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Resumo  

 

A Bacia intracratônica do São Francisco ocupa a porção sul do cráton homônimo e se estende por cerca de 

350.000 km2 no sudeste do Brasil. Correspondendo a um típico depocentro poli-histórico, a bacia registra 

os principais eventos tectônicos e climáticos (alguns de importância global) que afetaram a Placa do São 

Francisco após 1,8 Ga. Sucessivos episódios extensionais proterozoicos, aparentemente associados à 

quebra dos supercontinentes Columbia e Rodinia, culminaram na formação de três grandes estruturas de 

embasamento. Estendendo-se ao longo da direção NW-SE na porção central da bacia, o Aulacógeno 

Pirapora hospeda os mais espessos depósitos sedimentares encontrados no domínio cratônico e é limitado 

a sul e a norte pelos altos de Sete Lagoas e Januária, respectivamente.  Durante a amalgamação do 

Gondwana Ocidental, ao fim do Neoproterozoico/início do Paleozoico, a subsidência flexural causada 

pela edificação dos múltiplos orógenos brasilianos que margeiam a Bacia do São Francisco foi 

responsável pelo desenvolvimento de um extenso sistema de antepáis. Este sistema recebeu os depósitos 

carbonáticos e siliciclasticos ediacaranos da Sequencia Bambuí (i.e Grupo Bambuí), cuja evolução e 

dispersão sedimentar guardam uma íntima relação com a Faixa Brasília, a oeste. Ainda durante o fim do 

Neoproterozoico, o embasamento e as coberturas sedimentares da bacia foram localmente envolvidos nos 

cinturões de antepaís das faixas Brasília e Araçuaí, expostos nas porções oeste e leste da bacia, 

respectivamente. Com vergência centrípeta, estes cinturões definem duas grandes curvas antitaxiais que 

culminam na porção central da Bacia do São Francisco e exibem estilos tectônicos consideravelmente 

distintos. Análises estruturais e estratigráficas de detalhe baseadas em novos dados sísmicos, 

aerogeofísicos e de superfície indicam que o registro neoproterozoico da Bacia do São Francisco evoluiu 

sob forte influencia de estruturas pré-existentes. Na porção sul da bacia, os sedimentos carbonáticos e 

siliciclasticos marinhos da Sequencia Bambuí recobrem discordantemente rochas do embasamento 

arqueano/paleproterozoico e sua sedimentação foi controlada por sucessivos episódios de soerguimento 

flexural e migração do Alto de Sete Lagoas. Estes episódios foram responsáveis pelo desenvolvimento de 

um sistema de riftes quilométricos e com direção NE-SW, os Grábens de Pompéu, que se formaram à 

custa da reativação de estruturas antigas do embasamento. Combinados a mecanismos regionais de 

acomodação, pulsos tectônicos relacionados a estas calhas controlaram a sedimentação e arquitetura 

estratigráfica dos depósitos ediacaranos. O comportamento do Alto de Sete Lagoas como uma 

intumescência flexural mediante as cargas impostas pelas faixas brasilianas marginais ao Cráton do São 

Francisco e reconstruções paleotectonicas disponíveis podem explicar, pelo menos parcialmente, a 

preservação incomum de espessas sucessões sedimentares neste depocentro de antepaís e a aparente 

incongruência temporal entre o ciclo bacinal ediacarano e o desenvolvimento da Faixa Brasília. Conforme 

este estudo, os estilos estruturais dos cinturões de antepáis das faixas Brasília e Araçuaí também foram 
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fortemente influenciados por elementos cratônicos pré-existentes. Na zona de culminação do Cinturão 

epidérmico de antepaís da Faixa Brasília, a Saliência de Três Marias afeta predominantemente os 

depósitos ediacaranos da Sequencia Bambuí e corresponde a uma curvatura orogênica não-rotacional e 

controlada pela bacia. Tal estrutura se desenvolveu em função de variações de espessura dos estratos pré-

orogênicos, contrastes reológicos junto aos depósitos proterozoicos da bacia e a interação local com 

anteparos rígidos no antepaís.  Diferentemente dos seus segmentos epidérmicos norte e sul, a porção 

central do Cinturão de antepáis da Faixa Araçuaí afeta a extremidade leste do Aulacógeno Pirapora e 

corresponde a um sistema compressivo do tipo thick-skinned. Nesta porção da bacia, o cinturão de 

antepaís descreve em mapa uma grande curva antitaxial e seu estilo tectônico resulta da interação entre o 

sistema orogênico N-S e o gráben pré-existente e de direção NW-SE.  As análises apresentadas neste 

estudo demonstram a influencia de estruturas herdadas na evolução de sistemas de antepáis, seja causando 

a partição da deformação em escala local e/ou crustal ou influenciando no balanço entre a acomodação e o 

aporte sedimentar. Tais características parecem ser especialmente observadas em áreas cratônicas onde 

extensos conjuntos de estruturas e elementos formados em múltiplos ciclos tectônicos podem estar 

disponíveis durante os episódios de reativação. Uma vez que a herança tectônica desempenha papel 

importante na evolução de bacias sedimentares, a mesma deve ser considerada nas campanhas de 

exploração de hidrocarbonetos atualmente em curso na Bacia do São Francisco.
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Abstract  

 

Occupying almost the entire NS-trending lobe of the São Francisco craton, the intracratonic São Francisco 

basin extends over an area of c. 350.000 km
2
 in the southeastern Brazil and is underlain by a relatively 

thick and cold lithosphere. According to the available surface and subsurface data, the basin corresponds 

to a typical poly-historic depocenter and records the tectonic and climate events (some of global 

significance) that affected the São Francisco plate after 1,8 Ga., including : i) a Mesoproterozoic/early 

Neoproterozoic rift to rift-passive margin probably associated with the Columbia break up, ii) a 

Neoproterozoic rift-passive margin contemporaneous with the Rodinia break up, iii) an Ediacaran-

Cambrian (?)  foreland system associated with the Brasiliano/PanAfrican West Gondwana assembly and 

iv) a less expressive extensional system related to the South Atlantic opening (Pangea break up). The 

Proterozoic rifting episodes caused the nucleation of three major basement structures, the NW-trending 

Pirapora aulacogen that hosts the thickest strata found in the cratonic domain and is bounded in the south 

and north by the Sete Lagoas and Januária basement highs, respectively. During the West Gondwana 

assembly, the São Francisco plate started to behave as a downwarp basin and received the deposits of the 

Ediacaran Bambuí first-order sequence (i.e. Bambuí Group), whose sedimentary dispersal and evolution 

were mostly controlled by the development of the Brasília orogenic belt that bounds the basin to the west. 

At this time, the Ediacaran successions and older elements of the basin were also incorporated in two 

roughly NS-trending foreland fold-thrust belts of opposite vergences: the Brasília, on the west, and the 

Araçuaí, on the east. These belts culminate in the central portion of the basin and exhibit significant 

differences in tectonic style. Detailed stratigraphic and structural analyses based on new seismic, 

aerogeophysical and surface data demonstrate that the Neoproterozoic foreland record of the São 

Francisco basin evolved in a close association with preexisting cratonic fabrics. In the southern portion of 

the basin, shallow marine successions of the Bambuí sequence unconformably overlie basement 

assemblages and older sedimentary units and record multiple episodes of forebulge uplift and migration of 

the preexisting Sete Lagoas high. Far-field stresses associated with these episodes culminated with the 

extensional reactivation of ancient basement structures and the nucleation of NE-trending forebulge 

depocenters, herein referred to as Pompéu grabens. Along with the basin-scale accommodation 

mechanisms, these grabens controlled the sedimentary dispersal and architecture of the Ediacaran strata. 

The forebulge behavior of the Sete Lagoas basement high and available paleotectonic reconstructions 

might explain, at least partially, the unusual preservation of thick sedimentary successions within this 

domain and the apparent chronological mismatch between the Ediacaran basin cycle and the Brasília belt 

evolution. The different tectonic styles of the Brasília and Araçuaí foreland belts were also controlled by 

preexisting elements of the São Francisco basin. In the culmination zone of the thin-skinned Brasília 
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foreland fold-thrust belt, the Três Marias salient affects mostly the Ediacaran Bambuí strata and developed 

as a basin-controlled and non-rotational curve due to i) along-strike variations in the pre-orogenic  strata, 

ii) rheological contrasts within the Proterozoic sedimentary successions of the basin and iii) local foreland 

buttressing. Differing from its northern and southern thin-skinned segments, the central Araçuaí foreland 

fold-thrust belt corresponds to a thick-skinned orogenic system that affects the eastern Pirapora aulacogen. 

In map-view, it defines an antitaxial curve, whose structural grain reflects the interaction between the 

westward advancing belt and the preexisting NW-trending aulacogen.  The analyses presented in this 

study demonstrate the influence of tectonic inheritance on the evolution of foreland systems, by causing 

local- to crustal-scale deformation partitioning, as well as changes in the balance between accommodation 

and sedimentary supply.  This influence seems to be specially enhanced in cratonic areas, where an 

extensive collection of structures and successions formed along multiple tectonic events might be 

available during reactivation episodes. Since the tectonic inheritance may influence the architecture of 

sedimentary basins and thus control the characteristics of their petroleum system elements and processes, 

it should be also considered in the hydrocarbon exploration campaigns in course in the São Francisco 

basin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 1 

INTRODUCTION 

 

1.1 STAMENT OF THE PROBLEM 

 

The intracratonic and poly-historic São Francisco basin covers the southern lobe of the São 

Francisco craton and extends over an area of ca. 350.000 km
2
 in the eastern Brazilian highlands (Fig. 1.1) 

(Alkmim & Martins-Neto 2001, 2012). The basin hosts multiple basin-fill units younger than 1,8 Ga, 

which track the major tectonic and climate events affecting the São Francisco plate after the 

Paleoproterozoic (Martins-Neto 2009, Alkmim & Martins-Neto 2012). As the most expressive 

sedimentary succession exposed in the basin, the late Neoproterozoic Bambuí Group encompasses marine 

shales, carbonates and sandstones of the Paraopeba Sub-Group that grade upward into the storm-bedded 

and sand-dominated Três Marias Formation (e.g., Costa & Branco 1961, Braun 1968, Dardenne 1978, 

1981, Chiavegatto 1992). These strata are laterally associated with the fine- to coarse-grained siliciclastics 

of the Samburá (Castro & Dardenne, 2000) and Lagoa Formosa (Fragoso et al. 2011, Uhlen et al. 2011) 

formations, exposed in the western São Francisco basin. The Bambuí successions unconformably overlie 

Archean and Paleoproterozoic basement assemblages, the Paleo/Mesoproterozoic deposits of the 

Espinhaço Supergroup (e.g., Schöll & Fogaça 1979, Almeida-Abreu 1995, Dupont 1995, Lopes 2012), the 

Neoproterozoic glaciogenic Jequitaí Formation (Dardenne 1978,  Karfunkel & Hoppe 1988, Uhlein et al. 

1999, Martins-Neto & Hercos 2002, Pedrosa-Soares et al. 2011a), and their correlative units. Locally, 

Permo-Carbonifeous and Cretaceous units unconformably overlie the Bambui strata (Campos & Dardenne 

1997a, 1997b, Sgarbi et al. 2001). Along the borders of the basin, the Bambui Group is involved in the 

Brasília and Araçuaí foreland fold-thrust belts, formed during the Neoproterozoic/Early Paleozoic 

assembly of West Gondwana (Alkmim et al. 1996, Alkmim et al. 2001). 

Although studied since the late nineteenth century (e.g, Derby 1880, Rimann 1917, Freyberg 

1932, Costa & Branco 1961, Braun 1968, Dardenne 1978, 1981), many topics of the geology of the 

Bambuí Group are still poorly understood.  

Regardless of the general consensus on the foreland character of the upper portion of the group 

(i.e. Três Marias Formation; Marshak & Alkmim 1989, Uhlein 1991, Chiavegatto 1992), the sedimentary 

evolution of the mixed carbonate-siliciclastic deposits of the Paraopeba Sub-Group (basal and middle 

portions of the group) is matter of debate. While some authors also argue in favor of an accumulation in a 

downwarp basin (e.g., Barbosa et al. 1970, Chang et al. 1988, Castro & Dardenne 2000, Martins-Neto & 
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Alkmim 2001, 2012), others assume that at least part of these units was deposited in a tectonically stable 

continental platform (e.g., Martins & Lemos 2007, Zalán & Romeiro-Silva 2007, 2012).  

Similar issues concerns the very basal Bambuí Group, which encompasses discontinuous and thin 

coarse-grained siliciclastics, often overlain by typical Neoproterozoic cap carbonate successions (Santos et 

al. 2000, Babinski et al. 2007, Vieira et al. 2007, Caxito et al. 2012a, Kuchenbecker et al., 2013). In 

consequence of their scarce exposures and the overall lack of good geochronological constraints, the 

relation between these strata and the underlying glaciogenic deposits of the Jequitaí Formation is unclear. 

In the Brazilian geological literature, the Jequitaí Formation have been interpreted either as the basal 

section of the late Neoproterozoic Bambuí Group (e.g., Dardenne, 1978; 1981) or as a proximal 

correlative of the Cryogenian (?) glaciomarine successions of the Macaúbas Group, exposed in the 

Araçuaí metamorphic belt to the east (e.g., Karfunkel & Hoppe 1988, Uhlein et al. 1999, Pedrosa-Soares 

et al. 2011a).  

Additional discussions have been added to the previous issues with the recent discover of late 

Ediacaran fossil assemblages (Warren et al. 2014) and zircon grains as young as c. 550 Ma (Pimentel et al. 

2011, Paula-Santos et al. 2015) within the basal Bambuí Group. These findings point toward a mismatch 

between the Bambuí basin-cycle and the Brasília belt evolution, which was previously portrayed as the 

major tectonic element controlling the development of the presumed Neoproterozoic foreland system (e.g., 

Martins-Neto 2009). On the other hand, these data indicate a genetic and chronological association 

between the Bambuí Group and the Araçuaí belt. However, no foredeep sedimentary remnants have been 

found in the eastern São Francisco basin in order to support this association. Furthermore, late Ediacaran 

ages place questions on the nature of the glaciogenic units preserved within the lower Bambuí Group. In 

spite of the different concepts found in the literature, these successions have been so far interpreted as the 

record of one of the global glaciations that have affected lower latitudes between the Cryogenian and early 

Ediacaran periods (Babinski et al. 2007, Caxito et al. 2012a). 

The architecture of the Brasília and Araçuaí foreland fold-thrust belts, the most prominent tectonic 

elements affecting the Bambuí Group, is also matter of discussions. Exhibiting significant differences, 

these belts involve the Proterozoic successions of the basin along its western and eastern portions, 

respectively (Alkmim et al. 1996). The Brasília foreland belt on the west side of the basin is entirely 

coupled to detachments located within the basal Bambuí strata (Coelho et al. 2007, Zalán & Romeiro-

Silva 2007), whereas the Araçuaí foreland belt on the east side comprise sectors dominated by thin-

skinned tectonics (e.g., Oliveira 1989, Magalhães 1988), separated by a central thick-skinned domain 

(e.g., Souza-Filho 1995, Hercos et al. 2008, Reis 2011a). Differently from the western tectonic system, 

this belt also shows a clear west-directed vergence and a conspicuous metamorphic grade that reaches up 
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to greenschist facies in the eastern boundary of the basin (Schöll 1973, Alkmim & Martins-Neto 2001). 

The factors that have controlled the differential evolution of these belts are still unclear. Nevertheless, they 

seem to have been developed under strong influence of preexisting stratigraphic and structural features 

(e.g., Alkmim & Martins-Neto 2001, Hercos et al. 2008) recording one of the most important and best 

preserved intracontinental systems associated with the West Gondwana assembly. However, the paucity of 

sub-surface data, the lack of good geochronological constraints and the relatively scarce exposures have 

hampered precise paleotectonic and paleoenvironmental reconstructions and thus the understanding of the 

Neoproterozoic tectonic evolution of the São Francisco basin.  

The issues mentioned above can be summarized in form of the following questions:   

 Does the Neoproterozoic Bambuí Group record the foreland behavior of the São Francisco 

craton?  

 Are there any recognizable relationships between the Bambuí Group deposition and 

preexistent structural and stratigraphic elements of São Francisco basin? 

 What controls the overall architecture and tectonic evolution of the Neoproterozoic 

Brasília and Araçuaí foreland fold-thrust belts? 

These questions reinforce that the concept of tectonic inheritance is a key element to analyze the 

Neoproterozoic evolution of the intracratonic São Francisco basin. By referring to the influence of 

preexisting structures on the development and architecture of newly formed systems, it has been 

recognized its rule on the evolution of the continental lithosphere (e.g., Holdsworth et al. 2001, Audet & 

Bürgmann 2011, Misra & Mukherjee 2015). Acting as typical mechanical discontinuities within the 

continental lithosphere, inherited structures are often responsible for the change in regional stresses and 

strain concentration, promoting remarkable variations in the subsidence rates, deformation (faulting, 

fracturing) and fluid migration paths within sedimentary and orogenic systems (Thomas 2006, Misra & 

Mukherjee 2015). In foreland areas, the preexisting structures commonly interact with regional stress 

fields causing: i) changes in subsidence rates and sedimentary supply (e.g., DeCelles & Giles 1996, 

Catuneanu 2004); ii) local- to crustal-scale deformation partitioning;  and iii) remarkable variations in the 

structural grain of foreland fold-thrust belts that may be also controlled by mechanical and rheological 

contrasts within the pre-orogenic strata (e.g., Brun & Nalpas 1996, Kley et al. 1999, Macedo and Marshak 

1999, Marshak 2004, Bonini et al. 2012). This all suggests that it is reasonable to expect some influence of 

preexisting cratonic fabric elements on the evolution of the Bambuí basin cycle and the foreland fold-

thrust belts in which it became incorporated.  
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This thesis contains a detailed stratigraphic and structural analysis of the Neoproterozoic record of 

the São Francisco basin. Conducted in the southern portion of the basin, in the state of Minas Gerais (Fig. 

1.1), it integrates unpublished seismic, well and aerogeophysical information recently acquired during 

hydrocarbon exploration campaigns, as well as new surface information, older subsurface data provided 

by Agência Nacional do Petróleo, Gás Natural e Biocombustíveis (ANP), detailed geological maps, and 

various thesis and dissertations produced along the last decades. This study offers contributions on 

understanding of the main tectono-stratigraphic processes operating in the São Francisco plate during the 

Neoproterozoic and their relationship with preexisting cratonic elements. Representing one of the main 

gas prone frontier basins in the Brazilian onshore, the findings presented in this study might also 

contribute to better understand the Proterozoic petroleum system of the São Francisco basin and 

correlative systems elsewhere.  

 

1.2- AIMS OF THE STUDY  

 

The thesis project was design to investigate the role played by preexistent tectonic and 

stratigraphic features during the Neoproterozoic evolution of the São Francisco basin. Specifically, the 

goals of this study are: 

 to describe the basement structures of the southern segment of the São Francisco basin 

and investigate the controls they possibly exerted on the deposition and deformation  of the 

Neoproterozoic Bambuí Group;  

 to characterize the tectono-stratigraphic architecture of the Bambuí basin and its 

relationships with the marginal Brasiliano belts and older basin-fill successions; 

 to describe the geologic architecture of the Brasília and Araçuaí foreland fold-thrust belts 

along their culmination zones in the central portion of the basin and investigate their controlling 

factors. 

  

1.3-MATERIALS AND METHODS  

 

This research was carried out using multiple tools and techniques.  
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Figure 1.1 - Digital Elevation Model (SRTM) showing the studied area. Black dots correspond to surface stations 

visited and described during the research. The areas marked by black rectangles are zoomed in the right side. While 

the detailed survey conducted in the Patrocínio dome area (a) supported regional seismic and well correlations, the 

surface data collected in the Três Marias salient area (b; Reis 2011a) were used to support the analyses presented in 

Sec. 4.1. The white dashed line represents the São Francisco basin boundary according to Alkmim & Martins (2001). 

Cities: BH – Belo Horizonte; Tm- Três Marias; Ja – Januária; Mn – Morada Nova de Minas.  

 

The stratigraphic analysis was conducted following modern sequence stratigraphy concepts, which 

included the description and interpretation of sedimentary facies, depositional systems, stacking patterns 

and their hierarchical arrangement (e.g., Tucker & Wright 1990, Reading 1986, Catuneanu et al. 2011). 

The hierarchy of the sequences and bounding surfaces was established with basis on the concepts 

postulated by Catuneanu et al. (2005, 2012). According to these authors, the record of changes in the 

tectonic setting is the most important element in the classification of stratigraphic sequences. Thus, 

irrespective of the time span, a complete basin cycle may represent a first-order sequence, which in turn 
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can be subdivided into second- and lower-rank sequences according to changes in the balance between 

accommodation and sedimentary supply in different scales of observation.  

The structural analysis, on the other hand, was carried out according to the conventional 

methodology (e.g., Ramsey & Huber 1987, Hatcher Jr 1995, Davis & Reynolds 1996), taking into account 

the geometrical, kinematic and dynamics aspects of the observed structures, as well as rock mechanics 

concepts.  

Both stratigraphic and structural analyses were supported by: i) surface information collected in 

more than 800 stations (Fig. 1.1); ii) interpretation of 2D seismic, well and aerogeophysical data; and iii) 

reassessment of detailed mapping surveys, dissertations and thesis carried out in the southern São 

Francisco basin along the last decades.    

This study was performed according to the following stages: 

1. Literature search.  

2. Compilation of the main stratigraphic and tectonic studies carried out on the São 

Francisco basin, including available geological maps (Fig. 1.2). This phase has also included an 

extensive search of the literature concerning foreland systems, thin- and thick-skinned fold-thrust 

belts.  

3. Surface data acquisition.  

 The fieldwork was conducted mostly in the form of regional and sub-

regional E-W cross-sections along the western, eastern and southern portions of the basin, 

preferentially in areas where the Proterozoic elements of the basin are better exposed (Fig. 

1.1). In each station, structural and stratigraphic data were collected. The entire 

information was used to support interpretations conducted in next stages.  

4. Description of drill cores.  

 This phase included the detailed analysis of more than 1.200 meters of 

drill cores sampled in the basin by the Brazilian oil and gas company Petra Energia S.A. 

The descriptions were also supported by the interpretation of geophysical well log data, 

including gamma-ray, resistivity, sonic, density and neutron logs. 
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Figure 1.2 – Geological maps and subsurface data used in this research. a) Mapping projects (available in 

http://www.portalgeologia.com.br/ and http://geobank.cprm.gov.br/). Executors:  I – Brazilian Geological Survey 

(CPRM); II – UFMG-CODEMIG; III - UFMG-Brazilian Geological Survey (CPRM) (i) and UFRJ-Brazilian 

Geological Survey (CPRM) (ii). b) Seismic and well data.  See text for explanations. 

 

5. Interpretation of seismic, well, aerogeophysical and satellite imagery data.  

 After constructing a geological database with more than 21.000 km of 2D 

seismic, 43 wells and magnetometric, gravimetric and geological maps, the data were 

integrated and interpreted using the Kingdom Software®. The subsurface information 

used in this phase is shown in Fig. 1.2. Although all seismic sections and wells have been 

consulted in the course of the geological interpretation, due to confidential issues, only 

part of the new acquired subsurface information are shown in the next sections. 

i. The subsurface information was provided by Agência Nacional do 

Petróleo, Gás Natural e Biocombustíveis (ANP) (older 2D seismic, shallow and 

deep hydrocarbon wells) and Petra Energia S.A (recently acquired 2D seismic and 

http://www.portalgeologia.com.br/
http://geobank.cprm.gov.br/
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deep hydrocarbon wells). The seismic data form ANP correspond to PSTM 

sections (depth in two-way travel time-TWT), which were acquired using 

dynamite as energy source. The seismic data provided by Petra encompass 

crooked Post-STM and PSTM seismic sections (depth in two-way travel time-

TWT), which were acquired using vibrators as energy sources (vibroseis 

technology). The acquisition and processing of subsurface information are 

described and discussed in Cáceres et al. (2011).  

ii. The aerogeophysical maps used in this thesis comprise 

magnetometric and gamma-spectrometric surveys provided by Companhia de 

Desenvolvimento Econômico de Minas Gerais (CODEMIG) and Petra Energia 

S.A. The Bouguer anomaly maps were produced with basis on data acquired by 

the TOPEX/POSEIDON
1
 mission (Sandwell & Smith 2008). The processing of 

the aerogeophysical and gravity information are summarized in Figs. 1.3 and 1.4, 

respectively, and described in detail by Reis (2011a) and Reis et al. (2012). 

iii. The Digital Elevation Models (SRTM) were obtained in Miranda 

(2005). Landsat 7 images and ASTER Global Digital Elevation Models (GDEM) 

can be downloaded in http://earthexplorer.usgs.gov/ (USGS).  

6. Preparation of rock samples and thin-sections, followed by microscopic 

descriptions. 

7. Geological integration and writing of papers and congress abstracts.  

 This stage was conducted according to the aims presented in Sec. 1.1 and 

resulted in the production of one book chapter and three papers. Five abstracts were also 

submitted and accepted in national and international geological conferences and 

symposia. 

8. Thesis writing. 

 

 

 

                                                           
1 Spatial resolution: 1’. Available in ftp://topex.ucsd.edu/pub/ 

http://earthexplorer.usgs.gov/
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Figure 1.3 – Flowchart of the aerogeophysical data processing in the creation of magnetometric and gamma-

spectrometric maps used in this study. Extracted from Reis et al. (2012). 
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Figure 1.4 – Processing of the gravimetric data using a plate density (ρp) of 2,6 g/cm
3
. The free-air anomaly and 

elevation data were obtained from the TOPEX/POSSEIDON mission. See Reis (2011a) for explanations. DEM: 

Digital Elevation Model. 
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1.4 THESIS ORGANIZATION 

 

This thesis is organized in five chapters. Chapter 2 contains an updated geological outline of the 

São Francisco basin, including descriptions of the basin-fill units and tectonic structures, followed by a 

discussion on their significance in terms of the main events affecting the São Francisco-Congo plate after 

the Paleoproterozoic. This chapter integrates almost the entire seismic and well data so far acquired in the 

basin, as well as the available literature information (Fig. 1.2). It is part of the book entitled “São 

Francisco Craton, Eastern Brazil: Tectonic genealogy of a miniature continent”, edited by Cordani, 

Heilbron and Alkmim, in preparation to be published by the Springer® International Publishing Company.  

Chapter 3 focuses the tectono-stratigraphic architecture of one of the major basement structures of 

the São Francisco basin, the Sete Lagoas basement high, and its control on the evolution of the Bambuí 

basin cycle. The paper presented in section 3.1 (Reis & Suss 2016) describes the Neoproterozoic mixed 

carbonate-siliciclastic preserved within kilometer-scale grabens in the southern portion of the basin. In the 

section 3.2, the manuscript entitled “Ediacaran forebulge grabens of the southern São Francisco basin, 

Brazil: Craton interior dynamics during West Gondwana assembly” integrates detailed surface and 

subsurface structural and stratigraphic data  and discusses the response of the Sete Lagoas basement high 

to tectonic loads imposed along the basin margins by the development of Brasília and Araçuaí belts.   

Chapter 4 deals with the tectonic architecture of the Neoproterozoic/early Paleozoic foreland fold-

thrust belts (f-t-belt) exposed in the eastern and western portions of the São Francisco basin. The paper 

presented in Section 4.1 (Reis & Alkmim 2015) deals with the culmination zone of the Brasília foreland 

fold-thrust belt, the Três Marias salient, discussing the main controls operating during its development. 

The Section 4.2 provides a description of the buried structure referred to as the eastern Pirapora 

aulacogen, exploring in addition its control on the structural grain and tectonic evolution of the central 

Araçuaí foreland fold-thrust belt. 

Chapter 5 presents a brief discussion on the main conclusions and implications of the study. 
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Abstract 

The intracratonic São Francisco basin covers almost the whole NS-trending lobe of the São Francisco craton, 

encompassing multiple and superimposed basin-cycles younger than 1,8 Ga. Underlain by a relatively thick and cold 

lithosphere, the basin contains three major Precambrian first-order sequences. The Mesoproterozoic to Early 

Neoproterozoic Paranoá-Upper Espinhaço sequence consists of a sand-dominated rift-sag succession that grades 

laterally into the sediments of a rift-passive margin basin developed in the western São Francisco plate margin, 

between 1.3 and 0.9 Ga. The main occurrence of this sequence is associated with the NW-trending Pirapora 

aulacogen, a prominent graben nucleated in early stages of São Francisco basin evolution (Paleoproterozoic?). The 

Neoproterozoic Macaúbas sequence and its correlatives record extensional events that affected the São Francisco-

Congo plate simultaneously to the breakup of Rodinia. The Ediacaran Bambuí sequence covers large areas of the 

basin and marks the onset of a foreland basin-cycle triggered by the successive Brasiliano orogenies that involved the 

cratonic margins during the West Gondwana assembly. Diamictite-bearing successions of both Macaúbas and 

Bambuí sequences record important glacial ages that might have covered low latitudes during the Neoproterozoic. 

The Precambrian units are involved in two foreland fold-thrust belts of opposite vergences, the Brasília, on west, and 

the Araçuaí, on east, which represent the external domains of the neighboring Brasília, Rio Preto and Araçuaí 

                                                           
1
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Springer International Publishing. 
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metamorphic belts. The Proterozoic assemblages are unconformably overlain by the Paleozoic Santa Fé Group, as 

well as the Cretaceous Areado, Mata da Corda and Urucuia groups. The glaciogenic Santa Fé Group is exposed in a 

few portions of the central and northern São Francisco basin and records the passage of the Gondwana through polar 

latitudes in the late Carboniferous to early Permian. The Lower Cretaceous Areado Group contains a package of 

sand-dominated strata deposited under arid to semi-arid conditions. They are overlain by Upper Cretaceous 

volcanics, volcanic-related and epiclastic successions, associated with a regional intracontinental magmatic event 

that affected large areas of the central and southeastern Brazil. This event has likely occurred coevally to the 

deposition of the widespread Urucuia desertic successions and marks an important uplift phase of the Alto Paranaíba 

arch, a 350 km long and 80 km wide structure that currently separates the Paraná and São Francisco hydrographic 

and sedimentary basins. The Cretaceous cover assemblages are contemporaneous to the South Atlantic opening and 

the consequent separation of the São Francisco and Congo cratons.  

Keywords: São Francisco basin, São Francisco craton, intracratonic basin, Brazil 

 

2.1- INTRODUCTION 

 

 As a consequence of their longevity and strength to survive recycling events (O'Reilly et al. 2001, 

King 2005, Neill et al. 2008), cratons stand out as complex tectonic domains that have witnessed the 

evolutionary history of the continental lithosphere. Thanks to that, intracratonic basins, as poly-historic 

depocenters, generally host important records of the trajectory of the differentiated cratonic lithosphere 

through geological time (e.g., Korsch & Lindsey 1989, Kaminski & Jaupart 2000, Spaletti & Limarino 

2006, Kadima et al. 2011). 

 Focus of various studies since nineteenth century (e.g., Derby 1880, Rimann 1917, Costa & 

Branco 1961, Braun 1968, Pflug & Renger 1973, Schöl 1973, Dardenne 1978; 1981, Menezes-Filho et al. 

1978, Alkmim et al. 1993, Alkmim & Martins-Neto 2001, 2012, Martins-Neto 2009, Martins-Neto et al. 

2001, Pimentel et al. 2011), the São Francisco basin covers a substantial portion of the São Francisco 

craton (Fig. 2.1) and exhibits typical attributes of intracratonic basins. Its sedimentary succession 

encompasses multiple and superimposed basin-fill cycles younger than 1.8 Ga., which reflect tectonic and 

climatic events - some of global significance - that have affected the São Francisco-Congo lithosphere 

after the Paleoproterozic Era  (e.g.: Campos & Dardenne 1997, Martins-Neto 2009, Alkmim & Martins-

Neto, 2001; 2011, Babinski et al. 2012, Caxito et al. 2012a).  

 Many aspects of the São Francisco basin geology are still poorly understood. The lack of good 

geochronological constraints hampers regional stratigraphic correlations and detailed palinspatic and 
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paleoenvironmental reconstructions of the fill units.  Moreover, the paucity of available sub-surface data 

has limited the studies to a few seismic lines, drill cores, and relatively scarce exposures of good quality 

(e.g., Coelho et al. 2005, Zalán & Romeiro-Silva 2007, Hercos 2008, Martins-Neto 2009, Alkmim & 

Martins-Neto 2011, Reis 2011). Nevertheless, the recent outset of hydrocarbon exploration programs and 

the resumption of regional mapping programs, aerogeophysical surveys, geochronological and 

geochemical studies are changing the scenario of São Francisco basin knowledge (e.g., Santos et al. 2000, 

Babinski et al. 2007, Vieira et al. 2007, Rodrigues et al. 2010; 2012, Kuchenbecker 2011, Pedrosa-Soares 

et al. 2011, Pimentel et al. 2011, Alvarenga 2012; 2014, Lopes 2012, Reis & Alkmim 2015). 

 

 

Figure 2.1 - São Francisco basin (red dashed line) in the context of São Francisco craton. On the right, Bouguer 

anomaly map showing the main basement structures of the basin (Reis 2011). The black lines indicate the location of 

seismic cross-sections from Fig. 4. PC: Paramirim Corridor. West Gondwana cratons: A- Amazon; P-Paranapanema; 

WA-West Africa; SFC-São Francisco-Congo; K-Kalahari. Cities: TM-Três Marias; S-Salvador. 
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In this chapter, we present a synthesis on the stratigraphic and tectonic framework of São 

Francisco basin. Our work integrates numerous available studies performed in the region during the last 

decades and includes new data recently acquired during the renewal of the hydrocarbon exploration 

programs in the basin. Special emphasis is given on the correlation between the basin fill units and the 

main tectonic and climatic events affecting the São Francisco craton region during the Precambrian and 

Phanerozoic times (e.g., Brito-Neves et al. 1999, Pedrosa-Soares et al. 2001, Alkmim et al. 2001, 

Valeriano et al. 2004a, 2004b). Our basic conclusion is that the history of São Francisco craton can be 

tracked not only by basement structures and surrounding orogenic belts, but also by its intracratonic cover 

assemblages. Additionally, the São Francisco basin record offers a new perspective to better understand 

the evolution of the adjacent orogenic belts, where metamorphism and intense deformation in general 

overprint primary features. 

 

2.2- DEFINITION 

  

The São Francisco basin occupies most of NS-trending portion of the craton, extending over an 

area of ca. 350.000 km
2
 in the southeastern Brazilian highlands (Alkmim & Martins-Neto 2001). The 

eastern, western and northern limits of the basin, coinciding with the cratonic boundaries, are given by 

structures of the Ediacaran Araçuaí, Brasília and Rio Preto metamorphic belts, respectively. The southern 

limit is erosional. To the northeast, the basin is bounded by the Paramirim Corridor, an Ediacaran 

intracratonic deformation zone that affects the neighboring Paramirim aulacogen (Cruz & Alkmim 2006) 

(Fig. 2.1). 

 According to recent drilled wells, the geothermal gradients measured in the basin area are on 

average 17º C/km. As demonstrated by Rocha et al. (2011), the basin is locally underlain by a thick 

cratonic lithosphere (ca. 200 km), thus corresponding to a typical cold intracratonic basin. Gravimetric 

inversion based on satellite surveys indicates a crust-mantle boundary at 40-45 km depths, with the 

deepest portions located in the basin center and adjacent to the Brasília belt, on the west (Oliveira et al. 

2009). This distribution agrees with the regional gravity anomalies observed in the basin area (Fig. 2.1) 

and coincides with major tectonic features described further in this chapter.  

 Other definitions, and consequently, different delimitations for the São Francisco basin can be also 

found in the Brazilian geological literature (see discussions in Martins-Neto & Pinto 2001, Alkmim & 

Martins-Neto 2001). For instance, Dominguez (1993) and Iyer et al. (1995) portrayed the São Francisco 

basin as the deposition site of the Neoproterozoic São Francisco Supergroup, an area that also 
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encompasses the craton margins. The basin delimitation adopted in this work is used due to its simplicity 

and broad acceptance in the current Brazilian petroleum industry and geological literature. 

 

2.3- STRATIGRAPHY 

 

Based on the concept postulated by Catuneanu et al. (2005, 2011, 2012), at least three main 

Precambrian 1st-order sequences can be recognized in São Francisco basin: i) the Mesoproterozoic to 

Early Neoproterozoic Paranoá-Upper Espinhaço sequence; ii) the Neoproterozoic Macaúbas sequence; 

and iii) the Ediacaran Bambuí sequence. These successions overlie the Archean/Paleoproterozoic 

basement and an apparently older (unknown) Precambrian succession not exposed in the basin area and 

recognized on seismic sections only. The Proterozoic first-order sequences are locally deformed and 

uncomfortably overlain by discontinuous Phanerozoic strata, which comprise the late Paleozoic Santa Fé 

Group, as well as the Cretaceous Areado, Mata da Corda and Urucuia groups (Campos & Dardenne 

1997a; 1997b, Sgarbi et al. 2001, Fragoso 2011, Sgarbi 2011, Sgarbi 2011b). The São Francisco basin 

sedimentary record tracks major plate reorganizations and global events that affected São Francisco craton 

and its margins in the time between the end of the Paleoproterozoic and the Upper Cretaceous (Figs. 2.2 

and 2.3).  

The correspondence between the stratigraphic subdivision adopted in this work and the 

lithostratigraphic units traditionally mapped in the basin over the last years is shown on Fig. 2.3. This 

figure also indicates the correlatives of these units in the orogenic belts that fringe the São Francisco 

craton. 

 

2.3.1- Basement 

The basement of São Francisco basin comprises all units older than 1,8 Ga that forms a coherent 

NS-trending block in the western portion of the craton. These units include Archean TTG-complexes 

(migmatites and gneisses), granitoid plutons, and greenstone belt successions, as well as Paleoproterozoic 

igneous and metassedimentary rocks (Dorr 1969, Alkmim & Marshak 1998, Heineck et al. 2003, Baltazar 

& Zucchetti 2007, Noce et al. 2007, Pinho 2008, Lana et al. 2013, Romano et al. 2013). Exposures of 

these assemblages occur close to the southern boundary of the basin and in relatively small statigraphic 

windows in the Sete Lagoas and Januaria highs, which represent major basement structures of the 

southern and northern portions of the basin, respectively (Fig. 2.1). 
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Figure 2.2 - São Francisco basin stratigraphic chart (only Precambrian strata). See the text for explanations and 

references. 
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2.3.2- Paranoá-Upper Espinhaço 1st-order sequence 

The Mesoproterozoic to Early Neoproterozoic Paranoá-Upper Espinhaço sequence represents a 

rift-sag basin-fill succession, which is laterally associated with deposits of a rift-passive margin basin, 

developed along the western boundary of the São Francisco plate. The sequence consists of a siliciclastic-

dominated package that grades upward into marine to transitional pelites, sandstones and carbonates. 

Exposed in relatively small areas of the basin, it includes the sedimentary rocks of the Paranoá Group, on 

the west, and the middle to upper Espinhaço Supergroup strata, on the east. Detected in various seismic 

sections, these units thicken westward and within the NW-SE trending Pirapora aulacogen, a prominent 

structure that cuts across the basement in the central portion of the basin. In the interior of the aulacogen, 

the Paranoá-Upper Espinhaço sequence exhibits thickness of a few kilometers and a typical steer-head 

geometry, overlying an apparently older and unknown Proterozoic (?) succession (Figs. 2 and 4). This 

succession, however, is not exposed in the basin area and more studies are needed to better constrain its 

age and tectono-stratigraphic significance.  

 The Paranoá-Upper Espinhaço sequence can be subdivided into two 2nd-order sequences: a lower 

rift and an upper sag/passive margin (Fig. 2.4). The rift 2nd-order sequence mainly occurs in the interior 

of Pirapora aulacogen and along the western sector of the basin, where its thickness is controlled by sets of 

large-scale normal faults.   

A few available well data from the southeastern portion of the basin reveals that the basal rift 2nd-

order sequence contains poorly-sorted fluvial to deltaic sandstones, arkoses and conglomerates, mainly 

arranged as metric to decametric fining-upward cycles. These sediments are intruded by mafic sills and 

dykes and commonly contain syn-tectonic growth strata.  

