of dune, interdune,

24  and sand-sheet origin, as well as some of water-lain origin. These deposits are
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organized into vertically stacked depositional cycles, each 6 to 20 m thick and
characterized by aeolian sandsheet and water-lain deposits succeeded by aeolian
dune and interdune deposits indicative of a drying-upward trend. Palaeocurrent data
indicate aeolian sand transport dominantly to the present-day north. These cycles likely
arose in response to climatic oscillations from relatively humid to arid conditions,
possibly related to orbital forcing. The lower unit of the Mangabeira Formation
comprises up to 14 erg sequences, the accumulation and preservation of each was
determined by the relative rate of water-table rise and the availability of sand for
aeolian transport, both of which changed repeatedly trough time, resulting in the

preservation of a succession of repeated drying-upward cycles.

Keywords: Mesoproterozoic age; aeolian succession; erg-margin; drying-upward

cycles; climatic oscillations

1. Introduction

The recognition of aeolian deposits and the interpretation of
palaeoenvironments of aeolian origin in Precambrian successions may be attempted
through the implementation of techniques in facies analysis, though the deformed and
fragmentary state of preservation of the great majority of outcropping successions of
this age make such analysis challenging. Study techniques involve the identification of
diagnostic sedimentary structures and textures indicative of aeolian processes,
including the identification of various types of cross-bedded sets composed of
combinations of wind-ripple, grainflow and grainfall strata, and horizontally laminated
sets of sandstone strata composed of adhesion and granule-ripple strata (Kocurek,
1996; Mountney, 2006). Although Precambrian aeolian successions are well
documented (Eriksson and Simpson, 1998; Rodriguez-Lépez et al., 2014), relatively
few previous studies have undertaken a detailed analysis of the facies architecture of
Pre-Cambrian aeolian successions with the aim of gaining an improved understanding

2
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of the stratigraphic evolution and palaeoenvironment of these systems (Ross, 1983;
Jackson et al., 1990; Chakraborty, 1991; Simpson and Eriksson, 1993; Basu et al.,
2014; Heness et al., 2014).

To understand the palaeoenvironmental significance of preserved aeolian
sedimentary architecture, and to attempt a detailed reconstruction, determination of
three phases of aeolian system evolution is required: aeolian system construction,
accumulation and preservation (Kocurek, 1999; Kocurek and Lancaster, 1999). In
many studies of Phanerozoic aeolian successions, preserved aeolian accumulations
are commonly divided into sequences, each of which represents a phase of aeolian
construction and accumulation. These sequences commonly occur vertically stacked to
form a succession, whereby each sequence is delimited by a laterally extensive
supersurface that marks a hiatus in the accumulation process, and which may be
associated with evidence indicative of aeolian deflation (i.e. net erosion) (Loope, 1985;
Kocurek and Hunter, 1986; Langford and Chan, 1988; Clemmensen and Hegner, 1991;
Mountney et al.,, 1999; Scherer and Lavina, 2005; Mountney, 2006). Thus,
supersurfaces are types of sequence boundaries (Kocurek, 1988). The recognition of
supersurfaces forms the basis for defining a sequence stratigraphic framework for
aeolian successions. However, the recognition of supersurfaces in Precambrian
aeolian successions, as well as the construction of models related to the spatial and
temporal evolution of the aeolian units, has not been widely attempted previously (see
Deynoux et al., 1989). Aeolian successions of Precambrian age are typically highly
fragmentary such that they lack the lateral continuity of exposure required to
demonstrate the relationships between sequences and their bounding supersurfaces.
Furthermore, subtle lithofacies relationships are typically not well preserved in these
ancient, and commonly deformed and metamorphosed, successions (Eriksson and
Simpson, 1998; Bose et al., 2012).

Individual supersurfaces and the sequences that they bound commonly extend
over large geographic areas, and correspond to individual and distinct aeolian ergs

3
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(dune fields) that were constructed and accumulated. Individual sequences represent
the preserved deposits of distinct ergs, each of which may be separated from
neighbouring erg sequences in both space and time (Kocurek, 1988). The
supersurfaces that bound these sequences represent hiatuses in aeolian accumulation
(Loope, 1985; Clemmensen et al., 1989; Deynoux et al., 1989; Kocurek et al., 1991;
Lancaster, 1992). Supersurfaces serve as the basis for the definition of the limits of
aeolian genetic units. Lithofacies arrangements within these aeolian genetic units yield
information about the process of sedimentation. Assemblages (associations) of
lithofacies are themselves contained within elements that represent the individual
components (architectural elements) of aeolian systems, such as dunes of different
morphological types, interdunes and sand flats. Architectural elements provide
information about the morphology of the original sedimentary sub-environments, and
the main controls on their accumulation and preservation (Havholm and Kocurek, 1994;
Veiga et al., 2002; Scherer and Lavina, 2005; Mountney, 2006).

The Mangabeira Formation is a Proterozoic erg located on the Sao Francisco
craton of northeastern region of Brazil. The formation comprises 14 aeolian cycles,
each of which represents the preserved expression of an individual aeolian sequence.
The extensively exposed outcrops reveal a well-preserved succession up to ~500 m
thick over an aerial extent of ~1200 km?. Detailed lithofacies analysis has enabled the
identification of commonly occurring facies associations and successions such that the
deposits that comprise each of the sedimentary cycles can be interpreted to provide an
improved understanding of the factors that governed the construction, accumulation
and preservation of this Proterozoic aeolian succession.

The aim of this study is to undertake a lithofacies and architectural-element
analysis of aeolian and related deposits of the Mangabeira Formation to reconstruct the
detailed palaeoenvironment of this ancient desert system and thereby determine the
controls that gave rise to its accumulation and preservation. Specific research
objectives of this study are as follows: (i) to employ lithofacies and architectural-

4



108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

element analysis to reconstruct and interpret the various aeolian sub-environments
represented by the preserved aeolian sequences; (ii) to propose a depositional model
for the evolution of the Mangabeira Formation; and (iii) to discuss the main variables
that controlled the construction, accumulation and preservation this Proterozoic aeolian

succession.

2. Geological Setting

The Sao Francisco Craton is located in the northeast Brazil and comprises
Archean/Palaeoproterozoic basement rocks composed of metamorphic and
supracrustal rocks, which are overlain by a Palaeoproterozoic to Phanerozoic platform-
type cover succession (e.g., Almeida, 1977; Barbosa et al., 2004; Cruz and Alkmim,
2006; Alkmim and Martins-Neto, 2012). In northern part of the Sao Francisco craton, a
thick Proterozoic succession of sedimentary rocks crops out as two distinct
physiographic features: the Northern Espinhago Range in west and the Chapada
Diamantina Range in east. In the Chapada Diamatina Range, the Espinhaco
Supergroup and the Sao Francisco Supergroup are the main sedimentary units: the
former is of Palaeoproterozoic to Neoproterozoic age and principally comprises
siliciclastic rocks; the latter is characterized mainly by carbonate successions of
Neoproterozoic age (Fig. 1).

The Espinhaco Supergroup spans an age range from c. 1.75 to 0.9 Ga based
on radiometric age constraints (Schobbenhaus et al., 1994; Babinski et al., 1999). This
unit is composed principally of clastic sedimentary rocks of continental and coastal
origin (Alkmim and Martins-Neto, 2012; Danderfer et al., 2009; Pedreira and de Waele,
2008), and associated volcanic deposits (Schobbenhaus et al., 1994; Babinski et al.,
1999). The Espinhaco Supergroup was deposited over the Congo-Sao Francisco
craton as a ~2500 m-thick sedimentary succession. Multiple episodes of deposition

and accumulation are recorded, each of which relates to distinct tectonic events (Fig.
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2). The full Espinhacgo succession comprises three megasequences termed the Lower,
Middle and Upper sequences (Chemale et al., 2012; Santos et al., 2013; Guadagnin et
al., 2015b) . These megasequences accumulated in numerous basins developed in
response to at least two phases of rifting.

A Palaeoproterozoic extensional tectonic event initiated the tectonostratigraphic
evolution represented by the Lower Espinhaco megasequence. This first rift episodes
commenced in the Statherian between 1.8 and 1.68 Ga. It was heralded by alkaline,
acid volcanism followed by siliciclastic deposition; these deposits formed the majority of
the rift-basin fills (Guimaraes et al., 2008; Alkmim and Martins-Neto, 2012). The
stratigraphy of the Lower Espinhaco megasequence is represented by Rio dos
Remédios Group and comprises three formations. The lowermost Novo Horizonte
Formation comprises volcanic rocks. The age of this unit is well constrained: 1.75 Ga
(Schobbenhaus et al., 1994; Babinski et al., 1999). These volcanic rocks are overlain
by texturally and compositionally immature sediments of the Ouricuri do Ouro
Formation, interpreted as alluvial-fan deposits (Souza, 2014) arranged into a
retrogradational stacking pattern. The overlying and laterally adjacent Lagoa de Dentro
Formation is ascribed to a predominantly fluvial origin and comprises a sheet-like
architecture that is interpreted as the distal part of the alluvial-fan systems of the
Ouricuri do Ouro Formation (Jardim de Sa et al.,, 1976; Inda and Barbosa, 1978;
Jardim de S4a, 1981; Costa and Inda, 1982; Brito Neves et al., 1999; Delgado et al.,
2003).

The overlying and stratigraphically younger Middle Espinhago megasequence is
related to a rift-sag basin that became filled with continental and coastal deposits. This
thermal sag phase occurred during the Calymmian, 1.6 to 1.38 Ga (Pedreira, 1994;
Guimaraes et al., 2008; Pedreira and de Waele, 2008; Alkmim and Martins-Neto, 2012;
Guadagnin et al., 2015a, 2015b). Two distinct depositional intervals are identified
(Guadagnin et al., 2015 a and b): (i) the Mangabeira and Agurua formations, c. 1.6 to
1.5 Ga; (ii) the Tombador Formation, c. 1.45 to 1.38 Ga. The Mangabeira and Agurua

6
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formations jointly comprise the Paraguagu Group. The two formations represent,
respectively, (i) a palaeo-desert environment that was dominated by aeolian dunes and
aeolian sandsheets with subordinate wadi-fluvial deposits, and (ii) a coarsening-upward
clastic succession interpreted as a braided fluvial and deltaic system (Magalhaes et al.,
2015). The Tombador Formation is the lower unit of the Chapada Diamantina Group.
This single formation represents the superposition of multiple depositional systems that
accumulated in response to a new sag phase (Guimaraes et al., 2008; Guadagnin et
al., 2015b). Alluvial fans, fluvial, aeolian, estuarine and shallow-marine systems are all
recognized palaeoenviroments represented by this unit (Pedreira, 1994; Castro, 2003;
Guimaraes et al.,, 2008; Loureiro et al.,, 2009; Silva Born, 2011; Ballico, 2012,
Guimaraes et al., 2015).

Deposits of the Upper Espinhago megasequence (c.1.19-0.9 Ga, Stenian-
Tonian) represent the fill of a rift-sag basin related to the fragmentation of the Rodinia
Supercontinent (Guadagnin et al., 2015b). The Chapada Diamantina Group comprises
this megasequence. The Caboclo Formation (c. 1.2 Ga; Babinski et al., 1993) records
fluvio-estuarine and shallow-marine sedimentation, whereas the Morro do Chapéu
Formation is interpreted as a fluvio-deltaic and shallow-marine succession (Souza et al,
2016). Both formations record accumulation as part of a long-term regressive-
transgressive system.

The Mangabeira Formation, which is the focus of this study, has formally been
defined by Schobbenhaus and Kaul (1971) and described by Pedreira (1994). This
~1500 m-thick succession is interpreted as the preserved product of a mixed aeolian
and fluvial system. Guimaraes et al. (2008) interpret the Mangabeira Formation as a
coastal aeolian system, with minor wadi channel deposits. These deposits occur
intercalated with marine deposits of the Agurua Formation (Guimaraes et al., 2008.
Provenance analysis of this unit was undertaken by Guadagnin et al. (2015a) who
determined that sediments of the Mangabeira Formation were recycled from
sedimentary sources associated with a collisional tectonic setting in which the zircon

7
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grains were formed in the Paleoproterozoic Era, as result the palaeo-plate
amalgamation. The Mangabeira Formation has a radiometric age date ca. 1.5 Ga,
based on dates derived from mafic sills and dyke swarms that cut the base of the

formation (Babynski, 1999; Silveira et al., 2013).

FIGURE 1

FIGURE 2

3. Study Area and Methods

The Lower Unit of the Mangabeira Formation crops out over ~50.000 km? along
the Sao Francisco Craton (Fig. 1). The studied outcrops of this unit are located in the
southern area (~1200 km?) of the Chapada Diamantina Domain, where outcrops of
these sedimentary rocks and their subtle sedimentary structures are best preserved.
Other areas of the Sao Francisco Craton have been subject to intensive deformation
and metamorphism, rendering the succession unsuitable for sedimentary lithofacies
and sequence stratigraphic analysis. The basal contact between the Lagoa de Dentro
Formation and the Mangabeira Formation is not exposed in the studied area. The
upper contact with the Agurua Formation is sharp.