 The rift-related units are apparently overlain by a thick package of aeolian sandstones (the Galho 

do Miguel Formation of the Espinhaço Supergoup), whose accumulation marks the onset of a transitional 

to thermally driven subsidence stage in the basin (Dupont 1995, Martins-Neto et al. 2001, Lopes 2012). 

This subsidence phase culminated with a marine incursion, which is recorded by the upper sag/passive 

margin 2nd-order sequence. This sequence can be subdivided into three 3rd-order transgressive-

progradational sequences along the eastern half of the basin. These lower-rank sequences correspond to 

the siliciclastic and carbonate deposits of the Conselheiro Mata Group of the upper Espinhaço Supergroup 

(Dupont 1995, Lopes 2012) (Fig. 2.5). 
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Figure 2.4 – Crooked composite seismic sections showing (a) the distribution of the main stratigraphic units of the 

São Francisco basin, locally deformed by the Neoproterozoic Brasília and Araçuaí foreland fold-an-thrust belts 

(modified from Reis et al. 2012) and (b) the Pirapora aulacogen locally reactivated by the Araçuaí foreland f-t-belt. 

The rift and sag (passive margin) second-order sequences of the Paranoá-Upper Espinhaço sequence are represented 

in white and dark orange. On both illustrations, the depth is shown in two-way travel time (TWT). The location of 

the seismic sections is indicated in the Fig. 2.1. 

 

 In the western sector of the basin, the passive margin 2nd-order sequence also encompasses 

multiple 3rd-order sequences (Martins-Neto 2009). Mainly exposed along narrow deformed areas (e.g., 

Serra de São Domingos area), these successions mostly consist of tidal to storm dominated marine and 

transitional siliciclastics, locally associated with platformal and stromatolite-bearing carbonate rocks 

(Martins-Neto 2009, Feitosa 2012, Alvarenga et al. 2012 ) (Fig. 2.6).  
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 The correlatives of the Paranoá-Upper Espinhaço sequence in the Brasília metamorphic belt are 

the marine packages of the Paranoá and Canastra groups, which consist of passive margin fine- to coarse-

grained siliciclastics, organic matter-rich shales, and carbonates with cyanobacteria mats and columnar 

stromatolites (Dardenne 1978, 1981, 2000, Martins-Neto 2009). Provenance studies carried out on these 

rocks indicated a sedimentary supply mainly derived from the cratonic area, with important Archean and 

Paleoproterozoic sources (Valeriano et al. 2004b, Pimentel et al. 2001, Rodrigues et al. 2012). U-Pb age 

determinations on detrital zircons and diagenetic xenotimes extracted from the same units yielded ages 

between 1.5 – 1.0 Ga. for the deposition of the Paranoá and Canastra groups (Valeriano et al. 2004b, 

Matteini et al. 2012, Rodrigues et al. 2010, Pimentel et al 2011, Rodrigues et al. 2012). 

In the Araçuaí metamorphic belt, U-Pb age determinations on detrital zircons extracted from the 

Paranoá-Upper Espinhaço sequence correlatives (i.e.: middle to upper Espinhaço Supergroup) have 

indicated a maximum depositional age of ca. 1.2 Ga (Alkmim & Martins-Neto 2011, Chemale et al. 2012). 

In the same region, their minimum age is estimated in ca. 900 Ma, as indicated by the direct dating of 

mafic intrusions that cut the whole succession (Machado et al. 1989).  

The available U-Pb ages on detrital zircons extracted from Paranoá-Upper Espinhaço sequence 

exposures in the São Francisco basin (younger than ca. 1,3 Ga; Lopes 2012, Alvarenga 2012, 

Kuchenbecker et al. 2015b, Reis et al. 2014) indicate a time span between ca. 1.3 and 0.9 Ga for its 

deposition (Figs. 2.2 and 2.3). 

 

2.3.3- Macaúbas 1st-order sequence 

The Neoproterozoic Macaúbas sequence encompasses the Jequitaí Formation (Dardenne 1978) (in 

its type-area) as well as siliciclastic units identified in seismic sections and drill cores along the central-

western São Francisco basin (near the town of João Pinheiro). Toward the west, the sequence apparently 

grades into the Neoproterozoic successions of the Vazante Group. On seismic sections, this sequence 

thickens eastward and westward. Its basal portion is often marked by the presence of normal faults, 

commonly associated with syn-tectonic growth strata (Fig. 2.7).    
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Figure 2.5 - Stratigraphic successions of the upper Paranoá-Upper Espinhaço 1st-order sequence and the lower 

Bambuí 1st-order sequence. (a) Schematic correlation section showing the 3rd-order transgressive-regressive 

sequences of the Conselheiro Mata Group (Paranoá-Upper Espinhaço sag 2nd-order sequence), which overlie the 

aeolian deposits of the Galho do Miguel Formation at eastern São Francisco basin. Modified from Martins-Neto 

(2009) and based on Dupont (1995). (b) Stratigraphic column (based on well cores) representing the lower 

portion of the Bambuí sequence at Januária basement high area. In this portion of the basin, the Ediacaran sequence 

overlies the Paranoá-Upper Espinhaço sequence and contains a thick package of glacial-related coarse- to fine-

grained siliciclastics, which grade upward into the carbonate ramp successions of Sete Lagoas Formation. 
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Figure 2.6 – (a) Storm-influenced platformal silliciclastics and (b) tidal flat sandstones with herring-bone cross-

stratifications of the Paranoá-Upper Espinhaço sequence, exposed at the northwestern São Francisco basin. (c) 

Columnar stromatolites (Conophyton) and (d) black shale core sample of the Vazante Group, western São Francisco 

basin. (e) Core sample of Jequitaí Formation diamictites, eastern São Francisco basin. (f) Columnar stromatolites and 

(g) storm-bedded sandstone with hummocky cross-stratification of the lower and upper Bambuí sequence, 

respectively. 
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 The up to 300 m-thick glaciogenic strata of the Jequitaí Formation (Karfunkel and Hoppe 1988, 

Uhlein et al. 2004, Hercos 2008), exposed along the rims of regional-scale anticlines in the eastern portion 

of basin, comprise diamictites, sandstones, and subordinated pelites, which correspond to ice-proximal till, 

alluvial-fan, lacustrine and proglacial fluvial (outwash plain) deposits (Martins-Neto & Hercos 2000). The 

Jequitaí Formation is traditionally interpreted as the intracratonic condensed section of rift/passive margin 

successions accumulated along the margins of the São Francisco plate (Uhlein et al. 2004), probably 

during a global-scale glacial event in the Cryogenian Period (Babinski et al. 2012).  

In the western portion of the basin, the Macaúbas first-order sequence comprises an up to 800 

meters-thick package of transitional to shallow marine deposits. In drill cores, it consists of radioactive 

shales that grade upward into deltaic well sorted, medium- to fine-grained sandstones, commonly 

associated with thin beds of delta plain heterolithics, sandstones and conglomerates. Periodic exposures 

are suggested by a few beds of oxidized paleosoil-like mudstones. In its uppermost portion, the whole 

succession is bounded by detachment faults of the Brasília foreland fold-and-thrust belt (Fig. 2.7). These 

deposits apparently grade laterally into the Vazante Group, which is exposed close to the western 

boundary of the basin and comprises a ca. 5000 m-thick succession dominated by marine carbonates and 

fine-grained siliciclastics, locally interbedded with conglomerates, sandstones, diamictite- and 

phosphorite-bearing deposits (Dardenne 2000, Azmy et al. 2008, Martins-Neto 2009) (Figs. 2.1, 2.2 and 

2.6). This unit is known for hosting important Pb-Zn deposits (Dardenne 2000), as well as organic-rich 

black shales with up to ca. 15% of total organic content (Martins-Neto 2009). 

The Vazante Group is interpreted as a passive margin basin-fill succession (Dardenne 2000), fed 

mainly by Archean and Paleoproterozoic cratonic sources (Pimentel et al. 2011, Rodrigues et al. 2012). Its 

maximum age is constrained by the youngest U-Pb detrital zircon ages found in the basal Rocinha 

Formation, which were dated at ca. 930 Ma. (Rodrigues 2008, Rodrigues et al. 2012). This passive margin 

system seems to have been later converted into an arc-related setting, developed along western margin of 

the São Francisco plate during the formation of the Neoproterozoic Goiás magmatic arc (Pimentel et al. 

2011). 
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Figure 2.7 – (a) Seismic cross-section illustrating the rifted contact (with syn-tectonic growth strata) between the 

Macaúbas sequence and the underlying Paranoá-Upper Espinhaço sequence at the southwestern São Francisco basin. 

The sequence is overlain by the Ediacaran Bambuí sequence and bounded in the top by detachment faults of Brasília 

foreland f-t-belt. (b) Seismic section showing the prograding wedges of the lower Bambuí sequence outward from 

the Januária basement high, northern São Francisco basin. In figure a, single crooked seismic section and, in figure b, 

crooked composite seismic section. On both illustrations the depth is shown in two-way travel time (TWT). 
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In the Araçuaí metamorphic belt, which bounds the basin to the east, the Macaúbas 1st-order 

sequence is represented by the glacial to post-glacial metasedimentary successions of the Macaúbas Group 

(Karfunkel & Hoppe 1988, Uhlein et al. 1999, Martins-Neto et al. 2001, Martins-Neto & Hercos 2002, 

Martins-Neto 2009, Pedrosa-Soares et al. 2007; 2011, Babinski et al. 2011). As indicated by recent 

provenance studies based on detrital zircon ages (Kuchenbecker et al. 2015a), these successions record a 

Cryogenian-Ediacaran rift-passive margin basin which developed between the São Francisco peninsula 

(precursor of the São Francisco craton) and the Congo continent and contain thick packages of sandstones, 

pelites, glaciomarine diamictites, carbonates, basic volcanics, banded iron formations and ophiolite 

remants. Closure of this confined basin during the Brasiliano/PanAfrican event led to the development of 

the Araçuaí-West Congo orogen around 570 Ma (Pedrosa-Soares et al. 2001, Alkmim et al. 2006).  

In the Paramirim aulacogen, the Macaúbas sequence is correlative of rift-related successions of 

the Santo Onofre Group (Schobbenhaus 1996, Danderfer et al. 2008).  To the north, in the Rio Preto belt, 

it correlates to the diamictite-bearing Canabravinha Formation, which was deposited in the northern 

branch of the Neoproterozoic Santo Onofre-Macaúbas rift system (Schobbenhaus 1996, Caxito et al. 

2012b).   

The age of the Macaúbas 1st-order sequence is still matter of debate. According to the data so far 

acquired in the basin, it was likely deposited between ca. 880 Ma and 740 Ma. The maximum depositional 

age is given by the age of the youngest detrital zircon so far found in diamictites of the Jequitaí Formation 

(Rodrigues 2008, Pimentel et al., 2011). The age is in agreement with the younger U-Pb zircon ages 

obtained from siliciclastic rocks of the lower Vazante Group in the western São Francisco basin (Pimentel 

et al. 2011, Rodrigues et al. 2012). The minimum depositional age of 740 Ma is constrained by a Pb-Pb 

isochron obtained on basal cap carbonates of the Bambuí Group (Babinski et al. 2007), which 

unconformably cover the basement on the southern portion of basin. A few issues, however, remain 

unsolved regarding the age of Macaúbas sequence in São Francisco basin: i) current interpretations on 

correlative successions of the Macaúbas Group exposed in the Araçuaí metamorphic belt (Kuchenbecker 

et al., 2015a) have suggested maximum depositional ages younger than 730 Ma for the entire glaciogenic 

strata; ii) no other late Tonian age has been so far obtained on the basal cap carbonates of the Bambuí 

Group, which in general seem to be much younger than 740 Ma (Rodrigues 2008, Kuchenbecker 2011, 

Caxito et al. 2012a); iii) at least part of the diamictite-bearing successions commonly ascribed to the 

Jequitaí Formation could actually represent a late Neoproterozoic glaciation instead of a Sturtian event, as 

suggested by regional stratigraphic and chemostratigraphic data (Caxito et al. 2012a), as well as seismic 

and drill core information. 
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2.3.4- Bambuí 1st-order sequence 

Covering the largest area of the São Francisco basin, the Bambuí 1st-order sequence (i.e., the 

Bambuí Group) comprises a package of carbonates, pelites, sandstones and subordinated conglomerates. 

The sequence is interpreted as the record of an Ediacaran foreland basin stage experienced by the São 

Francisco plate in response to lithospheric overburden caused by the uplift of the Brasília and Araçuaí 

belts (Barbosa et al. 1970, Chang et al. 1988, Alkmim & Martins-Neto 2001; 2011). On seismic sections, 

the Bambuí sequence displays a typical wedge-shaped geometry, whose thickness varies from a few 

hundred meters, on the east, to ca. 3000 m in the presumed foredeep area, on the west (Fig. 2.4). 

Remarkably, the seismic sections also reveal a slight thickening of the lower Bambuí sequence over 

preexisting large-scale structures (e.g., Pirapora aulacogen), a fact that suggests reactivation of older fabric 

elements induced by the orogenic overburden along the craton margins.  

 The Bambuí 1st-order sequence encompasses four shallowing upward 2nd-order sequences, which 

are continuous over large areas of the basin and comprise the Paraopeba Sub-group and the Três Marias 

Formation (Costa & Branco 1961, Braun 1968, Dardenne 1978; 1981). The Bambuí sequence also 

includes a distinct basal unit, the Carrancas Conglomerate (and associated units), which consists of a thin 

package of fluvial fine- to coarse-grained siliciclastics. These sediments have been interpreted as a 

lowstand system tract deposit, restricted to some channels carved in the basement in southeastern portion 

of the basin (Vieira et al. 2007). 

 The basal 2nd-order sequence encompasses a succession of glaciogenic diamictites and lodgment 

tillites, which are both caped by post-glacial cap carbonates and a thick succession of shallow marine and 

stromatolite-bearing limestones and dolostones (Figs 2.2, 2.5 and 2.6). These rocks correspond to the 

glacial-influenced units of the Carrancas Formation (Romano 2007, Kuchenbecker et al. 2013) and the 

overlying platformal carbonates of Sete Lagoas Formation (Nobre-Lopes 1995; 2002, Vieira et al. 2007, 

Iglesias & Uhlein 2009). Seismic and well data indicate that this sequence also includes diamictite-bearing 

successions which are exposed in the northwestern portion of the basin and have been traditionally 

correlated to the Jequitaí Formation, i.e., Macaúbas 1st-order sequence (e.g., Dardenne 1978; 1981, Lima 

2011).  

 In drill cores from the northern portion of the basin, the glacial-related 2nd-order sequence 

includes diamictites and gravity flow coarse- to fine-grained siliciclastics, overlain by a hundred meters-

thick succession of carbonate ramp deposits with subordinated interbedded organic-rich shales (Fig. 2.5).  

The overall δC13 and δO18 isotopic content and sedimentary facies described for Sete Lagoas carbonates 

over the basin indicate typical post-glacial signatures (e.g., Santos et al. 2000, Kuchenbecker 2011, Caxito 
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et al. 2012a, Alvarenga et al. 2014), similar to those described in Neoproterozoic glacial successions 

worldwide (Hoffman & Schrag 2002).  

 The remaining three shallowing upward 2nd-order sequences overlie the glacial-related deposits 

and encompass the upper Sete Lagoas, the Serra de Santa Helena, Lagoa do Jacaré, Serra da Saudade and 

Três Marias formations (Costa & Branco 1961, Dardenne 1978; 1981). In the eastern and central sectors 

of the basin, the two lower sequences consist of hundred meter-thick cycles with pelite-dominated 

packages at the base, which grade upward into shallow platformal carbonates. The uppermost second-

order sequence, on the other hand, consists mostly of marine fine-grained siliciclastic deposits overlain by 

the storm-influenced and sand-dominated Três Marias Formation (Chiavegatto 1992) (Fig. 2.6).  

 The 2nd-order sequences grade laterally into the fan-deltaic and submarine fan siliciclastics of the 

Samburá and Lagoa Formosa formations in the western half of the basin (Castro & Dardenne 2000, 

Dardenne et al. 2003, Baptista 2004, Fragoso et al. 2011, Uhlein et al. 2011). In this portion of the basin, 

the Bambuí sequence also contains deep marine glauconite- and phosphorite-bearing sediments of the 

Serra da Saudade Formation (Lima et al. 2007). The facies changes in the Bambuí sequence reflect the 

transition from shallower forebulge to foredeep deposits, accumulated, respectively on the central-eastern 

and western sectors of the basin (Alkmim & Martins-Neto 2001; 2011, Martins-Neto 2009).  

  Provenance studies and facies distribution point toward two main source areas for the Bambuí 

sequence: i) Neoproterozoic orogenic sources associated with the Brasília metamorphic belt on the west, 

and ii) Archean and Proterozoic sources, represented by the craton basement and older basin-fill units.  

The orogenic source is indicated by the spatial distribution and provenance of the Samburá and Lagoa 

Formosa rudites, as well as consistent eastward paleocurrent indicators measured in the uppermost Três 

Marias sandstones (Chiavegatto 1992, Castro & Dardenne 2000, Uhlein 2014). The expressive occurrence 

of shallow carbonate facies in central and eastern portions of the basin (Nobre-Lopes 1995, 2002, Vieira et 

al. 2007, Iglesias & Uhlein 2009, Costa 2011), associated with progradational seismic patterns outward 

from the large Januária and Sete Lagoas basement highs (Fig. 2.7) suggest that the craton basement has 

also contributed with sediments during deposition of the Bambuí sequence.  An additional and late 

sedimentary sourcing associated with the Araçuaí metamorphic belt is apparently restricted and indicated 

by thin continental coarse-grained siliciclastics exposed in a few areas along the eastern São Francisco 

basin (Chiavegatto et al. 1997, Kuchenbecker 2014). 

 The detrital zircon U-Pb age spectrum of grains extracted from Bambuí Group also point toward 

bimodal (cratonic and orogenic) sources, constraining, in addition, a maximum deposition age of ca. 610 

Ma for most of the sequence (Rodrigues 2008, Lima 2011, Pimentel et al. 2011, Reis et al. 2012). This age 
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has been, however, matter of debate. The recent discover of Cloudina sp. fossil remnants (Warren et al. 

2014) and late Ediacaran zircon grains in the basal sediments of the Sete Lagoas Formation (Paula-Santos 

et al. 2015, Pimentel et al. 2012, Kuchenbecker 2014) have indicated ages younger than ca. 550 Ma for 

almost the entire Bambuí sequence and thus a mismatch between the Ediacaran basin cycle and the 

southern Brasília belt evolution, whose main collisional stage was dated at ca. 630 Ma (Valeriano et al. 

2004b, Pimentel et al. 2011). Since the whole Bambuí sequence is involved in the external portion of the 

southern Brasília belt in the western São Francisco basin, it seems that the orogenic stage in the belt has 

lasted longer than previously thought. Nevertheless, further studies are required to better evaluate the real 

significance of the mentioned ages and their tectono-stratigraphic implications.  

 The Bambuí sequence has correlatives in other portions of the craton and marginal orogenic belts. 

The Salitre Formation, exposed in the Paramirim aulacogen, consists of shallow marine carbonates and 

subordinated fine-grained siliciclastics and phosphate-bearing successions (Souza et al. 1993, Misi & 

Veizer 1998, Misi 2001). In the marginal Brasília and Araçuaí metamorphic belts, the chronological 

equivalents of the Bambui sequence are the Ediacaran syn-orogenic assemblages of the Rio Verde (with 

the underlying Cubatão diamictites?) and Salinas formations, respectively (Martins-Neto et al. 2001, Lima 

et al. 2002, Pedrosa-Soares et al. 2007, Santos et al. 2009, Rodrigues et al. 2010, Dias et al. 2011). The 

regional distribution of the units suggests, at least partially, the coexistence of the foreland intracratonic 

system and marginal orogenic basins during the Ediacaran-Cambrian boundary. 

 

2.3.5- Late Paleozoic Santa Fé Group 

The Santa Fé Group is made up of an up to 180 m-thick package of diamictites, dropstone-bearing 

shales, sandstones and subordinated varvites and tillites of glaciolacustrine, glaciofluvial and periglacial 

origin (Campos & Dardenne 1997a). Occurrences of the Santa Fé sediments are scarce and limited to the 

central and northwestern portions of the basin, where they fill large valleys carved on the upper Bambuí 

strata and are often associated with striated pavements. Santa Fé deposits record the Permo-Carboniferous 

glaciation that has affected the West Gondwana during Late Paleozoic (Sgarbi et al. 2001, Limarino et al. 

2013, Torsvik & Cocks 2013, Vesely & Assine 2006). 
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2.3.6- The Cretaceous Areado, Mata da Corda and Urucuia groups 

The youngest units of the São Francisco basin are the Cretaceous Areado, Mata da Corda and 

Urucuia groups, which occur in a series of isolated mesas and large plateaus in its southwestern and 

northern portions.    

The Lower Cretaceous Areado Group is composed of an up to ca. 300 m-thick sand-dominated 

succession, whose main exposures are located at the southwestern sector of the basin (e.g.: Campos & 

Dardenne 1997a, Sgarbi et al. 2001, Kattah 1991, Fragoso 2011, Pedrosa-Soares et al. 2011). The group is 

subdivided into three formations. The basal Abaeté Formation consists of alluvial medium- to coarse-

grained sediments, locally interbedded with sandstones and mudstone layers. These deposits are overlain 

by the discontinuous lacustrine sediments of the Quiricó Formation, which encompasses distal fine-

grained siliciclastics associated with turbidite deposits and thinner black shale layers (Kattah 1991, Sgarbi 

et al. 2001, Fragoso 2011). Conchostracan remnants, plant fragments and fresh water fossils are 

commonly described in this succession (Sgarbi 2000, Sgarbi et al. 2001). The upper Três Barras 

Formation corresponds to fluvial and fluvio-deltaic sandstones, as well as widespread and thicker aeolian 

strata. Restricted thin layers of silexite with bathyal/abyssal radiolarian fauna strongly contrasts with the 

overall continental record of Areado Group (e.g., Kattah 1991, Sgarbi 2000, Sgarbi et al. 2001, Arai 2009, 

Fragoso 2011). These fossil-bearing units still puzzle the comprehension of the early Cretaceous deposits 

and have been also associated with the Três Barras Formation (Sgarbi et al. 2001).  

The sedimentary facies of Areado Group indicate a sedimentation under semi-arid and arid 

conditions (Sgarbi et al. 2001), partially coeval to sauropoda and theropoda dinosaur faunae dispersion 

(Domingues 2009, Zaher et al. 2011). Considering their depositional systems, geographic distribution and 

common relationship with extensional structures along the southwestern São Francisco basin, Fragoso 

(2011) grouped the early Cretaceous sediments into two unconformity-bounded sequences. The lower 

sequence contains almost the entire Areado Group sediments and corresponds to a rift-related succession, 

which shows the record of initial, climax and immediately post-rift stages. This succession, filling the 

Abaeté graben (Alkmim & Martins-Neto 2001, Sgarbi et al. 2001), is overlain by aeolian sediments, 

which could be associated either with a late flexural post-rift stage or another, unrelated  Upper 

Cretaceous subsidence phase (Fig. 2.8). 

 The Upper Cretaceous Mata da Corda Group is exposed in the southwestern São Francisco basin 

and consists of a succession of alkaline volcanic/sub-volcanic, volcaniclastic and epiclastic rocks (Campos 

& Dardenne 1997a, Sgarbi et al. 2001, Sgarbi 2011b). The succession is related to alkaline-carbonatitic-

phosphoritic igneous intrusions and a system of NW-trending dykes that cut extensive areas along 
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southeastern and central Brazil (Borges & Drews 2001, Silva 2006, Grasso 2010). This magmatism is 

generally associated with a late uplift event of the Cretaceous Paranaíba arch, which separates the Paraná 

and São Francisco basins (Hasui and Haraliy 1991, Sgarbi et al. 2001, Sgarbi 2011b).  

 The Cretaceous Urucuia Group covers a large area along the central and northern portions of the 

basin (Campos & Dardenne 1997a, Sgarbi et al. 2001 and references therein). The group consists of an up 

to 360 m-thick succession of aeolian sandstones, locally associated with fluvial fine- to coarse-grained 

sediments. These deposits extend further to the north of São Francisco basin, where they overlie the 

Lower Cretaceous units of the Parnaíba basin (Campos & Dardenne 1997a, Sgarbi et al. 2001). 

Commonly viewed as a correlative unit of the Upper Cretaceous Mata da Corda Group, the age and 

stratigraphic relationships of this group with the previously described units are still unclear (Sgarbi et al. 

2001). 

The Areado, Mata da Corda and Urucuia groups are interpreted as continental interior 

manifestations of the Cretaceous rift event that led to the development of the South Atlantic (e.g., Hasui 

and Haralyi 1991, Sgarbi et al. 2001, Mohriak & Leroy 2012). 

 

2.4- TECTONIC FRAMEWORK 

 

Three families of large-scale fabric elements occur in the São Francisco basin (Alkmim & 

Martins-Neto 2001, Reis & Alkmim 2015): i) Proterozoic rift structures; ii) Neoproterozoic foreland fold-

thrust belts; and iii) Cretaceous rift structures. The Precambrian structures comprise the main structural 

grain of the basin (Fig. 2.9) and generally show evidence of multiple reactivations, including partial 

inversion. Their expressions vary along basin and a large number of elements described below are not 

exposed, being detected only in seismic sections. 
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Figure 2.8 – The Lower Cretaceous Areado in the southwestern São Francisco basin. (a) Simplified geological map 

showing the distribution of the Areado Group and its relationship with the main Precambrian and Phanerozoic 

tectonic elements (b) Interpreted seismic section showing a half-graben and its association with the Areado syn-

tectonic strata. Note that the graben has formed mostly through the extensional reactivation of a Neoproterozoic 

thrust faults (1: João Pinheiro Fault; 2: São Domingos Fault). (c) Depositional settings and stratigraphic sequences of 

the rift-related Areado Group, Presidente Olegário area (Fragoso 2011).  

 

 

2.4.1- Proterozoic rift structures 

The largest Proterozoic rift structure preserved in the basin is the NW-trending Pirapora 

aulacogen. Partially inverted, this graben is defined by a system of NW-striking normal faults and 

conjugate NE-oriented structures. It hosts the Paranoá-Upper Espinhaço sequence, which covers an 

apparently older and unknown succession confined to its central portion (Fig. 2.4). The aulacogen 

separates two large basement highs located in the southern and northern sectors of the basin, the Sete 
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Lagoas and Januária highs, respectively. Exposed in a few windows along the basin, these structures stand 

out on geophysical maps and seismic sections (Figs. 2.1 and 2.4) and seem to have acted as positive 

structures during the whole Proterozoic evolution of the basin. During the Neoproterozoic, the onset of the 

Macaúbas basin-cycle was responsible by the nucleation of a new generation of rift-related structures (Fig. 

2.7). In the eastern portion of the basin, seismic sections suggest that these structures formed through the 

extensional reactivation of preexisting Pirapora aulacogen faults. The overall configuration of the Pirapora 

aulacogen indicates that its nucleation dates back in the early evolution of São Francisco basin (Late 

Paleoproterozoic?), being successively reactivated during the subsequent tectonic events. 

 

2.4.2- Foreland fold-thrust belts 

During the Ediacaran Period, the Precambrian units of São Francisco basin were caught by 

Brasiliano orogenic fronts that propagated from the Brasília, Rio Preto and Araçuaí belts toward the craton 

interior (Alkmim et al. 1998, Brito-Neves 1999, 2004, Valeriano et al. 2004b, Alkmim et al. 2006, 

Pedrosa-Soares et al. 2001, 2007, Caxito 2010). Two roughly NS-trending foreland fold-thrust belts (f-t-

belts) of opposite vergences developed along the borders of the basin (Alkmim et al. 1996, Alkmim 2004) 

(Fig. 2.9), the Brasília on the west, and the Araçuaí on the east. Separated by a central undeformed sector, 

these foreland f-t-belts show significant differences in style, as shown on Tab. 2.1. 

 

The Brasília foreland fold-thrust belt 

The Brasília foreland fold-thrust belt is thin-skinned,  fold-dominated (Figs. 2.10 and 2.11), and 

coupled to detachments located near the base of Bambuí sequence (Coelho 2005, Zalan & Romeiro-Silva 

2007, Reis 2011, Reis et al. 2012, Reis & Alkmim 2015). Corresponding to the external domains of the 

Brasília and Rio Preto metamorphic belts, it exhibits recesses and salients that culminate in central portion 

of the basin (Reis 2011, Reis et al. 2011) (Fig. 2.9). In seismic sections, the belt displays a typical wedge 

shape, involving strata of the upper Paranoá-Upper Espinhaço and Macaúbas (?) sequences in the western 

proximal domain. The detachment zone becomes progressively shallower toward the east, where a few 

thrusts separate large sectors affected by chevron folding of decreasing intensity (Fig. 2.4). Remarkably, 

neither a penetrative cleavage nor metamorphic features have been observed along its extension (Alkmim 

et al. 1996, Alkmim & Martins-Neto 2001). 
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Figure 2.9 - (a) Simplified tectonic map of southern São Francisco basin highlighting the Neoproterozoic Brasília 

and Araçuaí foreland fold-and-thrust belts, respectively on the west and on the east. The figure also show the 

relationship between these belts and the main underlying basement structures (b)  Crooked seismic section showing 

the extensional reactivation of Archean compressional structures of the basement during the deposition of the lower 

Bambuí sequence in the Sete Lagoas basement high. Depth is shown in two-way travel time (TWT). 
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Table 2.1 - Major tectonic characteristics of the Brasília and Araçuaí foreland fold-and-thrust belts. Based on Schöll 

(1973), Bonhomme (1976), Magalhães (1988), Chang et al. (1988), Muzzi Magalhães (1989), Oliveira (1989), 

Alkmim et al. (1993), D’Arrigo (1995), Fonseca et al. 1995, Souza-Filho (1995), Alkmim et al. (1996), Costa-Neto 

(2006), Coelho (2007), Hercos (2008), Reis (2011), Reis et al. (2011; 2012). 

 

 Brasília Foreland F-T-Belt Araçuaí Foreland F-T-Belt 

Main Structures 

 

Folds and major thrusts associated with 

subordinate duplexes coupled to a 

regional detachment zone. Late stage 

NW-trending left-lateral and NE-

trending right-lateral strike-slip faults 

affect the previous structures 

respectively in the southern and 

northern sectors of the belt.  

 

Thin-skinned, W-verging thrusts and 

folds associated with duplexes and 

imbricate fans. At its central sector, 

large-scale double plunging folds 

developed as cover structures of 

inverted pre-existing (buried) rift 

structures. NE and NW-trending 

conjugated fracture sets are 

widespread throughout the whole belt.  

Polarity 

Marked by a few west-dipping thrusts 

and decreasing strain intensity toward 

east. 

 

Given by the systematic W-directed 

vergence of the fabric elements and 

progressive decrease in the strain 

intensity in the same sense. 

Architecture 

 

Wedge-shaped and fold-dominated 

thin-skinned belt, coupled to 

detachments located near the base of 

the Bambuí sequence.  

Segmented in two thin-skinned 

domains, separated by a central thick-

skinned sector. 

Metamorphism 

Absent (sharp contact with the Brasília 

metamorphic belt on the west) 

 

Gradual increase toward east, 

reaching the greenschist facies 

conditions close to the eastern 

boundary of the basin.  

Age* 

 

ca. 630 - 540 Ma (?) 

 

ca. 580-530 Ma 

   

*Based on the approximated age of main collisional events recorded at the Brasília (Pimentel et al. 2004, Valeriano 

et al. 2004b) and Araçuaí (Pedrosa-Soares et al. 2001, Pedrosa-Soares et al. 2007) belts, as well as the younger 

detritial zircon and fossil remants found within the Bambuí sequence (Warren et al. 2014, Paula-Santos et al. 2015). 
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The evolution of the belt was partially accompanied by the extensional reactivation of pre-existing 

structures (e.g., Pirapora aulacogen) and nucleation of a system of NE-trending grabens in the southern 

part of the basin (Fig. 2.9). These grabens formed through reactivation of Archean contractional structures 

and host complete sections of the lower Bambuí sequence. They developed in the outer arc of Sete Lagoas 

basement high, which seem to have acted as the forebulge during the imposition of the orogenic loads in 

the western margin of the basin.   

The Brasília foreland fold-thrust belt can be subdivided into three segments, which exhibit 

remarkable differences in tectonic style. The southernmost segment mostly involves rocks of the 

Ediacaran Bambuí sequence and contains structures of two distinct generations. First-stage chevron folds 

with NNE-trending hinges are locally bounded by west-dipping thrusts in the interior of duplexes and 

imbricated fans. These structures are cut by a system of late stage sinistral strike-slip faults, which affect 

the basement and are responsible by an overall counterclockwise rotation of preexistent fabric elements 

along narrow NW- trending corridors. The southern foreland belt segment is bounded to the west by 

metamorphic nappes of the Brasília belt (Figs. 2.9 and 2.10).  

The late stage strike-slip faults are practically absent in the central segment of the foreland belt, 

where upright chevron folds of the first phase frankly predominate (Fig. 2.11). In this segment, the belt 

exhibits its maximum cratonward advancing, culminating as the Três Marias salient, a 130 km long and 80 

km wide antitaxial curve (Reis 2011, Reis & Alkmim 2015, Reis et al. 2011) (Figs. 2.9 and 2.10). The 

salient corresponds to a basin-controlled non-rotational curve, whose culmination roughly coincides with 

the sector of the basin that contains the thickest pre-orogenic Bambuí strata (Reis & Alkmim 2015). 

The main structures of the northern Brasília foreland belt are NNW-trending folds and 

subordinated thrusts, which are overprinted mainly by sets of NE-oriented strike-slip faults (Fonseca et al. 

1995, Alkmim et al. 1996, Alkmim & Martins-Neto 2001). The strike-slip system affects the 

Archean/Paleoproterozoic basement and continues westward into the northern Brasília metamorphic belt. 

Structural analyses carried out by Araújo Filho (2000) in this region indicate that the northern segment of 

the Brasília metamorphic belt is significantly younger than its southern counterpart, from which it is 

separated by the Pirineus syntaxis, a prominent E-W-trending structural shear and interference zone. In the 

northernmost São Francisco basin, the Brasília foreland fold-thrust belt curves toward northeast and 

merges with the external domain of the of Rio Preto metamorphic belt, a right-lateral strike-slip and 

cratonward verging system of folds and thrusts (Egydio-Silva et al. 1989, Caxito 2010). 
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Figure 2.10 – (a) Southern Brasília Foreland F-T-Belt structural map (Modified from Magalhães 1989). (b) 

Simplified structural map of the Três Marias Salient apex in the culmination of the Brasília foreland f-t-belt, central-

western São Francisco basin (Reis and Alkmim 2015). TF: Thrust fault (1- João Pinheiro. 2 – Borrachudo. 3 – São 

Domingos). A: Anticline. S: Syncline. SsZ: Strike-slip zone. StL: Structural trend-lines. SL: Seismic line location. 

Cities: TM – Três Marias. Pa: Paineiras. Mn: Morada Nova de Minas. (c) 3D diagram combining seismic sections 

and digital elevation model showing the structural architecture of the Três Marias salient (Reis and Alkmim 2015). 

Depth is shown in two-way travel time (TWT). Location of the seismic lines in (b). 
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The Araçuaí foreland fold-thrust belt 

The Araçuaí foreland fold-thrust belt extends along the eastern edge of São Francisco basin and 

represents the external portion of the equally named metamorphic belt that bounds the craton to the east 

(Fig. 2.9). Differently from the Brasilia foreland belt, folds of the Araçuaí are asymmetric, show a clear 

W-directed vergence and are associated with a regionally penetrative axial plane cleavage (Fig. 2.11). 

Furthermore, close to the east boundary of the basin, the rocks involved in the belt have experienced 

metamorphism under lower greenschist facies conditions (Schöll 1973, Magalhães 1988, Oliveira 1989, 

Souza Filho 1995). Conjugate NE- and NW-trending fractures are observed along its whole extension 

(e.g.: Oliveira 1989, Alkmim & Martins-Neto 2001). 

The southern segment of the belt is thin-skinned and linked to a regional detachment developed 

along the basal contact of the Bambuí sequence with older units (Magalhães 1988, D’Arrigo 1995). The 

main structures of the segment are NNW-trending duplexes and W-verging imbricate fans. These 

structures are locally affected by late stage co-axial folds, which seem to have been generated during the 

late reactivation of basement-involved faults on the eastern craton boundary (D’Arrigo 1995).  

The central segment of the belt is associated with the partial inversion of Pirapora aulacogen 

structures (Figs. 2.4 and 2.9). The most striking surface expression of the compressional reactivation of 

buried extensional structures is a set of regional and double-plunging drape folds (Fig. 2.9). The 

interaction between the foreland belt and the preexistent NW-oriented graben produced a salient, whose 

development was probably influenced by along-strike thickness variations of pre-orogenic strata (Marshak 

& Wilkerson 1992, Souza Filho 1995). Some oroclinal bending was likely active during the generation of 

the southern salient limb, as indicated by fabric rotation along WNW-trending left-lateral strike-slip faults, 

which coincide with the Pirapora aulacogen boundary (Souza Filho 1995). The widespread occurrence of 

large quartz and calcite veins in the culmination zone of the salient denotes an expressive fluid migration 

episode, probably related to the reactivation of older basement-involved structures (Fig. 2.11). Deep-

seated faults become less significant in the northern segment of the belt and the thin-skinned tectonics 

seems to predominate over the entire sector (e.g. Oliveira 1989). 

 

2.4.3- Cretaceous rift structures 

Although less expressive, Cretaceous rifting structures are well exposed in the southwestern São 

Francisco basin. These structures control the deposition of the Lower Cretaceous Areado Group, as well as 

the emplacement and extrusion of the Upper Cretaceous Mata da Corda igneous rocks.   



Reis, H.L.S.  Neoproterozoic evolution of the São Francisco basin, SE Brazil: effects of tectonic inheritance on….. 

 40 

 

Figure 2.11- Brasília foreland f-t-belt: (a) West-dipping fault thrusting pre-Bambuí siliciclastics over Ediacaran 

Bambuí sequence deposits at northwestern São Francisco basin; (b) Kink bands and chevron folds involving 

sandstones and mudstones of the Vazante Group at northwestern São Francisco basin; (c) Upright chevron fold in 

glauconite-bearing pelites of Bambuí sequence, Cedro do Abaeté county (western São Francisco basin). Araçuaí 

foreland f-t-belt (eastern São Francisco basin): (d) East-dipping cleavage in Bambuí sequence carbonates, Corinto 

county area; (e) Large-scale quartz-veins cutting Macaúbas sequence siliciclastics at Araçuaí foreland f-t-belt 

culmination zone, Bicudo Ridge. 
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In the southwestern sector of the basin, NNW-trending normal faults, formed through the 

extensional reactivation of the Brasilia foreland fold-thrust belt structures, control the thickness and 

sedimentary dispersal of the Lower Cretaceous Areado Group (Sawasato 1995, Fragoso 2011, Reis 2011) 

in the interior of a major structure, the Abaeté graben (Fig. 2.8). These faults are genetically related to an 

assembly of NW-striking tensile fractures, NS-oriented normal faults and shear fracture sets, which were 

likely formed under an extensional stress field with sub-vertical σ1 and horizontal NE-trending σ3  

(Sawasato 1995, Reis 2011).  

Upper Cretaceous intrusions associated with the Mata da Corda Group often deform the Areado 

Group sediments and produce a variety of folds and faults, as well as a swarm of NW-trending dykes 

(Sawasato 1995, Borges & Drews 2001). A third and younger family of structures consist of normal-

sinistral NE-striking faults that affect the Cretaceous strata and apparently control the morphology of the 

southwestern sector of the basin (Alkmim & Martins-Neto 2001). The precise age of this third structural 

fabric remains unknown. 

The most prominent structure of the southwestern edge of the São Francisco basin corresponds to 

a ca. 350 km long and ca. 80 km wide arch, the Alto Paranaíba arch that separates the Paraná and São 

Franscisco sedimentary and hydrographic basins (Hasui & Haraliy 1991, Alkmim & Martins-Neto 2001) 

(Fig. 2.8). Its main uplift stage seems to have occurred in the Cretaceous period, simultaneously to the 

deposition and emplacement of the Areado and Mata da Corda successions, respectively (Hasui & Haraliy 

1991, Sgarbi et al. 2001, Hackspacher et al. 2007). 

 

2.5- EVOLUTIONARY SYNTHESIS 

 

Stabilized after the 2.1-2.0 Ga. Transamazonian-Eburnean event, the São Francisco craton and its 

African counterpart were probably incorporated in the Columbia supercontinent (e.g., Roger & Santosh 

2002, Zhao et al. 2004, Meert 2012, Nance et al. 2013). Involved in the subsequent supercontinent cycles, 

the craton underwent multiple tectonic events and experienced climatic changes of global significance 

(Brito-Neves et al. 1999, Martins-Neto et al. 2001, Alkmim & Martins-Neto 2012). Due to its long-term 

intracratonic residence, the São Francisco basin records a complex evolutionary trajectory briefly 

discussed in the next sections.   

 The first tectonic stage so far identified in São Francisco basin corresponds to the opening of the 

NW-trending Pirapora aulacogen (Fig. 4). Cutting across the central portion of the basin, this structure 
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hosts the Paranoá-Upper Espinhaço sequence that unconformably overlies an apparently older unknown 

succession.  

Paleo to Mesoproterozoic metasedimentary successions are exposed along the Araçuaí and 

northern Brasília metamorphic belts and comprise the lower Espinhaço Supergroup and the Araí Group, 

respectively. These units consist of packages of continental sediments and volcanic rocks associated with 

anorogenic plutons dated at ca. 1,75 Ga. (e.g., Machado et al. 1989, Dussin & Dussin 1995, Schobbenhaus 

1996, Dardenne 2000, Knauer 2007). Stratigraphic and tectonic studies have demonstrated that the Lower 

Espinhaço accumulated in a system of Statherian rifts, developed in a crustal segment presently 

represented by the São Francisco-Congo craton and its margins (Dussin & Dussin 1995, Pedreira & De 

Waele 2008, Danderfer et al. 2009, Chemale et al. 2011). Based on their overall distribution and 

characteristics, these Paleo to Mesoproterozoic successions might represent correlatives of the older and 

unknown strata preserved within the Pirapora aulacogen. It indicates that the aulacogen has nucleated in 

the early evolutionary stages of São Francisco basin, connecting the Paleoproterozoic Espinhaço basin, on 

the east, and the Araí basin, on the west (present-day coordinates) (Fig. 2.12). Nevertheless, additional 

analyses are needed to better evaluate the age and tectono-stratigraphic significance of this succession. 

 The manifestation of the second tectonic event documented in the basin corresponds to the 

reactivation of the Pirapora aulacogen, associated with the onset of the 1.3-0.9 Ga. Paranoá-Upper 

Espinhaço basin cycle. Although no correlative magmatic ages have been so far reported in the São 

Francisco basin, Mesoproterozoic igneous zircons are widespread in its entire sedimentary record and 

might represent important juvenile sources (e.g., Pimentel et al. 2011, Matteini et al. 2012, Rodrigues et 

al. 2012).  

 Documented worldwide, the Mesoproterozoic anorogenic magmatism associated with multiple 

rifting episodes might represent a manifestation of the Columbia supercontinent breakup, which started 

around 1,6 Ga. and ended between 1,3 and 1,2 Ga. (Zhao et al. 2004). The continents generated by the 

dispersal of Columbia reassembled to form the Rodinia supercontinent at very end of the Mesoproterozoic 

Era (Brito-Neves et al. 1999, Hoffman 1991, Nance et al. 2013). The majority of the Rodinia 

reconstructions (e.g., Tohver et al. 2006, Nance et al. 2013) shows the São Francisco-Congo in the 

periphery of the supercontinent or as an isolated landmass. In fact, no clear evidence for collisional 

tectonism affecting the São Francisco craton in the time around 1.0 Ga. has been yet found.  
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Figure 2.12 - Schematic illustration of the São Francisco craton evolution between ca. 1.8 and 0.7 Ga. 

Paleoproterozoic rifts: AR-Araí; Pi-Pirapora (?); LE-Lower Espinhaço. Mesoproteroic rift-passive margin system: P-

UE-Paranoá-Upper Espinhaço. Neoproterozoic rifts: Mc-Macaúbas; Sof-Santo Onofre; RP-Rio Preto. Basement 

highs: SLBH-Sete Lagoas basement high; JBH-Januária basement high. 

  

Sometime during the Neoproterozoic era, the São Francisco-Congo continent experienced a 

renewed rifting phase, which is recorded by the accumulation of the Macaúbas 1st-order sequence. The 

broad tectonic scenario and the chronology of this and the subsequent tectonic events are still poorly 

understood. In the São Francisco basin, the Neoproterozoic Macaúbas basin cycle is represented by the 

sedimentary successions of the Jequitaí Formation, Vazante Group and correlatives (Figs. 2.2 and 2.3).  

The Macaúbas sequence is regionally correlative of two diachronic events that affected the São 

Francisco-Congo plate margins during the Neoproterozoic. To the west (present-day coordinates), the 
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development of a convergent margin between 900 and 600 Ma (recorded by the Goiás magmatic arc) 

culminated with the development of an extensive arc-related basin partially floored by the oceanic 

remnants of the Araxá Group (Pimentel et al. 2004, 2011, Valeriano et al. 2004a, 2004b, Rodrigues et al. 

2012). The São Francisco continental margin received the sediments of the Vazante Group and its 

landward sand-dominated correlatives (Figs. 2.2 and 2.12). 

 Along the eastern margin of the craton, the Macaúbas sequence records a rifting event followed by 

the development of a passive margin system that defined a large gulf separating a continent, represented 

by the Congo craton, from a peninsula, represented by the São Francisco craton and its margins (Fig. 

2.12). This basin-cycle apparently took place after the Tonian extensional episode that culminated with the 

deposition of the lower Macaúbas Group (exposed in the Araçuaí metamorphic belt) and is characterized 

by an assembly of Cryogenian to Ediacaran anorogenic intrusions, bimodal volcanics, ophiolite slices and 

rift-passive margin sedimentary successions (Pedrosa-Soares et al. 2001, 2007, Queiroga et al. 2007, Silva 

et al. 2007, Kuchenbecker et al. 2015a).  

 The Macaúbas basin cycle, recorded in  the eastern São Francisco basin by the Jequitaí formation, 

developed in the course of a glacial event, often ascribed to the Sturtian ice age (e.g., Babinski et al. 2007, 

2012). As previously mentioned,  the precise age of the glacial units remains unclear (e.g., Schobbenhaus 

1996, Figueiredo 2008, Caxito et al. 2014a, Babinski et al. 2012, Pedrosa-Soares et al. 2011).  

  The convergence of São Francisco-Congo and other plates, including Rio de la Plata, 

Paranapanema, Amazonia, West Africa, and Kalahari, led to assembly of West Gondwana by the end of 

the Neoproterozoic and beginning of the Cambrian. The margins of the São Francisco-Congo were then 

converted into the Brasiliano orogenic belts, which delineated the craton boundaries (Almeida 1977). The 

craton interior subsided in response to the orogenic loads developed along its margins, received sediments 

shed from the newly uplifted areas around and was locally caught by the orogenic deformation fronts (Fig. 

2.13).    

The earliest Neoproterozoic orogenic event documented in the margins of São Francisco craton, 

representing the Paranapanema-São Francico/Congo collision, was responsible for the uplift of the 

southern Brasília metamorphic belt around 630 Ma. (Alkmim & Martins-Neto 2001, Pimentel et al. 2004, 

2011, Valeriano et al. 2004a, 2004b). After this event, a major transgression affected the São Francisco 

peninsula that started to behave as a downwarp basin. The mixed carbonate-siliciclastic sediments of the 

Ediacaran Bambuí 1st-order sequence started to fill the foreland basin-system and were subsequently 

involved in the external portion of the southern Brasília belt (e.g., Chang et al. 1988, Alkmim & Martins-

Neto 2001, 2012, Martins-Neto 2009, Pimentel et al. 2011). The glacial deposits of the basal Bambuí 
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sequence might represent the record of one of the ice ages that covered low latitudes worldwide in the late 

Neoproterozoic (Hoffman & Schrag 2002). 

 

 

Figure 2.13 – Sketch illustrating the tectonic evolution of the São Francisco craton between ca. 630 and 120 Ma. 

 

 Closure of the gulf that separated the São Francisco peninsula from the Congo continent 

culminated with the development of the Araçuaí-West Congo orogen between ca. 580 and 540 Ma. 

(Pedrosa-Soares et al. 2001, 2007, Alkmim et al. 2006). The Araçuaí orogenic front propagated toward the 

São Francisco basin, thereby affecting the Bambuí strata and causing partial inversion of the Pirapora 

aulacogen within the Araçuaí foreland f-t-belt (Figs. 2.4 and 2.9). Once formed, the Araçuaí belt has also 

fed the restricted continental deposits of the uppermost Bambuí, exposed in a few deformed areas along 

the eastern São Francisco basin (Kuchenbecker 2014). 

 In the final stages of West Gondwana assembly, the collision between Amazonia and São 

Francisco triggered the development of the northern Brasilia metamorphic belt (Tohver et al. 2006, 

Araujo-Filho 2000), and a second contractional deformation phase along the preexistent southern Brasilia 

belt. As a consequence of that, the package of Bambuí sediments deposited on the craton interior became 

involved in the deformation, giving rise to the northern Brasília foreland f-t-belt (Figs 2.4, 2.9 and 2.10). 

Simultaneously, an extensive right-lateral strike-slip system, which includes the Rio Preto metamorphic 

belt and its external foreland portions, formed along the northern margin of the craton   (Caxito et al. 

2014a, 2014b).     
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 From its residence in West Gondwana and Pangea, the São Francisco basin preserves only the 

Santa Fé glaciogenic sediments. These sediments accumulated during the Carboniferous-Permian 

boundary, when the supercontinent wandered along polar latitudes (Campos & Dardenne 1997a, Sgarbi et 

al. 2001, Limarino et al. 2013). 

 The breakup of West Gondwana in the early Cretaceous resulted in the opening of the South 

Atlantic Ocean and separation of São Francisco and Congo cratons (Porada 1989, Pedrosa-Soares et al. 

2001). The main segments of the large rift system developed in the initial phase of this process evolved 

into the present-day passive and transform margins of the South America and Africa (e.g., Zalán et al. 

2004, Mohriak & Leroy 2012). Other branches of the system, including the Abaeté graben in the São 

Francisco basin, failed and became important depocenters in interior of the new continent (Figs. 2.8 and 

2.13).  

 The opening of the Abaeté graben took place through the extensional reactivation of the 

underlying Precambrian structures (Sawasato 1995, Reis 2011) (Fig. 2.8). The graben received the 

sediments of the early Cretaceous Areado Group, whose deposition occurred under arid to semi-arid 

climatic conditions (Sgarbi 2000, Sgarbi et al. 2001, Fragoso 2011). Although still controversial, a marine 

incursion coming from the north reached the Abaeté graben. As postulated by some authors, this major 

transgression is recorded by the radiolarian fauna found in silexites interbedded with the Areado 

continental deposits (e.g.: Kattah 1991, Arai 2009). 

   Intraplate stress rearrangements in the course of the South Atlantic event caused the uplift of the 

Alto Paranaíba arch that affected the southwestern portion of the São Francisco basin (Alkmim & Martins-

Neto 2001, Alkmim 2004) (Figs. 2.8 and 2.13). Despite of the paucity of precise 

paleotectonic/paleothtermal reconstructions, the arch ascension most likely started prior to Cretaceous, 

being successively reactivated afterward (Hasui & Haraliy 1991, Sgarbi et al. 2001, Hackspacher et al. 

2007, Sgarbi 2011). This scenario indicates that the Alto Paranaíba arch uplift is, at least partially, coeval 

to the Abaeté graben opening.   

 In the Upper Cretaceous, the Alto Paranaíba arch experienced a new reactivation. This uplift 

phase is associated with the extensive intraplate magmatic episode that culminated with the intrusion of 

NW-trending dykes, alkaline plutons, and extrusion of kamafugitic lavas and pyroclastics of the Mata da 

Corda Group (Borges & Drews 2001, Silva 2006, Hackspacher et al. 2007, Grasso 2010, Sgarbi 2011b, 

Sgarbi et al. 2001). For some authors, this magmatic episode has occurred in response to the action of a 

mantle plume beneath the craton border in the Late Cretaceous (Sgarbi et al. 2001, Hackspacher et al. 

2007, Franco-Magalhães 2009). Regardless of the lack of precise age constraints, the sedimentation of the 
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Urucuia Group might has occurred under the remaining Cretaceous arid conditions (Campos & Dardenne 

1997a) and at least partially coevally to the uplift of the Alto Paranaíba arch. 

 The mechanisms involved in the generation of the prominent NE-striking oblique-slip faults that 

affect the Cretaceous units in the southwestern portion of the basin remain unclear. 

 

2.6- CONCLUDING REMARKS 

 

Covering a large portion of craton, the São Francisco basin is underlain by a thick and cold 

lithosphere and corresponds to a typical intracratonic basin. Its multiple and superimposed basin-cycles 

(younger than 1,8 Ga) record the main tectonic and climatic events that affected the São Francisco/Congo 

plate in the time between the Late Paleoproterozoic and the Upper Cretaceous. The following tectonic 

events have been so far recognized in the basin: i) multiple Paleoproterozoic (?) to Early Neoproterozoic 

rifting and magmatic events; ii) the Late Neoproterozoic to Early Paleozoic Brasiliano/PanAfrican 

collisions (West Gondwana assembly) and iii) the Lower Cretaceous South Atlantic rifting. These events 

and their geological record are, in most cases, described in other parts of the São Francisco craton and 

along its marginal belts. The overall record indicates the operation of, at least one, Precambrian to early 

Paleozoic Wilson cycle, which have culminated with the West Gondwana assembly and terminated with 

the breakup of Pangea, leading to the separation of the São Francisco and Congo cratons during the 

Mesozoic (e.g., Porada 1989, Brito-Neves et al. 1999, Pedrosa-Soares et al. 2001, Roger & Santosh 2002, 

Zhao et al. 2004, Alkmim et al. 2006, Thover et al. 2006, Meert 2012, Nance et al. 2013).     

 The Late Proterozoic basin cycles took place contemporaneously to glacial ages of global 

significance. Similar successions are found worldwide and interpreted as the record of the Neoproterozoic 

Snowball Earth glaciations (Hoffman and Schrag 2002). More studies are, however, needed to better 

constrain the age and distribution of these glacial strata along the São Francisco craton and its marginal 

belts. Younger glaciogenic deposits are, in the other hand, restricted to a few discontinuous successions, 

which in turn mark the passage of the Gondwana through polar latitudes in the Late Paleozoic. 
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CHAPTER 3 

THE SETE LAGOAS BASEMENT HIGH AND THE NEOPROTEROZOIC 

FORELAND SYSTEM  

3.1- MIXED CARBONATE-SILICICLASTIC SEDIMENTATION IN FOREBULGE 

GRABENS: AN EXAMPLE FROM THE EDIACARAN BAMBUÍ GROUP, SÃO 

FRANCISCO BASIN, BRAZIL
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Abstract 

Mixed carbonate-siliciclastic successions have been described in multiple Phanerozoic sedimentary settings 

recording the dynamic interplay of tectonics, eustasy, climate, in situ carbonate production and variations in 

siliciclastic sediment supply. The Ediacaran Bambuí 1st-order sequence (i.e. Bambuí Group) covers most of the 

intracratonic São Francisco basin (southeast Brazil) and encompasses thick packages of carbonate and fine- to 

coarse-grained siliciclastic strata. Recording a marine foreland basin-stage that developed in the São Francisco plate 

during the Neoproterozoic-early Paleozoic West Gondwana assembly, the Ediacaran deposits unconformably overlie 

Archean-Paleoproterozoic metamorphic assemblages of the Sete Lagoas basement high and fill a series of 

kilometers-long grabens in the southern São Francisco basin. Seismic data reveal that these troughs developed 

through the extensional reactivation of ancient basement structures along with the tectonically-driven forebulge uplift 

of the Sete Lagoas high, in the early evolutionary stages (?) of the Bambuí basin-cycle. Based on the detailed 

description of continuous drill cores of a well recently drilled during hydrocarbon exploration campaigns, we 

recognized two transgressive-regressive 2nd-order sequences preserved within one of the focused grabens: i) 

Sequence 1 includes the glaciogenic deposits of the basal Carrancas Formation that grade upward into the carbonate 

ramp successions of the Sete Lagoas Formation; ii) Sequence 2 contains the siliciclastic-dominated and deep water to 
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deltaic strata of the Serra de Santa Helena Formation and passes upward into peritidal carbonates of the Lagoa do 

Jacaré Formation. These sedimentary successions encompass suites of retrogradational, aggradational and 

progradational lower-rank cycles and are bounded by erosional surfaces. Regional seismic interpretation, well data 

and the available literature indicate that most of these deposits and their correlatives are continuous over most of the 

Sete Lagoas basement high, showing remarkable variations within the studied forebulge grabens. Our analysis 

demonstrates that the depositional architecture of Sequence 1 and 2 marks the interplay of successive episodes of 

tectonically-driven forebulge uplift and regional eustatic and climatic changes.  The latter are mainly recorded by the 

lower second-order sequence (Sequence 1), which contains typical sedimentary features deposited in the aftermath of 

an important glaciation affecting lower latitudes during the late Neoproterozoic. An additional local accommodation 

control is restricted to the forebulge grabens and is associated with episodic and local subsidence pulses. As 

indicated by lower- to higher-rank cycles, it has been responsible for the deposition of thicker transgressive to early 

regressive successions, a few gravitational flow deposits and the development of the deltaic to shallow marine 

carbonate cycles of Sequence 2. The overall stratigraphic architecture of the studied successions suggests that several 

basin mechanisms operating during the Phanerozoic were also present in the late Neoproterozoic. The close 

association between organic-rich post-glacial shales, potential reservoir facies and rift-related migration paths and 

hydrocarbon traps indicate that forebulge grabens represent important elements to consider in hydrocarbon 

exploration campaigns. 

 

Keywords: Mixed carbonate-siliciclastic strata, forebulge grabens, Bambuí sequence, Ediacaran, São Francisco 

basin, ancient foreland systems 

 

3.1.1- Introduction 

 

Mixed carbonate-siliciclastic systems have been reported in multiple Phanerozoic sedimentary 

settings (Proust et al. 1998, Vera & Molina 1998, Dorsey & Kidwell 1999, Dreyer et al. 1999, Tucker 

2003, McNeill et al. 2004, Catuneanu et al. 2011). In these systems, clastic and carbonate sedimentary 

rocks commonly occur in the form of cyclic arrangements, whose deposition and stacking patterns were 

controlled by the dynamic interplay of tectonics, eustasy, climate, in situ carbonate production and 

variations in siliciclastic sediment supply (Tucker 2003, Tcherepanov et al. 2008, Catuneanu et al. 2011).  

In spite of the detrimental effect of terrigenous material on carbonate production, the complex 

combination of such controlling factors often results in the deposition of laterally juxtaposed and/or 

stacked carbonate and siliciclastic deposits that may comprise two major sequence types: i)  lower 

carbonate-upper clastic and ii)  lower clastic-upper carbonate (e.g., Tucker 2003, Catuneanu et al. 2011). 
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In general, these sequences represent different systems tracts, deposited in marine to transitional 

conditions, and mark significant changes in the balance of accommodation rates, sedimentary supply and 

carbonate production.  

In marine foreland systems, mixed carbonate-siliciclastic deposits commonly occur within the 

outer/inner sectors of carbonate ramps (Burchette & Wrigth 1992, Proust et al. 1998, Tucker 2003). 

Distant from the major siliciclastic orogenic sources, carbonate platforms may develop as linear belts 

along forebulge areas, where the slope gradient and subsidence rates are generally low (Burchette & 

Wrigth 1992, Tucker 2003, Bosence 2005).  Due to the constant advance of the orogenic wedge and the 

concomitant forebulge migration, the carbonate ramp successions can interact with siliciclastic 

sedimentation, either being drowned or backstepping (Proust et al. 1998, Bosence 2005). Combined with 

other depositional controls, the tectonically-driven changes in accommodation rates and sedimentary 

supply thus result in the deposition of mixed carbonate-siliciclastic sequences of different orders. 

Forebulge areas commonly can behave as extensional settings (Bradley & Kidd 1991, DeCelles & Giles 

1996, Catuneanu 2004), and then the influence of basement tectonics might also play an important role in 

the sedimentary evolution of these mixed systems by creating local uplifts and depocenters.  

The intracratonic and poly-historic São Francisco basin covers the southern lobe of the São 

Francisco craton and extends over 350.000 km2 in the southeastern Brazilian highlands (Alkmim & 

Martins-Neto 2001, 2012) (Fig. 3.1). Covering the largest area in the basin, the Ediacaran Bambuí Group 

contains an up to ca. 3.000 meters-thick package of shales, carbonates and sandstones, locally associated 

with coarse-grained siliciclastics (Dardene 1978, 1981). The succession corresponds to an unconformity-

bounded first-order sequence (Martins-Neto 2009) and has been interpreted as the record of a foreland 

system that developed in the São Francisco plate in response to the lithospheric overburden mostly 

promoted by the evolution of the Brasília belt, during the Neoproterozoic-early Paleozoic West Gondwana 

assembly (Alkmim & Martins-Neto 2001, 2011, Martins-Neto 2009, Pimentel et al. 2011) (Fig. 3.1). This 

basin-cycle took place partially contemporaneously to one important ice age of global significance that 

affected lower latitudes in the late Proterozoic (e.g., Alvarenga et al. 2014, Babinski et al. 2007, Caxito et 

al. 2012a, Hoffman & Schrag 2002, Kuchenbecker et al. 2013, Vieira et al. 2007). Regardless of its 

late Ediacaran age, the Bambuí sedimentary record exposed in the southern São Francisco basin points 

toward two major depositional provinces mostly linked to the evolution of the Brasília belt (Alkmim & 

Martins-Neto 2001, 2012, Castro & Dardenne 2000, Martins-Neto 2009, Martins-Neto et al. 2001, Reis & 

Alkmim 2015): i) a foredeep filled with fan-deltaic and distal siliciclastic successions in the west and ii) a 

flexural margin filled with shallow carbonate and siliciclastic platformal deposits in the east. Seismic and 

well information recently acquired in the basin have revealed a series of grabens in the flexural margin 
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province (Reis & Suss 2014).  Although no data have been published yet concerning these forebulge 

extensional depocenters, some authors previously claimed the existence of similar structures in order to 

explain stratigraphic and tectonic patterns of the Bambuí sequence along the southern São Francisco basin 

(e.g., Romano 2007a, Kuchenbecker 2011, Uhlein 2014). Besides showing the structure and distribution 

of these grabens, the recently acquired subsurface information also indicate that they evolved coevally 

with the deposition of the lower to middle Bambuí sequence and contain thick strata of mixed carbonate-

siliciclastic successions.  

 

 

Figure 3.1 - The São Francisco basin (red dashed line) in the southern São Francisco craton showing its neighboring 

Neoproterozoic orogenic belts and the Bouguer anomaly map. The AB cross-section represents the location of the 

seismic line shown on Fig. 3.2. Cratons of South America and Africa: A Amazonian; P Rio de la Plata; K Kalahari; 

WA West Africa and SFC São Francisco-Congo. Cities: TM Três Marias; S Salvador. PC: Paramirim Corridor. The 

black rectangle indicates the area studied in this paper. Modified from Alkmim (2004), Alkmim et al. (2006) and 

Reis & Alkmim (2015). The Bouguer map is reproduced from Reis (2011). 
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In this paper, we describe the Ediacaran mixed carbonate-siliciclastic deposits of the Bambuí 

sequence, which are preserved in forebulge grabens in the southern São Francisco basin. The study 

integrates unpublished seismic and well log data, as well as the detailed description of more than 300 

meters of continuous drill cores recently recovered during hydrocarbon exploration campaigns.  

Subsequently to the integrated stratigraphic analysis, we discuss the main controlling factors responsible 

for the deposition of the focused strata in the context of the tectonic, eustatic and climatic events that 

affected the São Francisco plate during the late Proterozoic. Since these forebulge grabens might contain 

potential source rock intervals, this study also offers contributions to the understanding of the Precambrian 

petroleum system of the São Francisco basin. 

 

3.1.2 – The São Francisco basin and the Bambuí basin-cycle 

 

The intracratonic São Francisco basin occupies a large area in the southern portion of the São 

Francisco craton (Alkmim & Martins-Neto 2001, 2012). Its western, eastern and northern limits are given 

by structures of the Neoproterozoic Brasília, Araçuaí and Rio Preto belts, respectively. The southern basin 

limit is erosional and, toward the northeast, it is bounded by the Paramirim corridor, a Neoproterozoic 

intracratonic deformation zone that affects the neighboring Paramirim aulacogen (Cruz & Alkmim 2006) 

(Fig. 3.1). As a poly-historic depocenter, the São Francisco basin hosts multiple and superimposed basin-

fill units younger than 1,8 Ga, which track the main tectonic and climatic events affecting the São 

Francisco-Congo plate after the late Paleoproterozoic (Alkmim & Martins-Neto 2001, 2012, Babinski et 

al. 2012, Campos & Dardenne 1997, Caxito et al. 2012a, Martins-Neto 2009).  

 Based on the concepts postulated by Catuneanu et al. (2005, 2012), Reis & Alkmim (2015) have 

recognized at least three major Precambrian unconformity-bounded first-order sequences in the basin. 

These successions unconformably overlie Archean-Paleoproterozoic basement assemblages and an older 

Precambrian succession (?) and record two Proterozoic rifting events, as well as a foreland basin-cycle 

related to the Ediacaran/early Paleozoic West Gondwana assembly (Fig. 3.2). The first-order sequences 

include, from the base to the top, the sedimentary successions of the sandstone-dominated middle to upper 

Espinhaço Supergroup (Almeida-Abreu 1995, Chemale et al. 2012, Dupont 1995, Lopes 2012, Schöll & 

Fogaça 1979), the glaciogenic Jequitaí Formation (Karfunkel & Hoppe 1988, Uhlein et al. 1999, Martins-

Neto & Hercos 2002, Pedrosa-Soares et al. 2011a), the marine carbonates and fine- to coarse-grained 

deposits of the Ediacaran Bambuí Group (Costa & Branco 1961, Braun 1968, Dardenne 1978, 1981, 

2000), and correlatives (Fig. 3.2).  The Proterozoic successions are deformed along the margins of the São 
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Francisco basin (Alkmim et al., 2001) and unconformably overlain by thinner Phanerozoic covers, 

including the Paleozoic Santa Fé Group and the Cretaceous Areado, Mata da Corda and Urucuia groups 

(Campos & Dardenne 1997a, Sgarbi et al. 2001). 

 

 

Figure 3.2 - Stratigraphic chart for the Precambrian strata of the São Francisco basin (Reis & Alkmim 2015). 

 

The complex tectonic evolution of the intracratonic basin resulted in the development of two 

major sets of large-scale tectonic elements (Alkmim & Martins-Neto 2001, Reis & Alkmim 2015): i) 

Proterozoic rift structures and ii) Neoproterozoic foreland fold-thrust belts. These tectonic elements are 

locally superimposed by less expressive Cretaceous rift structures formed during the opening of the South 
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Atlantic (Pangea break-up) and affected by Upper Cretaceous dyke swarms and alkaline intrusions in the 

southwestern portion of the basin (e.g., Sawasato 1995, Alkmim & Martins-Neto 2001, Borges & Drews 

2001, Sgarbi et al. 2001, Fragoso 2011). 

 The most striking Proterozoic rift structure so far documented in the southern cratonic area 

corresponds to the NW-trending Pirapora aulacogen. The graben hosts the thickest strata found in the São 

Francisco basin and bounds two basement highs, the Sete Lagoas high, to the south, and the Januária high, 

to the north (Fig. 3.1). Exposed in a few areas in the basin and over the southern São Francisco craton, 

these basement highs seem to have formed in the early evolutionary stages of the São Francisco basin 

remaining as positive structures during most of the Proterozoic (Reis & Alkmim 2015). 

 

 

Figure 3.3 – Composite and crooked seismic section showing the distribution of the main stratigraphic units across 

the São Francisco basin. In the western and eastern portions of the basin, the Precambrian strata are involved in the 

Brasília and Araçuaí foreland f-t-belts, respectively. Depth in two-way travel time (TWT). Thrust faults: JP – João 

Pinheiro; RB – Rio Borrachudo; SD – São Domingos. Location of the section is shown on Fig. 3.1. Reproduced from 

Reis & Alkmim (2015). 

 

During the Ediacaran-Cambrian assembly of West Gondwana, the Precambrian fill-units of the 

São Francisco basin were deformed in the external sectors of the Brasília, Rio Preto and Araçuaí belts 

(Alkmim et al. 1996, Brito Neves et al. 1999, Alkmim et al. 2001, Alkmim 2004, Brito Neves 2004, 

Pedrosa-Soares et al. 2001, 2007, Valeriano et al. 2004b, Caxito et al. 2014b) (Figs. 3.1 and 3.2). This 
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culminated with the development of two roughly NS-trending foreland fold-thrust belts of opposite 

vergences along the edges of the basin (Alkmim et al. 1996, Alkmi 2004, Reis & Alkmim 2015): i) the 

thin-skinned and fold-dominated Brasília in the west and iii) the Araçuaí in the east, in which a central 

thick-skinned domain separates two thin-skinned segments respectively in its northern and southern 

portions (Fig. 3.3). These foreland belts are separated by a central undeformed sector and represent the 

most expressive tectonic features exposed in the basin. 

 

The Bambuí basin cycle 

Studied since the late nineteenth century (e.g, Derby 1880, Rimann 1917, Costa & Branco 1961, 

Braun 1968, Dardenne 1978, 1981), the Bambuí 1st-order sequence encompasses the sedimentary rocks of 

the Bambuí Group. The sequence records a marine foreland basin system that has developed in the São 

Francisco plate mostly in consequence of the orogenic overload imposed on its western margin by the 

uplift of the Brasília belt during the Ediacaran Period (Barbosa et al. 1970, Chang et al. 1988, Alkmim & 

Martins-Neto 2001, 2012, Reis & Alkmim 2015).  

The Bambuí sequence exhibits a typical wedge-shaped geometry on seismic sections, varying 

from a few hundred  meters in the eastern portion of the basin to ca. 3.000 meters-thick in the west (Zalán 

& Romero-Silva 2007, Reis & Alkmim 2015) (Figs. 3.2 and 3.3). Following the concepts postulated by 

Catuneanu et al. (2005, 2012), Martins-Neto (2009) and Reis & Alkmim (2015) subdivided the Ediacaran 

strata into multiple 2nd-order shallowing upward sequences (Fig. 3.2). These sequences are continuous 

over large areas in the eastern São Francisco basin and include, from the base to the top, the Carrancas, 

Sete Lagoas, Serra de Santa Helena, Lagoa do Jacaré, Serra da Saudade and Três Marias formations 

(Costa & Branco 1961, Braun 1968, Dardenne 1978, 1981) (Fig. 3.2). Restricted continental coarse-

grained siliciclastic rocks have also been described within the base of the Bambuí sequence in the 

southeastern São Francisco basin and apparently represent an older and distinct lowstand system tract 

record (Vieira et al., 2007).  

The basal 2nd-order sequence contains glaciogenic diamictite-bearing units capped by post-glacial 

dolomites and organic-rich shales that grade upward into a thick platformal carbonate succession. The 

sequence includes part of the Carrancas Formation (Romano 2007a, Kuchenbecker et al. 2013) and much 

of the overlying Sete Lagoas Formation deposits (Nobre-Lopes 1995, 2002, Vieira et al. 2007). The 

overall sedimentary features and δC13 and δO18 isotopic signatures of the basal Bambuí carbonates point 

toward typical Neoproterozoic post-glacial deposits (e.g., Santos et al. 2000, Hoffman & Schrag 2002, 

Caxito et al. 2012a, Kuchenbecker et al. 2013, Alvarenga et al. 2014). The glaciogenic sequence is 
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overlain by two transgressive-regressive 2nd-order sequences, which include the mixed siliclastics and 

shallow marine carbonates of the upper Sete Lagoas, Serra de Santa Helena, Lagoa do Jacaré, and lower 

Serra da Saudade formations. The uppermost 2nd-order sequence encompasses mostly marine fine-

grained terrigenous deposits that grade upward into the storm-influenced and sandstone dominated Três 

Marias Formation (Chiavegatto 1992).  

 The Ediacaran successions are laterally associated with the fan-deltaic and submarine fan 

siliciclastics of the Samburá and Lagoa Formosa formations, which are exposed in the western portion of 

the São Francisco basin (Castro & Dardenne 2000, Fragoso et al. 2011, Uhlein et al. 2011). In this region, 

organic-rich shales, glauconite- and phosphorite-bearing units have also been described within the middle 

(?) to upper Bambuí deposits (e.g., Lima et al. 2007, Pedrosa-Soares et al. 2011b).   

 The stratigraphic architecture of the Bambuí sequence denotes two major depositional provinces: 

i) a flexural margin, on the east and ii) a foredeep, on the west (Martins-Neto 2009). The overall 

sedimentary strata seem to record a complete cycle from underfilled to overfilled foreland basin stages 

(e.g., Catuneanu 2004). 

 Similar to typical foreland system successions, provenance studies indicate two main sedimentary 

sources for the Bambuí sequence: i) Neoproterozoic orogenic sources mostly associated with the Brasília 

metamorphic belt and ii) older cratonic sources. The orogenic sources are indicated by the distribution and 

provenance of rudites of the Samburá and Lagoa Formosa formations (Castro & Dardenne 2000, Uhlein 

2014) and consistent eastward paleocurrent indicators measured in the uppermost Três Marias sandstones 

(Chiavegatto 1992). The dominance of carbonate facies in the eastern São Francisco basin (Nobre-Lopes 

1995, Vieira et al. 2007, Iglesias & Uhlein 2009, Atman 2011), associated with progradational wedge 

seismic patterns outward from the Januária and Sete Lagoas basement highs suggest that the cratonic 

basement and other Proterozoic fill-units have also shed detritus into the Neoproterozoic foreland system 

(Reis & Alkmim, 2015). A late sedimentary source associated with the Araçuaí belt (to the east) has been 

recognized only in a few deformed areas of the eastern São Francisco basin and corresponds to thin 

alluvial and coarse-grained siliciclastics. Along this portion of the basin, these deposits unconformably 

overlie the fine-grained siliciclastics and carbonates of the uppermost Bambuí Group (Chiavegatto et al. 

1997, Kuchenbecker 2014).  

 The age of the Bambuí sequence and its relation with the adjacent Neoproterozoic belts are still 

matter of debate. Detrital zircon U-Pb ages (Pimentel et al. 2011, Kuchenbecker 2014, Paula-Santos et al. 

2015) and late Ediacaran fossil assemblages (Warren et al. 2014) recently found in the basal Sete Lagoas 

Formation at the eastern flexural margin have suggested ages younger than ca. 550 Ma for almost the 
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entire sequence. Contrasting with the overall tectono-stratigraphic architecture documented for the 

foreland strata, these data suggest a mismatch between the Bambuí basin-cycle and the Brasília belt 

evolution, whose main collisional phase is commonly constrained by intense granitogenesis and regional 

metamorphism at ca.630 Ma (e.g., Valeriano et al. 2004b, Pimentel et al. 2011). However, as the sequence 

is entirely involved in the external sector of the Brasília belt (at the western São Francisco basin), it is 

most likely that the evolution of the belt has lasted longer than previously thought (Reis & Alkmim, 

2015). In fact, a few Sm-Nd ages on garnets extracted from metamorphic rocks of the southern Brasília 

belt have indicated metamorphic events as young as 543±22 Ma (Silva et al. 2006). 

 

3.1.3 – Mixed carbonate-siliciclastic sedimentary rocks preserved within forebulge 

grabens in the Ediacaran Bambuí flexural margin 

 

At the southern portion of the São Francisco basin, the Bambuí flexural margin deposits 

unconformably overlie the pre-1,8 Ga metamorphic rocks of the Sete Lagoas basement high. In 

geophysical maps and seismic sections, the basement structure stands out as a round-shaped feature that 

deepens toward the north, where it is bounded by the NW-SE oriented Pirapora aulacogen. Westward and 

eastward, the basement structure is downwarped beneath the Brasília and Araçuaí foreland fold-thrust 

belts, respectively. Toward the south, the Sete Lagoas high becomes increasingly shallower and finally 

being exposed in the Belo Horizonte area, where it comprises mostly Archean metamorphic rocks (Dorr II 

1969, Alkmim & Marshak 1998, Heineck et al. 2003, Baltazar & Zucchetti 2007, Noce et al. 2007, Pinho 

2008, Lana et al. 201, Romano et al. 2013) (Figs. 3.4 and 3.5).  

In its central sector, the Sete Lagoas high is affected by NE- and NW-trending normal faults, 

which have nucleated through the reactivation of ancient basement structures and define kilometers-long 

systems of subsurface NE-SW striking grabens.  Along these troughs, the mixed carbonate-siliciclastic 

deposits of the lower and middle Bambuí sequence are preserved and comprise syn-tectonic growth strata 

(Figs. 3.4 and 3.5). The observed tectono-stratigraphic architecture reveals that these structures have 

developed during the first evolutionary stages (?) of the Ediacaran Bambuí basin-cycle, in response to the 

uplift of the southern Brasília belt on the western margin of the São Francisco craton. The far-field stress 

associated with the orogenic overburden culminated with the tectonically-driven subsidence of the 

proximal western margin (foredeep subsidence) and the simultaneous upward flexure of the Sete Lagoas 

basement high (forebulge uplift).  It resulted in the creation of a local extensional tectonic setting and the 

consecutive opening of NE-trending grabens along the Bambuí flexural margin (Figs. 3.4, 3.5 and 3.6). 
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Figure 3.4 - Forebulge grabens of the Bambuí flexural margin in the southern São Francisco basin. (a) Structural 

contour map (based on seismic data) of the Sete Lagoas basement high showing the forebulge grabens. (b) 

Simplified geological map of the southern São Francisco basin (modified from Romano 2007b, Féboli 2008, Ribeiro 

et al. 2009, Romano et al. 2009, Signorelli 2009, Tuller 2009).   

 

The next sections deals with the stratigraphic analysis of two mixed carbonate-siliciclastic 

successions of the lower to middle Bambuí sequence, preserved within forebulge grabens in the southern 

São Francisco basin. The facies modelling and stacking pattern analyses are mostly based on the 

description of c.330 meters of continuous cores from a well (Well 1, Fig. 3.4) recently drilled by the 

Brazilian oil company Petra Energia S.A.. This interval encompasses the Carrancas, Sete Lagoas, Serra de 

Santa Helena and lower Lagoa do Jacaré formations and represents syn-tectonic strata preserved in one of 

the focused forebulge depocenters. In the subsequent sections, the continuous core data are integrated with 

unpublished 2D seismic and well log information, as well as the available literature, and discussed in the 

light of the inferred evolution of the Ediacaran Bambui basin-cycle. 
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Figure 3.5 - Interpreted composite seismic section (crooked) showing forebulge troughs developed along the 

Bambuí flexural margin (eastern São Francisco basin). The grabens have formed through the extensional reactivation 

of ancient basement structures. The location of the cross-section is shown in Fig. 3.4. 

 

Sedimentary facies 

Despite the Ediacaran age of the Bambuí sequence, no fossil assemblages have been found in the 

studied interval. The main carbonate and siliciclastic successions were individualized only based on 

composition, grain size, sedimentary structures and diagenetic features. Regardless of the common 

recrystallization, much of the original fabric elements of the studied carbonate successions remain 

preserved within the neoformed textures. It thus allowed their description and classification following 

Dunham (1962) and Riding (2000). In cases where the original fabrics are poorly preserved, the 

classification considered only composition and sedimentary structures. 

Table 1 and Fig. 3.6 show the description and characteristics of the main individual carbonate and 

siliciclastic sedimentary facies, as well as facies associations recognized within the studied interval. The 

interpretations and discussions on the respective sedimentary processes and depositional systems are 

presented in the following section. 
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Facies Type Code Description 
Main sedimentary 

process 

Facies 

Association 

Laminated/stratified dolostone Carbonate C1 

Recrystallized dolostone, intensively cemented by sparry dolomite and chert. Undulated to wave-ripple lamination and hummocky-like 

cross-stratification are the most common features (Fig. 3.7-a). The dolomite beds are disposed in metric bedsets, which reach up to 20 

meters-thick. In seismic sections, these dolostones commonly stand out as high amplitude reflectors that are observed over large areas in 

the basin.  This facies passes upward into the siliciclastic mudstones of the Facies S2. 