In the Mangabeira Formation, 11 detailed graphic sedimentological sections
with a total combined thickness of ~500 m were measured at 1:100 scale. These logs
record grain size, physical sedimentary structures and palaeocurrent data (281
readings). Palaeocurrents were determined from the dip azimuths of foresets present in
cross-bedded sandstone sets (Fig. 3). The azimuth and dip angle of the dune foresets
were later corrected to remove the effects of structural tilt. A series of two-dimensional
panels detail the sedimentary features of a 480 m-long outcrop section. Five ground-

penetrating radar (GPR) survey lines, which are collectively 3.3 km long, image the
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geometry of preserved sets. These data have assisted in the establishment of
geometric relationships between facies associations. The GPR data were collected
using a Subsurface Interface Radar (SIR) 3000 system developed by Geophysical
Survey System, Inc. (GSSI) with antennae of 200 and 400 MHz. Position and local
topography was determined using a Global Positioning System (GPS) survey; spatial
resolution was 0.1 m. The processing of these data was undertaken using Reflexw 6.1

software.

FIGURE 3

4. Facies Associations

Four distinct facies associations are identified in the deposits of the Lower Unit of the
Mangabeira Formation and these are each ascribed to a particular sub-environment
(Table 1): aeolian dune (A1), aeolian interdune (A2), aeolian sand sheet (A3) and

fluvial (A4).

4.1. Aeolian Dune Association (A1)

4.1.1. Description

This facies association comprises fine- to medium-grained sandstone
composed of grains that are well-rounded to sub-rounded, well-sorted or in some cases
bimodally sorted. The sandstone deposits are arranged into cross-stratified sets, each
0.2 to 1.5 m thick. The majority of sets are characterized internally by foresets inclined
at 20 to 25 degrees relative to the set bases. These cross-beds form wedges of sand
flow (i.e. grianflow) strata, each 10 to 80 mm thick (Fig. 4a), that pinch out down-dip

where they are interbedded deposits of with 5 to 10 mm-thick wind-ripple laminae (Fig.
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4b). The sandstone bodies occur as co-sets of strata that are themselves 0.2 to 3 m
thick, and which are arranged into tabular sand bodies that have lateral extents of up to
40 m, and that are defined by sharp boundaries. The individual wedge-shaped sets that
comprise these co-sets occur at two distinct scales: 0.2 to 0.5 m thick and up to 1.5 m
thick. In orientations transverse to the dip direction of inclined foresets within sets,
packages of cross-bedded strata are characterized by trough-shaped bodies, each up
to 10 m wide and each delineated by a basal bounding surface. In orientations parallel
to the dip direction of inclined foresets, cross-strata are tangential to planar basal
bounding surfaces, which are themselves near-horizontal or are inclined downward
gently (<5°) in the direction opposite to the dip of the foresets. Internally, the cross-
bedded sets can be subdivided into sub-sets, which are themselves bounded by
inclined surfaces that dip up to 15°; these surfaces truncate the cross-strata below but
overlying cross-strata above are concordant (Fig. 4c). These inclined surfaces are
bounded by gentle/near horizontal, downwind dipping surfaces. Foreset dip azimuths
are variable in the range to 045° to 335°. Most foresets dip <20°, though inclinations
vary from 18° to 40° in small number of places. The lower and upper boundary that
defines larger packages of strata comprising this facies association is abrupt and

planar.

4.1.2. Interpretation

The trough cross-stratification combined with well-sorted and well-rounded
texture of the sand grains, and the presence of grainflow and wind-ripple laminae
indicates deposition from migrating aeolian dunes (Hunter, 1977). The common trough-
tangential pattern of cross-stratification combined with high dispersion values of the
foreset dip azimuths indicates deposition of 3D-crescentic bed forms. The presence of
grainflow process indicated by foresets present in the upper parts of preserved sets
indicates that the bed forms possessed well-developed slipfaces (Hunter, 1977). The
down-dip pinch out of grainflow strata and their interfingering with wind-ripple
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lamination in the lower parts of sets demonstrate that lee-slope grainflow avalanches
reached the toesets of the bed forms. Wind ripples migrated over the dune plinths
(Mountney, 2006; Scherer, 2000). The near-horizontal to low-angle-inclined surfaces
observed in sections oriented parallel to paleoflow are interpreted as interdune
migration surfaces (Kocurek, 1996). The trough geometry of the interdune surfaces
observed in orientations transverse to palaeoflow indicates that the main bedform
crestlines were high sinuous. The stacking of numerous sets bounded by trough-
shaped interdune surfaces indicates the migration of successive, out-of-phase sinuous
aeolian dunes (Rubin, 1987). The inclined bounding surfaces that occur internally
within cross-bedded sets are most readily interpreted as reactivation surfaces
(Kocurek, 1996). These surfaces indicate partial lee-side erosion during minor
fluctuation changes in wind direction and/or strength (Brookfield, 1977; Rubin and
Hunter, 1982; Hunter and Rubin, 1983; Scherer and Lavina, 2005; Mountney, 2006).
These reactivation surfaces are themselves truncated by interdune surfaces (Kocurek,

1981a, 1991).

FIGURE 4

4.2. Aeolian Interdune Association (A2)

4.2.1. Description

This facies association comprises sandstone composed of grains that are well-
sorted and well-rounded to sub-rounded. The sandstone occurs as irregular beds that
are each 0.1 to 0.2 m thick and 10 to 20 m in lateral extent (Fig. 5a and Fig. 5b). Two
types of structures characterize this facies association. The first is represented by very
fine- to fine-grained sandstone characterized by 5 to 10 mm-thick, inversely graded,
horizontal lamination that forms translatent strata (sensu Hunter, 1977) (Fig. 5¢ and
Fig. 5d). The second is represented by very fine- to fine-grained sandstone packages
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that are each 0,5 to 10 cm and which alternate with 10 to 30 mm-thick irregular
mudstone laminae to form wavy and crinkly lamination (Fig. 5d and 5e). At a larger
scale, these deposits occur intercalated with aeolian dune cross-strata of association
A1. The basal bounding surfaces that delineate accumulations of association A2 are
sharp and commonly slightly erosive; the upper bounding surfaces are sharp but non-

erosional (Fig. 5a).

4.2.2. Interpretation

The occurrence of laterally discontinuous and irregular beds of translatent
strata, and wavy and crinkly lamination, and their intercalation with aeolian dune cross-
strata accumulations of association A1 indicates a facies association typical of an
aeolian interdune setting (Mountney, 2006). The two sedimentary structures types
indicate that the interdune deposits accumulated in response to two types of substrate
condition. The inversely graded, horizontal lamination (translatent strata) arose in
response to the subcritical climb of wind-ripple strata (Hunter, 1977), and is indicative
of accumulation on a dry substrate where the water table and its capillary fringe lay
beneath the accumulation surface. The wavy and crinkly lamination is most obviously
interpreted as the preserved product of adhesion structures accumulated on a damp
substrate, and indicates a setting where the water table was located close to the
accumulation surface (Kocurek and Fielder, 1982; Mountney and Thompson, 2002;
Paim and Scherer, 2007). A possible alternative interpretation for the crinkly lamination
is a microbial origin. Souza (2012) described several types of wavy and wrinkle
lamination features in the aeolian interdune deposits of the Mangabeira Formation and
interpreted them as microbially induced sedimentary structures (MISS). Such MISS
structures are syndepositional features formed by the interaction of biofilms or
microbial mats with the physical sediment in aquatic environments (Noffke, 2010). The
occurrence of MISS in Precambrian aeolian deposits has also been observed
previously by other workers, including, for example, by Sarkar et al. (2008) in the Neo-
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proterozoic Sonia Sandstone (India) and by Eriksson et al. (2000) in the Palaeo-
proterozoic Waterberg Group (South Africa). The latter authors described muddy roll-
up structures in damp interdune settings where ephemeral ponds are thought to have
enabled the establishment of microbial communities. The thin interdune deposits of
association A2 described here are indicative of dry and damp interdune hollows or
corridors present between the aeolian dunes represented by deposits of association
A1. The small preserved thickness and limited lateral extent of the interdune deposits
likely indicates that they accumulated in isolated interdune hollows surrounded by

dunes (cf. Mountney and Jagger, 2004).

FIGURE 5

4.3. Aeolian Sandsheet Association (A3)

4.3.1. Description

This facies association comprises very-fine- to medium-grained sandstone,
grains of which are moderately sorted. These sandstones are arranged into sets
characterized by low-angle-inclined stratification (<5°). These sets are 0.6 to 6 m thick
and have a tabular geometry with a lateral extent up to 50 m. Internally, these sets are
characterized by several structures which occur interlayered in the studied sections as
packages of strata that vary from 0.6 to 1 m thick. The main lithofacies are: (i) 5 to 10
mme-thick, inverse graded, horizontally to low-angle translatent lamination arranged into
sets that are themselves 0.1 to 0.2 m thick (Fig. 6a); (ii) tangential cross-stratified
sandstones that form lenticular and laterally discontinuous sets up to 0.2 m thick (Fig.
6b), and which are formed entirely by inverse graded lamination; (iii) 5 to 20 mm-thick
packages of interlayered sandstone and mudstone, with crinkly lamination, in sets that
are 50 to 100 mm thick and which are laterally traceable for up to 10 m (Fig. 6¢). These
deposits both overlie and are themselves overlain by the aeolian dune deposits of
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association A1; bounding surfaces are sharp and horizontal. These deposits commonly

occur intercalated with water-lain deposits of association A4 (see below).

4.3.2. Interpretation

The tabular sandstones with low-angle-inclined stratification are interpreted as
aeolian sandsheet accumulations. The thin, horizontal to low-angle-inclined translatent
strata with inverse grading laminae represent ripple deposits formed by the migration
and climbing of wind ripples over a dry depositional surface (Hunter, 1977). The
tangential cross-beds are interpreted as small aeolian dunes; the laterally
discontinuous extent of the cross-bedded sets, and their style of interlayering with the
horizontal to low-angle-inclined wind-ripple strata indicates that these small bed forms
migrated and accumulated episodically and fortuitously as local accommodation
became available; the limited availability of sand for aeolian transport likely acted to
limit dune size (Kocurek and Nielson, 1986). The deposits of interlayered sandstone
and mudstone with the crinkly lamination are interpreted as adhesion ripple strata.
Accumulation of sets of adhesion lamination requires a water-saturated substrate,
whereby loose sand grains blown by the wind adhere to a damp or wet surface as they
contact it, and progressively accumulate (Kocurek, 1981b; Kocurek and Nielson, 1986;
Chakraborty and Chaudhuri, 1993; Scherer and Lavina, 2005). The common and
repeated stacking of packages of adhesion strata, translatent wind-ripple strata and
water-lain deposits is typical of a sand sheet setting in which the local water table
repeatedly fluctuated in level (possibly seasonally), and for which there were temporal
changes in the availability of dry sand for aeolian transport (Chakraborty and

Chaudhuri, 1993; Scherer and Lavina, 2005).

FIGURE 6

4.4. Fluvial Association (A4)
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4.4.1. Description

This facies association comprises fine- to medium-grained sandstone, grains of
which are moderately sorted and characterized by ripple cross-stratification. These
sandstones occur as 0.1 m-thick sets (Fig. 6d and 6e), groups of which occur
collectively as stacked co-sets that are themselves 1 to 2 m thick and up to 5 m in
lateral extent. Rare, small-scale (< 0.2 m thick) soft-sediment deformation structures in
the form of simple load-cast structures are present on some bedding surfaces (Fig. 6f).
Thin lenses and drapes of massive mudstone (up to 10 mm thick) are also rarely
observed. Accumulations of this association commonly occur in close proximity to the

aeolian sandsheets deposits of association A3.

4.4.2. Interpretation

The fine- to medium-grained sandstone with ripple-cross stratification is
interpreted as the product of the migration and accumulation of 2D or 3D ripples of
aqueous origin formed in the lower flow regime (Miall, 1977). The minor occurrence of
mudstone drapes indicates settling of suspended sediments in a low-energy
environment, probably in the aftermath of ephemeral floods (Miall, 2006). The simple
load-cast structures were likely generated in response to fluidization in unconsolidated
sediments, whereby water-saturated layers lose strength (Owen, 2003), probably as

result of groundwater fluctuation.

5. Stratigraphic Architecture: Drying-Upward Cycles

The Lower Unit of the Mangabeira Formation comprises at least 14 stacked,
aeolian-dominated sedimentary cycles through the ~500 m-thick succession (Fig 7).
Each accumulated cycle comprises aeolian sandsheet and water-lain deposits that are

replaced upward by aeolian dune and interdune deposits. Each cycle is bounded at its
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base and top by laterally extensive, near-horizontal surfaces. The vertical arrangement
of facies defines a drying-upward trend and this trend is repeated within each cycle.
The drying-upward cycles recognized in outcrop and in the GPR profiles are each 6 to
20 m thick (Fig. 8).