Oscillatory flow 
Glacial-

related 

Wackestones and lime-

siliciclastic mudstone couplets 
Carbonate C2 

Dark gray mudstones and intraclastic to peloidal wackstones. The bedding is defined by the centimetric coupling of wave-rippled 

wackstones and siliciclastic to marly mudstones with linsen and flaser laminations.  The couplets range from 5 to 15 cm-thick and may 

comprise organic-rich sections with high contents of framboidal pyrite (early diagenetic), suggesting suboxic to anoxic sedimentary 

conditions (Tucker, 1991). The observed mud-to-carbonate ratio in facies C2 is approximately 50% to 70%. 

Oscillatory flow 

Outer ramp Packstones/Wakestones with 

sin-sedimentary deformation 
Carbonate C3 

Packstone/wakestone showing centimetric to decimetric rip-up intraclasts involved by a microsparry matrix. Syn-sedimetary deformation 

features such as discrete folding and deformed sediment rafts are common. The beds are generally 0.4 to 2 meters-thick and exhibit 

erosive bases, being constantly draped by milimetric to centimetric muddy layers. These successions are often massive and tend to show 

normal-grading arrangements. Dolomitized portions are also observed (Guirra, 2015). 

Subaqueous gravitational 

flow 

Graded packstones to rippled 

limestones 
Carbonate C4 and C5 

The graded packstone facies (C4) is observed as sparse and isolated normal-grading beds, which may show decametric to metric 

thicknesses and erosive to sharp basal contacts. The packstones contain centimetric imbricated and rip-up intraclasts and grade upward 

into rippled and laminated limestones of Facies C5 (Figs. 3.6 and 3.7-c). Climbing ripples are common at the top of the beds, which are 

often capped by centimetric and black muddy layers.  

Subaqueous sediment 

flow (turbidity currents) 

Limestones and mudstones with 

truncated laminations 
Carbonate C6 

Gray medium- to coarse-grained limestone beds that are commonly draped by green to black lime mudstones/marls with centimetric linsen 

to flaser laminations (Fig. 3.7-d). The coarser successions may contain intraclasts with sizes varying from granule to pebble, show sharp to 

erosional basal contacts and locally grade upward into finer sediments with small scale anisotropic hummocky cross-stratifications, as well 

as swaley-like laminations with high angle truncations. Ooidal grains are also described within the coarser portions. The upper fine-

grained successions range from 0.1 to 0.3 meters-thick and show carbonate-to-mud ratios of ca. 30%. 

Storm-driven oscillatory 

flows 

Mid ramp 

 

Limestones with hummocky 

cross-stratification 
Carbonate C7 

Dark gray limestones, locally peloidal and intraclastic, showing centimetric-scale isotropic to anisotropic hummocky cross-stratifications 

(Fig. 3.7 – e and f). Rare swaley cross-bedding and parallel laminations may also occur. The normal-graded beds range from 0.5 to 1 

meter-thick and commonly contain gutter cast structures in their basal portions, where they may occur associated with lime mudstone 

intraclasts. Toward the top, the succession is draped by milimetric layers of rippled mudstones that often show interfering wave-patterns 

(Fig. 3.7-j).  It represents a typical tempestite deposit (Einsele et al., 1991). 

Storm-driven oscillatory 

flows 

Cross-bedded ooidal 

packstones/grainstones 
Carbonate C8 

Dark gray to black packstones/grainstones with high contents of ooids, grapestones and intraclasts (laminated wackestones and lime 

mudstones), as well as subordinated oncoids (Fig. 3.7-g). The allochems vary from sand to cobble in size and are, in many cases, wrapped 

by a microespatic matrix (Fig. 3.9-b).  Ooidal grains often show collapsed nuclei and upper moldic pores filled by late sparry calcite, 

forming typical “half-moon” geopetal fabrics (Fig. 3.7-h). The bedsets are arranged as normal-grading cycles that range from 0,2 to 0,4 

meters-thick and contain trough, tabular and sigmoidal cross stratifications. Although very restricted, coarsening-up cycles were also 

described. Toward the top, the bedsets may exhibit centimetric-scale vugs filled by sparry calcite which apparently represent karst-related 

features. Carbon-rich content is commonly observed in form of opaque fine-grained material that may occur disperse or filling cavities and 

dissolved allochems (bitumen/ dead oil?). The sedimentary characteristics of Facies C8 suggest sedimentation under relatively high energy 

conditions, associated both with unidirectional and oscillatory (storm to fair-weather waves?) (e.g., Tucker and Wright, 1990; Tucker, 

1991). Correlatives of this facies are apparently extensive and have been also reported in Well 2 (Figs. 3.4 and 3.9-d) by Neres (2014). 

Combined unidirectional 

and oscillatory flows 
Inner ramp 

Table 3.1 – Sedimentary facies described within the mixed carbonate-siliciclastic successions sampled in Well 1. The location of the studied well is indicated in Fig. 3.4. See the text for discussions on the facies associations, and the interpreted 

sedimentary processes and settings. 
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Mudstones with microbial 

lamination 
Carbonate C9 

Commonly observed overlying the stratified ooidal packstones of Facies C8. It contains centimeter-thick beds of organic-rich and dark 

gray to black mudstones with crenulated microbial lamination. Agglomerates of fibrous to cubic-shaped crystals often occur associated 

with this facies, occurring either disposed as milimetric to centimetric layers or in form of lenses involved by the microbial lamination 

(Fig. 3.7-i).  These agglomerates are tentatively interpreted as salt pseudomorphs. 

Suspension/ 

Microbial 

Microbial limestones Carbonate C10 

It is very restricted and encompasses non-laminated microbial carbonates showing macroscopically clotted fabrics surrounded by fine-

grained sediments. These successions are locally capped by fine limestones with hummocky-like cross-stratifications (Facies C7?) and 

may occur associated with centimetric-layered microbialites lacking internal laminations, as well as centimeter-scale spherical (?) 

stromatolites. The microbial carbonates are up to 40 centimeters-thick and were apparently formed in relatively deeper settings, probably 

under the influence of storm-wave currents (Tucker and Wright, 1990). The main characteristics of the non-laminated forms reassemble 

thrombolites (Aitken, 1967; Riding, 2000; 2011). 

Microbial 

Ooidal packstones/grainstones 

with trough cross-bedding 
Carbonate C11 

Ooidal and intraclastic packstones/grainstones with trough cross-bedding and occasional sigmoidal cross-stratifications (Fig. 3.8-d and e). 

Although the carbonate intraclasts may locally reach diameters of up to few centimeters, most allochems are sand-sized.  The beds are 

arranged in normal-grading cycles that show sharp to erosive bases and range from a few decimeters to 1 meter-thick (Fig. 3.6-c). Toward 

the top, the bedsets often contain rippled intervals and are occasionally draped by millimeter-scale muddy layers with mud-cracks (Fig. 

3.8-f and g) and microbial mats (?). 

Unidirectional 

channelized flows 

followed by late 

suspension Carbonate 

platform 

Ooidal limestones with 

sigmoidal cross-bedding 
Carbonate C12 

Ooidal limestones (grainstones?) with medium-scale sigmoidal cross-bedding. Containing sand-sized allochems, the bedsets show upper 

rippled intervals and may occur interbedded with stratified ooidal limestones. These carbonate strata are locally arranged as thinning-

upward cycles that range from 0,3 to 0,5 meters-thick (Fig. 3.6-c). 

Reworking of oscillatory 

flow deposits (?) by 

unidirectional flows 

Diamictite Silicilastic S1 

Occurs only in the basal portion of the studied interval. It unconformably overlies the pre-1,8 Ga basement, often filling centimetric-scale 

fratures hosted in the underlying metamorphic rocks (Fig. 3.7-a and b). This facies shows a silty-to-muddy matrix sustaining clasts of 

variable sizes and compositions. The clasts range from granules to cobbles, are angular in shape (faceted?) and mostly comprise 

metasedimentary rocks, granitoids and quartz vein (Guirra, 2015), probably derived from the neighboring metamorphic basement. In Well 

1 (Fig. 3.6), the diamictite facies reaches up to 0.5 m-thick and shows a clear normal-grading arrangement.  Discrete syn-sedimentary 

deformation features and/or flow structures occur in the lower portion of the layer. The coarse-grained facies grades upward into the 

carbonate successions of Facies C1. 

Subaqueous gravitational 

flow 

Glacial-

related 

Siliciclatsic mudstone Silicilastic S2 

Green to black and massive to highly laminated mudstones (Figs. 3.8-a and 3.9-c). The fine-grained successions occur in centimetric to 

metric beds and are often carbonate-rich or slightly marly in composition. In the basal portion of the studied interval (Carrancas and Sete 

Lagoas formations), this facies shows black colored intervals with considerable TOC contents (reaching up to 3,4 %) that are commonly 

associated with early diagenetic framboidal pyrites. These organic-rich siliciclastic mudstones were likely deposited under suboxic to 

anoxic conditions (Tucker, 1991). 

Suspension/Mud plumes 

(?) 
Basinal/ 

Outer ramp 

Deep water Graded sandstones and 

siliciclastic 

siltstones/mudstones 
Siliciclastic S3 and S4 

The Facies S3 is made up of gray, moderately sorted and medium to very fine-grained sandstone. It is arranged in normal-grading cycles 

and shows an erosive to sharp base that is often associated with flute casts (Fig. 3.8-b and c).  At the top, the graded sandstones may 

exhibit climbing ripples and are commonly capped by massive to laminated gray siltstones and siliciclastic mudstones of Facies S4. The 

beds show thicknesses ranging from 0,2 to 2 meters.  

Subaqueous sediment 

flow (clastic turbidity 

flows) 

Laminated fine sandy- to 

muddy- rythmites 
Silicilastic S5 

Fine-grained sandstones and mudstones, which are rhythmically stacked in beds of 0.1 to 0.3 meters-thick and locally normal-graded. Thin 

parallel laminae and current ripples are common structures observed in this facies that may locally exhibit syn-sedimentary deformation 

features and flaser, wavy and linsen bedding.  

Subaqueous sediment 

flow (clastic 

gravitational flows) to 

suspension/mud plumes 

(?) 

Prodelta 

Medium- to fine-grained 

sandstones with synsedimentary 

deformation 

Silicilastic S6 
Medium- to fine-grained and well sorted sandstones showing chaotic fabrics and sin-sedimentary folding, centimeter-scale sandstone 

intraclasts, as well as few stromatolite-like fragments. The beds exhibit thicknesses ranging from 0,5 to 3 meters, often presenting massive 

portions and, locally, slight inverse-grading. 

Subaqueous sediment 

flow 

Delta front 
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Medium- to fine-grained 

sandstones with cross-

stratification 

Silicilastic S7 

Medium- to fine-grained, well sorted and grayish sandstones that exhibit small to medium-scale cross-stratifications with tangencial to 

sigmoidal pattern. Parallel laminations and very subtle trough cross-stratifications may locally occur. The bedsets are generally 1 to 2,5 

meters-thick, show sharp basal contacts and are disposed in finning-upward cycles. Fine sand- to muddy-rythmites with flaser and wave 

bedding were locally described interbedded with this facies. 

Hydrodynamic 

unidirectional-dominated 

flow 

Fine-grained sandstones with 

hummocky cross-stratification 
Silicilclastic S8 

Moderate- to well-sorted, fine-grained sandstones showing centimeter-scale (0,1 to 0,3 m) anisotropic hummocky cross-stratifications. It 

is often associated with Facies S6, commonly exhibiting beds with sharp to erosional bases and normal-grading. Locally, it may contain 

climbing ripples and planar laminations. This facies is probably related to the interplay of combined flows in relatively shallow water 

conditions. 

Combined 

flows (?) 
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Figure 3.6 - Mixed carbonates-siliciclastic sequences described in Well 1. a) Stratigraphic column and gamma-ray log showing the main trend patterns and lithoestratigraphic correlation. b) Seismic section exhibiting the studied well (Well 1 of Fig. 3.4) within a 

forebulge graben in the southern São Francisco basin. c) Most prominent facies associations described in well cores. MFS: 2nd-order maximum flooding surface. MTD: Mass transport deposits. GR: Gamma-ray. Stratigraphic column: M – mud; Si – silt; fS – 

Fine sand; mS – medium sand; cS - coarse sand; G – gravel. Cycles: Hs – Hectometer to Decameter--scale; Ds – Decameter-scale. The normal and inverted black triangles in a) represent deepening- and shallowing-upward trends respectively. The black triangles 

in c) correspond to fining-upward (normal) and coarsening-upward (inverted) successions.
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Figure 3.7 - Well core photos (Well 1). Top is always to the right. a and b) Contact between the diamictite of Facies 

S1 and the dolostone  of Facies C1 in the basal portion of Bambuí Sequence. Bmt: Basement. c) Coarse-grained 

carbonate turbidite (Facies C4 and C5). d) Limestones and mudstones with truncated laminations (Facies C6). e) and 

f) Limestones with hummocky cross-stratification (Facies C7). g and h) Ooidal packstones/grainstones with half-

moon ooids (Facies C8). i) Microbial lamination in Facies C8. j) Wave-rippled layer with interfering wave-length 

pattern covering limestones of Facies C7. Well cores diameter: 8,9 cm. 

 

 
 
Figure 3.8 - Well core photos (Well 1). The top is always to the right. a) Black siliciclastic mudstone (Facies S2). b 

and c) Siliciclastic turbidites composed of facies S3 and S4. d) Multiple stacked peritidal channel deposits (Facies 

C11). e) Ooidal limestone of Facies C11 (scale in centimeters). f and g) Mud cracks of Facies C11. Well cores 

diameter: 8,9 cm. 
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Facies associations and depositional systems 

The previously identified facies can be grouped into 8 major facies associations. These 

associations record multiple depositional systems developed within three main sedimentary settings: i) a 

lower and unusual mixed carbonate-siliciclastic sedimentary setting that includes the Carrancas 

Formation; ii) a carbonate ramp, which encompasses the Sete Lagoas Formation and iii) a siliciclastic-

dominated platform including the Serra de Santa Helena and Lagoa do Jacaré formations (Figs 6 and 10-

a). 

 

 
Figure 3.9 - Thin-sections photos. a) Packstones/wakestones with sin-sedimentary deformation (Facies 3). b) Ooildal 

packstone of Facies C8 showing half-moon ooids (red arrow). c) Lime mudstone of Facies S2. d) Recrystallized 

ooidal grainstone from Well 2 (see location in Fig. 3.4). Photos a-c reproduced from Guirra (2015) and d from Neres 

(2014).  

 

Glacial-influenced facies association (Facies S1, C1 and S2) 

This facies association occurs only in the very basal portion of the studied interval and 

encompasses the mixed carbonate-siliciclastic deposits of facies S1, C1 and S2 (Tab.1). The fining-
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upward arrangement, syn-sedimentary deformational and/or flow structures and the overall composition of 

the lower diamictite facies (S1) suggest deposition by the action of resedimentation processes such as 

subaqueous mass flows (Eyles et al. 1985, Martinsen 1994, Eyles & Eyles 2005). As marked by the 

overlying dolostones with wave-ripple laminations and hummocky-like stratifications of Facies C1, this 

depositional system rapidly evolved into submarine conditions dominated by carbonate precipitation and 

associated with wave reworking. The dolostone facies grades upward into the black laminated mudstones 

of the Facies S2 (Tab. 1), whose sedimentary structures and composition suggest sedimentation associated 

with suspension processes in basinal settings, below the action of storm waves (Reading 1986). The 

organic carbon content and the common occurrence of early diagenetic pyrite in these fine-grained 

sedimentary rocks also indicate settings dominated by suboxic to anoxic conditions (Tucker 1991).   

Similar facies associations have been described extensively in the basal Bambuí sequence 

throughout the São Francisco basin and widely interpreted as the record of a late Neoproterozoic global-

scale glaciation (e.g., Alvarenga et al. 2014, Caxito et al. 2012a, Kuchenbecker 2011, Kuchenbecker et al. 

2013, Reis & Suss 2014, Vieira et al. 2007). In these inferred glacial-related strata, the carbonates that 

overlie coarse-grained siliciclastics invariably show an unusual chemostratigraphic signature, marked by 

negative anomalies on δC13, and distinctive sedimentary features such as pseudomorphs of aragonite fans 

(Fig. 3.12). Similar characteristics have been also described in the Neoproterozoic record of the Chuos and 

Ghaub formations, Namibia (Hoffman & Schrag 2002, Hoffmann et al. 2004, Halverson et al. 2005), 

Elatina Formation, Australia (Kennedy 1996, Rose et al. 2013), Ice Brook Formation, Canada (James et al. 

2001) and other examples worldwide (Hoffman & Schrag 2002, Eyles & Januszczak 2004). 

 Although no distinctive glacial sedimentary structures such as striated pavements and dropstones 

have been identified in the studied section, we interpret this facies association as a glaciogenic succession. 

This interpretation is based on i) the variety and geometry of the extra-basinal clasts and the soft-sediment 

deformation structures found in the diamictite facies; ii) the fining-upward stacking pattern defined by the 

diamictite facies and the overlying facies (C1 and S2) (Fig. 3.6); iii) the regional occurrence of this facies 

association (even outside the focused forebulge troughs) and its overall sedimentary and 

chemostratigraphic characteristics. In this scenario, the lower diamictite facies (S1) might represent 

episodic mass flows associated with deglaciation periods (Piper 1976, Reading 1986, Eyles & Eyles 

2000), whereas the precipitation of the overlying carbonates (C1) could indicate singular oceanic and 

climatic conditions during the sea-level rise that followed the global-scale glaciation (Hoffman & Schrag 

2002, Vieira et al. 2015). The assumed post-glacial transgression (e.g., Plint et al. 1992, Visser 1997) 

culminated with the deposition of organic-rich fine-grained siliciclastics of the identified Facies S2 in 

basinal settings. 
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Carbonate ramp 

Based on the classification of Burchette & Wright (1992), we recognized a complete record from 

outer to inner carbonate ramp in the lower portion of the studied interval. These sediments comprise a 

thick succession with up to ca. 320 meters, which includes the entire Sete Lagoas Formation (Fig. 3.6). 

The defining criteria that led to the classification of ramp depositional systems include: i) the seismic 

continuity of these intervals (in and outside of the focused forebulge troughs) ii) the lack on rimmed 

platformal geometries (Figs. 3.5 and 3.11); iii) the absence of off-shore slope deposits within the described 

strata; iv) the succession is analogous to other inferred carbonate ramp successions (e.g., Burchette & 

Wright 1992, Proust et al. 1998, Cozzi et al. 2004, Thomson et al. 2014). 

 

 Outer-ramp to basinal facies associations (facies C2, S2, C3, C4 and C5) 

The wackstones and siliciclastic to marly mudstones of Facies C2 and the fine-grained rocks of 

Facies S2 are the dominant lithologies in this setting (Tab. 3.1). They are commonly arranged as 

coarsening-upward cycles with up to a few meters-thick (Fig. 3.6). Although their overall characteristics 

suggest sedimentation below or close to the storm-wave base, the common presence of rippled couplets in 

Facies C2 apparently indicates a distal and constant influence of storm events (Calvet et al. 1990, 

Burchette & Wright 1992).  These successions occur in the form of thick and monotonous sections along 

the lower Sete Lagoas Formation, where they are interbedded with sparse mass transport deposits (slumps 

and debris flows of Facies C3) and turbidites (Facies C4 and C5) (Reading 1986) (Tab. 3.1). These 

gravitational flow deposits are most common at the basal portion of the studied interval and could indicate 

either a distal influence of giant storm events or episodic tectonic pulses (Colacicchi & Baldanza 1986, 

Coniglio & James 1990, Seguret et al. 2001).  

The common carbon-rich mudstones of facies S2 and C2 denote a remarkable organic 

production/preservation during the deposition of the outer ramp strata. According to geochemical analyses 

conducted by Petra Energia S.A., these fine-grained siliciclastics may show up to 3,4 % total organic 

carbon (TOC). As these successions are also associated with high contents of framboidal pyrite, they were 

most likely deposited under suboxic to anoxic conditions (Tucker 1991). 

 

 Mid-ramp facies association (facies C6 and C7) 

The mid-ramp setting is represented by the sedimentary rocks of facies C6 and C7 (Tab. 1). These 

successions contain normal-graded limestones and lime mudstones with hummocky cross-stratification, 
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gutter casts and contents of intraclasts and reworked peloidal particles, suggesting the constant action of 

storm waves (e.g., Tucker 1991, Sami & Desrochers 1992). The sparse ooidal grains observed within 

these facies (Tab. 1) denote the storm-reworking of inner ramp strata into deeper areas (e.g., Tucker 1991, 

Nichols 2009, Flügel 2010). The mid-ramp facies mostly occur as thick stacked successions within the 

middle to upper Sete Lagoas Formation and might have been deposited between the storm and fair-

weather wave bases (Burchette & Wright 1992). Nevertheless, at least part of the mudstones that 

commonly drape the storm-related strata may represent fall-out deposits associated with inter-storm and 

fair-weather-dominated phases (Faulkner 1988, Burchette & Wright 1992). 

 

 Inner-ramp facies association (facies C8, C9 and C10) 

Inner-ramp settings are recorded by the facies C8, C9 and C10 (Tab. 1). These successions are 

best preserved in the upper Sete Lagoas Formation and indicate peritidal to nearshore depositional 

environments. In this section, the cross-bedded and ooidal packstones/grainstones of Facies C8 often 

grade upward into the lime mudstones with microbial laminae and possible salt pseudomophs of Facies 

C9, defining stacked decimeter-scale fining-upward cycles with variable sand-to-mud ratios and erosive to 

sharp bases (Fig. 3.6). The Facies C8 indicates high energy sedimentary settings associated with the 

constant reworking of ooidal shoals and stratified wakestones/lime mudstones within peritidal channels. 

Based on their coarse-grained characteristics and the common action of storms within peritidal settings 

(e.g., James & Jones 2016), we do not discard an influence of storm-driven oscillatory flows during the 

deposition of this facies. The overlying carbonates of Facies C9, on the other hand, seem to record 

deposition in saline (?) intertidal/supratidal settings (ponds or abandoned creeks?) (Koerschner & Read 

1989, Waters et al. 1989, Cloyd et al. 1990, Tucker & Wright 1990, Pratt et al. 1992, Proust et al. 1998). 

Half-moon ooids and karst-like vugs filled by sparry calcite also suggest very shallow inner ramp 

environments associated with meteoric diagenesis (Flügel 2010). Carbon-rich material (bitumen/dead oil?) 

commonly found filling dissolved allochems and cavities in the ooidal carbonates of Facies C8 indicates 

that at least part of the pores generated during the subaerial exposures were later filled by hydrocarbons. 

Non-laminated microbial carbonates with macroscopically clotted fabrics (Facies C10) were also 

identified in this section (Tab. 3.1). As these microbialites are associated with storm-related medium-

grained strata and a few stromatolite forms, they may have formed close to the mid ramp-inner ramp 

boundary, in subtidal to lower intertidal environments (e.g., Aitken 1967). 
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Siliciclastic-dominated platform 

In the described well cores, sedimentary rocks associated with siliciclastic-dominated platformal 

settings comprise a succession of up to ca. 300 meters thick that record relatively deep water to delta front 

depositional environments (Tab. 3.1 and Fig. 3.6). These siliciclastic-dominated strata grade upward into 

thinner carbonate platformal successions of the Lagoa do Jacaré Formation (Fig. 3.6). 

 

 Deep water facies association (facies S2, S3 and S4) 

Siliciclastic facies deposited below action of waves have been observed largely as thick packages 

of deep water muds (Facies S2). The fine-grained strata are associated locally with sand-rich turbidite 

deposits with thicknesses of up to a few meters (Facies S3 and S4). These turbidite strata resemble Bouma 

sequences (Bouma 1962) and comprise, in some portions of the studied interval, stacked successions with 

up to ca. 60 meters-thick. The subaqueous sediment flow successions seem to record surge type systems 

(Mutti et al. 2003) triggered by tectonic pulses at the borders of the focused forebulge trough. 

Nevertheless, the well-developed deltaic system observed up dip also suggest that, at least part of these 

successions, could have been associated with hyperpycnal currents formed during huge flooding events 

along shallower environments (e.g., Piper & Normark 2001, Mulder et al. 2003). The capacity of 

hyperpycnal flows to reach and deliver sand to basinal settings, however, depends on the relation between 

the flow efficiency and the water depth. This relation controls how much flow energy is dispersed when 

entering seawater and, consequently, how much sand may escape from river mouth and deposit basinward 

(Mulder & Syvitski 1995, Piper & Normark 2001, Mutti et al. 2003, Tinterri 2011). 

 

 Prodelta facies association (Facies S5) 

Prodelta-related deposits are characterized by the stacking of sand-to-mud rhythmites and low-

density, thin-bedded turbidites (e.g., Mulder et al. 2003, Mutti et al. 2003) of Facies S5 (Tab. 3.1 and Fig. 

3.6).  The overall characteristics of these sedimentary rocks suggest accumulation in a low gradient slope 

by the decantation of mud plumes sediments (Wright et al. 1988, Smith et al. 1990).  These plumes might 

have been either associated with times of elevated river discharge (flood events) or with the final stages of 

high concentrated flows (Bhattacharya & MacEacher 2009). The prodelta facies association is interpreted 

as the record of distal axial (?) deltaic systems. 
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• Delta front facies association (Facies S6, S7, S8) 

Inferred delta front deposits are represented by the fine- to medium-grained sandstones of facies 

S6, S7 and S8 (Tab. 3.1). These successions were deposited due to the advance of proximal deltaic 

systems upon finer prodelta siliciclastics of the middle Serra de Santa Helena Formation (Fig. 3.6). They 

can be analyzed considering their overall sedimentary arrangement and the influence of sediment-laden 

stream flows induced by flood events on deltaic systems (Bhattacharya & Walker 1991, Olariu & 

Bhattacharya 2006, Tinterri 2011). Regardless of the diversity of facies types and depositional geometries 

observed in mouth bars (Olariu & Bhattacharya 2006), the presence of cross-stratified sandstones with 

sigmoidal patterns in the studied interval (Facies S7) indicate a dominant settling of sands and the 

bypassing of muddy sediments along river mouths. In deltaic systems, gravitational flows might be 

triggered by the destabilization of poorly consolidated sediments during discharge events. As they enter 

into the sea, the deceleration of these gravitational flows often culminates with the formation of depletive 

multi-directional combined flows (Mulder & Alexander 2001, Tinterri 2011). These processes may induce 

both the development of hummocky cross-stratified (Facies S6) and slumped (Facies S8) sedimentary 

successions along deltaic sand lobes (Dumas & Arnott 2006, Tinterri 2011). Since storm-related deposits 

are recognized extensively within the Bambuí strata in other portions of the São Francisco basin (e.g., 

Chiavegatto 1992, Lima et al. 2007, Vieira et al. 2007, Iglesias & Uhlein 2009), we do not discard some 

influence of storm waves on the delta front successions described in this study (Facies S6). Fine-grained 

rythmites with flaser and wave bedding interbedded with the sandstones of facies S7 seem to indicate 

periods dominated by decantation processes and some high frequency cyclicity. 

 

• Carbonate platform facies association (Facies C11 and C12) 

This facies association is represented by the trough cross-bedded packstones/grainstones with 

erosive basal contacts of Facies C11 and the ooidal limestones with sigmoidal cross-bedding of Facies 

C12 (Tab. 3.1). Recording ooidal-dominated carbonate settings, these sediments occur in the upper section 

of decameter-scale shoaling-upward cycles (Fig. 3.6). The sedimentary structures, composition and 

arrangement of Facies C11 indicate a constant reworking of sand shoals by the action of unidirectional 

flows within peritidal channels (Tucker & Wright 1990, Tucker 1991, Pratt et al. 1992) (Fig. 3.6). Periodic 

subaerial exposures in supratidal environments are occasionally recorded by thin muddy intervals that 

contain mud-crack structures and cover the coarse-grained packages (Figs. 3.6 and 3.8). The ooidal 

limestones with sigmoidal cross-bedding and ripples of Facies C12 occur in the uppermost section of the 
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studied interval and seem to represent a complex peritidal system partially formed due to the advance of 

unidirectional channelized flows seaward (e.g., Reeder & Rankey 2009, James & Jones 2016). 

 

Sequence stacking patterns 

The facies associations previously described can be arranged into multiple, carbonate, siliciclastic 

and mixed cycles of different orders and natures (Figs. 3.6 and 3.10-b). Three main types of deepening-up 

and/or shallowing-upward cycles are categorized and analyzed in detail below. 

 

Meter-scale cycles 

Consisting of 2 to 4 meter-thick successions, these cycles have been described throughout the 

entire section involving both carbonate and siliciclastic facies (Fig. 3.10-b). The meter-scale cycles may 

show shallowing- and deepening-upward trends with varying proportions of carbonate and siliciclastic 

facies, as well as different sedimentary structures and bounding surfaces. Their overall characteristics 

depend on the sedimentary setting in which they were developed (e.g., outer ramp, mid ramp, inner ramp, 

prodelta, delta front). Deepening-upward sub-types are normally defined by the increase in deeper facies 

content toward the top, where these successions are abruptly overlain by shallower facies of the 

subsequent meter-scale cycle. The shallowing-upward sub-types are often thickening-up cycles that may 

be bounded either by flooding or erosional surfaces. In the studied well cores, the shallowing-upward 

meter-scale cycles are the most common and are specially observed within the storm-related and peritidal 

carbonates, as well as within the deltaic successions. 

 

Decameter-scale cycles 

The meter-scale cycles form suites of retrogradational, progradational and agraddational stacking 

patterns that build up decameter-scale cycles. These cycles are 10 to 40 meters-thick and may also exhibit 

shallowing and deepening-upward patterns, comprising five main end-members (among carbonate, 

siliciclastic or mixed successions): i) post-glacial to outer carbonate ramp/basinal; ii) outer to mid 

carbonate ramp, iii) mid to inner carbonate ramp; iv) siliciclastic prodelta to delta front; v) siliciclastic 

prodelta to carbonate platform (Figs. 3.6 and 3.10-b). These cycles are perceptible and useful for 

correlations at well-log scale and seem to represent 3rd-order cycles (Fig. 3.6). In the studied well, the 
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shallowing-upward decameter-scale cycles exhibit an overall thinning-upward pattern, which is specially 

observed in the upper Ediacaran strata. 

 

Decameter- to hectometer-scale cycles and 2
nd

-order sequences 

These cycles show thicknesses varying from dozens to hundreds of meters and are formed by the 

stacking of multiple lower-rank cycles. In the studied interval, these successions combine to form two 

major mixed carbonate-siliciclastic and transgressive-regressive sequences: i)  Sequence 1 that includes 

the Carrancas and Sete Lagoas formations and ii)  Sequence 2, which encompasses mostly the successions 

of the Serra de Santa Helena and Lagoa do Jacaré formations. In these deposits, the sequence boundaries 

correspond to subaerial unconformities or their correlative surfaces (Fig. 3.6). These two sequences are 

similar to the T-R sequences of Embry & Johannessen (as summarized in Catuneanu et al. 2011) and 

correlate to the 2nd-order sequences of Martins-Neto (2009), Alkmim & Martins-Neto (2012) and Reis & 

Alkmim (2015). 

Sequence 1 is ca. 370 m thick and displays a lower retrogradational interval that unconformably 

overlies the Archean basement. This interval encompasses the diamictite-cap dolomite-siliciclastic 

mudstone facies association and grades upward into outer carbonate ramp/basinal deposits locally 

interbedded with gravitational flow successions (facies C2, C3, C4 and C5; Tab. 3.1). Bounded in the top 

by a maximum flooding surface, this interval shows thickness of ca. 50 meters and represents a 

transgressive systems tract (Fig. 3.6). The upper regressive systems tract contains almost the entire mixed 

carbonate-siliciclastic strata of the Sete Lagoas Formation and displays a thickness of ca. 320 meters. It 

shows a complete sedimentary record from basinal/outer ramp to inner ramp settings, marking a typical 

funnel-shaped geometry in the gamma-ray logs (Figs. 3.6 and 3.11). The carbonate-ramp strata are 

arranged in the form of decameter-scale cycles that become increasingly shallower toward the top, where 

they also represent shoaling-upward successions. In its uppermost portion, this regressive systems tract is 

bounded by an erosional surface associated with channelized sections and shallow structures found in 

peritidal carbonates of facies C8 and C9 (Fig. 3.6 and Tab. 3.1). 
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Figure 3.10 - a) Proposed model showing the distribution of depositional systems along the studied forebulge 

graben. Based on the stratigraphic analysis of the Well 1 (Figs. 3.6 and 3.4) and 2D seismic data. b) Examples of 

multiple sequence stacking patterns identified in Well 1 (see symbols explanation in Fig. 3.6).  Black triangles are 

deepening-upward, whereas inverted black ones are shallowing-upward cycles. M: Mud, S: sand, G: gravel.  
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Sequence 2 encompasses a sharp lower retrogradational interval that is represented by inner-to-

outer (?) carbonate ramp strata grading upward into siliciclastic-dominated deep water successions. 

Representing a transgressive systems tract, this retrogradational interval is bounded in its uppermost 

portion by a maximum flooding surface and shows thickness of ca. 40 meters. It is overlain by a thick 

succession that includes basal deep water (Facies S2) and turbidity facies (Facies S3 and S4) and grades 

upward into siliciclastic deltaic deposits and platformal carbonates (Tab. 3.1, Fig. 3.6). Comprising a 

regressive systems tract, this interval shows thickness of ca. 380 m and is bounded in its uppermost 

portion by an erosional surface associated with peritidal carbonates with desiccation structures (Facies 

C11). As observed in the gamma-ray log, the Sequence 2 exhibits an overall aggradational behavior that is 

associated upward with sharp progradational trends (Figs. 3.6 and 3.11). Corresponding to stacked 

decameter-scale cycles, these aggradational-progradational successions become increasingly thinner 

toward the top (Fig. 3.6). 

 

3.1.4 – Regional correlations 

 

Seismic cross-sections, well data and the available literature indicate that the recognized strata and 

correlatives occur along most of the Bambuí flexural margin, either within the forebulge depocenter or 

along uplifted areas. Regionally, these successions are better correlated in terms of long-term cycles 

(specially, but not strictly, 2nd and 3rd-order) and show remarkable differences depending on the 

structural setting in which they occur (Figs. 3.11 and 3.12).  

Correlatives of the glaciogenic to carbonate ramp deposits of Sequence 1 have been described 

extensively in the southern São Francisco basin within the basal portion of the Bambuí sequence (e.g., 

Babinski et al. 2007, Kuchenbecker 2011, Nobre-Lopes 1995, Paula-Santos et al. 2015, Reis & Suss 2014, 

Vieira et al. 2007, Caxito et al. 2012a) (Fig. 3.12). These successions comprise transgressive-regressive 

2nd-order sequences that unconformably overlie the Archean rocks of the Sete Lagoas basement high and 

display thicknesses of hundreds of meters (Alkmin & Martins-Neto 2012, Kuchenbecker 2011, Martins-

Neto 2009, Reis & Alkmim 2015, Vieira et al. 2007, Uhlein et al. 2012).   Within the forebulge troughs, 

however, Sequence 1 generally shows i) thicker strata, especially observed in transgressive to early 

regressive deposits, ii) higher siliciclastic mudstone-to-carbonate ratios and iii) well-preserved deeper 

carbonate ramp deposits (Figs. 3.11 and 3.12). Well log data reveal that these characteristics seem to be 

recorded also by the inferred 3rd-order cycles. Furthermore, the overall regional information suggests that 

organic-rich fine-grained strata are more common within the focused forebulge grabens.  
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Along tectonically positive areas, on the other hand, the correlatives of Sequence 1 are highly 

condensed and are often overlain by thinner transgressive carbonates containing stromatolite-bearing 

and/or shallow water dolomite successions (e.g., Kuchenbecker 2011, Nobre-Lopes 1995, Vieira et al. 

2007) (Fig. 3.12). Seismic and well data have demonstrated that this 2nd-order sequence becomes thinner 

outward from the Sete Lagoas high, exhibiting an overall wedge-shaped geometry marked by multiple 

lower-scale clinoforms (Fig. 3.5, Neres 2014, Reis & Suss 2014, Reis & Alkmim 2015).  

Although post-glacial cap carbonates may occur over large areas of the Bambuí flexural margin 

(Babinski et al. 2007, Kuchenbecker 2011, Paula-Santos et al. 2015, Vieira et al. 2007) , the preservation 

of the basal diamictites is apparently restricted. Diamictite packages and associated fine-grained 

siliciclastics have been described within the basal portion of the Bambuí sequence on the southern 

boundary of the São Francisco basin (Pitangui region) and interpreted either as glaciogenic successions 

(Romano 2007a, Rocha-Campos et al. 2011) or gravitational flow deposits associated with basement 

grabens (Uhlein et al. 2012). These coarse- to fine-grained sedimentary rocks are likely correlatives of the 

basal glacio-influenced and syn-tectonic successions of Sequence 1 described in this study. Similarly, the 

organic-rich shales described by Uhlein et al. (2012) in the same area seem to represent correlative 

successions of the distal to outer carbonate ramp black mudstones of Facies S2 (Tab. 3.1, Figs. 3.6 and 

3.8). 

Correlative sections  of the uppermost Sequence 2 also extend over large areas and include the 

sedimentary rocks of the Serra de Santa Helena and lower Lagoa do Jacaré formations (Martins-Neto 

2009, Reis & Alkmim 2015).  Nevertheless, well data indicate remarkable stratigraphic differences within 

the forebulge troughs of the southern São Francisco basin: i) along these depocenters, Sequence 2 

generally exhibits thicker and well-preserved transgressive to early regressive strata; ii) as indicated by the 

studied well cores, within at least one of these grabens the 2nd-order sequence contains thick distal 

turbidites and a complete sedimentary record from prodelta to delta front settings. These siliciclastic-

dominated deposits grade upward into the peritidal carbonates of the Lagoa do Jacaré Formation (Figs. 

3.6, 3.8, 3.10-a, and 3.11). Even though turbidities have been described locally within the Serra de Santa 

Helena Formation on the eastern Sete Lagoas basement high (Vieira et al. 2007), no similar complete 

deltaic successions are so far reported in other areas of the southern São Francisco basin. 
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Figure 3.11 - Regional cross-section showing the distribution of mixed carbonate-siliciclastic 2nd-order sequences of the lower to middle Bambuí strata in the 

southern São Francisco basin. The cross-section is based on seismic and well data. Depth in two-way-travel time (TWT/s). Black triangles are 2nd-order 

transgressive systems tracts and inverted black triangles are 2nd-order regressive systems tracts. The location of wells 1 and 2 is shown in Fig. 3.4.
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Figure 3.12 - Correlation section (in terms of 2nd-order cycles) depicting the main stratigraphic patterns of the post-

glacial to carbonate ramp strata of Sequence 1 in the southern São Francisco basin. The left and right stratigraphic 

columns were based on Kuchenbecker (2011) and Vieira (2007), respectively. Black dashed line: sequence 

boundary. Red dot-dash line: 2nd-order maximum flooding surface. 

 

3.1.5 – Sedimentary evolution of forebulge grabens in the Bambuí flexural margin 

 

As a part of foreland systems, forebulge depozones form due to a combination of supra- and 

sublithospheric loads associated with the development of adjacent orogenic systems (e.g., Beaumont 1981, 

Ingersoll 1988, Busby & Ingersoll 1995, Miall 1995, DeCelles & Giles 1996, Catuneanu et al. 1997, 

Catuneanu 2004, Allen & Allen 2005). Acting together with eustatic and climatic variations, these large-

scale mechanisms define the dynamics and the major sedimentary characteristics of forebulge provinces 

(e.g., Burchette & Wright 1992, Proust et al. 1998, Catuneanu 2004, Bosence 2005). Although marked by 

relatively subtle subsidence rates and low siliciclastic input (Burchette & Wright 1992, Proust et al. 1998, 

Tucker 2003, Boscence 2005), extensional tectonics may affect locally these depozones and thus represent 

an additional second-order control in the balance between accommodation and sedimentary supply (e.g., 

DeCelles & Giles 1996, Catuneanu 2004).    