The near-horizontal surfaces that mark the base and top of each cycle are
planar and laterally extensive; they can be traced across outcrops and are also evident
in the GPR data (Fig. 8). However, in contrast to other examples of similar surfaces
documented in the literature (e.g. Kocurek and Hunter, 1986; Loope, 1985; Fryberger
et al., 1988; Mountney, 2006; Rodriguez-Lopez et al., 2008), these surfaces are not
associated with salt pseudomorphs or other salt-related features, nor calcrete horizons
or carbonate cements.

The lowermost deposits of each cycle comprise aeolian sandsheet (A3) and
water-lain (A4) deposits in packages of accumulated strata that are 1 to 6 m thick.
Internally, the aeolian sandsheet and water-lain deposits comprise arrangements of
lithofacies that are themselves arranged into small-scale cycles (Fig. 9) that comprise
adhesion ripples and water-lain deposits overlain upward by wind-ripple and minor,
small-scale sets of aeolian dune strata. These deposits of associations A3 and A4 are
themselves overlain by aeolian dunes (A1) and interdunes (A2) in the upper part of
each depositional cycle.

The uppermost deposits are defined by a set of small-scale sets aeolian cross-
strata (5 to 10 m thick) which progressively increase in thickness up-succession to a
set of medium- to large-scale sets aeolian cross-strata (5 to 8 m thick). The
configuration of aeolian dune and interdune strata is distinct within each cycle
(sequence). Most commonly, the succession is characterized by vertically stacked
aeolian dune deposits (A1) alone. In such cases, each aeolian dune set is separated
from an overlying dune set by a sharp bounding surface, with no evidence of
accumulation of interdune deposits. Less commonly, and only in some aeolian
sequences, sets of aeolian dunes deposits (A1) occur interbedded with dry or damp
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interdune deposits of association A2. Such interdune deposits are typically restricted in

their lateral extent (10 to 20 m wide).

6. Depositional Model

Throughout the studied ~500 m-thick vertical succession, multiple cycles have
been observed, each indicative of a drying-upward climatic trend. The predictable
arrangement of facies within each cycle and the repetition of this trend in each of the
vertically stacked cycles demonstrate that a repeating set of external controls
influenced sediment accumulation in the Lower Unit of the Mangabeira Formation. The
drying-upward climatic trends indicated by the deposits of each cycle, and the capping
of these cycles by laterally extensive bounding surfaces is the preserved record of
distinct phases of accumulation and destruction of an aeolian dune-field (erg) system.
Multiple ergs were constructed, accumulated and then partially deflated over time (Fig.
7), as explained below.

Erg dynamics are driven by different factors: (i) the generation and storage of
and supply of sediment suitable for aeolian transport; (ii) the availability of dry sand for
aeolian transport; (iii) the transport capacity of the wind; and (iv) water table behaviour.
The interaction of these controls determines how aeolian systems are constructed,
accumulated and eventually preserved over time and space (Kocurek and Havholm,
1993; Kocurek, 1999).

The lowermost deposits in each depositional cycle represent the development
of wet aeolian systems in which aeolian sandsheets accumulated in association with
water-lain deposits. The dominance of adhesion structures and their close association
with wind-ripple strata indicates that a near-surface water table and its capillary fringe
controlled the accumulation of these deposits but that its level fluctuated to allow drying

of the accumulation surface at times (Cain and Mountney, 2011). Specifically, the
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small-scale cycles observed within these deposits, in which adhesion-ripple strata and
water-lain structures giving way upwards to wind-ripple strata and rare small-scale sets
of aeolian-dune strata, indicates that the position of the water table relative to the
accumulation surface changed over time (cf. Mountney and Thompson, 2002). During
episodes when the water table was relatively low, the availability of dry sand above
depositional surface increased, favouring the accumulation of wind-ripple strata. The
water-lain deposits of association A4 are typical of accumulation in the aftermath of
episodes of intense precipitation, which resulted in fluvial incursion into the erg margin,
thereby driving an associated rise in the water-table level (Langford and Chan, 1989;
Al-Masrahy and Mountney, 2015). As a consequence, this restricted the availability of
dry sand for aeolian transport. This stacking pattern is similar to the cyclically arranged
packages of aeolian sandsheet strata described by Chakraborty (1991) in the Late
Proterozoic Venkatpur Sandstone, India, in which he ascribed deposits to drying-
upward cycles recorded in a zone of transition between an erg-margin setting and an
aeolian dune-field setting.

Given the Precambrian age of the Mangabeira Formation, the absence of
terrestrial vegetation — which in post-vegetation desert system operates as an
important runoff inhibitor and sediment-binding mechanism through the development
deep root systems — would have resulted in large areas being particularly susceptible
to sediment entrainment and reworking by fluvial flash-flood discharge regimes. “Dry"
aeolian deposits that lay above the water table would have been particularly
susceptible to fluvial reworking (cf. Cain and Mountney, 2011), and would have low
preservation potential (Eriksson and Simpson, 1998; Eriksson et al., 1998).
Furthermore, prolonged periods of precipitation allied with an absence of soil-forming
processes and a lack of binding mineral cements would facilitate the rapid infiltration of
surface water, thereby potentially contributing to a rapid rate of rise of the local water
table in the aftermath of fluvial flood events (Tirsgaard and @xnevad, 1998; Al-Masrahy
and Mountney, 2015).
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The wet aeolian systems represented by the lower deposits in each preserved
depositional cycle were succeeded by a largely dry aeolian system represented by the
overlying deposits. These aeolian systems developed in a context where the water
table lay beneath the accumulation surface, leaving dry sediments potentially available
for aeolian transport, given an appropriate aerodynamic configuration (Kocurek and
Havholm, 1993). Accumulation in a dry aeolian system requires a positive net sediment
budget. Conditions that favour dry aeolian system accumulation are as follows: (i) the
generation of a sediment supply that is available for aeolian transport; (i) a
downstream decrease in the transport rate, and/or decrease in sediment concentration
over time such that sand saturation (i.e. complete cover) of the substrate ensues
whereby aeolian dunes grow to cover the entire accumulation surface at the expense
of adjacent interdune flats; (iii) the onset of climbing of migrating aeolian dunes over
one another at a positive angle leading to accumulation. At times when conditions
become favorable for the accumulation of a dry aeolian system, aeolian construction,
accumulation, bypass and deflation are controlled exclusively by aerodynamic
behaviour of the flow (Kocurek and Havholm, 1993; Scherer and Lavina, 2005;
Kocurek and Ewing, 2012).

The occurrence of depositional cycles, which internally comprise a predictable
vertical order of facies and which are each are of a similar thickness and themselves
stacked vertically, suggests that allogenic factors controlled the accumulation of each
cycle and the repeated development of each successive cycle (Fig. 7). Within each
cycle, the repeated occurrence of interdune deposits with adhesion-ripple strata and
possible MISS indicates that the water table episodically intercepted the accumulation
surface. Such deposits are evidence of the development of small, ephemeral ponds in
the spatially confined interdune depressions between the aeolian dunes.

In many sections, the occurrence of small-scale sets of cross-strata is replaced
upward by medium- to large-scale sets, many examples of which lack associated
interdune elements. This could reflect wither a temporal increase in aeolian bed form
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size or in angle of climb (Kocurek and Havholm, 1993; Mountney, 2006). Both of these
conditions could result from an increase in the availability of sand for aeolian transport
and bedform construction leading to accumulation.

The widespread occurrence of aeolian dune sets dominated by grainflow strata
indicative of well-developed slipfaces that passed downslope into wind-ripple
dominated dune plinth areas allied with the dominantly unimodal dip to the NNE of
foreset azimuths is typical of simple crescentic dunes migrating under persistent
unimodal winds that blew to the north-northeast. The absence of large-scale draas
deposits could suggest accumulation in a setting close to the erg margin, where the
sediment supply was likely insufficient to construct the very large bedforms typical of
erg centre settings that themselves carried superimposed bed forms upon them.

Each preserved aeolian depositional cycle is bounded by a laterally extensive,
continuous, non-climbing surface that truncates underlying sets of dune strata in an
erosional contact. These are deflationary supersurfaces (Kocurek and Havholm, 1993;
Loope, 1985) and each represents the termination of an episode of erg accumulation.
Their occurrence at the top of each cycle throughout the succession demonstrates that
the formation comprises at least 14 separate sequences. Each supersurface records a
hiatus in accumulation (Blakey and Middleton, 1983; Loope, 1985; Talbot, 1985). The
genesis of the supersurfaces requires a negative sediment budget, where an earlier
accumulation is susceptible to erosion. Exhaustion of an upwind sand supply is the
most likely cause of the onset of supersurface development in dry aeolian systems.
The successive drying-upward cycles and the nature of the deposits indicate distinct

and repeated episodes of aeolian accumulation and deflation.

7. Discussion

The Mangabeira Formation of the Sdo Francisco Craton records multiple cycles

of aeolian accumulation and deflation related expressed as at least 14 drying-upward
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cycles (Fig. 7). The shift between periods of accumulation and deflation in aeolian
system may occur as a result of change in eustasy, tectonic and climate cycles
(Kocurek, 1998). There is no evidence for the activity of marine processes in
influencing aeolian system construction, accumulation and preservation in the Lower
Unit of the Mangabeira Formation. Tectonic activity determined aeolian system
accumulation, via its role in driving the basin subsidence responsible for generating
accommodation and by enabling preservation of the sedimentary succession via a net
long-term relative rise in the water table level. Previous studies show that the
Mangabeira Formation deposits were deposited in a sag basin that developed as the
end-product of a phase of Palaeoproterozoic rifting. Such sag basins are characterized
by thermal-flexure subsidence; local tectonic movements did not apparently influence
the high-frequency oscillations of the palaeo-water table level (Blakey, 1988; Veiga et
al., 2002). The main controlling factor that principally influenced episodes of aeolian
system accumulation and deflation was climate change. Repeated shifts between arid
and humid climatic phases changed both the aeolian sediment budget and the level of
the water table in the basin (Fig. 7). These factors themselves influenced governed
how the erg sequences accumulated and became preserved.

Onset of episodes of aeolian system accumulation occurred during a humid
climate phase, as demonstrated by aeolian sandsheet deposits, adhesion strata and
minor water-lain deposits all indicative of a wet aeolian system. In wet aeolian systems,
a near-surface water table controls accumulation (Kocurek and Havholm, 1993). During
humid episodes, the availability of sand for aeolian transport is limited since much of
the surface is damp due to the relatively high, near-surface water table (Kocurek,
1999). Increased precipitation also increases fluvial run off into the aeolian system,
thereby driving local water-table rise, further reducing the availability of sand for aeolian
transport. Such processes inhibit aeolian dune construction, instead favouring aeolian
sandsheet development (Kocurek and Nielson, 1986). The intercalation of adhesion
structures and the microbially induced lamination with wind-ripple lamination within an
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aeolian sandsheet facies may indicate fluctuating ground water table in response to
low-magnitude flood events (Chakraborty and Chaudhuri, 1993) or "freezing" of ripples
by rising capillary moisture (Kocurek and Nielson, 1986).

As the climate became increasingly arid, so the aeolian system changed. Each
preserved cycle became dominated by dry aeolian sandsheet deposition. These dry
sandsheets were characterized by wind-ripple strata and small aeolian dunes. In this
pre-vegetation system, sediment would have been more readily available for aeolian
transport, even in semi-arid climates, given the absence of the substrate-binding
effects of vegetation. As the relative water table fell in response to increased aridity,
large volumes of stored (time-lagged) supplies of sediment would have become
available for aeolian transport (Simpson and Eriksson, 1993; Trewin, 1993; Kocurek
and Lancaster, 1999). With increasing aridity, the aeolian sandsheet deposits were
replaced by climbing aeolian dune systems within a sand sea (erg), thereby
establishing the dry aeolian system. In dry aeolian systems, the water table and its
capillary fringe are far below the depositional surface. Therefore aeolian deposition,
bypass and erosion are entirely controlled by aerodynamic conditions of the flow
(Kocurek and Havholm, 1993). The accumulation of aeolian dunes commenced when
the angle of climb became positive. The development of crescentic dunes is associated
with, limited yet continuous, sand availability (Mckee, 1979). The unimodal wind regime
was punctuated by annual fluctuations, as revealed by the presence of multiple
reactivation surfaces identified in the aeolian dune strata. The local occurrence of
lenses of damp interdune deposits between aeolian dunes indicates an oscillation in
the ground-water table, with or without a variable angles of bedform climbing
(Mountney and Thompson, 2002; Mountney, 2012).

The climax of aeolian system accumulation was signalled by a change from
accumulation to deflation. The development of deflationary supersurfaces commonly
results from an external change forced on the system (Havholm and Kocurek, 1994).
Most aeolian systems have a finite sediment supply that is used for their construction
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and accumulation. Much of that supply is made available during the transition from
humid to arid climatic episodes when the water table is low. In response to a protracted
episode of aridity, the aeolian sand supply was eventually depleted, leading to the
onset of aeolian bed-form cannibalization and deflation via a change from a positive to
a negative angle of bed-form climb, culminating in the generation of a deflationary

supersurface (Loope, 1985; Mountney, 2006, 2012).

8. Conclusions

The Mesoproterozoic Mangabeira Formation in northeastern of Brazil is one
only a small number of documented examples of a Precambrian succession that
exhibits well-preserved drying-upward aeolian sequences. Multiple drying-upward
cycles record distinct episodes of sediment accumulation, and establishment and
accumulation of distinct dune fields. Episodes of aeolian accumulation were followed
by partial deflation whereby a deflationary supersurface defines the top of each
depositional cycle. Four distinct facies associations are identified in the deposits of the
drying-upward cycles: aeolian sandsheet and water-lain deposits pass upward into
aeolian dune and interdune deposits. The lower and upper parts of each cycle
accumulated as wet and dry aeolian systems, respectively. The wet aeolian systems
accumulated under the influence of a near-surface water table. The occurrence of
wind-ripple strata, adhesion structures and water-lain deposits characterized these
systems. Small-scale fluctuations in lithofacies arrangements within these deposits
indicate repeated episodes of water-table rise and fall relative to the accumulation
surface over time. The dry aeolian systems accumulated in a setting where the water
table and its capillary fringe were continuously beneath the level of the accumulation
surface. In such systems, dry sediments are potentially available for aeolian transport,

given an appropriate aerodynamic configuration. A combination of factors controlled
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construction and accumulation of the dry aeolian systems: a sediment supply that was
available for aeolian transport; a downstream decrease in the aeolian sediment
transport rate, and/or decrease in sediment concentration over time; growth of aeolian
dunes to a size whereby they covered the accumulation surface at the expense of
interdune flats; the onset of aeolian bed-form climbing whereby dunes climbed over
one another as they migrated.

The nature of the genetic units and the supersurfaces that bound the cycles
indicates multiple hiatuses in accumulation and repeated partial deflation of parts of the
succession, likely in response to climatic changes. The depositional architecture of the
preserved sequences was determined by the complex interaction of water-table
fluctuations, the generation of a sediment supply, the availability of that sediment for

aeolian system construction, and changes in the transport capacity of the wind.
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Figure Captions

FIGURE 1: (A) Location of the Sdo Francisco craton and the Chapada Diamantina
Range. (B) Geological map of the Chapada Diamantina Range and location of the
study area. Geological map based on Geological Survey of Brazil (CPRM). (C)

Location of vertical profiles.
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FIGURE 2: Schematic stratigraphic section of the Espinhago Supergroup at the
Chapada Diamantina Range (Based on Guadagnin et. al, 2015b).

FIGURE 3: Vertical profiles and schematic cross-section showing the regional dip-
azimuth and the main facies associations and sedimentary structures.

FIGURA 4: Aeolian dunes facies association. (A) Intertonguing relationship between
aeolian dune grain flow and wind-ripple with 1-8 cm thick. (B) wind-ripple lamination in
detail. (C) Lateral panel showing the aeolian dunes architecture and the internal
surfaces.

FIGURE 5: Aeolian Interdunes facies association. (A) Architectural geometry of
interdunes deposits. (B) 10 to 20 cm thick of interdune deposits interlayered with
aeolian cross-strata. (C) Millimetric, inversely graded, horizontal lamination. (D) Wind-
ripple lamination and wavy-crinkled lamination. (E) Very fine- to fine-grained
sandstones alternating with millimetric irregular mudstone laminae, with wavy-crinkled
lamination.

FIGURE 6: Aeolian sandsheets and fluvial deposits. (A) Millimetric, inverse graded,
horizontally to low-angle translatent lamination. (B) tangential cross-stratified
sandstones interlayered with the aeolian sandsheet deposits and water-lain deposits.
(C) Millimetric to centimetric interlayered sandstone and mudstone, with crinkled-
lamination. (D) and (E) Ripple-cross stratification of the water-lain deposits. (F) Small-
scale soft-sediment deformation structures.

FIGURE 7: Relationship between water-table oscillations, depositional surfaces and
facies associations observed in the Lower Unit of the Mangabeira Formation. The
alternation between wet and dry aeolian systems and the development of
supersurfaces as interpreted as high frequency changes of the water table, sediment
supply, sediment availability and wind transport capacity caused by oscillation in
climate changes.

FIGURE 8: Interpretation of lateral panels and correlation with the GPR line showing
the relationship between facies association and supersurfaces.
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FIGURA 9: High-frequency cycles in wet aeolian system, composed by adhesion
ripples and water-lain deposits that grading to wind-ripples e minor common aeolian

dunes.
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Abstract

Dune-scale aeolian bedforms and their preserved deposits provide good correlation
between atmospheric circulation patterns and the latitudinal position of the land mass
distribution. However, no attempts to use the palaeowinds directions and
palaeogeographic reconstructions of the ancient land mass distribution have been

published to model Precambrian atmospheric circulation. The Mangabeira Formation is
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a large Mesoproterozoic aeolian erg succession (1.6 to 1.5 Ga) composed of two
aeolian units accumulated in the Sdo Francisco Craton, Brazil. The Lower Unit records
multiple drying-upward depositional cycles each represent an episode of erg expansion
and retraction driven by climate changes. The Upper Unit is composed dominantly of
stacked aeolian dune strata that lack intervening interdune deposits and which record
extreme aridity. The palaeowinds recorded from cross-strata of crescentic aeolian
dunes of the Lower and Upper Units record dune migration under the influence of two
dominant winds that blew to the southeast and northwest. Analysis of these palaeowind
data in relation to assessment of regional palaeogeographic reconstructions for the
period 1.6 to 1.5 Ga reveals a correlation between atmospheric circulation and land
mass distribution. At this time the S&o Francisco Craton was located between mid-
latitudes and the equatorial zone. The wind regime determined from analysis of cross-
strata dip azimuths of the Lower Unit (1.6 to 1.54 Ga) are consistent with a
palaeogeographic position between 25° to 35° S. Analysis of cross-strata dip azimuths
of the Upper Unit indicate northwest-directed palaeowinds and a domiant monsoonal
wind pattern from 1.54 to 1.5 Ga. During this time the large land mass of the Sao-
Francisco-Congo and Siberian cratons drifted northwards through the equatorial zone
from palaeolatitude 30° S to 30°N.

Keywords: Mesoproterozoic erg; Mangabeira Formation; Palaeowinds;

Palaeogeography, Wind-pattern model

1. Introduction

Numerous post-1.8 Ga Precambrian aeolian successions have been
documented (Ross, 1983; Pulvertaft, 1985; Deynoux et al., 1989; Chakraborty, 1993,
1991; Simpson and Eriksson, 1993; Clemmensen, 1988; Tirsgaard and @xnevad,
1998; Bose et al., 1999; Biswas, 2005). Eriksson and Simpson (1998) proposed that
the occurrence of these ancient aeolian successions was related to the assembly of

large land masses, which encouraged the evolution of major aeolian erg (dune field)
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systems. Based on the identification of diagnostic sedimentary structures, such as wind
ripple strata and large scale sets of cross strata, it is clear that Precambrian aeolianites
are generally associated with extensive erg environments that developed in a broad
range of climatic setting (Eriksson and Simpson, 1998; Simpson et al., 2004). Although
Precambrian aeolian successions are well recognised and correlated with various
tectonic settings and climatic regimes (e.g. Pulvertaft, 1985; Jackson et al., 1990;
Soegaard and Callahan, 1994; Tirsgaard and @xnevad, 1998; Simpson et al., 2002),
no attempts have hitherto been published to show how the record of aeolian
accumulation and palaeogeographic reconstructions of the land mass distribution can
be used to model Precambrian atmospheric circulation.

Ancient aeolian landforms (e.g. dunes, draas and sand seas) reflect the
directions and intensity of palaeowinds - a major component of atmospheric circulation.
In turn, the atmospheric circulation is dominated by the latitudinal distribution of solar
radiation and the distribution of land masses. Several models of atmospheric
circulations based on the records of palaeowinds directions in aeolian sandstones and
on the palaeogeographic reconstructions of land masses in Pangaean times have been
published (Parrish and Peterson, 1988; Peterson, 1988; Loope et al., 2001, 2004;
Scherer and Goldberg, 2007). Such modelling is much more difficult for Precambrian
times because of an uneven sedimentary record and of more controversial
palaeogeography (e.g. Li et al., 2008; Zhang et al., 2012; Evans, 2013; Pisarevsky et
al., 2003, 2014).

Large aeolian dunes and related facies are the primary indicators of extensive
Precambrian desert environments, which are argued to have only been present at mid-
palaeolatitudes (30 degree; Eriksson et al., 2013). The present-day large desert
systems (>12.000 km?, Pye and Tsoar, 2009) occur mostly between 15° and 30°
latitude.

The Mangabeira Formation is a Proterozoic erg located on the Sdo Francisco
craton in north-eastern Brazil. This large Proterozoic aeolian accumulation has a

3



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

preserved area of ~50.000 km? and forms a well-preserved succession up to ~700 m
thick. The formation comprises two units, each of which is characterized by a distinct
depositional architecture and each of which provides a detailed records of palaeowind
via the preservation of sets of inclined cross strata that represent aeolian dune lee
slope deposits.

The aim of this study is to present palaeocurrent data to enable the
reconstruction of the palaeowind patterns in low (equatorial) and middle (around 30°S)
palaeolatitudes during Mesoproterozoic (1.6 - 1.5 Ga). This wind-pattern model is
based on the analysis of aeolian cross-strata in the Mangabeira Formation and on the
recent palaeogeographic reconstructions for these times (Pisarevsky et al., 2014).
Specific research objectives are as follows: (i) to understand the stratigraphic evolution
of the Mesoproterozoic erg of Mangabeira Formation; (ii) to present global-scale
palaeogeographic maps showing the distribution of major aeolian units; (iii) to discuss

the wind regime and propose a wind-pattern model for 1.6 to 1.5 Ga.

2. Geological Setting

The Sao Francisco Craton is located in the north-eastern Brazil and comprises
Archaean/Palaeoproterozoic basement with metamorphic and supracrustal rocks that
are overlain by Palaeoproterozoic to Phanerozoic platform-type cover (e.g., Almeida,
1977; Barbosa et al., 2004; Cruz and Alkmim, 2006; Alkmim and Martins-Neto, 2012).
Two physiographic features are observed in the northern part of the craton — the
Northern Espinhaco Range and Chapada Diamantina Range — and these expose
Proterozoic sedimentary successions. In the Chapada Diamatina Range, the
Espinhaco Supergroup and the Sdo Francisco Supergroup are the main sedimentary
units; the former is of Palaeoproterozoic to Neoproterozoic age and is composed
dominantly of siliciclastic rocks; the latter is characterized mainly by carbonate
successions of Neoproterozoic age (Fig.1). The Espinhago Supergroup spans an age

range from approximately c. 1.75 to 0.9 Ga based on radiometric age constraints
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(Schobbenhaus et al., 1994; Babinski et al., 1999). This unit is composed principally of
clastic sedimentary rocks of continental and coastal origin (Pedreira and De Waele,
2008; Danderfer et al., 2009; Alkmim and Martins-Neto, 2012), and associated volcanic
deposits (Schobbenhaus et al., 1994; Babinski et al., 1999).

As proposed by Chemale et al. (2012), three megasequences termed the
Lower, Middle and Upper sequences characterize the Espinhago Supergroup, and
these sequences are related to the superimposition of numerous basins (Fig. 2). The
Lower Megasequence is represented by the Rio dos Remédios Group, which
comprises a volcanic-sedimentary succession related an extensional tectonic event
between ca. 1.80 and 1.68 Ga. The Rio dos Remédios Group includes the continental
clastic sequences of the Serra da Gameleira, Lagoa de Dentro and Ouricuri do Ouro
formations associated with volcanic rocks of the Novo Horizonte Formation. The Middle
Espinhaco megasequence is related to a rift-sag basin filled with continental and
coastal deposits. This thermal sag phase spans an age range from 1.6 to 1.38 Ga
(Pedreira, 1994; Pedreira and De Waele, 2008; Guimaraes et al., 2008; Alkmim and
Martins-Neto, 2012; Guadagnin et al., 2015a). The Paraguagu Group and the
lowermost Tombador Formation of the Chapada Diamatina Group comprises this
sequence. The Paraguagu Group (c. 1.6 to 1.5 Ga) is represented by the Mangabeira
and Acurua formations. The ca. 1.45 - 1.38 Ga Tombador Formation represents the
superposition of multiple depositional systems that accumulated in response to a basin
sag phase (Magalhdes et al., 2015). The ca. 1.19 - 0.9 Ga Upper Espinhago
Megasequence is the last sedimentary succession of the Espinhago Supergroup and is
related to the fill of a rift-sag basin The Caboclo and Morro do Chapéu formations, the
uppermost two units of the Chapada Diamantina Group, comprise this sequence.