Considering the overall characteristics of foreland systems and the evolution of the Ediacaran 

Bambuí basin cycle, the mixed carbonate-siliciclastic strata described in this study (Figs. 3.6, 3.11 and 

3.12) can be analyzed on the basis of two major types of accommodation controls: i) regional controls 

associated with tectonic loads, eustatic and climatic changes and ii) local controls related to the forebulge 
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basement tectonics. The regional controls affect most of the Bambuí flexural margin and are better 

observed in the long-term cycles. The local mechanisms are restricted and/or more intense within the 

forebulge extensional basins and control mostly the thickness, stacking patterns and nature of the lower- to 

higher-rank cycles. Regardless of the regional foreland setting, the local extensional tectonics imprints a 

rift-like accommodation control on the overall stratigraphic architecture, which is marked by intermittent 

pulses of high tectonically-induced subsidence and periods of prolonged quiescence (Catuneanu 2004, 

Martins-Neto & Catuneanu 2010). 

Based on its regional occurrence, the unconformity in the base of Sequence 1 seems to record an 

earlier tectonically-driven uplift of the Bambuí flexural margin. This upward flexure has exposed the 

basement rocks, which eroded and started to shed sediments into the newly formed Ediacaran basin. As 

demonstrated by several provenance studies, the pre-1,8 Ga basement has acted as an important 

sedimentary source during most of the Bambuí basin cycle (e.g., Rodrigues 2008, Pimentel et al. 2011, 

Kuchenbecker et al. 2013, Paula-Santos et al 2015). 

During the earlier uplift, the establishment of an extensional tectonic setting along the Sete Lagoas 

high culminated with the formation of restricted forebulge grabens through the reactivation of ancient 

basement structures (Fig. 3.5). The combination of the sea-level rise that followed the Neoproterozoic 

glaciation (e.g., Hoffman & Schrag, 2002) and the tectonic subsidence associated with these troughs have 

apparently promoted high rates of local accommodation and the overall sediment starvation. Regardless of 

the regional tectonically-driven uplift along the flexural margin, this combination acted as a fundamental 

factor in the preservation of glacial-influenced diamictites (Facies S1) within the forebulge troughs, as 

well as in the deposition of the thick transgressive to early regressive strata of Sequence 1. The 

sedimentation of the rippled cap-dolostones (and correlative successions) that overlie the diamictites in the 

basal portion of the Bambuí sequence apparently record a singular chemical and/or sedimentary oceanic 

condition during the evolution of this Ediacaran transgressive systems tract (Hoffman & Schrag 2002, 

Allen & Hoffman 2005, Lamb et al. 2012, Vieira et al. 2015). In this scenario, the global post-glacial 

greenhouse and the relatively restricted water circulation within the forebulge extensional depocenters 

have also favored a higher organic production and preservation, which apparently persisted afterward, 

during most of the subsequent systems tract. As recorded by a few mass transport deposits and turbidites 

described in the basal Sete Lagoas Formation, it seems that the first pulses of tectonic subsidence were 

also accompanied by the triggering of restricted gravitational sediment flows within the forebulge grabens 

(Figs. 3.6 and 3.13). 
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Figure 3.13 - Ediacaran sedimentary evolution of forebulge grabens of the Bambuí flexural margin. The grabens 

were filled with two mixed carbonate-siliciclastic and transgressive-regressive 2nd-order sequences that deposited 

under the influence of regional and local accommodation controls. The lower transgressive systems tract of Sequence 

1 was presumably related to an Ediacaran post-glacial sea level rise. The regressive systems tract of Sequence 2 

evolved in the course of two main phases, an early siliciclastic-dominated stage and a late phase dominated by 

carbonate sedimentation. See the text for explanations. SWZ: Storm-wave zone. FWZ: fair-weather wave zone. TSrt: 

Transgressive sand-rich turbidites. RSrt: Regressive sand-rich turbidites. Dfl: Delta front lobes. Not to scale.   
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The lack of orogenic siliciclastic sources, the relatively lower subsidence rates and the favorable 

post-glacial climatic/eustatic conditions led to the installation of an extensive carbonate platform over the 

Sete Lagoas basement high. Recorded as the regressive systems tract of Sequence 1 (including most of the 

Sete Lagoas Formation and correlatives), this progradational succession indicates a gradual predominance 

of carbonate production over accommodation rates. Within the focused forebulge troughs, the overall 

sedimentary facies indicate a ramp setting marked by monotonous outer- to mid-ramp storm-dominated 

deposits that grade upward into shallower and thinner inner-ramp strata (Fig. 3.6). As indicated by the 

available seismic data (e.g., Neres 2014, Reis & Alkmim 2015) and the lateral continuity of these 

carbonate facies over hundreds of kilometers (e.g., Vieira et al. 2007, Kuchenbecker et al. 2011, 2013), 

similar ramp settings might have dominated the Bambuí flexural margin during the sedimentation of the 

Sete Lagoas Formation. Although stromatolite buildups may occur locally in the southern São Francisco 

basin (e.g., Madalosso & Veronese 1978, Muzzi Magalhães 1989, Nobre-Lopes 1995, Vieira et al. 2007), 

it is unlikely that these bioconstructions were extensive enough to have formed large rimmed platfomal 

settings. 

The overall characteristics of the carbonate ramp strata preserved within the studied grabens 

suggest that most of the regressive systems tract of Sequence 1 took place under a stage of relative 

tectonic quiescence. The lower subsidence rates within these grabens favored the dominance of carbonate 

deposition on a very low gradient slope and under restricted siliciclastic input (e.g., Vera & Molina 1998, 

Lachkar et al. 2009).  The common storm-related deposits preserved within the regressive strata also 

indicate some communication between the forebulge troughs and open marine environments (Burchette & 

Wright 1992, Vera & Molina 1998). In this scenario, the low subsidence rates within these systems 

promoted the slower progradation of the storm-influenced facies belts toward the troughs, forming 

relatively thick and progradational multi-scale cycles. It has culminated with the syn-tectonic growth 

patterns observed in seismic sections and the thicker outer- to mid-ramp dominated-strata (Figs. 3.6, 3.10, 

3.11 and 3.13). Subtle tectonic pulses within the grabens have apparently favored the deposition of a few 

carbonate turbidites and mass flow deposits that are recorded locally in the early regressive systems tract, 

as well as the deposition of a few deepening-upward decameter-scale cycles (Fig. 3.6).  

As the sedimentary influx consumed the available space during extended periods of decreasing 

subsidence within the forebulge troughs, the shoreline shifted toward the central portion of the grabens 

and the deeper carbonate ramp strata were covered by peritidal to shoreface inner-ramp deposits (Figure 

3.13). Marking an overall shoaling-upward pattern, this stage culminated with a subaerial exposure in the 

late regressive systems tract of Sequence 1. Correlatives of these shallower carbonate successions (locally 
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associated with exposure features) also occur in other portions of the Sete Lagoas basement high (e.g., 

Kuchenbecker 2011, Nobre-Lopes 1995, Muzzi Magalhães 1989, Vieira et al. 2007).  

Marking the relatively abrupt drowning of the Sete Lagoas carbonate ramp, the lower 

transgressive systems tract of Sequence 2 contains mostly pelagic fine-grained siliciclastics and lime 

mudstones (Fig. 3.13). As correlative deeper siliciclastic strata are found over the entire Sete Lagoas 

basement high and also in other portions of the São Francisco basin (Fig. 3.11), these deposits seem to 

record an important subsidence pulse associated with high accommodation rates during the Bambuí basin 

cycle. Similar sedimentary records in foreland systems have been associated with the advancing of 

adjacent orogenic systems, which often induce the migration of the foredeep-forebulge depocenters 

toward the foreland along with basin-scale eustatic changes (e.g., Proust et al. 1998, Boscence 2005, 

Catuneanu et al. 2011). In the studied case, this pulse apparently records the advancing of the Brasília 

fold-thrust belt cratonward. Although relatively thin in other areas, this transgressive systems tract 

comprises thicker strata within the forebulge extensional troughs (ca. 40 m-thick), indicating an additional 

second-order (local) tectonic subsidence (Figs. 3.6 and 3.11). 

As indicated by the analyzed well cores (Well 1; Figs. 3.4 and 3.6), the distal sediments of the 

lower systems tract of Sequence 2 are succeeded by a thick and monotonous succession of siliciclastic 

mudstones that are locally interbedded with sand-to-mud turbidites and mass flow deposits and grade 

upward into fine-grained deltaic siliciclastics (Figs. 3.6 and 3.10). Marking an early regressive systems 

tract, these sedimentary successions may record either the advancing of adjacent orogenic systems (and 

thus the enhancing of siliciclastic supply by migrating deltas; cf., Mutti et al., 2003) and/or successive 

tectonic pulses associated with the forebulge troughs (Fig. 3.13). Since no similar strata have been so far 

described along this portion of the Sete Lagoas basement high, it is likely that the overall stacking patterns 

of the terrigenous decameter-scale (3rd-order) cycles were mostly associated with local accommodation 

controls. In this scenario, the first subsidence episodes that followed the maximum flooding surface of 

Sequence 2 were responsible, at least partially, for the triggering of gravitational sediment flows, whose 

records are preserved in the upper portion of the lower coarsening-upward decameter-scale cycle (Fig. 

3.6). The long periods of high subsidence rates produced thick deep marine aggradational intervals that 

slowly prograded into deltaic strata, indicating the subtle increase in the sedimentary supply relative to the 

accommodation rates (Fig. 3.6). As the tectonic subsidence seems to have decreased toward the late 

regressive systems tract, at least part (or most) of the turbidity systems preserved as prodeltaic successions 

might have formed via hyperpicnal flood discharges (c.f., Mulder & Syvitski 1995, Mutti et al. 2003).  

An important aspect associated with the deltaic successions described within Sequence 2 lies in 

the nature and location of their feeding fluvial systems. No continental to transitional correlatives have 
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been found so far in the southern São Francisco basin, suggesting that these strata were not preserved. It 

likely that the fluvial systems were originally located at the southern sector of the São Francisco craton 

(present-day coordinates). In this area, however, the Bambuí sequence strata were presumably deeply 

eroded and only Archean-Paleproterozoic basement assemblages are currently exposed (Figs. 3.1 and 3.4) 

(e.g., Dorr II 1969, Alkmim & Marshak 1998, Heineck et al. 2003, Baltazar & Zucchetti 2007, Noce et al. 

2007, Pinho 2008, Lana et al. 2013, Romano et al. 2013).  

 Toward the late regressive systems tract of Sequence 2 the clastic input became very low, 

promoting the unexpected deposition of shallow marine carbonates directly upon deltaic deposits.  This 

unusual sedimentary record comprises two prodelta-carbonate platform decameter-scale cycles that show 

thicknesses of dozens of meters and dominant shallowing-upward patterns (Figs. 3.6 and 3.10). Although 

relatively uncommon in the geological record, delta-top carbonate platforms (Boscence 2005) have been 

described in Neogene to recent low latitude sedimentary settings (e.g., Braga et al 1990, Wilson & Lokier 

2002, Tucker 2003, Boscence 2005, Catuneanu et al. 2011). Developed either under semi-arid or humid 

conditions, these mixed carbonate-siliciclastic systems form in response to an intricate combination of 

tectonics, climate, eustatic changes and organic-enhanced carbonate production. The Cenozoic examples 

demonstrate that carbonate platforms often develop over delta systems in periods of low siliciclastic 

influx, which may be associated either with relative sea-level rises or the shifting of delta lobes (Tucker 

2003, Boscence 2005, Catuneanu et al. 2011).  

Based on their overall sedimentary characteristics, it seems that the late regressive carbonate strata 

of Sequence 2, as documented in well 1, developed in consequence of the shifting of former delta systems 

and the consecutive decrease in the siliciclastic input. The lower terrigenous influx has thus allowed the 

gradual progradation of the shallow carbonates of the Lagoa do Jacaré Formation over axially (?) supplied 

prodelta successions during the late tectonic activity of the forebulge grabens (Fig. 3.13). As the carbonate 

production exceeded the regional and local subsidence rates, this shoaling-upward succession culminated 

with the deposition of peritidal strata with mud-cracks of the uppermost part of Sequence 2. As indicated 

by seismic, well and surface data (e.g., Heineck et al. 2003, Reis & Alkmim 2015) (Figs. 3.5 and 3.11), 

the shallow marine carbonates of the Lagoa do Jacaré Formation occur over large areas of the eastern São 

Francisco basin and apparently record a new and extensive carbonate platform developed in the middle 

stages of the Bambuí basin cycle. In this scenario, it seems that the decreasing rates of lower-order 

subsidence associated with the shifting of local deltaic systems allowed the progradation of this regional 

carbonate platform over the studied forebulge grabens (Fig. 3.13). 
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3.1.6 - Conclusions 

 

Based on the detailed analysis of unpublished subsurface data and integration with the available 

literature, we demonstrate the balance between regional and local accommodation controls, siliciclastic 

sediment supply and carbonate production in the deposition of mixed carbonate-siliciclastic successions 

within forebulge grabens. As one of the most expressive covers of the São Francisco basin (southeastern 

Brazil), the Ediacaran Bambuí sequence fill a series of grabens which nucleated in the southern portion of 

the basin in response to the tectonically-driven upward flexure of the Sete Lagoas basement high. In these 

troughs, the Ediacaran  syn-tectonic strata  deposited in consequence of the complex interplay of regional 

foreland tectonics, dramatic late Proterozoic climate changes, regional eustatic variations and local 

basement (forebulge) tectonics during the Ediacaran/Cambrian West Gondwana assembly (e.g. Alkmim et 

al. 2001, 2006, Alkmim & Martins-Neto 2012, Pedrosa-Soares et al. 2001, Pimentel et al. 2011). In the 

studied intervals, the regional accommodation controls were mostly recorded by long-term (2nd-order) 

cycles, whereas the local subsidence episodes associated with the forebulge grabens were marked by both 

lower- to higher-rank cycles. In spite of its Precambrian age, the stratigraphic architecture of the Bambuí 

sequence (as described in this paper) suggests that several basin mechanisms operating during the 

Phanerozoic were also present in the late Neoproterozoic. 

Focus of a large hydrocarbon exploration campaign over the last years, the potential for 

unconventional natural gas resources of São Francisco basin has been demonstrated by innumerous recent 

discoveries (Reis & Alkmim 2015, Reis et al. 2013b). Although pointing toward an effective petroleum 

system exclusively associated with the Precambrian strata of the basin, many questions regarding these 

hydrocarbon occurrences still remain unclear (Reis & Alkmim 2015). Since the studied forebulge grabens 

host thicker post-glacial organic-rich strata in close association with typical potential reservoir facies (e.g., 

ooidal carbonates, turbidites and deltaic succession; Tucker 1991), as well as rift-related migration paths 

and hydrocarbon traps (e.g., Milani et al. 1988, Withjack et al. 2002), their study may also contribute to 

better understand the Precambrian petroleum system of São Francisco basin. 
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3.2- EDIACARAN FOREBULGE GRABENS OF THE SOUTHERN SÃO FRANCISCO 
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3.2.1-Introduction 

 

Foreland systems occupy the marginal areas of orogenic belts and develop in response to the 

tectonically-driven flexure of the lithosphere (e.g.: Beaumont 1981, Ingersoll 1988, Miall 1995, DeCelles 

and Giles 1996). Underlain by continental crust in intra- or extra-cratonic areas, these systems might be 

associated either with collisional or accretionary settings and controlled by different subsidence 

mechanisms (Busby and Ingersoll 1995, Catuneanu 2004).  

Retroarc foreland (or retro-foreland) systems are located along the overriding plate, whereas 

proarc foreland (or pro-foreland) systems  occur in the subducting plate. It is generally assumed that their 

major differences are mostly associated with the control exerted by sub-lithospheric loads (e.g.: Busby and 

Ingersoll 1995, DeCelles and Giles 1996, Catuneanu 2004, Catuneanu et al. 1997) and variations in the 

subsidence history (Naylor & Sinclair 2008). Retroarc systems are commonly affected by long wavelength 
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subsidence curves associated with dynamic loading (corner-flow loads), which may episodically bring the 

entire system below the base level (Catuneanu 2004, Catuneanu et a. 1997). Pro-foreland systems, on the 

other hand, might exhibit higher subsidence rates, different stratigraphic patterns and lower potential of 

sedimentary preservation due to its constant incorporation into the growing thrust wedge (Naylor & 

Sinclair 2008).  

Sedimentation in foreland settings is in general partitioned along four main depositional provinces 

(DeCelles & Giles 1996): i) wedge-top; ii) foredeep; iii) forebulge; and iv) back-bulge. The formation and 

tectono-stratigraphic evolution of each of these depocenter are function of the amount and distribution of 

hinterland orogenic loads, flexural rigidity of the underlying lithosphere, and nature of the interaction 

between the subducting plate and the mantle. Other processes such as basement tectonics, eustatic and 

climatic changes also exert major controls upon the system (Miall 1995, DeCelles & Giles 1996, Allen & 

Allen 2005, Catuneanu et al. 1997, 2004). For instance, the analysis of various cases indicates that 

forebulge domains commonly behave as tensional settings, leading to development of normal fault 

systems in synchrony to its uplift (Bradley & Kidd 1991, DeCelles & Giles 1996). Moreover, if the region 

of expected upward flexure contains pre-existing weakness, these ancient structures may be reactivated 

and control local uplifts and depocenters (Waschbusch & Royden 1992, DeCelles & Giles 1996, 

Catuneanu et al. 1997).  

Covering an area of ca. 500.000 km2 and bounded by Brasiliano orogenic belts formed during the 

Ediacaran-Early Cambrian West Gondwana assembly, the São Francisco craton (Almeida 1977) hosts the 

most complete Precambrian sedimentary record of southeastern Brazil. Occupying the largest area of the 

craton interior, the São Francisco basin (Fig. 3.14) is a typical poly-historic successor basin, filled by 

Paleo-Mesoproterozoic, Neoproterozoic, Permo-Carboniferous and Cretaceous sedimentary sequences. 

Representing the largest sedimentary succession exposed in the basin, the Bambuí Group encompasses an 

up to 3.000 m-thick package of late Neoproterozoic shales and carbonates, locally associated with 

medium- to coarse-grained siliciclastics (Dardenne 1978, 1981). Interpreted by a group of authors as the 

stratigraphic record of a foreland system developed due to the uplift of the southern Brasília orogenic belt 

along the western margin of the craton (e.g., Alkmim & Martins-Neto 2001, Martins-Neto 2009, Pimentel 

at el. 2011), the Bambui Group became matter of debate in the last years (e.g., Zalan & Romeiro-Silva 

2007, Warren et al. 2014). Reasons for that are basically the lack of well characterized basin architecture 

and the paucity of precise geochronological constraints for the Bambui sedimentation. Furthermore, late 

Ediacaran U-Pb zircon ages (Paula-Santos et al. 2015, Kuchenbecker 2014) and metazoan assemblages 

(Warren et al. 2014) recently found in the basal Bambuí strata have additionally suggested its tectonic link 

with the Araçuaí belt that fringes the craton on the east, rather than the southern Brasília belt on the west. 
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In this paper, we describe the Neoproterozoic extensional structures that control the deposition of 

the lower Bambuí Group in the southernmost portion of the São Francisco basin. Our study is supported 

by seismic and well data acquired during recent hydrocarbon exploration campaigns, as well as field work 

and compilation of literature data. After an integrated tectono-stratigraphic analysis, we discuss the 

evolution of Bambuí sedimentation in this particular portion of the basin and its significance in the 

Ediacaran tectonic scenario of West Gondwana assembly. Our findings might contribute with solutions for 

some of the controversies concerning the Bambuí Group evolution and to the study of intracratonic 

foreland systems in general. Since the focused depocenters host organic matter-rich successions, this 

investigation might be likewise important for understanding the Precambrian petroleum system of the São 

Francisco basin and elsewhere.  

 

 

Figure 3.14 - The São Francisco basin (red dashed line) in the southern São Francisco craton showing its 

neighboring Neoproterozoic orogenic belts and the bouguer anomaly map. The AB cross-section represents the 

location of the seismic line shown on Fig. 3.16 and the black rectangle indicate the area focused in this study. 

Cratons of South America and Africa: A Amazonian; P Rio de la Plata; K Kalahari; WA West Africa and SFC São 

Francisco-Congo. Cities: TM Três Marias; S Salvador. PC: Paramirim Corridor. The black rectangle indicates the 
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area studied in this paper. Modified from Alkmim (2004), Alkmim et al. (2006) and Reis & Alkmim (2015). The 

Bouguer map is reproduced from Reis (2011). 

 

3.2.2- The São Francisco basin and the Bambuí Group 

 

The São Francisco basin extends over ca. 800 km along the NS-trending lobe of the São Francisco 

craton (Alkmim & Martins-Neto 2001) (Fig.3.14) and exhibits typical attributes of intracratonic basins, 

such as a thick and colder lithospheric substrate (Oliveira 2009, Rocha et al. 2011, Assumpção et al. 2013, 

Alexandrino & Hamza 2008), as well as multiple superimposed basin cycles younger than 1,8 Ga. 

(Alkmim & Martins-Neto 2001, Martins-Neto & Pinto 2001, Martins-Neto 2009) (Fig. 3.15).  

The Precambrian sedimentary record of the basin comprises: i) the Paleo to early Neoproterozoic 

(?) Espinhaço Supergroup; ii) the Neoproterozoic Macaúbas Group; and iii) the Ediacaran Bambuí Group 

and correlative units. These units record successive tectonic events that have affected the São Francisco-

Congo paleocontinent in the time between 1.8 and 0.7 Ga, among them the flexural deformation of the 

craton interior during the late Neoproterozoic/early Paleozoic West Gondwana assembly (e.g., Chang et 

al. 1988, Alkmim & Martins-Neto 2001, 2011, Martins-Neto 2009, Pimentel et al. 2011). The Proterozoic 

basin fill strata unconformably overlie the Archean/Paleoproterozoic craton basement and are locally 

overlain by the Paleozoic and Mesozoic sedimentary units (Campos & Dardenne 1997a, Alkmim & 

Martins-Neto 2001, Sgarbi et al. 2001) (Fig. 3.15).  

The multiple Proterozoic extensional events that affected the São Francisco paleocontinent 

resulted in the segmentation of the São Francisco basin basement into three major structures (Reis & 

Alkmim 2015): the NW-trending Pirapora aulacogen and their bounding Sete Lagoas and Januária 

basement highs, respectively, to the south and to the north (Fig. 3.14). The Pirapora aulacogen is a buried 

rift structure that extends over hundreds of kilometers across the central portion of the basin and hosts the 

thickest Proterozoic strata so far documented in the cratonic area. The basement highs are exposed along a 

few windows within the basin and seem to have acted as positive structures since the early Proterozoic 

(Reis & Alkmim, 2015).  

During the West Gondwana assembly, the fill units of the basin were involved in two foreland 

fold-and-thrust belts (f-t-belts) of opposite vergences, the Brasília, on the west, and the Araçuaí, on the 

east (Figs. 3.14 and 3.15) (Alkmim et al. 1996, Alkmim & Martins-Neto 2001, Muzzi-Magalhães 1989, 

Oliveira 1989, Fonseca et al. 1995, Souza-Filho 1995). The Brasília foreland f-t-belt represents the 

external sector of the Neoproterozoic Brasília orogenic belt and corresponds to a fold-dominated, thin-

skinned belt coupled to detachments located near the base of the Ediacaran Bambuí strata. The Araçuaí 
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foreland f-t-belt extends along the eastern portion of São Francisco basin and represents the external sector 

of the eponymous Ediacaran/early Cambrian metamorphic belt. Differently from the Brasília, the Araçuaí 

foreland f-t-belt corresponds to a west-verging system segmented into two thin-skinned domains separated 

by a central thick-skinned domain (e.g., Magalhães 1988, Oliveira 1989, D’Arrigo 1995, Souza-Filho 

1995, Hercos et al. 2008) (Fig. 3.16). 

 

 

Figure 3.15 – Stratigraphic chart for the Precambrian strata of the São Francisco basin (Reis & Alkmim 2015). 

 

The unit focus of this study, the Ediacaran Bambuí Group consists mostly of shales, carbonates, 

sandstones and subordinate rudites (Costa & Branco 1961, Braun 1968, Dardenne 1978, 1981) that 

comprise an unconformity-bounded first-order sequence (Martins-Neto 2009) (Fig. 3.15). It has been 
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interpreted by a group of authors as the record of a foreland basin stage, experienced by the São Francisco 

plate mainly in response to the lithospheric loads generated during the development of the Neoproterozoic 

Brasília belt (Chang et al. 1988, Alkmim & Martins-Neto 2001, 2011, Martins-Neto & Alkmim, 2001, 

Martins-Neto 2009, Reis & Alkmim 2015). On seismic sections, the Bambuí sequence shows a typical 

wedge-shaped geometry, whose thickness varies from a few hundreds of meters on the east, to ca. 3000 

meters in areas adjacent to the Brasília belt along  the western São Francisco basin (Fig. 3.16).  

 

 

Figure 3.16 - Composite and crooked seismic section showing the distribution of the main stratigraphic units across 

the São Francisco basin. In the western and eastern portions of the basin, the Precambrian strata are involved in the 

Brasília and Araçuaí foreland f-t-belts, respectively. Thrust faults: JP – João Pinheiro; RB – Rio Borrachudo; SD – 

São Domingos. Bmb: Brasília metamorphic belt. Location of the section is shown on Fig. 3.14. TWT: Two-way-

travel time.  Reproduced from Reis and Alkmim (2015). 

 

The Bambuí Group comprises four shallowing upward 2nd-order sequences that are continuous 

over large areas in the eastern São Francisco basin (Reis & Alkmim, 2015). The basal 2nd-order sequence 

contains the transgressive glaciogenic strata and associated deposits of the Carrancas Formation (e.g., 

Rocha-Campos et al. 2011, Kuchenbecker et al. 2013) that grade upward into the regressive carbonate 

successions of Sete Lagoas Formation (e.g., Nobre-Lopes 1999, Vieira et al. 2007). The sedimentary 

features and δC13 and δO18 isotopic signatures of the lowermost Bambuí carbonates are typical for late 

Neoproterozoic post-glacial deposits (e.g., Santos et al. 2000, Hoffman & Schrag 2002, Caxito et al. 

2012a, Kuchenbecker et al. 2013, Alvarenga et al. 2014, Paula-Santos et al. 2015). These successions are 
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overlain by two transgressive-regressive 2nd-order sequences including the mixed carbonate-siliciclastic 

strata of the upper Sete Lagoas, Serra de Santa Helena, Lagoa do Jacaré, and lower Serra da Saudade 

formations. The uppermost 2nd-order sequence encompasses mostly marine fine-grained siliciclastics that 

grade upward into the storm-bedded and sand-dominated Três Marias Formation (Chiavegatto 1992). 

The Ediacaran successions preserved in the eastern São Francisco basin grade laterally into fan-

deltaic and distal sedimentary successions of the Samburá and Lagoa Formosa formations, which are 

exposed along the western margin of the basin (Castro & Dardenne 2000, Fragoso et al. 2011, Uhlein et 

al. 2011, Uhlein 2014). In this area, the upper Bambui sequence also contains glauconite- and phosphorite-

bearing units (Lima et al. 2007). The transition to the deeper successions of the western São Francisco 

basin is marked by an overall decreasing on the shallow marine carbonate content.  

Provenance studies conducted on the Bambuí sequence have revealed two major sedimentary 

sources: i) Neoproterozoic orogenic sources associated with the Brasília belt and ii) older cratonic sources. 

The orogenic sources are indicated by the distribution and provenance patterns of the Samburá and Lagoa 

Formosa rudites (Castro & Dardenne 2000, Uhlein 2014) and consistent eastward paleocurrent indicators 

measured in the uppermost Três Marias Formation (Chiavegatto 1992). The expressive occurrence of 

carbonate facies in the eastern São Francisco basin (Nobre-Lopes 1995, Vieira et al. 2007, Iglesias & 

Uhlein 2009, Atman 2011), associated with progradational wedge seismic patterns outward from Januária 

and Sete Lagoas highs suggest that the cratonic basement and older Proterozoic successions have also fed 

the Ediacaran Bambuí basin. Sedimentary sources strictly associated with the Araçuaí metamorphic belt 

that bounds the basin to the east are scarce and have been described only in a few deformed areas in the 

eastern edge of the basin (Chiavegatto et al. 1997, Kuchenbecker 2014).  

 The stratigraphic and tectonic architecture of the Bambui sequence support a foreland system 

mostly linked with the Brasília belt evolution (e.g., Chang et al. 1988, Alkmim & Martins-Neto 2001, 

2011, Martins-Neto 2009, Pimentel et al. 2011, Reis & Alkmim 2015). In spite of this, recent provenance 

studies based on the U-Pb dating of detrital zircons and Cloudina sp. fossil assemblages recently found in 

the basal Sete Lagoas Formation have indicated important sedimentary sources as young as ca. 550 Ma 

(Kuchenbecker 2014, Warren et al. 2014, Paula-Santos et al. 2015). It suggests a mismatch between the 

Bambuí basin-cycle and the evolution of the southern Brasília belt, whose main collision phase has been 

constrained by intense granitogenesis and regional metamorphism at ca. 630 Ma (e.g., Valeriano et al. 

2004b, Pimentel et al. 2011). It is, on the other hand, chronologically compatible with the evolution of the 

northern Brasília belt (Alkmim & Martins-Neto 2001, Valeriano et al. 2004b) and the Araçauí orogen (to 

the east), whose accressionary stage has started around 630 Ma and evolved into collisional to post-

collisional stages between 590-490 Ma (Pedrosa-Soares et al. 2001, 2007, 2011a). 
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3.2.3-The Sete Lagoas basment high and Pompéu grabens  

 

Recently acquired seismic and well data, as well as geophysical surveys and surface information, 

has revealed a complex system of extensional structures that control the sedimentary architecture and 

preservation of the basal Ediacaran sediments along the Sete Lagoas basement high in the southernmost 

São Francisco basin (Figs 3.17 and 3.18). These data support previous works that postulated the existence 

of basement grabens in order to explain the general stratigraphic dispersal of lower Bambuí deposits and 

their tectonic framework along the southern São Francisco basin (e.g., Romano 2007a, 2007b, Uhlein et 

al. 2012, Uhlein, 2014). Although normal syn-tectonic faults have been locally identified in other areas 

(e.g., Danderfer-Filho 1991, Tuller et al., 2010), their origin and significance are still poorly understood. 

The Sete Lagoas basement high corresponds to a round-shaped structure partially exposed along 

the southern São Francisco basin (Fig. 3.17). The basement structure stands out on geophysical maps in 

form of relatively positive magnetometric and gravimetric anomalies (Figs. 3.14 and 3.18). Available 

seismic data demonstrate that it deepens toward north, where it is truncated by the NW-oriented Pirapora 

aulacogen, and also beneath the Brasília and Araçuaí foreland f-t-belts, on the west and east, respectively. 

Toward the south, the Sete Lagoas high becomes increasingly shallower, being exposed along the 

southern São Francisco craton (Fig. 3.18). In this area, it is made up of Archean TTG complexes, granitoid 

intrusions, greenstone belt successions, as well as Paleoproterozoic sedimentary units deformed under 

greenschist to amphibolite facies metamorphic conditions (Dorr II 1969, Teixeira & Figueiredo 1991, 

Alkmim & Marshak 1998, Heineck et al. 2003, Baltazar & Zucchetti 2007, Noce et al. 2007, Pinho 2008, 

Lana et al. 2013, Romano et al. 2013). Its tectonic configuration suggests that the basement high nucleated 

in the early evolutionary stages of the São Francisco basin (Paleoproterozoic?) and remained as a positive 

structure along most of the Proterozoic (Reis & Alkmim, 2015).  

The basement structures exposed in the Sete Lagoas high along the southern boundary of basin  

correspond to two large domes, made up of Archean TTG-gneiss of the Belo Horizonte and Divinópolis 

complexes, separated by the narrow NW-trending Pitangui synclinorium (Heineck et al. 2003, Romano 

2007a, Romano et al. 2009) (Fig. 3.17). This synformal structure involves the Archean greenstone belt 

successions of the Rio das Velhas Supergoup and is affected by NW-oriented strike-sip zone, apparently 

formed during the Neoarchean (e.g., Romano 1993, 2007a, Romano & Carmo 1992, Heineck et al. 2003). 

The tectonic elements of the basement are relatively well expressed in Bouguer anomaly and 

aeromagnetometric maps (Fig.3.18), as well as seismic sections (Fig. 3.19). According to these data, the 



Reis, H.L.S.  Neoproterozoic evolution of the São Francisco basin, SE Brazil: effects of tectonic inheritance on….. 

 94 

Pitangui synclinorium assumes a NNE-orientation toward the north, where it is overlain by the Ediacaran 

Bambuí sequence. 

 

 

Figure 3.17 – Simplified tectonic map of the southern São Francisco basin showing the major structural elements of 

the Brasília and Araçuaí f-t-belts on the west and east, respectively. The black dashed rectangle indicates the area 

studied in this paper. (b) Simplified geological map of the southern São Francisco basin (modified from Romano 

2007b, Féboli 2008, Ribeiro et al. 2009, Romano et al. 2009, Signorelli 2009, Tuller 2009).  The trace of the Pitangui 

Synclinorium was based on seismic data. Bh:Belo Horizonte Complex; Di:Divinópolis Complex. 
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The Pompéu grabens 

Along the southern edge of the basin the Ediacaran Bambuí Group fills a series buried grabens, 

here referred to as the Pompéu grabens (Fig. 3.18-d). This extensional system comprises two main NE-

trending and segmented troughs, which host complete sections of the lower to middle Bambuí strata. 

According to subsurface data, their bounding normal faults merge at depth with fabric elements of the 

Archean Pitangui synclinorium, especially with fold limbs (Fig. 3.19). Differently from other rift systems 

(e.g., Withjack et al. 2002, Autin et al. 2013), the extensional structures of the Pompéu grabens are not 

deep-seated and die out at a few kilometers depth. 

The Pompéu grabens (Fig. 3.18-d) are made up of en echelon depocenters defined by NE- and 

NW-trending normal faults. The NE-oriented faults are larger and show displacements in the order of 

hundreds of meters, whereas the NW-trending structures are smaller, show curved horizontal traces and 

smaller displacements (Fig. 3.18). Negative flower structures, drag and drape folds trending parallel to 

both sets of normal faults are common features in the seismic sections.  

As revealed by EW-oriented seismic sections, the Pompéu grabens occupy mostly the crest and 

part of the western flank of the Sete Lagoas high. A substantial part of the system seems to be slightly 

tilted toward west, where it becomes progressively less expressive beneath the external portion of the thin-

skinned Brasília foreland fold-thrust belt (Fig. 3.19). Remarkably, west-dipping normal faults are 

predominant in this area. 

The Bambuí strata exposed along the focused area are in general flat lying, locally showing 

shallow to moderate NW and SE dips (Fig. 3.20-a). Fractures are the most common brittle structures 

observed in the field. The main set forms en echelon arrays of steeply-dipping and WNW-trending 

fractures, commonly filled by calcite and pyrite. This set often show left-lateral displacements and is 

locally associated with NE- and NNW-striking open fractures (Fig. 3.20). In drill cores, these structures 

are represented by calcite-filled shear fractures that affect the basal Bambuí strata and basement, showing 

normal and normal-oblique displacements (Fig. 3.22). The fractures documented at surface in the Pompéu 

area roughly coincide with the graben faults. They also seem to control the drainage and other 

morphological features observed on satellite imagery and digital elevation models (Fig. 3.20).  
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Figure 3.18- The structure of the Sete Lagoas basement high in the southern São Francisco basin. (a) Top to 

basement structural contour map of the Sete Lagoas basement high. Based on 2D seismic data and gravimetric maps. 

The black dashed rectangle represents the approximate area of the map shown in (d). (b) Bouguer anomaly map 

(Sandwell & Smith 2008) and (c) Analytical Signal Amplitude (ASA) map of the total magnetic field depicting the 

major basement structures in the southern portion of the São Francisco basin. In (c) higher anomalies are presented in 

red and the lower ones in blue. (d) Structural contour map of the basement (from seismic) showing the Pompéu 

grabens within the Sete Lagoas basement high. PiS: Pitangui Synclinorium. TWT: Two-way travel time. 

 

Smooth NE-SW trending folds and kink bands locally affect the Bambuí rocks along the studied 

area. These structures might be either associated with the formation of the underlying grabens (drag 

faults?) or their late inversion. Although restricted, a weak inversion of the Pompéu grabens is suggested 

by the presence of NE-trending and right-lateral (?) transpressional corridors poorly-developed along the 

graben boundaries (to the west) (Fig. 3.19). 
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Figure 3.19 – Composite and crooked 2D seismic sections showing the sub-surface structure of the Pompéu grabens 

and their relationship with ancient compressional elements of the Sete Lagoas basement high, as well as the overall 

distribution of the basal to middle Bambuí strata. The gray star indicates an apparent compressional inversion 

involving the extensional structures of the Pompéu grabens. The location of the seismic sections is indicated on Fig. 

3.18. 
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Figure 3.20 – Structures of the Bambuí sequence exposed in the Poméu city area, southern São Francisco basin. (a) 

Stereonet plot of poles to bedding and (b) fractures rose diagram. Bedding plans of (a) were partially extracted from 

Romano (2007b), Féboli (2008) and Signorelli (2009). (c) Histogram showing the cumulative length of surface 

lineaments extracted from Geocover imagery. (d) Overview of flat-lying and organic-rich shales of the lower 

Bambuí sequence. (e and f) Left-lateral shear fractures and associated conjugate structures. Red arrow: 

Approximated direction of the maximum tension vector.  
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Lower to middle Bambuí Group as syntectonic graben fill units 

The fill units of the Pompéu grabens correspond to the lower and middle portions of the Bambuí 

Group, which comprises relatively thick syn-tectonic transgressive-regressive 2nd-order sequences 

(sequences 1 and 2) (Reis & Suss 2016). The graben fill sequences encompass multiple progradational, 

retrogradational and aggradational lower-order cycles and are bounded by subaerial unconformites and 

their correlative surfaces (Figs. 3.19 and 3.21).  

The analysis of more than 300 meters of drill cores (well 1, Fig. 3.21) showed that the basal 

Sequence 1 is represented by a c. 370 meters-thick succession that unconformably overlies the pre-1.8 Ga 

basement. Its lower transgressive systems tract contains a thin layer of normal-graded diamictite capped 

by c. 20 meters-thick rippled dolomite. The entire succession grades upward into distal organic-rich 

mudstones which are locally associated with deeper gravitational flow deposits (Fig. 3.22). The 

transgressive deposits of Sequence 1 are bounded by a maximum flooding surface and overlain by thick 

regressive carbonate successions, displaying a typical bell-shaped signature in gamma-ray logs (Fig. 3.21). 

In well 1 (Figs. 3.18 and 3.21), the regressive deposits show thickness of c. 320 m and contain outer to 

mid ramp storm-influenced deposits grading upward into inner ramp carbonates dominated by intraclastic 

and ooidal packstones/grainstones with cross-stratifications (e.g., Burchette & Wright 1992, Proust et al. 

1998) (Fig. 3.22).  These coarse-grained carbonates may show half-moon ooids and dissolution features 

filled either by sparry calcite or carbon-rich material (bitumen?). They define meter-scale finning-upward 

cycles that are commonly capped by lime mudstones with microbial laminations, recording peritidal 

channel to supratidal successions (e.g., Koerschner & Read 1989, Waters et al. 1989, Cloyd et al. 1990, 

Tucker & Wright 1990, Pratt et al. 1992, Proust et al. 1998). Seismic sections reveal that the entire 2nd-

order sequence onlap the grabens boundaries, showing thinner correlatives along footwall blocks (Figs. 