The Mangabeira Formation, which is the focus of this study, was formally
defined by Schobbenhaus and Kaul (1971), and described by Pedreira (1994). This
1500 m-thick sedimentary succession is interpreted a mixed aeolian and fluvial system.
Recent studies indicate deposition in a coastal aeolian dune system with the minor
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occurrence of wadi deposits intercalated with the marine deposits of the Acurua
Formation (Guimaraes et al., 2008). Provenance data for this unit were presented by
Guadagnin et al. (2015b) who demonstrated that sediments of the Mangabeira
Formation were recycled from sedimentary sources linked to a collisional tectonic
setting. Analyzed Zircon grains were formed in the Paleoproterozoic Era, as result the
palaeoplate amalgamation. The radiometric dates acquired from analysis of mafic sills
and dyke swarms that cut the base of the Mangabeira Formation (Babynski et al.,

1999; Silveira et al., 2013) reveal an age of ca. 1.5 Ga.

FIGURE 1

FIGURE 2

2.2. Sao Francisco-Congo craton and the Mesoproterozoic palaeogeography

Nuna or Columbia (e.g., Hoffman, 1997; Meert, 2002; Pesonen et al., 2003;
Zhao et al., 2002; Pisarevsky et al, 2014) was a Proterozoic supercontinent,
components of which included the Congo-S&do Francisco craton and others large
cratons such as Siberia, India, Baltica, Laurentia and N. China, amongst others.
Stratigraphic correlation, geochronological and palaeomagnetic data suggest that the
Sao Francisco and Congo cratons composed a single continent from ca. 2050 Ma until
the ca. 130 Ma opening of the Atlantic Ocean (e.g., Trompette, 1994; D'Agrella Filho et
al., 1996; Deckart et al., 1998; Feybesse et al., 1998; Correa-Gomes and Oliveira,
2000; Pedrosa-Soares et al., 2001, Zhao et al., 2002; Janasi, et al., 2011).

One recent attempt to reconstruct Proterozoic global palaeogeography was
made by Pisarevsky et al. (2014). These authors compiled the reliable palaeomagnetic
and geological database using data from many continents, and reconstructed global
palaeogeography from 1770 to 1270 Ma. The global-scale maps of Pisarevsky et al.
(2014) show that the Congo-S&o Francisco craton was located in southern mid-

latitudes at 1.58 Ga and in equatorial position at 1.5 Ga.
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The palaeoposition of Congo-S&o Francisco at 1.5 Ga is supported by
palaeomagnetic and geological data. Silveira et al. (2013) dated the dike swarm at the
base of the Mangabeira Formation at 1506.7+6.9 Ma age (U-Pb baddeleyite). Ernst et
al. (2013) noted a good match between Large Igneous Province (LIP) “barcodes” of the
Congo-Sao Francisco and Siberia at 1500 Ma and at 1380 Ma and suggested the
affinity of these cratons at 1500-1380 Ma. This fit is also supported by palaeomagnetic
data (Ernst et al., 2013 and references therein). Pisarevsky et al. (2014) used this
match in their 1580 -1270 Ma global reconstructions. Unfortunately there are no
reliable ca. 1580 Ma palaeomagnetic poles from Siberia and Congo-Sao Francisco
(Pisarevsky et al., 2014), which implies that the suggested palaeopositions of these

cratons at that time might be reconsidered if they contradict some new geological data.

3. Study Area and Methods

The Mangabeira Formation crops out over a large area (~50.000 km?) on the
Sao Francisco Craton. For this study, the detailed sedimentology of the Mangabeira
Formation was documented along a series of roadside cuttings in the southern area of
the Chapada Diamantina Range, over an area of ~1200 km?. It is in this region that the
outcrops are best preserved. The main road has a north to south orientation and
provides a dip-oriented section. Strata dip at 5 to 10° to the south and the sections
exhibit little deformation. For this study, 18 detailed sedimentological sections of the
Mangabeira Formation were measured and logged at 1:100 scale. Graphic logs record
grain size, physical sedimentary structures and palaeocurrent data (328 readings)
based on cross-strata dip and dip-direction. All measurements were corrected by
removing structural dip to negate the influence of tectonic overprint. Resultant foreset
dip azimuths were plotted on palaeogeographic maps. These maps were corrected to
remove the component of rotation known to have been undertaken by Sao Francisco

Craton through time (see Pisarevsky et al., 2014).
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4. The Mangabeira Formation: palaeowinds and stratigraphic architecture

In the southern area of the Chapada Diamantina, the Mangabeira Formation
can be subdivided into two units, each of which preserves a distinct stratigraphic
architecture and which records evidence for palaesowind direction.
4.1. Lower Unit
4.1.1. Description

The Lower unit is ~500 m thick and records a variety of aeolian facies types.
The succession is arranged into vertically stacked depositional cycles that are each 2
to 20 m thick. Each preserved cycle is characterized by a well-defined facies
succession (Fig. 3). The base of each cycle is characterized by deposits of very fine- to
medium-grained, moderately sorted sandstone that occurs as tabular beds that are
laterally continuous for 0.6 to 6 meters (Fig. 4). The tabular bodies display horizontal to
low-angle cross-stratification (<5°), composed of three types of lamination. The first
lamination type comprises millimetric, inverse graded, horizontally to low-angle
translatent lamination, made up 0.1 to 0.2 m-thick beds (Fig. 3a). The base of laminae
is formed of very fine-grained sandstone that grade upward to medium-grained
sandstone, forming pin-stripe lamination (Fryberger and Schenk, 1988; Mountney and
Howell, 2000). The second lamination type is formed by millimetric to centimetric
interlayered sandstone and mudstone, with crinkled-lamination, 5- to 100 mm thick
(Fig. 3b). The third lamination type is 2 mm-thick lenticular and laterally discontinuous
compounded wind-ripple lamination that occurs within sets of tangential cross-stratified
sandstone. Other lithofacies associated with the low-angle cross-stratification
sandstones, comprises fine- to medium-grained sandstone, characterized by ripple
cross-stratification (Fig. 3c). These sandstones occur as 0.1 m-thick sets, groups of
which occur collectively as stacked co-sets that are themselves 1 to 2 m thick and up to
5 m in lateral extent. Rare, small-scale (< 0.2 m thick) soft-sediment deformation
structures and thin lenses and drapes of massive mudstone (up to 10 mm thick) are

also rarely observed. These deposits are overlain by 0.2 to 3 m thick fine- to medium-
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grained, well-sorted sandstones, with trough/tangential cross-stratification. The foresets
are formed by wedges of sand flow (i.e. grainflow) deposits, each 10- to 80 mm thick,
that pinch out down-dip into milimetrical wind-ripple laminae (Fig. 3d). The cosets
display two arrangements: sets with 0.2 to 0.5 m thick and sets with up 1.5 meters.
Individual sets are wedge shaped. In orientations transverse to palaeoflow (as reveal
by cross strata azimuths), cross bedding and their basal bounding surfaces are
characterized by troughs. These troughs display a spread of foreset azimuths from
005° to 050° in a single set. In orientations parallel to palaeoflow, cross-strata dip up to
30° and are tangential to planar basal bounding surfaces, which are themselves sub-
horizontal or inclined <5° in an upwind direction. Internally, the cross-bedded sets can
be subdivided by inclined bounding surfaces that truncate the strata below, whereas
the strata above are concordant with the surfaces. These bounding surfaces, which
occur internally within sets, dip up to 15° (Fig. 4). Foreset dip orientations are in
variable directions, with the most foreset azimuth range to 045° to 335° (Fig. 8). The
main foreset dip is <20° varying between 18° and 30°. Very fine- to fine-grained
sandstones with inversely graded, horizontal lamination or wavy-crinkled lamination
(Fig. 3e) and millimetric and irregular laminae of mudstone occur intercalated with
inclined cross-strata in places. These beds are discontinuous and irregular;
thicknesses vary from 0.1 to 0.2 m; widths vary from 10 to 20 meters (Fig. 3f).
4.1.2. Interpretation

Each of the depositional cycles of the Mangabeira Formation records an upward
change from aeolian sandsheet to aeolian dune and interdune deposits. The tabular
sandstones with low-angle stratification are interpreted as aeolian sandsheets (Hunter,
1977; Kocurek and Nielson, 1986). The thin, horizontally to low-angle translatent
lamination with inverse grading laminae represent wind-ripples and are formed by the
migration and climbing of wind ripples over a dry depositional surface (Hunter, 1977;
Fryberger and Schenk, 1988). The millimetric to centimetric interlayered sandstones
and mudstones with the crinkled-lamination are interpreted as adhesion ripples
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accumulated in a damp or wet surface (Kocurek, 1981; Kocurek and Fielder, 1982;
Chakraborty and Chaudhuri, 1993; Scherer and Lavina, 2005) The small-scale
tangential cross-beds with wind-ripple lamination and laterally discontinuous are
interpreted as residual deposits of aeolian dunes (Hunter, 1977) accumulated in limited
dry sand conditions (Kocurek and Nielson, 1986). The fine- to medium-grained
sandstones with ripple-cross stratification are interpreted as aqueous 2D- or 3D-ripples
formed in lower flow regime (Miall, 1977). The thin massive mudstones indicate settling
of suspended sediments in a low-energy aqueous environment, probably related to the
final stages of ephemeral floods (Miall, 2006). The soft-sediment deformation
structures as interpreted as formed by fluid escape in unconsolidated sediments,
probably as result of groundwater fluctuation (Lowe, 1976). The sets and cosets of
trough cross-stratification, composed of sandstone with well-sorted and well-rounded
grains that are organized into grainflow and wind-ripple laminae indicate migrating
aeolian dunes (Hunter, 1977). The down-dip pinch-out of packages of grainflow strata
into wind-ripple lamination are interpreted as lee slope grainflow avalanches that reach
the toesets, whereas wind ripples migrated over dune plinth areas (Mountney, 2006;
Scherer, 2000). The subhorizontal to low-angle upwind dipping surfaces (as seen in
sections parallel to paleoflow) are interpreted as interdune migration bounding surfaces
(Kocurek, 1996). The trough geometry of the interdune surfaces observed in sections
transverse to palaeoflow indicates that the main bedforms possessed sinuous
crestlines (Rubin, 1987). The inclined downwind-dipping bounding surfaces internally
within the cross-bedded sets are reactivation surfaces, generated as a result of
episodic erosion of the partial lee-side of the bedforms during minor fluctuation
changes in wind direction and/or strength (Brookfield, 1977; Hunter and Rubin, 1983;
Mountney, 2006; Rubin and Hunter, 1982; Scherer and Lavina, 2005). The common
trough-tangential cross-stratification combined with high dispersion values of the
foreset dip is typical of crescentic dunes with moderate to highly sinuous crestlines.
The discontinuous and irregular beds with translatent and wavy crinkled lamination that
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occur between and intercalated with sets of aeolian dune cross-strata are interpreted
as aeolian interdune deposits. The inversely graded, horizontal lamination is
interpreted as subcritical climbing wind ripple strata (Hunter, 1977), indicating dry
interdunes, which accumulated under conditions where the water table was below the
accumulation surface. The wavy crinkled lamination is most obviously interpreted as
adhesion structures accumulated on damp interdune surfaces; these structures
indicate a context where the water table was located close to the accumulation surface
(Mountney and Thompson, 2002; Paim and Scherer, 2007). An alternative
interpretation of the crinkled lamination is a microbial origin (Noffke, 2010; Souza,
2012; Ballico et al., in prep.). The thin interdunes beds, with irregular geometry indicate
dry and/or damp interdune hollows or corridors, that occupied spatially isolated hollows

between the dunes (Mountney and Jagger, 2004).

FIGURE 3

FIGURE 4
4.2. Upper Unit
4.2.1. Description

The Upper Unit is ~200 m thick. The basal contact with Lower Unit is covered

and not exposed in the studied area. Two main facies associations characterize this
unit (Fig. 5). The majority of deposits are fine- to coarse-grained sandstones that are
well sorted, with subrounded to rounded grains, arranged in cross-stratified sets.
Individual sets are 2 to 10 meters thick. In orientations transverse to paleoflow, simple
sets of cross bedding and their basal bounding surfaces reveal trough-shaped element
geometries (Fig. 6; troughs are 50 to 200 m wide). By contrast, in orientations parallel
to the direction of dip of the cross-strata, inclined cross bedding is tangential to basal
set bounding surface (Fig. 5a). Internally, foresets within sets have uppermost parts
that are composed of massive sandstone or inversely-graded grainflow lenses that dip
at ~20° (Fig. 5b). Toeset deposits are characterized by inversely graded wind-ripple
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laminae, up to 3 mm thick (Fig. 5c). In some places, the lamination are armoured by
very coarse-grained sandstone to granules, deposits of which form wedge-shaped
lenses (Fig. 5d). Some sets exhibits concordant cyclic cross-bedding, composed of
packages of grainflow strata that are separated by thinner packages of wind-ripple
laminae. These cyclic sets of cross-bedding are regularly spaced, each package being
0.2 to 0.8 m thick in orientations parallel to sand transport (Fig. 7). Internally, the cross-
bedded sets can be subdivided into sub-sets bounded by surfaces that truncate the
strata below, whereas the strata above are concordant with the dipping bounding
surfaces. The dipping bounding surfaces are themselves inclined up to 16°.
Palaeocurrent directions are variable; most of the wind currents are in the range 225°
SW to 270° W based on foreset dip azimuths (Fig. 8).

The second facies association occurs in a specific interval of the succession
and is composed by four lithofacies: (i) fine- to medium-grained sandstones with low-
angle stratification; (ii) fine-grained sandstone with millimetric spaced wrinkled
lamination (Fig. 5e); (iii) very fine- to fine-grained sandstone with ripple-cross
stratification up to 25 mm thick; (iv) heterolithic beds of massive mudstone and fine-
grained sandstone with wavy-ripple lamination up to 50 mm thick (Fig. 5f). Rare small-
scale deformation structures are present in a few places. These sedimentary structures
occur interlayered as composite cosets of strata which themselves form 0.7 to 2.5 m-
thick and 10 m-wide tabular bodies (Fig. 59).

4.2.2. Interpretation

The medium- to large-scale cross-strata sandstones compounded by grain flow
and wind-ripple strata are interpreted as formed by the migration of large aeolian
dunes. The presence of grainflow strata indicates high-angle, well-developed slipfaces
(Hunter, 1977). The unimodal trend of the cross-bed dip azimuths, and their occurrence
in trough-shaped sets indicates crescentic dunes with sinuous crestlines (Rubin, 1987).
The regularly spaced cyclic sets of cross-bedding with the alternation of grain-flow and
wind-ripple lamination suggests periods where grain flow lamination were developed by
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avalanche in lee-faces dunes followed by intervals of erosion and deposition of wind-
ripple laminations. This most commonly occurs in response to seasonal changes in
wind direction (Hunter and Rubin, 1983; Kocurek et al., 1991; Chan and Archer, 2000;
Loope et al., 2001; Scherer and Lavina, 2005; Mountney, 2006; Kocurek et al., 2007;
Scherer and Goldberg, 2007). Thicker packages of grainflow strata that dip to the
southeast, as revealed in sections parallel to sand transport direction, were transported
by the stronger winds and they dictated the dune orientation. By contrast, the wind-
ripple lamination records the action of weaker oblique to reverse winds. The lamination
characterized by armoured very coarse-grained sandstones to granules are granule
ripple deposits; these deposits likely accumulated in response to changes in effective
wind direction and strength (Fryberger et al., 1992). The concave-up surfaces that
truncate the foresets are interpreted as reactivation surfaces, which reflect frequent
changes flow. The association of water-laid sedimentary structures that occurs in
bodies with a tabular geometry suggests unconfined, high-energy, ephemeral flash
flood deposits (Miall, 1996). The sandstones with low-angle-inclined stratification are
interpreted to record sediment transport in a flow that undertook a transition from lower
to upper flow regime conditions (Miall, 1977, 1996). The presence of wavy-ripple
sandstone indicates fair-weather waves on wide and shallow, ephemeral lakes. The
very fine- to fine-grained sandstones with ripple-cross stratification are interpreted as
2D- or 3D-ripples formed in lower flow regime (Miall, 1977). The wavy crinkled
lamination is interpreted as adhesion structures accumulated on damp or wet surfaces

by the adhering of dry sand to a wet or damp surface (Kocurek and Fielder, 1982).

FIGURE 5

FIGURE 6

5. Discussion

5.1. Stratigraphic Evolution
13
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The Mangabeira Formation records aeolian accumulation in both of its units
(Fig. 8). The Lower Unit is ~500 m thick and records multiple hiatuses of aeolian
deposition and deflation related to drying-upward cycles (Ballico et al, in prep.). The
Upper Unit is ~200 m thick and comprises the accumulated deposits of large aeolian
dunes that developed in a dry aeolian system with a minor horizon of fluvial flooding.
The contact between these units was not exposed in the studied area. However, based
in the distinct depositional architecture and reconstructed palaeowind directions, we
suggest that these units are separated by unconformity. Both units were accumulated
in the Sao Francisco craton as part of the Supergroup Espinhacgo, formations of which
accumulated in an intracratonic basin (Guimaraes et al., 2008; Guadagnin et al, 2015;
Magalhées et al., 2015).

The Lower Unit records multiple drying-upward cycles that record cyclical
changes in depositional conditions (Fig. 8). These cycles have been interpreted as
episodes of erg expansion and retraction driven by climate changes (Ballico et al., in
prep.), with each accumulated cycle characterized by aeolian sandsheet and water-lain
deposits that are replaced upward by aeolian dune and interdune deposits. Each cycle
is bounded at its base and top by laterally extensive supersurfaces. The aeolian
sandsheets and water-laid deposits were accumulated in a relatively humid context.
The presence of closely associated adhesion strata and wind-ripple strata suggest a
near-surface water table (Kocurek and Havholm, 1993). Moreover the presence of the
water-laid deposits interlayered with the sandsheets suggests periods of intense
precipitation, which resulted in fluvial activity whereby streams entered the erg via
interdune corridors. A consequence of this flood-related fluvial activity was an
associated rise in water table level within the aeolian dune field (Langford and Chan,
1989). During humid periods, the sand availability and the transport capacity of the
wind were limited, whereas a sediment supply suitable for later aeolian reworking was
generated by fluvial sediment influx (Kocurek, 1999; cf Almasrahy and Mountney,
2015). As the climate shifted to more arid conditions, so the aeolian sandsheets and
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water-laid deposits were replaced by aeolian dunes and interdunes. In contrast with the
aeolian sandsheets, the aeolian dunes and interdunes developed in a condition where
the water table was significantly below the accumulation surface, which implies that all
sediments were potentially available for aeolian transport (Kocurek and Havholm,
1993). Accumulation was associated with a positive sediment budget, controlled by
aerodynamic factors. The presence of small-scale sets that grew into medium-scale
sets of cross-strata can be explained by an increasing availability of dry sand for
aeolian construction, and a consequent increase of the size of dunes or an increase in
the angle of climb of the dunes as they accumulated (Kocurek and Havholm, 1993;
Mountney, 2006). The minor occurrence of damp interdune deposits between aeolian
dunes suggests an oscillation of the water table, which sometimes intercepted the
accumulation surface. The simple crescentic dunes and well-developed slipfaces (with
grainflow and wind-ripple strata), allied to unimodal trends of the palaeowind indicators
suggests a persistent wind regime, which is associated with continuous sand
availability. The unimodal wind regime behavior was punctuated by annual fluctuations,
as revealed by the regularly spaced reactivation surfaces present in the aeolian dune
strata. Cycles of aeolian dune and interdune strata are bounded by supersurfaces,
which are interpreted as deflation surfaces (Kocurek and Havholm, 1993; Ballico et al.,
in prep). The climax of each episode of aridity was likely associated with the onset of
the erg deflation process. With increasing aridity, the upwind sediment supply, in the
form of the dry sand, became exhausted, and the wind transport system became
undersaturated with respect to its potential sand carrying capacity, thereby inducing a
change to from accumulation to deflation of the erg.

The Upper Unit is composed mainly by aeolian dunes deposits, without
intervening interdune deposits; this implies extreme aridity (Fig. 8). The absence of
damp/wet interdune deposits required conditions of accumulation whereby the water
table and its capillary fringe lay deeply below the accumulation surface. The Upper Unit
is therefore representative of a dry aeolian system (terminology of Kocurek and
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Havholm, 1993). In dry aeolian systems, accumulation occurs when the transport rate
decreases downwind and dune bedforms grow to a size whereby they occupy the
entire accumulation surface at the expense of intervening interdune flats Kocurek and
Havholm, 1993). The onset of accumulation in dry aeolian systems requires a high
availability of dry sand and the climbing of aeolian dunes will occur when depositional
surface reach a saturated condition (i.e. interdune flats are eliminated).

The presence of cyclic cross-bedding pattern suggests an annually oscillation in
the wind regime (Hunter and Rubin, 1983; Kocurek et al., 1991; Chan and Archer,
2000; Loope et al., 2001; Scherer and Lavina, 2005; Mountney, 2006; Kocurek et al.,
2007; Scherer and Goldberg, 2007). The common occurrence of these annual cycles
indicates a more variable wind regime during the accumulation of the Upper Unit.
Although persistent SSW winds were likely responsible for the main component of
aeolian dune migration, reversing or oblique winds (NNE winds?) apparently reworked
the frontal face of the aeolian dunes, forming the wind-ripple strata and the common
reactivation surfaces. The presence of granule ripples (interpreted as megaripples)
provides additional evidence about the wind regime. Many authors have suggested that
megaripples form in response to a strong wind regime (Sakamoto-Arnold, 1981;
Fryberger et al., 1992; Yizhaq, 2008; Milana, 2009), which implies that during the
accumulation of the aeolian dunes of the Mangabeira Formation, the SSW winds were
strong and persistent, punctuated by seasonal oscillation. A specific fluvial layer occurs
in the Upper Unit. The relationship of this fluvial package to the aeolian dune strata is
not clear due a paucity of data. The nature of these deposits indicates that the fluvial
accumulation occurred in response to multiple, successive flooding events that
frequently entered in the erg field, possibly in response to relatively humid conditions
(Fig. 8). The presence of mudstones with wavy lamination suggests that these flooding
events were confined to interdune depressions, forming small ponds, similar to the
processes observed today in Skeleton Coast of the Namib Desert (Stanistreet and
Stollhofen, 2002).

16



444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

FIGURE 8

5.2. Reconstruction of palaeowinds and implications for 1.6 - 1.5 Ga
palaeogeographic reconstruction of SF-Congo craton and surrounding
palaeoplates

In this section, we correlate and discuss the wind pattern acquired in the aeolian
strata of the Mangabeira Formation with the 1.6 - 1.5 Ga regional and global
palaeogeography. Our analysis focuses mainly on the following: (i) the interpreted wind
regime and consequent suggestions about circulation cells and their effects on the
accumulation of aeolian sand seas; and (ii) the response of aeolian sand seas on the
palaeolatitudinal position of the Sao Francisco-Congo craton.

In both hemispheres, the ascending and descending branches of Hadley,
Ferrell and Polar cells are driven by the distribution of solar heating and the distribution
of landmasses, which controls the atmospheric circulation along the latitudes (Webster,
2004). In this way, a zonal generic circulation model states that the trade winds in both
hemispheres converge from subtropical, high pressure zones, to tropical, low-pressure
zones, allowing a high humidity and intense precipitation at the equator, and flow away
to subtropical zone, with a dry air mass, forming the great deserts along mid-latitudes
(Charney, 1975; Parrish and Peterson, 1988; Parrish, 1993; Gasse and Roberts, 2004;
Webster, 2004). This zonal circulation pattern dominates at present and influences the
most modern desert regions around the world. Subordinate to this zonal wind
circulation, there is a strongly seasonal monsoonal circulation that presently occurs in
South Asia, West Africa and Australia, where the winds cross the equatorial zones due
the high- and low-pressure gradient (Charney, 1975; Cook, 2003; Gasse and Roberts,
2004; Park et al., 2011).

The Mesoproterozoic Mangabeira Formation records crescentic aeolian dunes
that developed in response to two main winds directions. The southeastern and the
northwestern mean directions (palaeowinds directions in the past geographic
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coordinate system) of the lower and upper units, respectively, reflect changes in the
atmospheric circulation probably caused by changes in the palaeopositions of
continents. From 1.60 Ga to ~1.54 Ga the Sao Francisco craton occupied a mid-
latitude position (Fig. 9). The wind regimes recorded by the aeolian deposits of the
Lower Unit are consistent with the reconstructed palaeoposition of the craton at 25° to
35° S. This position mimics that of major present-day deserts and is also shown to
have operated in Phanerozoic palaeodeserts (e.g. Mountney et al., 1998; Chan and
Archer, 2000; Loope et al., 2001; Mountney and Jagger, 2004; Scherer and Goldberg,
2007, 2010; Pye and Tsoar, 2009). The eastern and southeastern migration of aeolian
dunes is consistent with a zonal pattern of the atmospheric general circulation in the
southern subtropics. The descending branch of the Hadley cell flowed towards the
southeast (Charney, 1975; Webster, 2004), bringing a dry air which is favorable for a
high evaporation in the oceans and an accumulation of deserts in the landmasses.
Palaeopositions of other interpreted 1.6-1.5 Ga deserts (e.g., Dala Sandstone, ~1.6
Ga, Fennoscandian Shield, Pulvertaft, 1985; Lundmark and Lamminen, 2016; Mukun
Group, 1.58 - 1.50 Ga, Siberian craton, Petrov, 2011, 2014) also correlate with
palaeoclimate conditions and reconstructed atmospheric circulation. For example, one
succession that developed coeval to the Mangabeira Formation is the Mukun Group in
the Siberian Craton (1.58 to 1.50 Ga, Petrov, 2011, 2014). This succession is also
characterized by preserved alluvial, aeolian—fluvial, and fluvial-sabkha successions
(Petrov, 2011, 2014). The palaeowind directions of the aeolian deposits of the Mukun
Group exhibit a mean vector to the north (see Petrov, 2014; past coordinate system),
which is consistent with the zonal pattern circulation propose for the Lower Unit of the
Mangabeira Fm. The Siberian craton is the northern neighbor of the Sdo Francisco
Craton, in palaeogeographic reconstructions between 1.60 and 1.54 Ga (Fig. 9). Both
land masses occurred in the south hemisphere, between subtropical and tropical
zones. Between 30°S and the equator, the southeasterly trade winds blew from
southeast to northwest toward the equatorial zone (Fig. 9). Petrov (2011) concludes
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that the Mukun Group was accumulated in humid to semi-arid zones, and this
interpretation is consistent with the palaeogeographic reconstruction at 1.6 to 1.54 Ga
(Fig. 9) and with the atmospheric conditions. Similar cyclicity is observed in both the
Lower Unit of Mangabeira Formation (Sdo Francisco) and in the fluvial-aeolian
succession of the Mukun Group (Siberia; Petrov, 2011). However, the Lower Unit in the
Mangabeira Formation is formed by multiple cycles of drying-upward aeolian
sandsheets and dunes, whereas the Mukun Group records multiple cycles of fluvial-
aeolian deposits. We relate these cycles to allocyclic controls on sedimentation caused
by the climatic oscillation. The types of the deposits in both Lower Unit of the
Mangabeira Formation and the Mukun Group suggest accumulation in different
environments caused by the position in a Hadley cell and by the global climate. For
example, during semi-arid climate the formation of aeolian dunes was likely in
subtropical zone (S&o Francisco), rather than in tropical (Siberian craton), where the

accumulation of fluvial-aeolian deposits was dominant.