3.19 and 3.21). Toward the west, the sequence downlaps the basement assemblages of the Sete Lagoas 

high and older sedimentary units preserved in the southern São Francisco basin (?), defining a wedge-

shaped pattern (Fig. 3.19). In this area, a few asymmetrical basement troughs are likewise responsible by 

the localized thickening of the lowermost 2nd-order sequence. 
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Figure 3.21 - Mixed carbonate-siliciclastic sequences described in Well 1 (location shown in Fig. 3.18). a) Stratigraphic column and gamma-ray log showing the main patterns and lithostratigraphic correlation. b) Seismic section exhibiting the studied well 

within a graben structure in the southern São Francisco basin. c) Most prominent facies associations described in well cores. MFS: 2
nd

-order maximum flooding surface. MTD: Mass transport deposits. GR: Gamma-ray. Stratigraphic column: M – mud; Si – silt; 

fS – Fine sand; mS – medium sand; cS - coarse sand; G – gravel. Cycles: Hs – Decameter- to Hectometer-scale; Ds – Decameter-scale. Normal and inverted black triangles in (a) represent deepening- and shallowing-upward trend patterns, respectively. The black 

triangles in (c) correspond to fining-upward (normal) and coarsening-upward (inverted) successions. 
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Correlatives of Sequence 1 have been extensively described along the southern São Francisco 

basin. Discontinuous expositions and thin preserved intervals of the coarse- to fine-grained siliciclastics of 

Carrancas Formation occur within the basal successions of Bambuí sequence along the Sete Lagoas 

basement high (Costa & Branco 1961, Tuller et al. 2010) (Fig. 3.17). In the southern São Francisco basin, 

Vieira et al. (2015), Romano (2007a), Rocha-Campos et al. (2011) and Kuchenbecker et al. (2013) have 

reported glacial-related sediments containing diamictites, tilites, varvites and cap-carbonates with 

aragonite pseudomorphs and typical negative δC13 anomalies. Based on sedimentary and geochemical 

characteristics, Uhlein et al. (2012) interpret, at least part of these strata, as graben-filling units, which 

may also occur associated with organic-rich shales and dolostones. In the southeastern portion of the São 

Francisco basin, cap-carbonates of the basal Bambuí sequence lie over thinner fluvial and massive to 

normal-graded conglomerates and stratified sandstones (Carrancas conglomerates and related deposits). 

These successions have been interpreted as a distinct lowstand system tract succession deposited within 

discontinuous basement channels (Vieira et al. 2007). Considering their characteristics and distribution, 

these continental siliciclastics might represent older lag-like deposits locally preserved along footwall 

basement blocks rather than syn-tectonic glaciogenic sediments accumulated within basement troughs 

(Fig. 3.23). 

Correlatives of the regressive carbonate ramp strata of Sequence 1 are widespread in the southern 

Sao Francisco basin. Overlaying the glaciogenic and related deposits of the Carrancas Formation, these 

successions comprise the stromatolite-bearing and associated deposits of the Sete Lagoas Formation (e.g., 

Nobre-Lopes 1995, Vieira et al. 2007, Tuller et al. 2010). According to the available literature, differently 

from those units preserved within the Pompéu grabens, the correlatives of Sequence 1 generally do not 

exceed 250 m-thick in other portions of the southeastern and southwestern São Francisco basin (Vieira et 

al. 2007, Kuchenbecker 2011). 
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Figure 3.22 – Well core photos (Well 1). Top is always to the right. Transgressive system tract of Sequence 1: (a) 

Contact between normal-graded diamictite (Di) and rippled dolostone (Rdol) of the basal Bambuí Sequence; (b) 

Organic-rich black mudstones. Regressive system tract of Sequence 1: (c) Mid- to outer-ramp carbonates affected by 

a arrays of en echelon normal faults; (d) Oolite to intraclastic packstones (Pck)/grainstones(Gs) with (e) half-moon 

ooids (red arrow) (reproduced from Guirra 2015). Early regressive system tract of Sequence 2: (f) sand (Sd) to mud 

(Md) siliciclastic turbidites. The orange triangles indicate fining-upward cycles. Well cores diameter: 8,9 cm.  
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Figure 3.23 - Geological sketch showing the distribution and stacking patterns of the lower to middle Bambuí 

sequence and its relationship with the Pompéu grabens at Sete Lagoas basement high. The location of wells 1 and 2 

is indicated on Fig. 3.18. The relationship between the Carrancas conglomerate and associated successions and the 

2
nd

-order sequences of the lower Bambuí strata described in this study is based on Vieira et al. (2007). 

 

In the Pompéu grabens, Sequence 2 is marked by a lower sharp retrogradational interval 

represented by thin carbonate ramp strata, grading upward into fine-grained and siliciclastic-dominated 

deep water successions. Representing a transgressive systems tract, this retrogradational interval is 

bounded in its uppermost portion by a maximum flooding surface and show thickness of a few dozens of 

meters. It is overlain by a thick regressive succession that includes deep water and sand-to-mud turbidites 

(e.g., Bouma 1962) (Fig. 3.22) and grade upward into siliciclastic prodelta to delta front deposits (e.g., 

Mulder et al. 2003, Olariu and Bhattacharya 2006, Bhattacharya & MacEacher 2009, Tinterri 2011). This 

clastic-dominated succession passes toward the top into peritidal to supratidal carbonates (Tucker & 

Wright 1990, Tucker 1991, Pratt et al. 1992, James & Jones 2016). Comprising a regressive systems tract, 

the entire interval show thickness of ca. 380 m and is bounded in its uppermost portion by an erosional 

surface recorded within shallow marine carbonates. In gamma-ray logs, the lower siliciclastic unit of 

Sequence 2 exhibits an overall aggradational behavior, which is associated upward with sharp 

progradational patterns (Fig. 3.21). In its uppermost portion, these progradational patterns are defined by 

unusual siliciclastic deltaic to peritidal carbonate cycles. As suggested by seismic data, the tectonic 

activity associated with the Pompéu grabens opening was no longer expressive during the deposition of 

this portion of Sequence 2 (Figs. 3.19 and 3.21).  
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Correlatives of Sequence 2 also occur regionally and include the sediments of the Serra de Santa 

Helena and lower Lagoa do Jacaré formations (Fig. 3.17 and 3.21). Along other areas of the southern São 

Francisco basin, however, no complete prodeltaic to delta front successions have been so far described in 

the Serra de Santa Helena Formation, which is generally composed of thick packages of marine shales 

with hummocky cross-stratifications and restricted fine-grained siliciclastic turbidites (Vieira et al. 2007). 

At southern São Francisco basin, these successions are overlain by the siliciclastic and carbonate 

sedimentary rocks of the upper Lagoa do Jacaré and Serra da Saudade formations (Fig. 3.17). 

 

Age of the Poméu grabens 

Regional correlations based on seismic, well and surface data allow a few considerations on the 

age of Pompéu grabens. Due to the absence of successions suitable for direct dating within the Bambuí 

sequence (e.g., volcanics, fossil assemblages), studies based on detrital zircon dating conducted by 

Rodrigues (2010), Pimentel et al. (2011), Uhlein (2014), Kuchenbecker et al. (2013) and Paula-Santos et 

al. (2015) represent so far the best geochronological approach available for its deposits in the southern São 

Francisco basin.  

The basal coarse-grained siliciclastics of the Carrancas Formation show a provenance spectrum 

dominated by Archean and early Paleoproterozoic sources (> 2.1 Ga.; Kuchenbecker et al. 2013; Uhlein, 

2014), derived essentially from  basement assemblages of the Sete Lagoas high. The mixed carbonate-

siliciclastic successions of the Sete Lagoas and Serra de Santa Helena formations, on the other hand, 

record a wide spectrum of sedimentary sources, which varies from Archean to Ediacaran in age 

(Rodrigues, 2008; Pimentel et al., 2011; Paula-Santos et al., 2015). These units contains thus an additional 

contribution of younger sedimentary sources, including older Proterozoic covers of the São Francisco 

basin and important orogenic sources associated with the belts that bound the São Francisco craton. The 

youngest population of zircon grains found within the middle to upper Sete Lagoas Formation constraints 

its maximum depositional age at c. 560 Ma (Paula-Santos et al. 2015). This age is in agreement with 

Ediacaran metazoan assemblages found in carbonates of the same interval exposed along the Januária 

basement high (northern São Francisco basin, Warren et al. 2014) and is likewise assumed as the 

approximate maximum age of nucleation of the Pompéu grabens. 
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3.2.4 Discussions 

 

Generation and evolution of the Pompéu grabens 

The tectono-stratigraphic framework of the southern São Francisco basin reveals an intricate 

relationship between the Bambuí basin cycle and the Pompéu grabens, whose evolution was strongly 

influenced by preexisting structures of the basement.  

Occupying the crest of the Sete Lagoas basement high, the Pompéu grabens formed through the 

negative invertion of Archean structures (Pitangui Synclinorium) (Fig. 3.19). Combining surface and 

subsurface data allow concluding that these structures nucleated under a stress field in which σ3 was 

horizontal and NW-trending, coupled to a (sub) vertical σ1 (Fig. 3.24). The obliquity between this stress 

field and the preexisting structures of the basement might have contributed on forming the observed en 

echelon patterns (Fig. 3.18), as well as large- to meso-scale structures of the grabens (Fig. 3.24). Hosting 

syn-tectonic growth strata and also controlling the sedimentary dispersal of the basal to middle Ediacaran 

successions, the Pompéu grabens were probably formed around c. 560 Ma (Figs. 3.19, 3.21 and 3.23). 

Since these structures are locally affected by the external Brasília foreland f-t-belt, their minimum age 

might be better constrained by the age of the foreland belt. 

Within the studied grabens, the stacking patterns and sedimentary architecture of the Bambuí 

sequence indicate the interplay between regional and local accommodation controls, large-scale climatic 

changes and variations in the siliciclastic supply and carbonate production (Reis & Suss 2016).  

The regional accommodation controls seem to have operated over the entire Sete Lagoas high, 

controlling the deposition of the long-term (specially 2nd-order) cycles of the Bambuí sequence (Figs. 

3.21, 3.22, 3.25 and 3.26). After an important glaciation that affected low latitude areas (e.g., Santos et al. 

2002, Caxito et al. 2012a, Kuchenbecker 2011), the São Francisco plate was stage of an important post-

glacial eustatic rise that is marked by the transgressive systems tract of Sequence 1. Based on the available 

geochronological (Kuchenbecker, 2014; Paula-Santos et al, 2015) and paleontological data (Warren et al., 

2014), this post-glacial eustatic rise might have occurred after a late Ediacaran glacial event. The 

persisting warm climatic conditions and the resumption of organic activity culminated with an increasing 

carbonate production and the development of a large carbonate ramp over the Sete Lagoas basement high, 

in a region apparently far from major siliciclastic sources. This ramp setting is recorded by the regressive 

system tract of Sequence 1, which includes most of the Sete Lagoas Formation and mark the gradual 

outpacing of sedimentary supply/carbonate production over accommodation rates. Afterward, a 

remarkable increase in the regional accommodation rates caused the deposition of the basal transgressive 
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systems tract of Sequence 2 and the drowning of the former Sete Lagoas carbonate ramp. The succeeding 

regressive systems tract that includes most of the siliciclastic-dominated deposits of the Serra de Santa 

Helena indicates the gradual increase in sedimentary supply relative to space generation. The carbonate 

strata preserved within the uppermost Sequence 2 denotes a renewed decreasing on siliciclastic input and 

the coeval resumption of carbonate production. 

 

 

Figure 3.24 - Paleostress reconstruction during the opening of the Pompéu grabens. 

 

The local tectonic activity associated with the nucleation and evolution of the Pompéu grabens has 

apparently imprinted important variations in the sedimentary architecture of Sequence 1 and Sequence 2. 

As discussed by Reis & Suss (2016), these variations are observable in higher- to lower-rank sedimentary 

cycles and are recorded by the sporadic gravitational deposits described within both sequences, as well as 

the complete prodelta to delta front siliciclastic deposits of the middle Sequence 2 (Fig. 3.21). When 

compared with correlatives throughout the southern São Francisco basin, the local accommodation 

controls are also responsible for thicker transgressive to early regressive deposits within the Pompéu 

grabens (Figs 3.25 and 3.26). The restricted water circulation associated with the extensional depocenters 

and the favorable climate conditions might have induced the deposition of remarkable organic-rich strata 

during the transgressive/early regressive systems tract of Sequence 1. Geochemical analyses carried out by 
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the Brazilian oil company Petra Energia S.A, have revealed intervals with up to 3,4% of total organic 

content in mudstones of this interval. The thick aggradational stacking pattern of the lower to middle 

Sequence 2 (Fig. 3.21) seems to represent the combination of episodes dominated by higher regional 

subsidence rates and the persisting tectonic activity within the Pompéu grabens. Importantly, the overall 

sedimentary succession preserved along these troughs exhibit remarkable similarities with rift-related 

successions (Martins-Neto & Catuneanu, 2010). However, the lack of volcanics and continental 

siliciclastic deposits, commonly recognized in worldwide syn-rift settings (e.g., Withjack et al. 2002, 

Allen & Allen 2005), seem to record the stable intracratonic setting where these structures formed and the 

dominant submarine conditions during the Bambuí sequence deposition. 

 

The Pompéu grabens as the record of Ediacaran forebulge tectonics in the São 

Francisco craton 

The Ediacaran mixed carbonate-siliciclastic successions preserved along the Sete Lagoas 

basement high show several similarities with forebulge/flexural ramp successions deposited in marine 

foreland systems worldwide (Giles & DeCelles 1996, Proust et al. 1998, Boscence 2005). Distant from 

major siliciclastic sources and marked by lower gradients and subsidence rates, forebulge depocenters 

often host carbonate ramps that may develop as kilometer-scale linear belts (Burchette & Wrigth 1992, 

Proust et al. 1998, Tucker 2003, Bosence 2005). Due to the constant advance of the orogenic wedge and 

the concomitant forebulge migration, the carbonate ramp strata may interact with siliciclastic 

sedimentation, either being drowned or backstepping (Proust et al. 1998, Bosence 2005). Together with 

other depositional controls, the tectonically-driven changes on the regional accommodation rates and 

sedimentary supply might thus result in the deposition of superimposed mixed carbonate-siliciclastic 

sequences of different orders within forebulge areas.  
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Figure 3.25 - Regional cross-section showing the distribution of the mixed carbonate-siliciclastic 2nd-order sequences of the lower to middle Bambuí Group in 

the southern São Francisco basin. The cross-section is based on seismic and well data. Depth in two-way-travel time (TWT/s). Black triangles are 2nd-order 

transgressive systems tracts and inverted black triangles are 2nd-order regressive systems tracts. The location of wells 1 and 2 is shown on Fig. 3.18. 
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While the basal second-order sequence described in this study (Sequence 1) indicates periods 

dominated by low subsidence rates, lower siliciclastic supply, higher carbonate production and post-

glacial sea level changes, the successions of the overlying Sequence 2 seem to record important 

tectonically-driven changes in the balance between accommodation and siliciclastic supply over the Sete 

Lagoas basement high. Together with the upper Bambuí strata, these long-term cycles apparently mark 

successive episodes of forebulge uplift and migration (Reis & Suss 2016). The continuous forebulge 

migration toward the east (current coordinates) is also supported by the shift of the major Ediacaran 

shallow carbonate platforms, as suggested by the current distribution of the Sete Lagoas and Lagoa do 

Jacaré formations (e.g., Heineck et al. 2003). The continental Carrancas conglomerate and related 

siliciclastics (Vieira et al. 2007), on the other hand, seem to represent discontinuous remnants of an older 

forebulge unconformity and thus an earlier uplift stage of the Sete Lagoas basement high (Fig. 3.23). 

However, their age relative to the basal deposits describe within the Sequence 1 is still unclear.  

As indicated in a E-W cross-section through the southern São Francisco basin, the Ediacaran 

forebulge successions preserved within the Sete Lagaos basement high are laterally associated with the 

foredeep remants of the Sambura Formation, exposed in the southwestern portion of the basin (Fig. 3.26) 

(Castro & Dardenne 2000, Castro 2004).  Although some stratigraphic thickening have been reported for 

the basal Bambuí sequence toward the Araçuaí belt (on the east) (Vieira et al. 2007), no Ediacaran marine 

foredeep strata have been so far described in this portion of the basin. 

The subsidence of the São Francisco craton interior imposed by the tectonic loads of Brasília and 

Araçuaí belts during the West Gondwana assembly were modeled by Ortu (1990). Performed for the final 

stages of Bambuí basin cycle (relative in time to the deposition of Três Marias Formation), this 

tectonophysical model indicated a main NW-trending flexural high, roughly coincident with the Sete 

Lagoas high. Toward southwest, the basement would become progressively deeper reaching the maximum 

depths in areas adjacent to the Brasília belt. In the eastern portion of the craton, the lithospheric flexure 

would be less expressive and mostly concentrated within an area close to the central Araçuaí belt (Fig. 

3.27). Thus, this study demonstrates that the Sete Lagoas could indeed behave as a forebulge depositional 

province during the Bambuí basin cycle.  
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Figure 3.26 – Regional correlation section showing the stratigraphic architecture of the Bambuí sequence in the southern São Francisco basin. Based on   (1) 

Castro & Dardenne (2000); Castro (2004); (2) Kuchenbecker (2011); (3) Vieira (2007); (4) Tuller et al. (2010); (5) Costa & Branco (1961). Geochronological 

data from: (6) Paula-Santos et al. (2015); (7) Rodrigues (2008); (8) Reis et al. (2012). Dash-dot line: 2nd-order sequence boundary. Black triangles are 2nd-order 

transgressive systems tracts and inverted black triangles are 2nd-order regressive systems tracts. 
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Figure 3.27 - (a) Schematic map extracted from Ortu (1990) showing the modelled  lithospheric deflection promoted 

over the São Francisco plate by the Brasília belt and its external foreland deformation zone (Brasília foreland f-t-belt) 

and the Araçuaí belt during the final stages of the Ediacaran Bambuí basin cycle. SL: Sete Lagoas; TM: Três Marias; 

Bb: Bambuí. (b) Cross-section through the southern São Francisco craton and marginal Brasiliano belts depicting the 

major tectonic compartments and their gravimetric Bouguer anomalies. Note the remarkable expression of the 

gravity anomalies associated with the Brasília belt (on the west) relative to those associated with the Araçuaí belt (on 

the east). Reproduced from Reis (2011).  (c) Schematic models showing the behavior of the lithosphere under 

flexural deformation. Shallow extensional structures are concentrated along the convex side of the uplifiting 

forebulge and associated with the maximum tensile stress. These structures are also parallel to the vertical loads 

applied in the hinterland. The red dashed box corresponds to the area detailed in the right figure.  Based on Bradley 

& Kidd (1991), Supak et al. (2006) and Langhi et al. (2011). 
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In spite of the far-field compressive stresses regionally acting on foreland systems, forebulge 

provinces often behave as extensional settings rather than compressive (Bradley & Kidd 1991, DeCelles & 

Giles 1996). Miles away from the orogenic loads, the flexural uplift promoted by the large-scale 

lithospheric deformation are mainly accommodated in forebulge domains and outer trenches in form of 

crustal-scale extensional faults. These faults nucleate by the bending of the overloaded plate beyond its 

elastic limit. Differently from structures developed by lithospheric stretching, flexural-induced faults are 

expected to develop parallel to the applied vertical loads and preferentially along lines of maximum 

bending stress in the upward flexure (Bradley & Kidd 1991, Supak et al. 2006).  Since the extensional 

component of stress within bent plates is depth-dependent, these normal faults are typically restricted to 

shallow crustal conditions, where the tensile stresses are greater (Fig. 3.27-c) (Supak et al. 2006). 

A careful examination of the Pompéu grabens and the associated Ediacaran sedimentary fill 

strongly suggested that these structures were formed in the outer arc of a forebulge structure. The far-field 

stresses caused by marginal tectonic loads might have culminated with the tectonically-induced upward 

flexure of the Sete Lagoas high and the consequent extensional reactivation of its ancient compressional 

structures. It thus indicates that the Pompéu grabens represent typical forebulge grabens. 

According to the geochronological data available for the Ediacaran Bambuí sequence (Rodrigues 

2008, Pimentel et al. 2011, Kuchenbecker 2014, Paula-Santos et al. 2015), the Pompéu forebulge grabens 

developed during the late Ediacaran Period. It suggests that both Brasília and Araçuaí belts were already 

uplifted during their nucleation (e.g., Valeriano et al. 2004b, Pedrosa-Soares et al. 2001, 2007, Alkmim et 

al. 2006, Pimentel et al. 2011). However, i) the parallelism between these structures and the southern 

Brasília foreland f-t-belt (Figs. 3.17 and 3.18) and ii) the overall sedimentary architecture of the Bambuí 

basin (Figs. 3.21 and 3.26) point toward a forebulge dynamics mostly controlled by the Brasília belt 

overload (to the west). Regardless of the regional tectonic scenario during the Bambuí basin cycle, the 

tectonophysical modelling of Ortu (1990) and the regional gravimetric anomalies documented along the 

São Francisco craton (Fig. 3.27) indicate that the orogenically-induced flexure imposed by the western 

marginal belt was expressive enough to overcome the lithospheric bending caused by the Araçuaí belt (to 

the east).  It might has culminated with a regional Ediacaran sedimentary dispersal and forebulge 

dynamics mostly linked with the evolution of Brasília belt and thus a less expressive sedimentary sourcing 

associated with the eastern orogenic system. Since extensional syn-sedimentary structures involving the 

lower Ediacaran strata were also described in restricted areas of the southeastern São Francisco basin 

(D’Arrigo 1995, Danderfer-Filho 1991, Tuller et al. 2010), tensile stresses seem to have acted along both 

sides of the Sete Lagoas basement high suggesting some influence of tectonic loads associated with the 

Ediacaran/Cambrian Araçuaí orogen. 
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Reconstructing the Bambuí foreland system 

The tectonic evolution of foreland systems is closely associated with their position relative to the 

marginal orogenic belts, where different lithospheric and sub-lithospheric loads may control variations in 

their sedimentary architecture and preservation capacity (Giles & DeCelles 1996, Catuneanu 2004, Naylor 

& Sinclair 2008). In retroarc foreland systems exclusively controlled by static loads, forebulge provinces 

often behave as non-depositional areas being associated with expressive subaerial unconformities 

(Catuneanu et al., 1997; Catuneanu, 2004).  These depocenters are expected to accumulate and preserve 

thick sedimentary successions only when subjected to additional long-wavelength subsidence associated 

with dynamic loads (Catuneanu 2004). Since pro-foreland systems are not influenced by this type of 

subsidence mechanism, the accumulation and preservation of sedimentary successions within their 

forebulge provinces seem to require other subsidence controls. Furthermore, numerical models have 

indicated that pro-foreland systems tend to preserve only the sedimentary record associated with the final 

evolutionary stages of the marginal mountain belts (Naylor & Sinclair 2008). 

Available paleotectonic reconstructions have suggested that the São Francisco plate acted as the 

subducting plate during both the Brasília belt (e.g., Valeriano et al. 2008) and the Araçuaí orogen 

development (Pedrosa-Soares et al. 2001, 2011a, Alkmim et al. 2006), indicating a pro-foreland (or 

peripheral) character for the Bambuí basin (Fig. 3.28). Assuming this tectonic scenario, the following 

considerations could be made regarding the sedimentary preservation and age of the Bambuí strata found 

within the Sete Lagoas basement high and elsewhere. 

 It might be expected a lower preservation of the very early Bambuí cycle strata in the basin, 

which, at least partially, could have been incorporated in the marginal orogenic systems during the 

late Neoproterozoic/early Paleozoic West Gondwana assembly. While in the Brasília belt part of 

this record could be associated with the Rio Verde Formation (e.g., Rodrigues et al. 2010, Dias et 

al. 2011), in the Araçuaí orogen it could be represented by the Salinas Formation remnants (e.g., 

Lima et al. 2002, Santos et al. 2009, Kuchenbecker 2014). The potential of sedimentary 

preservation has been also pointed out by Kuchenbecker (2014) as an important element to 

consider on reconstructions of the Ediacaran foreland system. 
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Figure 3.28 - Tectonic model depicting the first to middle evolutionary stages of the Bambuí basin-cycle. Although 

the Araçuaí belt might have uplifted in this time, the overall tectono-stratigraphic architecture of the Ediacaran basin 

indicates a forebulge dynamics mostly controlled by the western orogenic belt. Interference patterns between the 

flexural deflections promoted by both orogenic belts, however, could have contributed to bring the entire forebulge 

domain (Sete Lagoas basement high) below the sea level after earlier flexural subsidence pulses. The figure in the 

left lower portion is a simplified stratigraphic chart of the Bambuí sequence in the southern São Francisco basin. PiS: 

Pitangui Synclinorium. Bb: Brasília belt. Ab: Araçuaí belt. 
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 Regardless of its forebulge behavior, interference patterns associated with the subsidence profiles 

induced by both Brasília and Araçuaí belt could has contributed on bringing the Sete Lagoas 

basement high below the base level. Together with the documented post-glacial sea-level rise 

(basal Sequence 1), it allowed the sedimentation and preservation of thick marine sedimentary 

successions within the forebulge depocenter, probably after the late Ediacaran uplift of the 

Araçuaí belt (Pedrosa-Soares et al. 2001, 2007). This could indicate an expressive hiatus within 

the forebulge unconformity since the very early evolutionary stages of the Bambuí basin cycle 

(associated with the Brasília belt uplift) (Fig. 3.28). 

 

3.2.5- Conclusions 

 

The Ediacaran Bambuí first-order sequence (i.e. Bambuí Group) records a foreland basin system 

developed in the São Francisco plate during the late Neoproterozoic/ early Paleozoic West Gondwana 

assembly (e.g., Martins-Neto 2009, Alkmim & Martins-Neto 2012, Reis & Alkmim 2015). Our data 

demonstrate that: 

• In the southern São Francisco basin, the Ediacaran Bambuí sequence fill series of NE-

trending sub-surface troughs, the Pompéu grabens. These grabens occupy the crest of the 

Sete Lagoas basement high and developed through the extensional reactivation of ancient 

basement structures, under a NE-trending σ3 and an approximately vertical σ1. 

• Tectono-stratigraphic analyses, tectono-physical models and regional correlations indicate 

that these grabens formed and evolved due to the forebulge uplift and migration of the 

Sete Lagoas basement high, supposedly in the late Ediacaran. It has imprinted remarkable 

variations in the sedimentary architecture and dispersal of the Bambuí sequence in the 

southern portion of the basin. 

• The forebulge character of the studied strata and the overall paleotectonic reconstructions 

available for the Bambuí basin during the West Gondwana assembly might explain the 

mismatch between the age of the Bambuí sequence and the marginal Brasília belt 

evolution. However, more studies are needed to better constrain the age of the Ediacaran 

strata, as well as to improve paleotectonic reconstructions. 
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CHAPTER 4 

NEOPROTEROZOIC FORELAND FOLD-THRUST BELTS  

4.1- ANATOMY OF A BASIN-CONTROLLED FORELAND FOLD-THRUST BELT 

CURVE: THE TRÊS MARIAS SALIENT, SÃO FRANCISCO BASIN, BRAZIL
1
 

 

Humberto Luis Siqueira Reis 
a,b

, Fernando F. Alkmim 
b
 

 

a 
Departamento de Geologia, Escola de Minas, Universidade Federal de Ouro Preto, Morro do Cruzeiro, 35.400-000, 

Ouro Preto, MG, Brazil  

b 
Petra Energia S.A. Alameda Oscar Niemeyer,500- Vila da Serra, 34.000-000 Nova Lima, MG, Brazil 

 

Abstract 

Salients, as common features of fold-thrust belts, correspond to convex-to-foreland map-view curves. Hosting 

sedimentary sequences younger than 1,8 Ga., the intracratonic São Francisco basin of southeastern Brazil 

encompasses two foreland fold-thrust belts of opposite vergences: the Brasília, on the west, and the Araçuaí, on the 

east. These belts culminate in the central portion of the basin in form of two almost touching antitaxial curves 

developed in response to diachronic orogenic events affecting the basin fill-units during the Ediacaran 

Brasiliano/Pan-African assembly of West Gondwana. Located in the external sector of the thin-skinned Brasília 

foreland fold-thrust belt, the ca. 130 km long and 80 km wide Três Marias salient involves the up to 2500 meters-

thick Ediacaran Bambuí sequence. In order to characterize the overall architecture and processes involved in the 

generation of the Três Marias salient, we conducted a detailed structural investigation of the southern segment of the 

Brasília foreland fold- thrust belt, based on surface, seismic, well and aerogeophysical data interpretation. The salient 

is frankly dominated by monotonous trains of upright chevron folds, bounded by a small number west-dipping thrust 

faults. The structural traces of thrusts and fold hinges on maps trend preferentially NS in the central portion of the 

salient, curving progressively toward NE and NW in its southern and northern limbs, respectively. The entire system 

is linked to a spoon-shaped detachment zone located near the base of the Ediacaran Bambuí strata, whose maximum 

thickness roughly coincide with the salient culmination. Our analysis led to the conclusion that the Três Marias 

salient corresponds to a basin-controlled curve, generated during a single and progressive deformational episode. Its 

fold-dominated character and the high symmetry of its internal fabrics can be explained by the low friction of the 

associated detachment (located along a lower Bambuí sequence black shale) and the mechanical behavior of the 
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pelite-dominated deposits incorporated in the fold-thrust wedge. The occurrence of seepages and recent gas 

discoveries in the Três Marias salient area point toward its potential for unconventional hydrocarbon resources. Our 

investigation suggests that the main basin controls that led to the development of the salient might have controlled 

the quality and distribution of Proterozoic petroleum system elements. 

Keywords: Três Marias salient, São Francisco basin, Ediacaran, basin-controlled curve, low friction detachment, 

hydrocarbon exploration, Brazil 

 

4.1.1- Introduction 

 

Map-view curves are common features of fold-thrust belts (f-t-belts). Intensively studied, these 

structures are discriminated with basis on their geometry and development processes (e.g., Gutiérrez-

Alonso et al. 2012, Hnat et al. 2009, Johnston et al. 2013, Li et al. 2012, Marshak 1988, Marshak 2004, 

Marshak & Flöttmann 1996, Macedo & Marshak 1999, Pastor-Galán et al. 2011, Paulsen & Marshak 

1999, Prasad et al. 2011, Silva & Oliveira 2009, Tull & Holm 2005, Weil & Sussman 2004). Antitaxial 

curves or salients correspond to convex-to-foreland structures, whereas syntaxial curves or recesses are 

concave-to-foreland structures. From a kinematic point of view, two basic types of orogenic curvatures are 

currently discriminated (Marshak 2004, Weil & Sussman 2004): (1) rotational curves or oroclines, and (2) 

non-rotational curves or primary arcs. Rotational curves form by bending or buckling of originally straight 

or curved fold-thrust belts. Differently from oroclines, primary arcs initiate as curved segments and 

remain as such during the whole development of the belt to which they belong.  

Primary arcs are in general thin-skinned structures (Macedo & Marshak 1999, Marshak 2004), 

whilst oroclines might be either thick or thin-skinned curvatures (Johnston et al. 2013). Thin-skinned 

oroclines are limited in scale to the size of a thrust sheet or thrust belt. Their generation is associated with 

the progressive rotation of the shortening vectors in the course of a single deformation event. Thick-

skinned oroclines, on the other hand, are lithosphere-scale features that develop in association with 

dramatic switch of regional stress fields during one or more deformation events (Johnston et al. 2013). 

The development of non-rotational curves is controlled by the shape of thrust belt substratum, 

convergence direction, rheology and thickness of the involved stratigraphic succession, presence of 

indenters and foreland obstacles, as well as along-strike changes in the detachment strength (Marshak 

2004, Macedo & Marshak, 1999). After studying f-t-belts from various tectonic settings and ages, Macedo 

& Marshak (1999) concluded that non-rotational salients and recesses are the most common and comprise 

three main curve types: i) basin-controlled, formed when a thrust belt develops in a basin whose 
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sedimentary thickness varies along strike; ii) detachment-controlled, formed when along-strike variations 

in the detachment strength impact the overall architecture of the thrust wedge; or iii) indenter-controlled, 

formed as a consequence of hinterland rigid block indentation. The authors demonstrate that the analysis 

of f-t-belt curves can thus provide important constraints on the geometry and general attributes of the pre-

orogenic basin.  

Since the controls on the development of non-rotational curves correspond to the conditions 

leading to oil field generation, the study of f-t-belt curves also has applications on hydrocarbon 

exploration (Marshak 2004). Macedo & Marshak (1999) have shown that major hydrocarbon fields 

associated with f-t-belts often occur within the culmination of basin-controlled salients (e.g., Alberta, 

Wyoming, Santa Cruz, Taiwan and Zagros). These zones coincide with the thickest pre-orogenic strata 

and are thus associated with greater volumes of reservoir and source rock, as well as regional traps and 

higher vertical permeabilities. In foreland basins, variations in the balance between sedimentary supply 

and accommodation rate along salients and recesses can also control the depositional architecture of the 

syn-tectonic deposits and along-strike overburden variations, impacting on the distribution and quality of 

hydrocarbon reservoirs (Castle 2002).  

The intracratonic São Francisco basin occupies an area of ca. 300.000 km2 in the southeastern 

Brazilian highlands, covering a substantial portion of the southern São Francisco craton (Fig. 4.1). The 

basin hosts sedimentary successions younger than 1.8 Ga. that record the long and complex evolution of 

the São Francisco craton in the time after the Late Paleoproterozoic (Alkmim & Martins-Neto 2001, 2012, 

Martins-Neto 2009). During the assembly of West-Gondwana in the Ediacaran-Cambrian boundary, the 

Precambrian units of the basin were caught by orogenic fronts, which led to the development of two 

foreland f-t-thrust belts in areas adjacent to the craton boundaries: the Brasilia, on the west, and Araçuaí, 

on the east (Alkmim et al. 1996, 2001, Reis et al. 2011). These roughly N-S-trending belts culminate in 

the central portion of the basin, where they compose a quite peculiar association of regional-scale 

structures: two large and almost touching salients of opposite vergences, separated by a narrow zone, 

where the basin strata are not affected by thrusts or folds (Fig. 4.1).  

Despite innumerous tectonic studies carried out in the São Francisco basin along the last decades 

(e.g., Alkmim et al. 1996, 2011, Bacellar 1989, Chang et al. 1988, Coelho et al. 2008, Hercos et al. 2008, 

Magalhães 1988, Muzzi Magalhães 1989, Reis 2011a, Souza-Filho 1995, Zalán & Romeiro-Silva 2007), 

many questions related to geometrical and genetic aspects of their f-t-belts are still open. Specific to the 

mentioned salients, the main issues are: i) what characterizes their structural framework? ii) which factors 

control their development? iii) is there any relationship between the salients and the various gas seepages 

and hydrocarbon discoveries documented in the central portion of the basin? In order to contribute with 
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answers to these questions, we conducted the first detailed structural investigation along the Brasília 

foreland f-t-belt antitaxial curve, which is here referred to as the Três Marias salient (Reis et al. 2011). 

This region has been chosen for study due to the available collection of geophysical and well data, the 

occurrence of seepages, and recent natural gas discoveries. 

 

 

Figure 4.1 - The São Francisco basin (red dashed line) in the southern São Francisco craton showing its fringing 

Neoproterozoic orogenic belts and the bouguer anomaly map. The AB cross-section represents the location of the 

seismic line shown on Fig. 2. Cratons of South America and Africa: A Amazonian; P Rio de la Plata; K Kalahari; 

WA West Africa and SFC São Francisco-Congo. Cities: TM Três Marias; S Salvador. PC: Paramirim Corridor. 

(Modified from Alkmim 2004 and Alkmim et al. 2006). The Bouguer map is reproduced from Reis (2011).  

 

Aiming to characterize the structural framework and understand the origin of Três Marias salient, 

our study integrates field work (574 field stations) with interpretation of seismic and well data provided by 

National Agency of Petroleum, Natural Gas and Biofuels (ANP). We have also used unpublished seismic 

and well data acquired by the Brazilian oil company Petra Energy S.A., between 2010 and 2013, as well 

as aeromagnetometric surveys provided by Companhia de Desenvolvimento Econômico de Minas Gerais 
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(CODEMIG). In this paper, we describe the stratigraphic and structural framework of Três Marias salient 

and discuss the main factors and features controlling development of the curve and their implications on 

the tectonic evolution of the São Francisco basin. Our results might offer additional contributions for 

hydrocarbon exploration programs in course in the western and central portions of the basin. 

 

4.1.2 – Geological setting: The São Francisco basin 

 

The São Francisco basin occupies almost the entire NS-trending portion of the São Francisco 

craton (Alkmim & Martins-Neto 2001, 2012). The eastern, western and northern limits of the basin 

coincide with the cratonic boundaries, which are in turn defined by emergent thrusts of the Neoproterozoic 

Araçuaí, Brasília and Rio Preto metamorphic belts, respectively. The southern basin limit is erosional. To 

the northeast, it is bounded by the Paramirim Corridor, a Neoproterozoic intracratonic deformation zone 

that affects the neighboring Paramirim aulacogen (Cruz & Alkmim 2006) (Fig. 4.1). The São Francisco 

basin corresponds to a typical poli-historic depocenter that records multiple and superimposed basin 

cycles (Alkmim & Martins-Neto 2001, 2012). 

 

Stratigraphy 

Three main Proterozoic unconformity-bounded 1st-order sequences have been so far recognized in 

the São Francisco basin (Alkmim & Martins-Neto 2012, Martins-Neto 2009, Reis et al. 2013a) (Fig. 4.2): 

i) the Late Mesoproterozoic to Early Neoproterozoic Paranoá-Espinhaço II sequence
2
; ii) the 

Neoproterozoic Macaúbas sequence; and iii) the Ediacaran Bambuí sequence. Their deposits 

unconformably lie on an Archean/Paleoproterozoic basement, made up of metamorphic rock assemblages 

older than 1,8 Ga. The Proterozoic successions are deformed along the margins of the basin (Alkmim et 

al. 2001, Alkmim & Martins-Neto 2012) and unconformably overlain by thinner Phanerozoic covers, 

which include the Permo-Carbonferous Santa Fé Group, as well as the Cretaceous Areado, Mata da Corda 

and Urucuia groups (Campos & Dardenne 1997a, 1997b, Sgarbi et al. 2001). 

The oldest sequence, Paranoá-Espinhaço II, represents a rift-sag basin-fill succession that grades 

laterally into deposits of a passive margin basin, developed along the western margin of the São Francisco 

craton. The sequence includes strata of the middle and upper Espinhaço Supergroup, on the east (Dupont, 

1995, Lopes 2012), and the Paranoá Group, on the west (Alvarenga et al. 2012, Campos et al. 2013, 

                                                           
2
 Paranoá-Espinhaço II is equivalent to Paranoá-Upper Espinhaço, as used in the former sections. 
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Dardenne 1978, 1981, 2000, Heineck et al. 2003). The Paranoá-Espinhaço II sequence extends over large 

areas of the basin, thickening westward and along the buried Pirapora aulacogen (Alkmim & Martins-Neto 

2001). Within the aulacogen, the Paranoá-Espinhaço II sequence exhibits typical steer head geometry and 

reaches a maximum thickness of a few kilometers, apparently covering an older unknown Precambrian 

sedimentary sequence (Reis et al. 2013a). Available U-Pb ages on detrital zircons and diagenetic 

xenotimes extracted from Paranoá and Espinhaço rocks indicate a time span between ca. 1.3 and 1.0 Ga. 

for their deposition. Provenance studies indicate Archean to Proterozoic intracratonic rocks as the main 

sources for this succession (e.g., Alvarenga 2012, Chemale et al. 2012, Kuchenbecker 2014, Lopes 2012, 

Matteini et al. 2012, Pimentel et al. 2011).   

The Macaúbas first-order sequence occurs in the eastern and western sectors of the basin. On 

seismic lines, its lower section is bounded by normal faults showing displacements in the order of hundred 

meters, affecting mostly the underlying Mesoproterozoic units. These faults are often associated with syn-

tectonic growth strata (Martins-Neto & Hercos 2012, Reis et al. 2013a). In the eastern São Francisco 

basin, the Macaúbas sequence includes the up to 300 m-thick glaciogenic Jequitaí Formation, which is 

exposed along the rims of regional anticlines (Karfunkel & Hoppe 1988, Martins-Neto & Hercos 2002, 

Uhlein et al. 1999). The Jequitaí Formation is portrayed as the intracratonic condensed section of the 

Macaúbas Group, the type unit of the metamorphic Araçuaí belt that bounds the basin to the east (Uhlein 

et al. 1999). The Macaúbas Group comprises a thick pile of sandstones, pelites, glaciomarine diamictites, 

carbonates, basic volcanics, and Rapitan-type iron formations, metamorphosed under greenschist to 

amphibolite facies conditions (e.g., Babinski et al. 2012, Karfunkel & Hoppe 1988, Martins-Neto et al. 

2001, Pedrosa-Soares et al. 2007, 2011a). 

The Macaúbas sequence is represented by the passive margin succession of the Vazante Group 

along the western border of basin (Fig. 4.1). This group comprises fine to coarse-grained marine 

silicilastics overlain by a thick succession (over 3,000 meters-thick) of interbedded organic matter-rich 

shales, pelites, carbonates and phosphorites (Azmy et al. 2008, Dardenne 2000, Martins-Neto 2009). 

The age of the Macaúbas sequence, estimated between 880 Ma and 740 Ma, is matter of dispute. 

The maximum depositional age is given by the age of the youngest detrital zircon so far found in 

diamictites of the Jequitaí Formation (Pimentel et al. 2011). The minimum depositional age is constrained 

by a Pb-Pb isochron obtained on basal cap carbonates of the Bambuí Group (Babinski et al. 2007). New 

detrital zircon ages obtained from metamorphic rocks of the Macaúbas Group in its type-area (outside the 

basin) suggest a longer and more complex evolution for the Macaúbas basin-cycle (Kuchenbecker et al. 

2015a). 
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Figure 4.2 - Stratigraphic chart for the Precambrian section of the São Francisco basin. See text for explanation and 

references on age determinations. 

 

The Bambuí first-order sequence, the most expressive unit exposed in the São Francisco basin, is 

made up of a thick succession of pelites, carbonates, sandstones and subordinated rudites of the Bambuí 

Group. The sequence records a foreland basin stage experienced by the São Francisco plate in response to 

the loads imposed on its western margin by the uplift of the Brasília belt during the Ediacaran Period 

(Alkmim & Martins-Neto 2001, 2012, Barbosa et al. 1970, Chang et al. 1988). The sequence exhibits a 

typical wedge-shaped geometry on seismic sections. Its thickness varies from a few hundred meters on the 

eastern portion of the basin to ca. 3.000 meters on the west, in the presumed foredeep area (Figs. 4.2 and 

4.3).  
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The Bambuí sequence encompasses four 2nd-order shallowing upward sequences that are 

continuous over large areas. The 2nd-order sequences comprise (Reis et al. 2013a), from the base to the 

top, the Carrancas, Sete Lagoas, Serra de Santa Helena, Lagoa do Jacaré, Serra da Saudade and Três 

Marias formations (Braun 1968, Costa & Branco 1961, Dardenne 1978, 1981). In the southeastern São 

Francisco basin, the Bambuí sequence also includes distinct and restrict continental coarse-grained 

siliciclastics (Carrancas conglomerates; Vieira et al., 2007). 

The overall sedimentary features and δC13 and δO18 isotopic signatures of the basal Bambuí 

carbonates point toward typical post-glacial deposits (e.g., Alvarenga et al. 2014, Caxito et al. 2012a, 

Kuchenbecker et al. 2013, Santos et al. 2000), similar to those described worldwide in Neoproterozoic 

post-glacial carbonate sequences (Hoffman & Schrag 2002). In the eastern and central portions of São 

Francisco basin, the basal carbonates are overlain by two transgressive-regressive 2nd-order sequences, 

which include the mixed siliclastics and shallow marine carbonates of the upper Sete Lagoas, Serra de 

Santa Helena, Lagoa do Jacaré, and lower Serra da Saudade formations. The uppermost 2nd-order 

sequence consists of marine pelites and fine-grained sandstones that grade upward into the sandy storm 

deposits of the Três Marias Formation (Chiavegatto 1992).  

The Bambuí first-order sequence laterally passes into the fan-deltaic and submarine fan 

siliciclastics of the Samburá and Lagoa Formosa formations, exposed in the western portion of the basin 

(Castro & Dardenne 2000, Uhlein et al. 2011). In this region, the middle and upper portions of the 

sequence also contain glauconite and phosphorite-bearing rocks (Lima et al. 2007).  

The sedimentary architecture of Bambuí sequence seems to reflect the transition from flexural 

ramp to foredeep settings, developed respectively in the eastern and western portions of the basin. This 

configuration is also supported by provenance studies, which indicate orogenic sources related to the 

Brasília belt, on the west, and Archean-Proterozoic cratonic sources related to the basement and older 

intracratonic covers, on the east (Chiavegatto 1992, Pimentel et al. 2011). Thin alluvial and coarse-grained 

siliciclastics of the uppermost Bambuí Group exposed in few areas of the eastern São Francisco basin 

apparently denote a late and restricted sedimentary sourcing associated with the Araçuaí belt (Chiavegatto 

et al. 1997, Kuchenbecker 2014). 

The age of the Bambuí sequence is also a matter of debate. U-Pb ages obtained on detrital zircons 

extracted from its basal strata have yielded a maximum depositional age of ca.610 Ma (Pimentel et al. 

2011, Rodrigues 2008). Nevertheless, the recent discovery of Cloudina sp. fossil assemblages and few late 

Ediacaran zircons, respectively, in carbonates and siliciclastics of Sete Lagoas Formation, suggests even 

younger ages (< 550 Ma) for most of the Bambuí sequence (Paula-Santos et al. 2014, Warren et al. 2014). 
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Contrasting with the overall stratigraphic architecture, these ages indicate a considerable mismatch 

between the Bambuí basin-cycle and the southern Brasília belt evolution, whose main collisional stage has 

been constrained at ca. 630 Ma (Pimentel et al. 2011, Valeriano et al. 2004a). Since the sequence is 

entirely involved in the external Brasília belt, its evolution probably lasted longer than previously thought. 

In fact, few available Sm-Nd ages on garnets have indicated metamorphic events as young as 540 Ma in 

the southern Brasília metamorphic belt (Silva et al. 2006). In the absence of better geochronological 

constraints, an Ediacaran age is generally assumed for most of the Bambuí first-order sequence. 

The Precambrian strata of São Francisco basin are unconformably overlain by Phanerozoic 

successions, which are exposed mostly along the southwestern and northern sectors of the basin (Campos 

& Dardenne 1997a, Fragoso 2011, Kattah 1991, Sgarbi et al. 2001). Showing thicknesses in the order 

hundreds of meters, these units include the restricted Permo-Carboniferous glaciogenic deposits of Santa 

Fé Group, the Lower Cretaceous continental deposits of Areado Group and the Upper Cretaceous volcanic 

and sedimentary rocks of the Mata da Corda and Urucuia groups. 

 

Basin architecture and the Brasília foreland fold-thrust belt 

According to our interpretation of the available seismic data, the São Francisco basin encompasses 

three main families of large-scale tectonic elements: i) Proterozoic rift structures; ii) Neoproterozoic 

foreland f-t-belts; and iii) Cretaceous rift structures.  

The Proterozoic rift structures are still poorly known and their elements have been recognized 

only in a few available seismic sections and aerogeophysical data. The oldest and most prominent rift 

structure of this set corresponds to the NW-trending Pirapora aulacogen (Alkmim & Martins-Neto 2001) 

that cuts across the central portion of the basin. The aulacogen is characterized by a system of major NW-

SE normal faults and hosts the Paranoá-Espinhaço II strata. Apparently, an older Precambrian sequence 

also occurs in the aulacogen, indicating an origin during earlier stages of São Francisco basin evolution, 

prior to the Mesoproterozoic Era. Seismic sections suggest that the graben faults were locally reactivated 

during the Neoproterozoic Macaúbas basin-cycle (Reis et al. 2013a).   

The Pirapora aulacogen bounds two basement highs, the Sete Lagoas high, to the south, and the 

Januária high, to the north (Alkmim & Martins-Neto 2001) (Fig. 1). Exposed over large areas at the 

southern portion of the craton and in a few stratigraphic windows within the basin, these basement highs 

seem to have acted as positive structures during most of São Francisco basin evolution.  
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During the assembly of West Gondwana by the end of the Ediacaran Period, the Proterozoic units 

of São Francisco basin were incorporated in the external domains of the Brasília, Rio Preto and Araçuaí 

belts (Alkmim 2004, Alkmim et al. 1996, 2001, Brito Neves 2004, Brito Neves et al. 1999, Caxito et al. 

2014b, Pedrosa-Soares et al. 2001, 2007, Valeriano et al. 2004a) (Figs. 4.1 and 4.3). Exhibiting significant 

differences in style (Tab. 4.1), these f-t-belts are separated by a roughly NS-trending and undeformed 

sector in the central portion of the basin. 

 

 

Figure 4.3 - Composite and crooked seismic section showing the distribution of the main stratigraphic units across 

the São Francisco basin. In the western and eastern portions of the basin, the Precambrian strata are involved in the 

Brasília and Araçuaí foreland f-t-belts, respectively (after Reis et al. 2013a). Depth in two-way travel time (TWT). 

Thrust faults: JP – João Pinheiro; RB – Rio Borrachudo; SD – São Domingos. Location of the section is shown on 

Fig. 4.1. 

 

The Precambrian fabric elements of the basin are locally overprinted by Cretaceous structures 

formed during the break-up of Pangea (West Gondwana) and the opening of the South Atlantic (Alkmim 

& Martins-Neto 2001, Mohriak & Leroy 2012). These structures are especially well exposed in the 

southwestern portion of the basin, where fine to coarse-grained siliciclastics of the lower Areado Group 

fill a series of half grabens generated by the extensional reactivation of the Neoproterozoic thrusts 

(Fragoso 2011, Sawasato 1995).  
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Table 4.1 - Major tectonic characteristics of the Brasília and Araçuaí foreland fold-and-thrust belts. Based on Schöll 

(1973), Bonhomme (1976), Magalhães (1988), Chang et al. (1988), Muzzi Magalhães (1989), Oliveira (1989), 

Alkmim et al. (1993), D’Arrigo (1995), Fonseca et al. 1995, Souza-Filho (1995), Alkmim et al. (1996), Costa-Neto 

(2006), Coelho (2007), Hercos (2008), Reis (2011), Reis et al. (2011; 2012). 

 

 Brasília Foreland F-T-Belt Araçuaí Foreland F-T-Belt 

Main Structures 

 

Folds and major thrusts associated with 

subordinate duplexes coupled to a 

regional detachment zone. Late stage 

NW-trending left-lateral and NE-

trending right-lateral strike-slip faults 

affect the previous structures 

respectively in the southern and 

northern sectors of the belt.  

 

Thin-skinned, W-verging thrusts and 

folds associated with duplexes and 

imbricate fans. At its central sector, 

large-scale double plunging folds 

developed as cover structures of 

inverted preexisting (buried) rift 

structures. NE and NW-trending 

conjugated fracture sets are 

widespread throughout the whole belt.  

Polarity 

Marked by a few west-dipping thrusts 

and decreasing strain intensity toward 

east. 

 

Given by the systematic E-directed 

vergence of the fabric elements and 

progressive decrease in the strain 

intensity in the same sense. 

Architecture 

 

Wedge-shaped and fold-dominated 

thin-skinned belt, coupled to 

detachments located near the base of 

the Bambuí sequence.  

Segmented in two thin-skinned 

domains, separated by a central thick-

skinned sector. 

Metamorphism 

Absent (sharp contact with the Brasília 

metamorphic belt on the west) 

 

Gradual increase toward east, 

reaching the greenschist facies 

conditions close to the eastern 

boundary of the basin.  

Age* 

 

ca. 630 - 540 Ma (?) 

 

ca. 580-530 Ma 

   

*Based on the approximated age of main collisional events recorded at the Brasília (Pimentel et al. 2011, Valeriano 

et al. 2004a, 2004b) and Araçuaí (Pedrosa-Soares et al. 2001, Pedrosa-Soares et al. 2007) belts, as well as the 

younger detritial zircon and fossil remants found within the Bambuí sequence (Warren et al. 2014, Paula-Santos et 

al. 2015). 
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Late Cretaceous alkaline intrusions and NW-SE dyke swarms occur over large areas of central and 

southeastern Brazil (Borges & Drews 2001, Grasso 2010, Sgarbi et al. 2001, Silva 2006). In the 

southwestern São Francisco basin, these intrusions are associated with the volcanic and sedimentary rocks 

of the Mata da Corda Group. Their emplacement produced a variety of forced folds and faults in the 

Precambrian strata (Fig. 4.3). The Upper Cretaceous igneous event is at least partially synchronous to the 

uplift of the Alto Paranaíba arch, a ca. 350 km long and ca. 80 km wide structure that separates the Paraná 

and São Franscisco sedimentary and hydrographic basins in southeastern Brazil (Alkmim & Martins-Neto 

2001, Hasui & Haraliy 1991). Representing the youngest set of tectonic structures so far described in the 

basin, normal-sinistral NE-trending faults affect the Cretaceous units and apparently exert a major control 

on the morphology of the southwestern São Francisco basin (Alkmim & Martins-Neto 2001). The age of 

these younger structures remains unknown. 

 

The Brasília foreland fold-thrust belt 

The Brasília foreland f-t-belt is a thin-skinned belt coupled to detachments located near the base of 

Bambuí sequence (Coelho et al. 2008, Reis 2011a, Reis et al. 2012a, Zalán & Romeiro-Silva 2007). On 

seismic sections, the belt shows an overall wedge shape, involving deeper strata of Paranoá-Espinhaço II 

and Macaúbas (?) sequences in its western proximal domain (Fig.4.3). The detachment zone becomes 

progressively shallower toward the east and emerges in form of few west-dipping thrusts that separated 

large areas affected by chevron folding of decreasing intensity (Fig. 4.3).  Remarkably, neither a cleavage 

nor metamorphic features have been observed along its whole extension (Alkmim & Martins-Neto 2001, 

Alkmim et al. 1996). 

The Brasília foreland f-t-belt is segmented into distinct sectors. The southernmost segment 

involves the up to 3.000 m-thick package of pelites, carbonates, rudites and sandstones of the Ediacaran 

Bambuí sequence (Braun 1968, Chiavegatto 1992, Kuchenbecker & Pedrosa-Soares 2010, Madalosso & 

Veronese 1978, Magalhães 1989, Signorelli et al. 2003) and contains two distinct generations of 

structures. The manifestation of the first deformation phase corresponds to a system of NNE-trending 

chevron folds, bounded by west-dipping thrusts in the interior of imbricated fans or duplexes. These 

structures are cut by a late generation of left-lateral transpressive zones, which affect the basement and 

cause intense deformation of preexistent structures along narrow NW-SE corridors. The southern segment 

of the belt is bounded to the west by a system of emergent nappes containing thick packages of 

metasedimentary rocks of the southern Brasília metamorphic belt (Fig. 4.4) (Silva et al. 2006, Valeriano et 

al. 2004a).  
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The Unaí valley-and-ridge province (Fig. 4.4) comprises NNW-oriented folds trains in association 

with WSW-dipping thrusts, which affect the Bambuí and older sand-dominated strata (Coelho et al. 2008, 

Reis et al. 2012a). In this area, seismic sections reveal the late compressional reactivation of deep (buried) 

faults of the westernmost Pirapora aulacogen (Reis et al. 2012a).  

 

 

Figure 4.4 - (a) Simplified structural map of the southern Brasília foreland f-t-belt, which culminates in the central 

portion of São Francisco basin in form of the Três Marias salient. UVRP: Unaí valley-and-ridge province; AN: 

Araxá Nappe; PN: Passos Nappe. TM: Três Marias city. (b) Simplified structural map of the southern Brasília 

foreland f-t-belt (Modified from Magalhães 1989). 

  

The main structures of the northern Brasília foreland f-t-belt are NW-trending folds and 

subordinated faults, which are cut by NE-oriented strike-slip faults. These strike-slip structures affect the 

basement and extend further to the west, into the northern Brasília metamorphic belt (Alkmim & Martins-

Neto 2001, Fonseca et al. 1995). Structural analysis carried out by Araújo-Filho (2000) indicated that the 

northern segment of the Brasília metamorphic belt is significantly younger than its southern counterpart. 
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In the northernmost São Francisco basin, the Brasília foreland f-t-belt curves toward northeast and merges 

with the external sector of the Rio Preto metamorphic belt, a dextral strike-slip and double verging system 

of folds and thrusts (Caxito et al. 2014b, Egidio-Silva et al. 1989) (Fig. 1). 

 

4.1.3 – The Três Marias salient 

The here called Três Marias salient is a ca. 130 km-long and 80 km-wide map-view curve that 

encompasses most of the central thin-skinned Brasília foreland f-t-belt (Fig. 4.5). On satellite imagery and 

digital elevation models, the salient stands out as a slightly asymmetric curve with strongly and subtle 

convergent trend-line patterns toward its southern and northern endpoints, respectively (Macedo & 

Marshak 1999) (Figs. 4.4 and 4.5a). The salient area is drained by the São Francisco river tributaries, 

encompassing a system of incised valleys and narrow ridges that reach elevations of up to 1.000 m. Along 

the entire curve, the Precambrian successions are deeply weathered. Fresh rock exposures are restricted to 

few unpaved road cuts and river valleys.  

The Três Marias salient involves essentially the up to 2500 m-thick and pelite-dominated Bambuí 

sequence (Pedrosa-Soares et al. 2011b, Signorelli et al. 2003). Our seismic and well data interpretation 

indicate that the Ediacaran rocks are detached over the sand-dominated Paranoá-Espinhaço II sequence 

and comprise four shallowing upward 2nd-order sequences (Fig. 4.6). The lower 2nd-order sequence 

includes a thin dolomite section overlain by radioactive shales with up to 1,3% of organic carbon content 

(cuttings) that grade upward into a carbonate-dominated succession (Fig. 4.6). This sequence is probably 

correlative to glaciogenic deposits of the Carrancas and Sete Lagoas formations, exposed in the southern 

portion of the basin (e.g., Kuchenbecker et al. 2013, Vieira et al. 2007). The upper Bambuí 2nd-order 

sequences, extensively exposed in the salient area, comprise marine laminated pelites and interbedded 

limestones that grade upward into the storm-bedded siliciclastics of the Três Marias Formation (Pedrosa-

Soares et al. 2011b, Reis 2011b) (Fig. 4.6). 

In this study, we discriminate two sets of tectonic structures along the Três Marias salient area, 

namely, sub-detachment and thin-skinned structures, described in the following sections. 
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Figure 4.5 - (a) Structural sketch map of Três Marias salient. EP: end point; AP: Apex (according to the terminology 

proposed by Macedo and Marshak, 1999). (b) Structural map of the Três Marias salient culmination. TF: Thrust 

faults (1- João Pinheiro. 2 – Borrachudo. 3 – São Domingos); A: Anticline; S: Syncline; SsZ: Strike-slip zone (PSZ – 

Paineiras. SVSZ – Serra Vermelha); StL: Structural trend-lines; SL: Seismic lines (shown on Fig. 4.8); Cities: TM – 

Três Marias. Pa - Paineiras. Mn - Morada Nova de Minas. Sga – São Gonçalo do Abaeté. Based on Costa et al. 

(2011), Knauer et al. (2011), Martins et al. (2011) and Reis (2011b). 
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Figure 4.6 - The first-order Bambuí sequence in the culmination of Três Marias salient. (a) Seismic section showing 

the Ediacaran successions detached over the sand-dominated Paranoá-Espinhaço II strata. The black lines correspond 

to interpreted normal faults (location of the section shown on Fig. 4.5). (b) Gamma ray well log (GR) and strength 

(Stf - stiffness) variations of the lower Bambuí 1st order sequence close to the contact with the underlying 

Mesoproterozoic deposits. The stiffness variations are based on the overall lithological changes of the Meso and 

Neoproterozoic strata, as well as on calculations of elastic properties measured by sonic logs on several wells drilled 

in São Francisco basin. (c) Simplified stratigraphic column of the upper Bambuí sequence exposed in the 

culmination of the Três Marias salient (Reis, 2011a). Inverted triangles correspond to the Ediacaran shallowing 

upward 2nd-order sequences. 
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Sub-detachment structures 

The Três Marias salient is detached over the northwestern portion of the Sete Lagoas basement 

high, which deepens toward north, being bounded by the NW-SE Pirapora aulacogen (Fig. 4.1). Along the 

salient apex zone, the basement is affected by a system of NE-trending normal faults that defines 

kilometer-scale horsts and grabens. These structures control the distribution of sand-dominated pre-

Bambuí strata (not exposed) (Figs. 4.7 and 4.8) and might have formed in the early evolution stages of the 

basin, simultaneously to the nucleation of the Pirapora aulacogen. Underlying the major detachment 

surface, these structures are not involved in the Ediacaran deformation front (Fig. 4.8). WNW-oriented 

normal faults associated with the Pirapora aulacogen dominate the structural grain of the basement in the 

northernmost portion of the salient. These faults show large vertical displacements, controlling the 

thickening of the Mesoproterozoic-Early Neoproterozoic Paranoá-Espinhaço II sequence. 

 

 
 

Figure 4.7 - Anomalous field magnetometric map of the Três Marias salient apex zone. The long wavelength 

anomalies are related to systems of sub-detachment NE-trending grabens and horsts. The hatched area corresponds to 

the inferred boundary of the southern Pirapora aulacogen. Cities: TM – Três Marias; Pa – Paineiras; Mn – Morada 

Nova de Minas; Sga – São Gonçalo do Abaeté. 
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Figure 4.8 - Interpreted seismic sections of Três Marias salient front area showing the thin-skinned fold-and-thrust 

belt coupled to detachments located near the base of Bambuí sequence. The sections clearly indicate that the sub-

detachment extensional structures are not inverted, i.e., preserved from the Ediacaran contractional deformation. The 

structural grain of the domain above the detachment is defined by regional upright folds, conjugated kink bands, as 

well as subordinate thrust and back-thrusts. Strong reflections within the Bambuí sequence general reflect the 

impedance contrast between carbonate and mudstone-dominated strata. The lack of well-defined seismic signal west 

of Borrachudo fault is likely a consequence of the high frequency folding. Location of the sections is shown on Figs. 

4.5 and 4.7. 
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Thin-skinned structures of Três Marias salient 

The detachment zone 

The Três Marias salient is linked to a detachment zone located near the contact between the 

Ediacaran Bambuí sequence and the underlying Meso/Neoproterozoic strata. Regionally, this zone 

exhibits a spoon-shaped geometry, which becomes increasingly shallower toward north and south, 

following the overall thickness variations of the Ediacaran sequence. The structural contour map of the 

detachment zone indicates that the salient culmination roughly coincides with the thickest Bambuí strata 

(Fig. 4.10a).  

The interpreted seismic sections reveal the existence of two main detachment surfaces (Figs. 4.8 

and 4.9):  

i) An older and shallower structure, which emerges as the Borrachudo thrust and marks the contact 

between the lowermost Bambuí 2nd-order sequence and the overlying Ediacaran successions.  

ii) A younger and deeper detachment developed along Bambuí-pre-Bambuí contact that emerges as 

the São Domingos thrust. Its development has promoted deformation of the older detachment 

surface. Differently from the older detachment surface, which is practically restricted to the salient 

area, the younger detachment extends throughout almost the entire Brasília foreland f-t-belt. 

It seems that the detachment zones developed as a consequence of important rheological contrasts 

within the Precambrian strata. In areas close to the western boundary of the basin, the detachment is 

associated with organic matter-rich shales of the pre-Bambuí strata (Paranoá-Espinhaço II sequence?) 

(Fig. 4.10). Along the Três Marias salient, the rheological contrast between the Bambuí sequence and the 

underlying successions might have acted as a first-order control. The detachment zone as a whole encloses 

the lowermost Bambuí 2nd-order sequence, which lacks internal seismic reflections (Fig. 4.8 and 4.9), 

probably corresponding to a relatively soft bed in this portion of the basin (Figs. 4.6). 

 

Folds and thrusts 

At the surface, the Três Marias salient is dominated by monotonous trains of upright chevron folds 

of outcrop to regional scale. The folds are tight to open, disharmonic and gently plunging. Their axial 

traces are vertical and trend preferentially NS in the central portion of the salient, curving progressively 

toward NW and NE in the northern and southern tips of the curve, respectively (Figs. 4.5, 4.11 and 4.12). 

Bedding-parallel and hinge-perpendicular striations are often observed in the fold limbs, indicating the 

dominance of flexural slip deformation mechanism (Hatcher Jr. 1995, Ramsay & Huber 1987). 
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Figure 4.9 - Block-diagram illustrating the 3D geometry of Três Marias salient. The exposed structures are 

represented on the digital elevation model (DEM). 1): Thrust fault; 2): Synclinorium; 3): Borrachudo fault; 4): Serra 

Vermelha strike-slip zone; 5): São Domingos fault. On lower left corner, a detail of the two main detachments 

surfaces identified in the salient front area. The detachment surfaces affect the lowermost Bambuí 2nd-order 

sequence (darker gray), which behaves as a ductile layer. 
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Figure 4.10 - (a) Structural contour map of the detachment surface in the Três Marias salient area drawn using 

seismic data (see text for explanation). (b) Drill core samples of cataclasites and carbonatic black shales (pre-

Bambuí) involved in the detachment zone. Red arrows highlight micro-fractures affecting thin carbonatic layers. 

 

Regionally, the folds compose kilometer-scale anticlinoria and synclinoria bounded by east-

directed thrusts (Figs. 4.5 and 4.8). The major thrusts, João Pinheiro, Borrachudo and São Domingos 

faults, are exposed respectively in the western, central and eastern portions of the salient (Costa et al. 

2011, Martins et al. 2011, Reis 2011b). The fault zones are commonly associated with restricted cleavage 

development, tight-to-isoclinal folds and remarkable increase in fracture and quartz-microveins density. 

Aerogammaspectrometric maps reveal greater contents in radioactive elements along the fault zones, 

which are especially observed on the K and Th channels (Reis et al. 2012b). 
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Figure 4.11 - (a and b) Meso-scale upright chevron folds in multilayered pelites of Bambuí sequence that dominate 

the structural grain of the salient. (c) Streonet plots of poles to bedding. (d) Stereonet plots of fold hinges. (e) Rose 

diagram of fractures. (f) Sketch illustrating the geometrical relationship between chevron folds, bedding-parallel 

striations (Le) and fractures. On (e) and (f), J represents the mean orientation of the dominant WNW-trending joint 

set. 
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The foreland-verging thrusts exhibit curved traces in map-view, dipping  NW, E and SE in the 

southern, central and northern limbs of the salient, respectively. The João Pinheiro and São Domingos 

faults extend along most of the southern Brasília foreland f-t-belt and are coupled to the deepest and 

youngest detachment surface (Fig. 4.8). The São Domingos fault crops out only in the northern limb of the 

salient. Its expression in the culmination of the salient is a fault-propagation-fold that exhibits a curved 

axial trace (Figs. 4.8a and 4.12). Emerging from the older detachment, the Borrachudo fault occurs only in 

the salient culmination area. The fault trace defines a recess/salient pair and, together with São Domingos 

fault, bound a wide and less deformed domain (Figs. 4.5 and 4.8). Contrasting with other portions of the 

Três Marias salient, this domain is marked by large scale box folds and kink bands. These folds are locally 

associated with restricted lower-order thrusts and back-thrusts that affect mainly the middle and upper 

carbonate packages of Bambuí sequence (Fig. 4.8). From the salient edge toward east, the deformation 

abruptly decreases. 

 

Strike-slip fault zones 

Left-lateral strike-slip zones occur in the southern and central Três Marias salient areas. Affecting 

the major thrusts and related folds, these zones correspond to steeply-dipping faults, often associated with 

positive flower structures. Along the NW-trending Paineiras and Serra Vermelha strike-slip fault zones 

(Fig. 4.5), the hinges of preexistent folds rotate counterclockwise and the Borrachudo thrust trace shows 

noticeable map offsets (Figs. 4.5 and 4.12). Although no detailed strain analysis has been carried out in 

our study, changes on structural style in the areas adjacent to the strike-slip fault zones suggest that they 

separate domains of slightly different amounts of shortening (Reis 2011a). 

 

Fractures 

Fractures are common brittle structures in the Três Marias salient (Figs. 4.11 and 4.12). Two main 

sets of fractures strike preferentially N50W and N60E and are in general steeply dipping. Their 

orientations vary along the salient, apparently following the changes on fold hinges and fault traces (Fig. 

4.12). A third WNW-trending tensile fracture set, oriented parallel to prominent surface lineaments, is 

widespread in the salient. This set comprises steeply dipping joints preferentially oriented at N65W that 

often exhibit plumose surfaces with horizontal propagation lines (Fig. 4.13). Other sets of vertical 

fractures present in the area trend NNW and NNE, representing axial joints in respect to the folds.  
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Figure 4.12 - Equal-area, lower-hemisphere plots of poles to bedding and fold hinges, and fracture rose diagram for 

the front of Três Marias salient. Note the changing of bedding and fold orientations from the northern to southern 

limb of the salient, as well as the fold hinge dispersal along Paineiras and Serra Vermelha strike-slip zones (PTZ and 

SVSZ, respectively). TF: Thrust fault (1- João Pinheiro. 2 – Borrachudo. 3 – São Domingos); A: Anticline; S: 

Syncline; SsZ: Strike-slip zone (PSZ – Paineiras. SVSZ – Serra Vermelha); StL: Structural trend-lines; SL: Seismic 

lines (shown on Fig. 4.8); Cities: Pa – Paineiras; Sga – São Gonçalo do Abaeté. Geological map based on Costa et al. 

(2011), Knauer et al. (2011), Martins et al. (2011) and Reis (2011b). (*) Data partially extracted from Martins et al. 

(2011). 
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Figure 4.13 - (a) Plumose joint of the WNW-trending set exhibiting sub-horizontal propagation line. (b) Histogram 

and smoothed frequency curve showing the predominance of WNW joint set, with N65W as the mean orientation. 

 

Development history 

The attributes of Três Marias salient as depicted in the previous sections point toward a protracted 

deformation history, developed under a single WNW-ESE-oriented shortening. During the main 

deformation stage, the detachments developed and propagated eastward, contemporaneously to the 

nucleation of meso to regional-scale folds and thrusts. As the thrust faults propagated forelandward, older 

hinterland structures underwent corrugation and passive tilting toward west (Fig. 4.8). This stage was 

responsible for the generation of the main structural grain of Três Marias salient. Taking into account the 

orientation of the dominant fabric elements, the salient developed under a compressional regime, in which 

regional maximum and intermediated stresses (σ1 and σ2) were oriented in the WNW-ESE and NNE-SSW 

directions, respectively. Afterward, a switch between the least and intermediate stress directions led to the 

generation of the left-lateral strike-slip zones and the sets of vertical joints. The absence of regionally 

pervasive cleavage and metamorphic features indicate that the development of the salient took place in 

relatively shallow crustal level.  

This interpretation matches with many other tectonic studies, which ascribe the structural grain of 

southern Brasília foreland f-t-belt to a single contractional event (Alkmim et al. 1996, Bacellar 1989, 

Magalhães 1989, Valeriano et al. 2004a). The late sinistral strike-slip faults documented by these authors 

as important fabric elements of the southernmost segment of the belt, are however subordinate structures 

in the Três Marias salient. 
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4.1.4 – Discussion 

Significance of the salient structural framework 

The upright chevron folds that dominate the structural picture of the salient do not show any clear 

vergence (Figs. 4.5, 4.8, 4.11 and 4.12). The predominance of such structures and the high degree of 

symmetry of the belt can be explained by the combination of two main factors: i) mechanical behavior of 

the deformed strata, and ii) detachment strength. 

 Variations on the geometry of tectonic structures caused by lithological changes are extensively 

documented in the literature and normally associated with changes on strength and thicknesses of the 

involved layers (e.g., Davis & Reynolds 1996, Hatcher Jr. 1995, Ramsay & Huber 1987). These 

relationships are applicable in a fold-thrust belt scale, in which mechanical stratigraphy is an important 

controlling factor of structural styles (Groshong 2006, Spratt et al. 2004, Wright et al.1994).  

 The fold-dominated character of Três Marias salient suggests that internal deformation prevailed 

over regional thrusting, reflecting the ductile behavior of the units involved in the wedge. In fact, 

previously emphasized, the salient involves mostly the package of Bambuí multi-layered pelites. Besides 

the folding of these more ductile fine-grained rocks, subordinated beds of more brittle carbonates caused 

the development of restricted second-order thrusts (Fig. 4.8).   

 The changes in fold style across the salient are a consequence of the eastward decrease in strain 

intensity. High frequency chevron folds predominate in the western portion of the salient and become less 

important toward the east, where kink bands and sub-horizontal strata predominate (Fig. 4.14). Results of 

physical modeling available in the literature revealed that kink bands and chevron folds represent end 

members of a whole series of structures formed during progressive co-axial shortening of multi-layered 

rock packages (Davis & Reynolds 1996, Ramsay & Huber 1987).  

  The detachment strength also exerts a major influence on fold-thrust belt geometry (e.g., Huiqi et 

al. 1992, Luján et al. 2003, Pichot & Nalpas 2009, Ribeiro 2001, Rowan et al. 2004, Spratt et al. 2004). 

Sandbox analogue modeling demonstrated that tectonically-driven f-t-belts associated with strong 

detachments tend to be thrust-dominated, narrower and asymmetric, accommodating higher shortenings 

and exhibiting super-critical wedges. The weaker the detachment, the more symmetrical and wider are the 

associated belts, which also tend to display lower taper angles. Above extremely weak and viscous 

detachments, folds and subordinated thrusts are highly symmetric and, in many cases, coevally formed 

during a quite peculiar centripetal propagation (Costa & Vendeville 2002, Rowan et al. 2004, Spratt et al. 

2004).  
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Figure 4.14 - Geological cross-section based on seismic showing the changes in fold style along the Três Marias 

salient. 

 

 Weak detachments are commonly associated with overpressured shale beds or salt successions, 

which, however, might exhibit very different strength coefficients (Costa & Vendeville 2002). These 

authors show that strength coefficients of salt and shales can differ up to 27 times, being salt layers many 

times weaker than highly overpressured shales. As discussed before, the detachment zone in the salient 

area is located within a ductil facies, which occurs to the west of the Borrachudo fault and is associated 

with the lowermost Bambuí 2nd-order sequence (Figs. 4.6, 4.8 and 4.9). Well data presented in this study 

and regional correlations indicate that this facies correspond to post-glacial black shales with high organic 

content. This facies has probably acted as a low friction domain during the propagation of the detachment 

surface. 
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On the origin of the Três Marias salient 

The origin of orogenic curvatures have been focus of several studies along the last decades 

(Gutiérrez-Alonso et al. 2012, Hnat et al. 2009, Johnston et al. 2013, Li et al. 2012, Marshak 1988, 

Marshak 2004, Macedo & Marshak 1999, Pastor-Galán et al. 2011, Paulsen & Marshak 1999, Silva & 

Oliveira 2009, Tull & Holm 2005, Weil & Sussman 2004, Weil et al. 2010). These studies demonstrate 

that distinguishing rotational from non-rotational curves in foreland settings demands a combination of 

paleomagnetic, structural and basin architecture analysis. The paleomagnetic approach is in general 

considered to be the most robust tool to provide vertical-axis rotation data in f-t-belts (Johnston et al. 

2013, Weil et al. 2010, Yonkee & Weil 2010). 

Based on detailed structural and paleomagnetic analyses, Weil et al. (2010) and Younkee & Weil 

(2010) describe the complex kinematic evolution of the Wyoming salient of the Sevier thrust belt 

(U.S.A.). Although the salient has initiated as a primary arc, the obtained data indicate that ca. 75% of its 

present-day curvature resulted from secondary vertical-axis rotation. As emphasized by the authors, the 

complex kinematic history is likely associated with: i) variations in the sedimentary strata and subsequent 

orogenic wedge thickness, ii) changes in the basal detachment strength and within the wedge and iii) 

buttressing by foreland obstacles along the salient ends. After nucleating as a primary arc, early layer-

parallel shortening fabrics of Wyoming salient were progressively rotated by curved thrust slips paths and 

differential shortening component. As the deformation proceeded, late interactions with foreland obstacles 

have also contributed with additional vertical-axis rotations along the salient limbs. This complex 

kinematic evolution thus demonstrates that the same factors leading to the development of a basin-

controlled and non-rotational curve may enhance secondary rotations during the evolution of f-t-belts. 

Geometrically, the Três Marias Salient corresponds to a slightly asymmetric curve with strongly 

and subtle convergent structural trend-lines at its south and north portions, respectively. It is a complex 

structure, which internally contains a salient-recess pair, defined by Borrachudo fault trend-line (Fig. 4.5). 

Differently from the southern segment of the Brasília foreland f-t-belt, no expressive wrench tectonics has 

been observed along the salient culmination, which instead contains only the late and narrow Paineiras 

and Serra Vermelha left-lateral strike-slip shear zones (Figs. 4.5, 4.8, 4.9 and 4.11). It is unlikely that these 

zones have imposed enough rotation on the early structures leading to the development of the antitaxial 

curvature.  Furthermore, there is no evidence for significant changes on the regional stress field during the 

evolution of the southern Brasília foreland fold-thrust belt and the salient in particular. Therefore, a 

lithospheric-scale oroclinal buckling can be promptly discarded as effective mechanism for the 

development of the Três Marias salient.  
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Despite the lack on paleomagnetic studies, the data presented in the previous sections provides a 

basis to discuss the processes involved in the generation of the regional and internal geometries of Três 

Marias salient. Thickness variations of the deformed strata and pre-existing sub-detachment structures, 

respectively, are in our view key factors controlling their development.    

 As previously demonstrated, the thin-skinned structures of the Três Marias salient are coupled to a 

relatively low friction and spoon-shaped detachment zone located near the base of Bambuí sequence. 

Furthermore, the deepest portions of the detachment zone roughly coincide with the antitaxial curve 

culmination (Fig. 4.10). Our data indicate that the current geometry of the detachment reproduces the pre-

orogenic morphology of the Bambuí strata (Fig. 4.15). The regional stratigraphic architecture of the 

Ediacaran succession indicate shallow water environments on the southern and northern portions of the 

Brasília belt and considerable increase in depth toward its central and western sectors (Dardenne 1978, 

1981, Fugita & Clark-Filho 2001, Iglesias & Uhlein 2009, Kuchenbecker et al. 2013, Martins & Lemos 

2007, Pedrosa-Soares et al. 2011b, Vieira et al. 2007). The expression of these variations are the 

dominance of platformal carbonates on Sete Lagoas and Januária basement highs, and a remarkable 

increase in distal fine-grained siliciclastics in the remaining basin sectors.  

 Results from analog modeling demonstrate that for a given amount of shortening the width of a 

thrust wedge reflects, among other factors, the thickness of the deformed succession (Macedo & Marshak 

1999, Marshak 2004, Marshak & Wilkerson 1992, Paulsen & Marshak 1999, Ribeiro 2001, Silva & 

Oliveira 2009). By volume balance, for the same taper angle, a thrust belt must be wider if it involves 

thicker material (Fig. 4.15). The comparison between the Três Marias salient trend-lines and the isopach 

map of Bambuí sequence demonstrates that, in strike cross-sections, the curve culmination roughly 

coincides with the thickest Ediacaran strata. The same comparison shows that the southern convergent 

limb is related to greater thickness variations, whereas its northern counterpart is associated with smaller 

changes. These facts led to the conclusion that the f-t-belt propagated further toward the foreland within 

the thicker Bambuí strata, being its regional curvature originally controlled by thickness variations of the 

pre-orogenic strata. Thus, the Três Marias salient can be viewed as a basin-controlled curve, according to 

the terminology of Macedo & Marshak (1999). Although the available data does not allow us to perform a 

detailed analysis on the distribution of the detachment-controlling layers in the salient, few seismic 

sections suggest the pinch-out of the basal Bambuí 2nd-order sequence toward the northern and southern 

curve limbs. Therefore, we do not discard an additional influence of along-strike detachment strength 

variations. 
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Figure 4.15 - (a) Isopach map of the Bambuí sequence at western São Francisco basin. Note that the location of the 

salient apex coincides with the zone where Ediacaran sequence exhibits its maximum thickness (darker portion). The 

dashed line corresponds to the area of the map shown on Fig. 4.5-b. EP: Salient endpoints. (b) Sketches based on 

sandbox experiments illustrating how the map expression of a fold-and-thrust belt reflects the geometry of the pre-

orogenic basin (modified from Macedo & Marshak 1999 and Marshak 2004). 

 

Internally, the most striking map-view structure of Três Marias salient corresponds to the recess-

salient pair defined by the Borrachudo fault map trace. At its southern segment, the thrust trace coincides 

at depths with the border of a NE-trending basement horst (Figs. 4.8 and 4.16a), a fact that suggest their 

interaction during the salient evolution. As demonstrated by Macedo & Marshak (1999), preexisting faults 

and folds undergo local oroclinal bending, when thrust fronts reaches foreland obstacles, being the final 

trend-line patterns strongly influenced by the buttress geometry. Furthermore, when interacting with 
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obstacles with steeply dipping boundaries, strike-slip faults might develop (Fig. 4.15b). Thus, during the 

forelandward advancing of Brasília f-t-belt, the propagating Borrachudo thrust reached the edge of the 

NE-trending basement horst, being squeezed along its border. This interaction may have promoted local 

oroclinal bending and the consecutive nucleation of the syntaxial segment of the Borrachudo fault. It may 

have also controlled the development of the Paineiras strike-slip zone (Figs. 4.5 and 4.16a). 