FIGURE 9

Between 1.54 and 1.50 Ga, Sao-Francisco, Congo and Siberia drifted farther
north (Fig. 10). Sdo Francisco was located between 5° S and 5° N (Pisarevsky et al.,
2014). At present, the near-equatorial area is known as the Intertropical Convergence
Zone (ITCZ) — a narrow belt characterized by the meeting and moist of the trade winds
characterized by intense precipitation (Charney, 1975; Loope et al., 2001; Webster,
2004; Tsoar et al., 2009; McGee et al., 2014). Usually the trade winds in the ITCZ are
weak and variable, due to the Coriolis Effect.

The Upper Unit of the Mangabeira Formation recorded pervasive northwestern
palaeowinds directions, which is more consistent with the southeasterly winds that flow
across the subtropical zones in a general westward equatorial direction (Webster,
2004). This implies a different palaeoposition for the Sdo Francisco craton during the
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accumulation of the Upper Unit, consistent with the palaeoreconstruction at 1.54 - 1.50
Ga (Fig. 10). However, if we assume that this palaeogeography is more appropriate
with the wind pattern, recorded in the Upper Unit, how might we explain the
accumulation of large sand seas in an equatorial zone without any evidence of "wet
deposits", as observed in the Mukun Group?

The monsoonal wind pattern that prevailed at 1.54-1.50 Ga can explain this.
The large land masses of Sao Francisco-Congo and Siberia in mid-latitudes and near
the equator could have controlled the monsoonal pattern in low-latitudes. The
monsoonal pattern was characterized by cross-equatorial winds, moving from a high
pressure center in the winter hemisphere to a low pressure center in the summer
hemisphere, similar to what happens today in southeastern Asia (Webster, 1987; Cook,
2003; Gasse and Roberts, 2004; Park et al., 2011). A similar regime could have existed
over the Pangaea supercontinent between Permian and Jurassic periods (Parrish and
Peterson, 1988; Parrish, 1993; Loope et al., 2004, 2001; Rowe et al., 2007; Scherer
and Goldberg, 2007, 2010). The monsoonal regime at that time was recorded by many
aeolian deposits in both hemispheres (Navajo Sandstone, Loope et al., 2001, 2004;
Sergi Formation, Scherer and Goldberg, 2010). The consistent northwestern
palaeowind directions recorded in the Upper Unit of the Mangabeira Formation, and the
palaeoposition of the ~50.000 km? Mangabeira erg in the central part of a large land
mass (Sao-Francisco-Congo and Siberian cratons) forced the winds to cross the
equatorial zone (~5°N), creating a strong monsoonal pattern. Even without a general
circulation model for the Mesoproterozoic we can suggest that the aeolian dunes were
built by strong monsoonal winds originated in high-pressure zones above the Sao-
Francisco-Congo craton in winter and directed towards the low-pressure zone above
the Siberian Craton in boreal summer (Fig. 10). We speculate that the ITCZ in boreal
summer was placed above Siberia, at about 20°N. On the contrary, in the austral
summer and boreal winter, the ITCZ was shifted by several degrees of latitude farther
south above the Sao Francisco craton, at ~15°S. This explains the absence of wet
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interdunes and other features, such as slumps in the lee face of the frontal dunes as
recognized by Loope et al. (2001) in Jurassic aeolian dune deposits of the Navajo
Sandstone, USA. These authors identified common slump deposits in the lee faces of
the aeolian dunes. These were interpreted as deformation features developed in
response to intense rainfall events that occurred as a consequence of annual monsoon
rainfall beneath the northern margin of ITZC. For example, in the present-day, the
Lencdéis Maranhenses — a coastal sand sea of the northern Brazil — experiences a
seasonal latitudinal positioning of the ITCZ, which determines the incidence of
dominant winds and rainfall precipitation (Tsoar et al., 2009).

The cyclic cross bedding in the aeolian cross strata provides an additional
evidence of the monsoonal wind regime (Hunter and Rubin, 1983; Kocurek et al., 1991;
Chan and Archer, 2000; Loope et al., 2001; Scherer and Goldberg, 2010). The
presence of cyclic cross-bedding in the Upper Unit of the Mangabeira Formation,
marked by sets of grainflow strata alternating with sets of wind-ripple strata, suggests
an alternation of northwesterly winds, followed by reversed transverse or oblique
northeast winds, which caused the slipface degradation, reworking, and production of
reactivation surfaces and the related formation of wind-ripple wedges. Thus, the dunes
migrated under the influence of strong and dominant winds, in this case during the
austral winter the southern hemisphere, when the trade winds blew from the high-
pressure zone above the Congo craton and crossed the equator towards the low-
pressure zones over the center of the Siberian craton. In turn, during the seasonal wind
shift in the boreal winter, the northern hemisphere winds blew from the high-pressure
zone over the Siberian craton towards the low-pressure zone in southern hemisphere,

reworking the frontal face of the aeolian dunes.

FIGURE 10

7. Conclusion
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The Mangabeira Formation of the S&o Francisco craton represents the
accumulated deposits of an aeolian erg system represented by two distinct units. The
Lower Unit records multiple depositional cycles, each of which records a drying-upward
trend. Each cycle records an episode of erg expansion and retraction driven by climate
changes. The aeolian sandsheet and water-laid deposits that characterize the
lowermost deposits of each cycle were accumulated in relatively humid environments,
whereas the aeolian dunes and interdunes that characterize the upper part of each
cycle are related to arid conditions. The Upper Unit is composed mainly of aeolian
dune deposits that lack associated interdune deposits. This unit records extremely arid
conditions. Distinct palaeowind directions are observed: the Lower Unit shows aeolian
dunes migrating towards the southeast (past coordinate system), whereas the large
aeolian dunes of the Upper Unit migrated towards the northwest (past coordinate
system). The geochronological data provide a maximum and minimum depositional
age of the Mangabeira Formation: it was accumulated during the Calymmian period,
between 1.6 and 1.5 Ga. The peculiarities of these aeolian deposits likely relate to the
palaeoposition of the Mesoproterozoic continents (Pisarevsky et al., 2014). Our new
1.6 - 1.54 Ga palaeogeographic maps demonstrate a good correlation with the
sedimentological record in the Lower Unit. At that time, the Sdo Francisco-Congo
craton and the Siberian Craton were located between mid-latitudes and equatorial
zone. The wind regime recorded from cross-strata of the Lower Unit is consistent with
the palaeogeographic positions of Sao Francisco between 25° to 35° S. The eastern
and southeastern migration of aeolian dunes is consistent with a zonal atmospheric
circulation pattern. In the subtropics of the south hemisphere, the descending branch of
the Hadley cell blew toward the southeast, bringing dry air favorable for the
development of deserts in the landmasses. Our new reconstruction and the proposed
model of atmospheric circulation also explain the record of palaeowinds in the Mukun
Group of northern Siberia (Petrov, 2011, 2014). Between 1.54 to 1.50 Ga the large land
mass that comprised the Sao-Francisco-Congo and Siberian cratons drifted farther
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north reaching palaeolatitudes between 30° S and 30°N. At that time, the S&o
Francisco Craton was located in the equatorial zone. This palaeogeography is
consistent with the northwestern palaeowinds directions recorded in the Upper Unit.
The occurrence of a large landmass in the mid-latitudes and equatorial area could
explain the monsoonal pattern in low-latitudes. The presence of cyclic aeolian cross
bedding in the Upper Unit of the Mangabeira Formation provides additional evidence of
the proposed monsoonal wind regime. As the dunes migrated under the influence of
strong and dominant winds, during the austral winter of the southern hemisphere, the
southeasterly trade winds blew from the high-pressure zone above the Congo craton
and crossed the equator towards the low-pressure zone over the center of the Siberian
Craton. In turn, during the seasonal wind shift in the boreal winter, the winds of the
northern hemisphere blew from the high-pressure zone over the Siberian Craton
towards the low-pressure zone in southern hemisphere, reworking the frontal face of

the aeolian dunes.
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Figure Captions

FIGURE 1. (A) Location of the Sdo Francisco craton and the Chapada Diamantina
Range. (B) Geological map of the Chapada Diamantina Range and location of the
study area. Geological map based on Geological Survey of Brazil (CPRM). (C)
Location of vertical profiles.

FIGURE 2. Stratigraphic chart for the Proterozoic Espinhaco Supergroup (based of
Guadagnin et al., 2015a).

FIGURE 3. Schematic log for the Lower Unit. The main characteristics of the Lower
Unit identified: (A) Millimetric, inverse graded, horizontally to low-angle translatent
lamination; (B) Millimetric to centimetric interlayered sandstone and mudstone with
crinkled-lamination; (C) ripple cross-stratification; (D) Aeolian dunes formed by wedges
of grainflow deposits that pinch out down-dip into milimetrical wind-ripple laminae; (E)
Interdunes deposits composed by very fine- to fine-grained sandstones with wavy-
crinkled lamination; (F) Relationship between aeolian dunes and interdunes.

FIGURE 4. Lateral panel showing the depositional architecture of the Lower Unit.
Aeolian dunes and aeolian sandsheet are the main architectural elements.

FIGURE 5. Schematic log for the Upper Unit. The main characteristics of the Lower
Unit identified: (A) Tangential cross-stratification; (B) Foresets within sets are
composed of massive sandstone or inversely-graded grainflow lenses that dip at ~20°;
(C) Inversely graded wind-ripple laminae; (D) Granule ripples; (E) Fine-grained
sandstone with wrinkled lamination; (F) Heterolithic beds of massive mudstone and
fine-grained sandstone with wavy-ripple lamination; (G) Fluvial deposits.

FIGURE 6. Lateral panel showing the depositional architecture of the Upper Unit. Large

and simple aeolian dunes compose this unit.
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FIGURE 7. Cyclic sets of cross-bedding in the Upper Unit. The sets are regularly
spaced each package being 0.2 to 0.8 meters, composed by alternation between
grainflow and wind-ripple laminae.

FIGURE 8. Sedimentological log of the Mangabeira Formation. The Lower Unit (~500
m) records multiple drying-upward cycles and the Upper Unit (~200 m) is composed
mainly by aeolian dunes deposits, without intervening interdune deposits. Rose
diagrams show the orientation of aeolian dunes in the present-day (black color) and in
the past (yellow color). Number of readings: 281 for the Lower Unit and 47 for the
Upper Unit.

FIGURE 9. Palaeogeographic map between 1.6 - 1.54 Ga. At this time the Sao
Francisco craton occupied a mid-latitude position. The eastern and southeastern
migration of aeolian dunes (past coordinate system) of the Lower Unit is consistent with
a zonal circulation model in the southern subtropics (see text for explanation).
La=Laurentia, Ba=Baltica, In=India, NAC = North Australian craton, WAC=West
Australian Craton, SAC = South Australian Craton, Sb=Siberia, SF=S&o Francisco, Kal
= Kalahari, C =Congo, NC = North China.

FIGURE 10. Palaeogeographic map between 1.54 Ga - 1.5 Ga (Pisarevsky et al.,
2014). At this time the Sao Francisco Cratons was placed at equatorial zone. This
palaeogeography is consistent with the northwestern palaeowinds directions recorded
in the Upper Unit. The occurrence of a large landmass in the mid-latitudes and
equatorial area could explain the monsoonal pattern in low-latitudes (see text for
explanation). La=Laurentia, Ba=Baltica, In=India, NAC = North Australian craton,
WAC=West Australian Craton, SAC = South Australian Craton, Sb=Siberia, SF=Sao

Francisco, Kal = Kalahari, C =Congo, NC = North China.
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ANALISE INTEGRADORA

ARTIGO 1

Ballico et al., submetido. O uso do Radar de Penetragao do Solo na definicdo
da arquitetura deposicional e superficies limitrofes em sistemas edlicos
proterozoicos: um estudo de caso da Formagao Mangabeira. Submetido para
Série Cientifica USP em 27 de setembro de 2016.

Este artigo teve por objetivo definir a arquitetura deposicional dos sistemas
eolicos da Formagdo Mangabeira, integrando dados de afloramentos com dados de
subsuperficie. Em decorréncia disso, foi possivel fazer implicacées na definicdo das
heterogeneidades em sistemas edlicos em escala de reservatério. Esse trabalho
contou com a parceria de pesquisadores da UFRN, relacionado principalmente com
a aquisicao e processamento dos dados de GPR. No total foram cobertos 6,2 km de
linha de GPR, coletados ao longo das principais vias de acesso da area de estudo.
As rotinas basicas de processamento dos dados foram executadas pelos
pesquisadores da UFRN.

Nesse artigo, duas associag¢des de facies foram identificadas em afloramentos
e interpretadas com base nos principais atributos faciolégicos: associagao de facies
de dunas e interdunas eolicas (AF1) e associacdo de facies de lengois de areia
edlicos (AF2). A AF1 é composta principalmente por dunas edlicas crescentes, de
crista sinuosa; e subordinamente foram descritos depdsitos de interdunas secas e
umidas. A AF2 é caracterizada por lencdis de areia edlicos e minoritariamente
ocorrem fluxos aquosos e dunas edlicas de pequena escala.

As duas associagbes de facies interpretadas em afloramentos foram
identificadas nas segbes de GPR. As superficies internas e limitrofes bem como a
geometria dos depodsitos edlicos foram individualizadas em cortes paralelos,
obliquos e transversais ao fluxo. Os foresets das dunas edlicas, bem como as
superficies de 12 e 3% ordem apresentam caracteristicas bem marcantes nos dados
de GPR. Estratos cruzados acanalados e tangenciais das dunas edlicas, observados
respectivamente em cortes transversais e paralelos sdo representados por refletores

cbncavos, inclinados e de baixa amplitude. Refletores horizontais inclinados e
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paralelos a inclinagdo das camadas foram interpretados como lencdis de areia

eolicos.

ARTIGO 2
Ballico et al., submetido. Drying-upward cycles in a Mesoproterozoic aeolian
erg-margin succession: Mangabeira Formation, Espinhago Supergroup, Brazil.

Submetido para Sedimentary Geology, em 29 de setembro de 2016.

Este artigo teve por objetivo detalhar as facies e associagbes de facies na
Unidade Inferior da Formagao Mangabeira e reconstruir a arquitetura deposicional
desses depodsitos determinando quais os fatores controladores que possibilitaram a
acumulagao e preservagao das sequéncias edlicas. Utilizando o artigo 1 como base,
esse artigo fornece informagdes mais detalhadas a cerca da reconstrugdo dos
depdsitos edlicos e fornece informagcbes mais robustas a cerca da evolugao
estratigrafica das sequéncias edlicas.

Dezesseis sequéncias eodlicas foram identificadas na Unidade Inferior da
Formagao Mangabeira. Essas sequéncias eolicas se relacionam a ciclos de drying-
upward (ciclos de ressecamento para o topo). Esses ciclos geralmente s&o
compostos por quatro associagdes de facies: (i) dunas eodlicas; (ii) interdunas
eollicas; (iii) lengdis de areia edlicos e (iv) depositos fluviais. Os ciclos apresentam
espessura de 6 a 20 metros sendo limitados no topo e na base por supersuperficies.
A porcao inferior da cada ciclo, representada por depdsitos de lengdis de areia
eolicos e depdsitos fluviais foram interpretadas como sistemas edlicos umidos,
acumulados em condigcbes climaticas umidas, onde o lencol freatico influenciou a
acumulagao desses depositos. Ja a porcéao inferior de cada ciclo é representada por
dunas e interdunas edlicas, interpretados como sistemas eodlicos secos, acumuladas
em condicdes climaticas aridas, em que o lencol freatico estava posicionado abaixo
da superficie deposicional, e as condigdes aerodinamicas controlaram inteiramente a
acumulacao. Dessa forma, a intercalagao entre sistemas edlicos secos e umidos
foram controlados pelas oscilagbes climaticas. A arquitetura deposicional das
sequéncias edlicas bem como a natureza das supersuperficies que limitam essas
sequéncias € determinada por um conjunto de complexas interacdes, tais como
flutuagbes do nivel de base, geragao de suprimento sedimentar, disponibilidade de

areia seca e mudancgas na capacidade de transporte pelo vento.
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ARTIGO 3

Ballico et al., submetido. The wind-pattern circulation as a palaeographic
indicator: the case study of the 1.5-1.6 Ga Mangabeira Formation, Sé&o
Francisco craton, northeast Brazil. Submetido para Precambrian Research,
em 1° de outubro de 2016.

Este artigo teve como objetivo apresentar um padréo de circulagdo de ventos
para o Mesoproterozoico (1.6 - 1.5 Ga), utilizando os dados de paleocorrentes
adquiridos a partir dos estratos cruzados das dunas edlicas Formagao Mangabeira,
posicionadas em mapas paleogeograficos globais propostos pela literatura. A ideia
de conciliar os dados dos paleoventos adquiridos nos estratos cruzados edlicos com
mapas paleogeograficos foi bem aplicada no Fanerozoico, no entanto nenhuma
proposta similar foi aplicada para o Pré-Cambriano. Os resultados apresentados
aqui séo inéditos e inovadores, pois mostram que mesmo em um registro altamente
fragmentado, sem conteudo fossilifero, e muitas vezes de dificil reconhecimento das
estruturas sedimentares, com um bom embasamento sedimentolégico e
estratigrafico é possivel fazer inferéncias paleogeograficas e de padrées de ventos

Os resultados sedimentolégicos e estratigraficos dessa pesquisa foram
sumarizados, visto que o detalhamento sobre facies e elementos arquiteturais foi
proposto nos artigos 1 e 2. Através da arquitetura deposicional e dos padrées de
paleoventos, duas unidades foram mapeadas na Formacdo Mangabeira. O
reconhecimento dessas unidades foi essencial para a execugao desse trabalho. A
Formagédo Mangabeira ja havia sido mapeada por uma série de autores, no entanto
a identificagdo de duas unidades nunca havia sido proposta anteriormente. A
Unidade Inferior, descrita com detalhe no artigo 2, compreende sequéncias edlicas
limitadas por supersuperficies. Cada sequéncia edlica foi interpretada como um ciclo
de ressecamento para o topo (drying-upward cycles), com depésitos de lengdis de
areia edlicos e subordinamente depdsitos fluviais na base que sédo sucedidos por
depdsitos de dunas e interdunas edlicas no topo. Os estratos cruzados edlicos
encontrados nessa unidade apresentam vetor médio dos paleoventos para norte
(medida nos dias atuais). Ja a Unidade Superior, abordada pela primeira vez nesse
artigo compreende dunas eodlicas de grande porte (~10 m), sem a presengca de

interdunas com um sentido de migragédo para sudoeste (medida nos dias atuais). As
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acumulagdes edlicas dessas unidades foram controladas por oscilagcées climaticas,
principalmente as relacionadas com a Unidade Inferior.

Conciliando os dados sedimentoldgicos e estratigraficos com mapas de
escala global foram possiveis identificar dois padrbes de ventos peculiares para
cada unidade. Sabendo que a idade de deposi¢cao da Formagao Mangabeira é entre
1.6 e 1.5 Ga, o mapa global apresentando nesse artigo em parceria com S.
Pisarevsky mostra que a posi¢cao do Craton do Sao Francisco estava localizada nas
meédias latitudes entre 1.6 e 1.54 Ga. Quando observamos a direcdo média dos
paleoventos da Unidade Inferior, notamos uma boa correlagdo entre os dados de
paleoventos com a distribuicdo geografica do Craton, em que nesse periodo
dominava o padrao de ventos zonal. Entre 1.54 e 1.5 Ga o Craton do Sao Francisco
migra mais ao norte, posicionando-se na regidao equatorial. Coincidentemente os
estratos cruzados da Unidade Superior apresentam um padrdo de paleoventos
quase oposto a Unidade Inferior. A localizagdo de uma grande massa de terra
(cratons do Sao Francisco, Congo e Siberia) entre as médias latitudes de ambos os
hemisférios modificou o padrdo de circulagao nesse periodo. Foi interpretado aqui
um padrao monsonal de circulagdo atuando no Craton do Sao Francisco entre 1.54
e 1.5 Ga registrado nos estratos cruzados da Unidade Superior. O reconhecimento
de estruturas sedimentares e a sua correta explicagdo permitiu interpretar estratos
cruzados ciclicos para a unidade superior. A origem dessas estruturas esta
vinculada com operacdo de dois ventos atuantes, um vento principal responsavel
pela construgdo das dunas eolicas e um vento secundario, geralmente oposto,
responsavel pelo retrabalhamento da face frontal. Isso indica que durante a
circulagdo monsonal as dunas edlicas da Unidade Superior foram construidas pelos
ventos alisios no inverno do hemisfério sul advindos do Craton do S&o Francisco e
durante o inverno no hemisfério norte a face frontal das dunas foram retrabalhadas

pelos ventos alisios advindos do Craton da Sibéria.
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CONSIDERAGOES FINAIS

Trés artigos cientificos foram construidos como produtos dessa tese, em que

eles contemplam os principais objetivos propostos no problema cientifico. Abaixo

estao listadas as principais conclusdes dessa pesquisa:

A Formagao Mangabeira de idade Mesoproterozoica (1,6 - 1,5 Ga) acumulada
no Craton do Sao Francisco compreende duas unidades com caracteristicas
distintas. A caracterizacdo de duas unidades, limitadas por discordancia, foi
baseada principalmente na arquitetura deposicional e na analise dos
paleoventos. A Unidade Inferior (~500 m) € composta por multiplos ciclos de
ressecamento para o topo (Drying-upward cycles), com lengdis de areia
ellicos e depdsitos fluviais que sdo substituidos por dunas e interdunas
edlicas. O vetor médio dos paleoventos €& para Norte (medida atual). A
Unidade Superior (~200 m) é composta principalmente por dunas edlicas de
grande porte sem dep0dsitos de interdunas. O vetor médio dos paleoventos é
para SW.

O reconhecimento de facies sedimentares e da arquitetura deposicional de
sistemas eodlicos permitiu aplicar os conceitos da estratigrafia de sequéncias
em sucessdes eolicas proterozoicas. A construcdo, acumulacédo e
preservagao das sequéncias eolicas da Formagao Mangabeira, e as distintas
arquiteturas deposicionais das sequéncias edlicas, observada em ambas as
unidades, foi determinada por complexas interacbes entre flutuagdes do
lencgol freatico, geragdo de suprimento sedimentar, disponibilidade de areia
seca necessaria para construcdo do sistema eodlico e mudancas na
capacidade de transporte pelo vento.

Os estratos cruzados eodlicos fornecem evidéncias diretas da circulacéo
atmosférica. A circulagdo atmosférica por sua vez € controlada principalmente
pela distribuicdo da incidéncia do sol e pela distribuicdo dos continentes.
Conciliando os dados de paleoventos obtidos a partir das dunas edlicas da
Formagao Mangabeira com mapas paleogeograficos foi possivel propor pela

primeira vez, dois modelos de padrbes de ventos para o Mesoproterozoico.
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Os diferentes paleoventos encontrados nas duas unidades da Formacao
Mangabeira sugerem distintas posicées geograficas para o Craton do Sao
Francisco.

e Segundo os mapas paleogeograficos propostos por Pisarevsky et al. (2014)
entre 1,6 e 1,54 Ga o Craton do Sao Francisco ocupava as médias latitudes.
Essa posicdo geografica (25° a 35° S) € consistente com os dados de
paleoventos obtidos na Unidade Inferior (ESE, medida rotacionada),
implicando a ocorréncia de um padréao zonal de circulagdo atmosférica. Entre
1,54 e 1,5 Ga o Craton do Sao Francisco migrou mais ao norte da sua antiga
posicao, localizando-se aproximadamente entre 5° S e 5° N. Essa direcao de
migragdo das dunas eodlicas (NW, medida rotacionada) é consistente com a
paleogeografia proposta para 1,54 e 1,5 Ga. A localizagdo de uma grande
massa de terra (cratons do Sdo Francisco, Congo e Sibéria) entre as médias
latitudes de ambos os hemisférios (30° S a 30° N) modificou o padrao de
circulagdo nesse periodo. Foi interpretado aqui um padrdo monsonal de

circulacdo atuando no Craton do Sao Francisco.
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