 

 
 

Figure 4.16 - (a) Structural and magnetometric maps showing the coincidence between the Borrachudo fault trace 

and a pre-existing NE-trending horst that underlies the salient front. (b) Seepage zones and gas discoveries in the 

Três Marias salient front. The seeps mainly occur along rivers and are mostly controlled by WNW-trending joints. 

Thrust faults: 1- João Pinheiro; 2 – Borrachudo; 3 – São Domingos. Strike-slip zones: PSZ – Paineiras; SVSZ – 

Serra Vermelha. Cities: TM – Três Marias. Pa - Paineiras. Mn - Morada Nova de Minas. Sga – São Gonçalo do 

Abaeté. 

 

Based on the overall architecture of Três Marias salient, we assume that its original curvature has 

formed essentially as consequence of along-strike variations in the pre-orogenic Bambuí strata. Differently 

from other case studies (Wyoming salient; Weil et al. 2010), evidence for interactions between the 

eastward propagating belt and basement obstacles have been observed only within the southern segment 

of the Borrachudo fault, suggesting that secondary rotations associated with foreland buttressing were 

restricted. It is also the case of the left-lateral Serra Vermelha and Paineiras strike-slip shear zones, which 

affect the early salient fabrics only along narrow and restricted areas. Nevertheless, since the same factors 

leading the formation of primary arcs may promote and enhance secondary vertical-axis rotations during 
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the evolution of f-t-belts (e.g., Weil et al. 2010, Younkee & Weil 2010), additional strain and 

paleomagnetic analyses are needed to better access the whole kinematic history of Três Marias salient. 

 

Implications for hydrocarbon exploration 

Known since the 60’s for its natural gas occurrences (Araújo et al. 1988 in Pinto et al. 2001, 

Fugita & Clark-Filho 2001), the São Francisco basin has been focus of large hydrocarbon exploration 

campaigns, whose recent discoveries have demonstrated its potential for unconventional gas resources 

(Reis et al. 2013b). Although still poorly understood, the findings are exclusively associated with the 

Precambrian strata and point toward an effective Proterozoic petroleum system. The main exploration 

risks are, however, associated with the long and complex evolution of the intracratonic basin, which could 

have resulted in successive generation and destruction of hydrocarbon accumulations. 

In the Três Marias salient, natural gas occurrences have been associated with seepages (Pinto et al. 

2001, Reis 2011a, Signorelli et al. 2003) and two wells, which produced gas in drill steam tests (DST) in 

multiple sections of Bambuí and pre-Brambuí strata. These hydrocarbon occurrences are located within 

the apex of Três Marias salient, a configuration that suggests the association between the basin-controlled 

curve and the natural gas accumulations (Fig. 4.16), as documented in Phanerozoic basins worldwide 

(Macedo & Marshak 1999, Marshak 2004). Even though many aspects related to the petroleum system of 

São Francisco basin remain unclear, the same basin controls that led to the salient formation might have 

acted on the distribution of important components of the petroleum system elements, as discussed below.   

Source rock - Our study indicates the existence of a relatively low friction detachment beneath the 

Três Marias salient, which is controlled by viscous fine-grained deposits of the lower Bambuí strata with 

up to 1,3 % of total organic content (cuttings) (Figs. 4.6 and 4.8). Geochemical analyses carried out by 

Petra Energia S.A on correlative post-glacial sections from the southern São Francisco basin reveal total 

organic contents (TOC) of up to 3,5 %. These facts favor the hypothesis of a detachment zone mostly 

controlled by overpressured organic-rich shales - representing thus a potential  source rock interval -, 

which together with other Meso-Neoproterozoic organic-rich deposits might have contributed on the 

charging of the reported hydrocarbon accumulations. Similar organic matter-rich strata have been reported 

in other Neoproterozoic glacial-related deposits and their effectiveness as hydrocarbon sources 

demonstrated by their common association with hydrocarbon shows and bitumen occurrences (Craig et al. 

2013).  

Reservoir - Since the Três Marias salient culmination coincides with the maximum thickness of 

the pre-orogenic Bambuí strata, greater reservoir volumes within the Ediacaran strata could be expected in 
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this portion of the basin (Macedo & Marshak, 1999). Under the perspective of unconventional resources 

and depending on their thermal maturation, the organic-rich deposits of lower Bambuí sequence could also 

work as self-sourced reservoirs.  

Migration paths, permeability - Important WNW-trending tensile fractures occur in almost the 

entire area of the Três Marias salient (Fig. 4.13).  Systematic study carried out by Reis (2011a), has 

demonstrated that the various gas seeps documented in the region are mainly controlled by these tectonic 

structures, which, in some cases, have been reactivated during Cretaceous events. It indicates that the 

WNW-trending joints probably acted as important fluid migration paths during the Neoproterozoic 

compression and remained as such during the Phanerozoic. Therefore, we interpret these extensional 

structures as important elements of natural permeability. Due to its overall characteristics and 

pervasiveness, they also represent features to consider on the design of unconventional reservoir 

stimulation jobs. 

 

4.1.5 – Conclusions 

Developed during the Ediacaran Brasiliano/Pan-African orogenic event, the Três Marias salient is 

located in the southern segment of the thin-skinned Brasília foreland f-t-belt in the western São Francisco 

basin. The salient is dominated by upright chevron folds and involves the Ediacaran Bambuí sequence, an 

up to 2500 m-thick package dominated by fine-grained siliciclastics, locally interbedded with carbonates 

and overlain by a sand-dominated package. Our study demonstrates that Três Marias salient is coupled to 

a relatively low friction detachment zone that occurs within a ductile, radioactive and pelitic layer of the 

basal Bambuí sequence. The overall fold-dominated and symmetrical style of the foreland belt can be 

explained by the mechanical characteristics of multi-layered pelites incorporated in the curve and the 

weakness of its detachment. Thickness variations on the Ediacaran strata seem to represent the first-order 

control on the original trend-line patterns of the salient, similarly to non-rotational and basin-controlled 

curves. Evidence for oroclinal bending either related to foreland buttressing or late strike-slip shear zones 

have been observed only in restricted areas. Nevertheless, more detailed structural and paleomagnetic 

analyses could contribute for a better understanding of the whole kinematic evolution of Três Marias 

salient and assess late secondary rotations.  

 Combining structural, stratigraphic and geophysical data, our study might offer additional 

contributions for hydrocarbon exploration campaigns in course in the São Francisco basin. The occurrence 

of seepages and the recent discoveries in the Três Marias salient area point toward its potential for 

unconventional natural gas resources. Our investigation suggests that the main basin controls that led to 
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the development of the antitaxial curve might have controlled the quality and distribution of petroleum 

system elements. More studies are however needed to better constrain the source potential of the lower 

Bambuí sequence and to understand the quality and distribution of good quality reservoir intervals within 

the Ediacaran successions. Although WNW-trending joints seem to represent important fluid pathways in 

the whole evolution of the salient, detailed analysis could also reveal their influence on the formation of 

more permeable corridors and the location of “hydrocarbon sweet spots”. 
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4.2 - THE ARAÇUAÍ FOLD-THRUST BELT AND ITS INTERACTION WITH THE 

EASTERN PIRAPORA AULACOGEN  

 

Corresponding to an extension of the Araçuaí orogen in the craton interior, the Araçuaí foreland 

fold-thrust belt affects Paleo- (?) to Neoproterozoic basin fill-units and older basement assemblages along 

the eastern São Francisco basin (Chapter 2). It is bounded to the east by the Southern Espinhaço fold-

thrust belt (Alkmim et al. 2006), whose morphological expression is the Espinhaço range, a NS-trending 

mountain system that reaches elevations of up to 2000 m (Almeida 1977, Pedrosa-Soares et al. 2001, 

Alkmim et al. 2006, Marshak et al. 2006) (Fig. 4.17). The Southern Espinhaço fold-thrust belt defines a 

large west-directed compressional system, incorporating Archean to Neoproterozoic rock assemblages 

metamorphosed under greenschist to amphibolite facies conditions (e.g., Pedrosa-Soares et al. 1992, 2001, 

Almeida-Abreu 1995, Dussin & Dussin, 1995, Uhlein et al., 1998, Knauer 1999, Marshak et al. 2006). Its 

western boundary is marked by a gradual decrease in the metamorphic grade and various tectonic features. 

A prominent antitaxial curve, i.e., a salient, marks the central segment of both, the Southern Espinhaço 

and Araçuaí foreland fold-thrust belts (Fig. 4.17). In the central portion of this salient, the boundary 

between the paired belts is marked by a regional antiformal structure, in which older units of the 

Espinhaço Supergroup dip west beneath the Neoproterozoic fill strata of the São Francisco basin (e.g., 

Costa et al. 1993, Noce & Fogaça 1995, Knauer et al. 2011, Martins et al. 2011) (Fig. 4.17). In areas 

located to the north and south of the central Araçuaí foreland f-t-belt, east dipping thrusts and reverse 

faults bring rocks of the Espinhaço Supergroup on top of the Neoproterozoic Macaúbas and Bambuí strata 

(Fig.4.17) (e.g., Knauer & Fogaça 1995, Costa et al. 2009, Chaves & Andrade 2009,2011, Martins et al., 

2011). Structural studies conducted in these areas indicate that they encompass the juxtaposition of a thin-

skinned foreland fold-thrust belt in the basin side with a basement-involved fold-thrust belt in the 

Espinhanço range (Magalhães 1988, Oliveira 1989, Alkmim et al. 1993, ,Alkmim et al. 2006). The salient 

domain, on the other hand, is the surface expression of a thick-skinned system of faults and folds, which 

coincides at depths with a major inverted graben, the Pirapora aulacogen (Souza-Filho 1995, Hercos et al. 

2008, Alkmim et al. 2011).  

Despite several tectonic studies along the last decades (e.g., Marshak and Wilkerson 1992, Souza-

Filho 1995, Hercos et al. 2008, Gomes et al. 2010, Alkmim et al. 2011), many aspects of the architecture 

of the central Araçuaí foreland fold-thrust belt and its interaction with the buried Pirapora aulacogen are 

not understood yet. The following sections deals with the overall geometry of the eastern Pirapora 

aulacogen and its relationship with the structural grain of the Araçuaí foreland f-t-belt. The descriptions 
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presented here are based on surface information, recently acquired well and 2D seismic data (Figs. 1.1 and 

1.2), as well as on available literature, aeromagnetometric and Bouguer anomaly maps.  

 

 

Figure 4.17 – Simplified structural map of the 

central Araçuaí foreland f-t-belt, in the Cabral 

range area. Based on seismic, well and 

aerogeophysical data and partially compiled 

from Souza-Filho (1995), Fogaça (1995), 

Knauer & Fogaça (1995), Noce & Fogaça 

(1995), Chaves (2007), Chaves & Andrade 

(2009), Costa et al. (2009), Chaves & Andrade 

(2011), Knauer et al. (2011), Kuchenbecker et 

al. (2011), Martins et al. (2011), Reis et al. 

(2011), Chaves & Andrade (2013), Costa et al. 

(2013),  Pinto & Silva (2014). TF: Thrust fault. 

Ant: Antiformal structures, Ca -Cabral 

anticlinorium; Af - Agua Fria anticlinorium; Bi 

- Bicudo antlicline. Syn: Syncline. TZ: 

Traspressive zone. Tzu: Undefined transcurrent 

zone. Stl: Structural trace. Sl: Seismic lines. 
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4.2.1 – The Pirapora aulacogen in the eastern São Francisco basin 

Corresponding to a large and partially inverted rift structure, the buried Pirapora aulacogen hosts 

the thickest Precambrian succession so far document in the São Francisco basin. Although locally 

associated to higher Bouguer values, the aulacogen can be identified by lower NW-oriented Bouguer 

anomalies (Fig. 2.1).  

The Pirapora aulacogen represents a branch of a system of superimposed Paleoproterozoic to 

Neoproterozoic rifts developed in the São Francisco plate. This system was filled with the sediments of 

the Espinhaço Supergroup and Macaúbas Group, as well as other correlatives units currently exposed in 

the Brasiliano belts that fringe the São Franciscio craton (e.g., Schobbenhaus 1996, Uhlein et al. 1998, 

Martins-Neto et al. 2001, Cruz and Alkmim 2006, Alkmim and Martins-Neto 2012) (see Chapter 2).  

In the eastern São Francisco basin, the sedimentary successions preserved within the Pirapora 

aulacogen can be as thick as 10 km and include an older unknown Precambrian succession, as well as the 

Paranoá-Upper Espinhaço, Macaúbas and Bambuí first-order sequences (see Chapter 2). The thickening of 

these units toward the central portion of the aulacogen and the common syn-tectonic growth sections 

observed in subsurface data indicate that the aulacogen was an active depocenter during most of the 

Proterozoic (Fig. 4.18). It has allowed the preservation of Paleo (?) to Neoproterozoic sedimentary 

successions, and especially the glaciogenic strata of the Macaúbas sequence (i.e., Jequitaí Formation). 

According to seismic and well data (drill cores and well logs), the glaciogenic deposits are unconformably 

overlain by carbonate sedimentary rocks of the basal Bambuí sequence and become increasingly thinner 

toward north and south (Fig. 4.18). Most of the diamictite-bearing strata so far described along the 

Januária and Sete Lagoas basement highs, which bound the aulacogen respectively to north and south, 

seem to record only the glacial event associated with the early Bambuí basin cycle instead of the 

Cryogenian episodes associated with the Jequitaí Formation (Reis & Suss 2014, Chapter 2).  

Seismic and aerogeophysical data reveal that the Pirapora aulacogen encompasses two main sets 

of large-scale structures (Figs. 4.18 and 4.20). Major NW-striking and steeply-dipping normal faults 

control the dramatic thickening and sedimentary dispersal of the Paleo (?)/Mesoproterozoic strata and 

show vertical offsets of up to a few kilometers. These structures may exhibit curved traces in map and 

define a large NW-SE oriented trough internally segmented by minor NNE-elongated horsts and grabens 

(Fig. 4.19). Some NE-trending normal faults also occur as subordinate elements (Fig. 4.19). According to 

the seismic data, at least part of normal faults seems to have formed due to the extensional reactivation of 

basement compressional structures (Fig. 4.21). Structural contour and isopach maps indicate that the 

aulacogen exhibits an en echelon internal geometry and shows its maximum depth in the eastern portion 
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of the São Francisco basin (Fig. 4.19). Westward, it becomes progressively shallower and is apparently 

separated from its westernmost counterpart by an internal structural high located in the central portion of 

the São Francisco basin. Southward and northward, NW-striking structures become less expressive and 

kilometer-scale NNE-trending normal faults comprise the main tectonic elements along the margins of the 

Sete Lagoas and Januária highs, respectively (Fig. 4.19). Similar tectonic elements have been also 

recognized by Hercos et al. (2008). 

A late generation of shallower extensional structures affects the Mesoproterozoic Paranoá-Upper 

Espinhaço sequence overprinting the dominant fabric elements of the eastern Pirapora aulacogen. These 

structures comprise normal fault sets, which apparently trend NW and show displacements of a few 

hundreds of meters, controlling the thickness changes and sedimentary dispersal of the Neoproterozoic 

Macaúbas sequence (Figs. 4.18 and 4.21, Chapter 2).  

A late-stage reactivation of the aulacogen as a whole took place during the Ediacaran-Cambrian. It 

is recorded by remarkable thickening and increase in the siliciclastic/carbonate ratio of the Bambuí 

sequence along the aulacogen axis (Fig. 4.18 and 4.21). In other words, the graben subsided differentially 

in the course of this basin stage.  

As indicated by the aeromagnetometric maps, the extensional structures of the eastern Pirapora 

aulacogen are often marked by linear and slightly curved positive anomalies that may extend over several 

hundreds of kilometers (Fig. 4.19). Seismic, well and surface data suggest that part of these magnetic 

anomalies are related to mafic intrusions emplaced along major fault zones during at least two distinct 

igneous episodes (Fig. 4.21).  The older intrusions comprise kilometer-scale dykes and sills and occur 

mostly associated with the lower rift successions of the Paranoá-Upper Espinhaço sequence. The second 

generation comprises mafic dykes and sills that cut the entire Mesoproterozoic strata and are exposed 

along restricted areas in the eastern São Francisco basin (e.g., Souza-Filho 1995, Chaves 2007, Knauer et 

al. 2011, Chemale et al. 2012). Despite of the lack of geochronological constraints, these intrusions seem 

to mark the onset of the Paranoá-Upper Espinhaço and Macaúbas basin cycles, respectively. Although 

difficult to identify in seismic sections, the existence of intrusions associated with older 

(Paleoproterozoic?) igneous events are not discarded. 
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Figure 4.18 - Schematic well correlation section along the eastern Pirapora aulacogen. White stars correspond to the 

age of younger detrital zircon population so far found within the Proterozoic successions at the eastern São Francisco 

basin. 1: Lopes (2012); 2: Kuchenbecker et al. (2015b); 3: Rodrigues (2008).  
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Figure 4.19 – (a) Analytical Signal Amplitude (ASA) map of the eastern São Francisco basin. The white lines 

correspond to interpreted magnetometric anomalies: i) NW- and NE-trending anomalies are associated with deep 

extensional structures of the Pirapora aulacogen; ii) roughly NS-striking and curved linear anomalies are often 

associated with newly formed emerging detachments of the Araçuaí foreland f-t-belt. (b) Structural contour map of 

the eastern Pirapora aulacogen drawn using seismic data. The faults were interpreted with basis on isopach maps of 

the Paleo (?) to Mesoproterozoic basin-fill units preserved within the aulacogen. The red-dashed line indicates the 

external limit of the Araçuaí foreland f-t-belt deformation front, where the Pirapora aulacogen is partially inverted. 

 

4.2.2 – The tectonic architecture of the central Araçuaí foreland fold-thrust belt and 

its association with the pre-existing Pirapora aulacogen 

The central Araçuaí foreland fold-thrust belt affects the entire Proterozoic strata preserved within 

the eastern Pirapora aulacogen and encompasses systems of roughly NS-trending folds that are associated 

with deeper structures of the preexistent trough (e.g., Souza-Filho 1995, Hercos et al. 2008). Differently 

from the Brasília, the Araçuaí foreland fold-thrust belt shows a clear west-directed vergence, a 

conspicuous east-dipping cleavage (Fig. 2.11), and metamorphic grades that reach greenschist facies 

conditions in its eastern boundary (Fig. 4.17) (see also Chapter 2 and Sec. 4.1). Northward and southward, 

the entire system curves toward NNE and SSE, respectively, forming a typical convex-to-foreland 

orogenic curvature that culminates along the Cabral ridge area (Fig. 4.20). Stretching lineations (Ln) 

defined by elongated quartz-mica aggregates commonly ornament the axial plane cleavage. Asymmetric 

stretched clasts, S-C structures and porphyroclast tails (within the contact with Espinhaço f-t-belt)  

indicate an overall W(WNW)-directed tectonic transport (Fig. 4.20). NW- and NE-oriented strike- to 
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oblique(?)-slip shear zones cut the entire system causing, respectively, counterclockwise and clockwise 

rotation of early compressional structures (Fig. 4.17). These shear zones are genetically associated with 

meso-scale conjugate shear fractures found over the entire belt (Oliveira 1989, Souza-Filho 1995, Alkmim 

& Martins-Neto 2001). Westward, both metamorphic grade and tectonic shortening decrease and cleavage 

planes become less expressive, generally showing steeper dippings (Reis et al. 2014) (Figs. 4.17). Quartz 

veins occur over the entire culmination zone of the Araçuaí foreland f-t-belt cutting both the 

Mesoproterozoic and Neoproterozoic basin-fill successions (Fig. 2.11).  

The detailed examination of seismic, well and magnetometric data reveal that the major structural 

features of the central Araçuaí foreland f-t-belt are closely related to older elements of the Pirapora 

aulacogen. These relationships are discussed below.  

 

Double-plunging folds, inverted extensional structures and shortcut faults 

 The central Araçuaí foreland f-t-belt is dominated by large asymmetric and NS-oriented double-

plunging folds. Three major regional structures have been recognized in the area, namely, the Cabral, 

Água Fria and Bicudo antiformal culminations (Fig. 4.17). At the surface, these folds occur in the form of 

NS-elongated ridges, along which the Mesoproterozoic Paranoá-Upper Espinhaço sequence is exposed. 

The seismic sections show that they correspond to basement-cored folds formed through the contractional 

invertion of grabens and horsts of the Pirapora aulacogen (Fig. 4.21). They are associated at depth with 

blind steeply-dipping reverse faults, which may dip either east or west. The Água Fria anticlinorium and 

the Bicudo anticline verge to the east, apparently indicating the decreasing inversion rates of deep-seated 

structures (Fig. 4.21). Hercos et al. (2008) and Gomes et al. (2010) have interpreted minor eastward 

verging parasitic folds of the Agua Fria anticlinorium as fault-related structures associated with the 

inversion of older and west-dipping normal faults.  

In the northern Cabral and Água Fria anticlinoria, east-dipping shortcut faults have been identified 

in seismic sections affecting the entire system and causing a late hinterlandward rotation of the basement-

cored folds (Fig. 4.21). These structures emerge from deeper portions of the crust and might be connected 

with shallower normal faults. Similar east-dipping faults have been also described by Hercos et al. (2008) 

and Gomes et al. (2010), which emphasized their additional function in promoting the forelandward 

motion of the whole belt. Outside the Pirapora aulacogen, the hinges of regional-scale folds curve toward 

NE and NW and the reactivation of older extensional structures, if existent, become insignificant.  
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Second-order detachment structures 

Second-order, kilometer-scale detachments have been recognized in seismic sections close to the 

base of Bambuí and Macaúbas sequences, as well as within the middle sections of the Ediacaran strata 

(Figs. 4.17 and 4.21). These structures emerge in restricted areas as east- and west-dipping thrusts, often 

marked by kilometer-long and roughly NS-trending curved magnetic anomalies (Fig. 4.19). In the Bambuí 

sequence they might be associated with meso- to small-scale chevron folds and kink bands affecting the 

shales and carbonates. The detachment structures may represent either bedding-parallel accommodation 

elements associated with the regional folding or early and less expressive thin-skinned systems. Similar 

detachments have been recognized by Souza-Filho (1995) as important elements accommodating different 

tectonic styles between the sand-dominated Paranoá-Upper Espinhaço sequence and the shale- to 

carbonate-dominated Ediacaran successions, which commonly encompass lower wavelength folds. 

According to this author, these interlayer accommodation structures might be locally related to double-

vergent cleavages and striated detachment surfaces in fold limbs indicating flexural slip deformation 

mechanisms. Similarly to the major detachments described in the Brasília foreland f-t-belt (Sec. 4.1), 

seismic and well data indicate that at least part of these structures seem to have formed due to remarkable 

rheological contrasts associated with (organic-rich?) shales and carbonates of the basal Bambuí sequence.  

 

Transpressional systems and the reactivation of aulacogen bounding faults 

The available subsurface data indicate that a set of transpressional/strike-slip shear zones affecting 

the central Araçuaí foreland fold-thrust belt are linked to major bounding faults of the aulacogen and form 

large positive flower structures (Figs 4.17, 4.19 and 4.21). At the surface, these structures are associated 

with the rotation of the folds hinges and related axial plane cleavages, as well as the nucleation of meso- 

to large-scale lateral shear zones. The most expressive transpressional system so far identified occurs in 

the southern Cabral range and has been referred to as Diamantina-Santa Bárbara-Lassance Sinistral Strike-

Slip system by Souza-Filho (1995). Promoting a remarkable counterclockwise rotation of earlier structures 

along a large NW-SE striking corridor, this system comprises strike- and oblique-slip faults and extends 

over several kilometers eastward into the Espinhaço fold-thrust belt. 
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Figure 4.20 – Equal area, lower hemisphere plots of poles to bedding (So), poles to cleavage (Sn) and cleavage-

hosted stretching lineations (Ln) over the Araçuaí foreland f-t-belt (based on surface data collected along multiple E-

W cross-sections). The dispersion of the Sn planes indicates changes on the dip of the regional cleavage, which 

become steeper toward the west. The red-dashed line bounds the deformation front of the Araçuaí foreland f-t-belt. 

Great circles in Ln diagrams correspond to Sn planes. Symbols are explained in Fig. 4.17.  
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Figure 4.21 – Interpreted seismic sections (crooked) showing the tectonic architecture of the central Araçuaí 

foreland f-t-belt and its association with the partial inversion of the pre-existing Pirapora aulacogen. The location of 

seismic sections is shown in Fig. 4.17.  
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Quartz veins 

Representing one of the most important quartz-producing areas of Brazil, the central Araçuaí 

foreland f-t-belt hosts expressive quartz veins, which can be several meters thick. These veins correspond 

to: i) tension gashes and associated structures within shear zones; ii) EW-trending vertical tensile 

fractures; and iii) NS- to NE-striking fractures (e.g., Souza-Filho 1995, Martins et al. 2011, Chaves & 

Andrade 2011, Reis et al. 2011, 2014). The latter type encompasses most of the occurrences described in 

this study and comprises pre- to post-cleavage tectonic elements (Figs. 2.11 and 4.22). The quartz veins 

trend approximately parallel to NNE-striking grabens and horsts of the underlying Pirapora aulacogen 

and, at least in the northern and central portions of the studied area, they are oriented along the hinges of 

regional-scale folds. It suggests that these structures record important fluid migration events associated 

with the compressional reactivation of the preexisting aulacogen. Since they are affected by the cleavage, 

it is likely that the N- to NE-striking elements started to form in the early evolutionary stages of basin 

inversion and regional fold nucleation.  

 

4.2.3 From the nucleation to the partial inversion of the eastern Pirapora aulacogen  

Sedimentary basins inversion describes the compressional or transpressional reactivation and 

shortening of formerly extensional structures (e.g., Brun & Nalpas 1996, Turner and Williams 2004, 

Amilibia et al. 2005, Bonini et al. 2012). Widely associated with orogenic episodes, this process has been 

described in different types of intracontinental rifts, rifted continental margins, back-arc bass and orogenic 

foredeeps (Turner & Williams 2004 and references therein). During these orogenic episodes, older 

extensional basins may undergo shortening and become part of fold-thrust belts, whose structural grain 

often contains distinctive compressional architectures formed under the strong influence of preexisting 

elements (e.g., Beauchamp et al. 1996, Kley et al. 1999, Macedo & Marshak, 1999, Paulsen & Marshak, 

1999, Marshak et al. 2000, Weil et al. 2010, Yonkee & Weil 2010, Yagupsky et al. 2008).  

Sedimentary basin inversion typically reflects dramatic changes in the maximum stress vector 

from vertical, in the early basin-forming episode, to (sub) horizontal, during the late orogenically-induced 

shortening. It is thus responsible for the reactivation of extensional structures as compressional and/or 

transpressional tectonic elements and the consecutive basin uplift, as well as the generation of a variety of 

typical structures (e.g., Mora et al. 2006, Withjack et al. 2010, Bonini et al. 2012). In non-coaxial 

inversions, the shortening strain is often partitioned between dip-slip, oblique-slip and strike-slip 

kinematics (Turner & Williams 2004). As demonstrated by innumerous case studies and analog models 

(e.g., Brun & Nalpas 1996, Amilibia et al. 2005, Boninni et al. 2012), the deformation partitioning and the 
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tectonic styles generated during basin inversions are controlled by factors like: i) the architecture of the 

pre-orogenic basin; ii) rheological contrasts within the sedimentary fill-units; iii) the orientation of the 

shortening stress vectors relative to the preexisting extensional elements; iv) fluid overpressuring; and v) 

the progressive rotation of the normal faults nucleated during the earlier rift-stage. 

 

 

Figure 4.22 – Rose diagrams of quartz veins in the Araçuaí foreland f-t-belt. Red arrows and red arcs indicate mean 

direction and 95% confidence interval, respectively. The inset in the lower left indicates the area where the structural 

data were collected. 

 

The tectonic structures described in the previous sections allow to recognition of a complete 

tectonic cycle, from rifting to orogenically-induced inversion, marked respectively by the nucleation of the 

Pirapora aulacogen and its late and partial incorporation within the Ediacaran/Cambrian Araçuaí foreland 

f-t-belt. In this scenario, the buried structures of the Proterozoic graben indicate superimposed extensional 

episodes developed under approximately horizontal and NE-oriented σ3 and vertical σ1. Based on the 

characteristics of its sedimentary infill and associated structures, it is possible to conclude that the main 

extensional events occurred during the Paleo (?)/Mesoproterozoic and culminated with the deposition of 
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the Paranoá-Upper Espinhaço sequence and older successions. As indicated by the en echelon geometry of 

the Pirapora aulacogen (Fig. 4.19), it might have operated under the influence of an oblique extension 

regime. During the late Neoproterozoic uplift of the Araçuaí orogen (Pedrosa-Soares et al. 2001, Alkmim 

et al. 2006), the propagation  of the orogenic front toward the São Francisco craton resulted in the 

development of the west-directed Araçuaí foreland f-t-belt and the partial inversion of the eastern Pirapora 

aulacogen. Meso- and regional-scale structures found over the entire foreland system indicate that this 

protracted compressional event took place under incipient (in the west) to low grade metamorphic 

conditions (in the east) and an approximately horizontal and WNW-ESE oriented σ1.  

The architecture of the central Araçuaí foreland f-t-belt is clearly controlled by the pre-existing 

extensional structures of the Pirapora aulacogen.  Scaled analogue modeling conducted by Brun & Nalpas 

(1996) have shown that variations in the angles between the former extensional structures and the late 

shortening vectors exert remarkable influence on the compressional reactivation of rift systems. While 

lower angle compressions tend to favor the reactivation of steeply-dipping extensional faults under an 

oblique-slip mode, high angle (near orthogonal) compressions, on the other hand, induce the nucleation of 

new thrusts along with a less expressive reactivation of former rift structures. It seems that, during the 

reactivation of the eastern Pirapora aulacogen, the deformation associated with the cratonward advance of 

the Araçuaí foreland f-t-belt was partitioned according to the orientation of the pre-existing structures. 

Less oblique tectonic elements (e.g., NW-trending bounding normal faults) reactivated mostly as 

transpressional systems such as the Diamantina-Santa Bárbara-Lassance Sinistral Transcurrent system 

(Souza-Filho 1995). Although exhibiting high angles with the late Neoproterozoic shortening vectors, 

minor NNE-elongated grabens and horsts were reactivated in the form of reverse faults that are associated 

upward with regional basement-cored anticlines (Figs. 4.17, 4.19 and 4.21). Contrasting with predictions 

from scaled analog models, the reactivation of these structures by high angle shortenings might have been 

favored by fluid overpressuring associated with the expressive amounts of quartz veins found in the 

central Araçuaí foreland f-t-belt. It is well accepted that this mechanisms is a critical element to reduce the 

effective stress along the preexisting fault surfaces allowing their reactivation during the compression 

(Sibson 1985, Turner & Williams 2004, Boninni et al. 2012). The deep-seated shortcut faults affecting the 

northern Cabral and Agua Fria anticlinoria seem to indicate a late increase in the effective stresses within 

older steeply-dipping faults, as newly formed thrusts become important elements on the accommodation 

of the regional shortening (Fig. 4.21). 

Detachment surfaces have been identified within the Proterozoic covers of the basin and represent 

additional elements controlling the architecture of the studied foreland belt. Although less expressive, 
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these structures control remarkable changes in the tectonic style within the deformed successions (Souza-

Filho 1995) and formed in consequence of remarkable rheological contrasts within the pre-orogenic strata. 

 

On the development of the Araçuaí foreland f-t-belt orogenic curvature 

The same elements controlling the sedimentary basin inversion also influence on the development 

of orogenic curvatures in foreland fold-thrust belts (e.g., Macedo & Marshak 1999, Marshak 2004, Weil & 

Sussman 2004, Yonkee &Weil 2010) (see discussions in Sec. 4.1). Since the culmination zone of the 

central Araçuaí foreland f-t-belt coincide with the axis of the NW-trending Pirapora aulacogen (Figs. 4.17 

and 4.19), it is most likely that its antitaxial map-view curve has originally formed under the dominant 

influence of along-strike thickness variations in the pre-orogenic strata thus corresponding to a non-

rotational basin-controlled curve. This configuration has favored the development of a wider wedge within 

the inverted graben and a less expressive westward advance along the northern and southern thin-skinned 

segments of the foreland belt. In these areas the thickness of the Proterozoic strata typically does not 

exceed 2000 m. The absence of a major thrust fault in the boundary between the Southern Espinhaço fold-

thrust belt and the central Araçuaí foreland belt (Fig. 4.17) might be also a consequence of the dramatic 

thickening of the Proterozoic successions toward the axis of the Pirapora aulacogen. In this area, higher 

shortenings would be required to allow higher vertical displacements and the consecutive emerging of 

deep-seated structures. Therefore, the anticlines and synclines that mark the transition from the Espinhaço 

system to the central Araçuaí foreland f-t-belt seem to represent typical fault-propagation folds. 

Regardless of the lack of subsurface data and the relatively poor control on the deep structure of the 

Araçuaí foreland belt, Marshak and Wilkerson (1992), Souza-Filho (1995) and Alkmim et al. (2011) came 

to similar conclusions based on analog models and surface data. 

At least part of the map-view curvature described by the central Araçuaí foreland f-t-belt seems to 

have developed due to late oroclinal bending. Secondary vertical-axis rotations were identified within the 

multiple transpressional/ strike-slip systems described over the foreland belt (Fig. 4.17), especially the 

Diamantina-Santa Bárbara-Lassance Sinistral strike-slip system (Souza-Filho 1995). Since the Araçuaí 

deformation front shows a more expressive westward advance along the southern aulacogen boundary 

(Fig. 4.18), this strike-slip zone has apparently contributed with additional propagation of the Brasiliano 

deformation toward the craton and remarkable amounts of secondary oroclinal bending. This interaction 

suggests that the Sete Lagoas basement high (and also the Januária high) acted as a foreland buttress 

during the belt advance (Macedo & Marshak 1999, Paulsen & Marshak 1999, Marshak 2004).  As 

discussed in the Sec. 4.1, the same factors leading the formation of the non-rotational and basin-controlled 
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curves may also enhance vertical-axis rotations during the evolution of foreland fold-thrust belts (Weil & 

Yonkee 2010, Yonkee and Weil 2010). Therefore, additional vertical-axis rotations are not discarded.  

 

4.2.4 Conclusions 

 The Pirapora aulacogen extends through the central portion of the São Francisco basin and hosts the 

most expressive package of Proterozoic strata so far found in basin. These units are especially 

preserved within its main depocenter located in the eastern portion of the basin. 

 The eastern segment of the aulacogen is made up of sets of kilometer-scale NW-trending faults and 

minor NNE-elongated horsts and grabens, which control mostly the sedimentary dispersal and 

thickness changes of the Paranoá-Upper Espinhaço and older (?) successions.  

 The major tectonic elements of the aulacogen suggest a nucleation under an approximately 

horizontal and NE-oriented σ3, coupled to a vertical σ1. Its development might have occurred during 

the early evolutionary stages of the basin and associated with subordinate oblique extensional 

components. Subsequent extensional reactivations occurred during the Neoproterozoic Macaúbas 

and Bambuí basin cycles. 

 During the late Neoproterozoic/early Paleozoic uplift of the Araçuaí orogen, the eastern Pirapora 

aulacogen was incorporated in the central Araçuaí foreland fold-thrust belt. It resulted in a west-

directed thick-skinned system dominated by NS-trending and double-plunging basement-cored 

anticlines and synclines, which are associated at depth with inverse faults. These structures are 

overprinted by strike-slip systems formed due to the compressional reactivation of older NW- to 

NE-striking normal faults.  

 Differently from the Brasília foreland fold-thrust belt (exposed in the western São Francisco basin), 

the Araçuaí foreland f-t-belt was formed under incipient to low grade metamorphic conditions and 

exhibits a conspicuous axial plane cleavage. Its fabric elements reflect a systematic W (WNW)-

directed tectonic motion. 

 Variations in the angles between the former extensional elements and the late shortening vectors, 

fluid overpressuring and rheological changes within the pre-orogenic strata have apparently 

controlled the major tectonic style of the Araçuaí foreland f-t-belt in the interaction zone with the 

Pirapora aulacogen. 

  The association between the culmination zone of the Araçuaí foreland f-t-belt and the axis of the 

Pirapora aulacogen indicate that along-strike thickness changes exerted remarkable influence on the 
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development of its antitaxial curve. Vertical-axis rotations related to transpressional/strike-slip 

zones might have caused a late oroclinal bending of the orogenic curve.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 5 

CONCLUDING REMARKS 

 

The São Francisco basin (s.l.) is underlain by a thick and cold lithosphere and corresponds to a 

typical intracratonic depocenter. Reflecting the tectonic history of the São Francisco craton and marginal 

orogens, its sedimentary successions and structures record at least four tectonic events: i) a 

Mesoproterozoic/early Neoproterozoic rift to rift-passive margin, probably associated with the Columbia 

break up; ii) a Neoproterozoic rift-passive margin contemporaneous with the Rodinia break up; iii) an 

Ediacaran-Cambrian (?) foreland system associated with the Brasiliano/PanAfrican West Gondwana 

assembly and iv) an intracontinental extensional system associated with the Pangea break up (South 

Atlantic opening). Furthermore, the São Francisco basin seems to preserve the sedimentary record of two 

late Neoproterozoic glacial events of global significance, an older unit correlative to the Macaúbas Group 

of the Araçuaí belt and a younger succession contemporaneous with the Ediacaran-Cambrian (?) 

supercontinent assembly.  

Surface and subsurface data indicate that the multiple Proterozoic extensional events that affected 

the São Francisco plate culminated with the nucleation of three major basement structures, the NW-SE 

Pirapora aulacogen that extends over the central portion of the basin and is bounded by the Januária and 

Sete Lagoas basement highs, to the north and south respectively.  During the Neoproterozoic/early 

Paleozoic West Gondwana assembly, the São Francisco basin received the sedimentary successions of the 

Bambuí first-order sequence. At this time, its Proterozoic strata and older elements were locally affected 

by two foreland fold-thrust belts, the Brasília, on the west, and Araçuaí, on the east. The detailed 

stratigraphic and structural analyses performed in this thesis indicate that:   

 The Ediacaran Bambuí sequence records a downwarp basin stage mostly induced by the 

uplift of the Brasília orogenic belt, in the west. According to this study, foreland 

depocenters associated with this basin stage were partitioned under the influence of 

preexisting structures. 

 In the southern São Francisco basin, the Ediacaran Bambuí sequence encompasses mixed 

carbonate-siliciclastic rocks that unconformably overlie basement assemblages and older 

sedimentary units and mark multiple episodes of forebulge uplift and migration of the 

preexistent Sete Lagoas basement high. Far-field stresses associated with these episodes 

caused the extensional reactivation of ancient compressional structures and culminated 

with the development of typical forebulge troughs, herein referred to as Pompéu grabens. 
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These grabens controlled the dispersal and tectonic architecture of the Bambuí sequence 

by combining local and episodic subsidence pulses with regional accommodation controls 

presumably associated with lithospheric and sub-lithospheric subsidence mechanisms, 

climate changes and eustatic variations. 

 The forebulge behavior of the Sete Lagoas basement and the available paleotectonic 

reconstructions of the Bambuí basin could explain, at least partially, the apparent 

chronological mismatch between the Ediacaran sedimentary successions exposed within 

the basement structure and the evolution of the Brasília orogenic system. In this scenario, 

the lithospheric subsidence related to the Araçuaí belt might have contributed on the 

preservation of unusually thick sedimentary successions within the forebulge depocenter. 

Based on the tectono-stratigraphic record preserved within the Januária basement high 

(Chapter 2), the same conclusions might be expanded to the northern São Franciso basin. 

Nevertheless, more geochronological and paleotectonic reconstructions are needed to 

better understand the evolution of the Ediacaran basin cycle. 

 Affecting the entire Proterozoic strata of the São Francisco basin, the Brasília and Araçuaí 

foreland fold-thrust belts evolved under the influence of pre-deformational strata and 

preexisting structures. 

 In its culmination zone, the thin-skinned Brasília foreland f-t-belt comprises an antitaxial 

map-view curve herein referred to as Três Marias salient. This structure formed as a 

basin-controlled and non-rotational orogenic curvature due to the influence of along-strike 

thickness changes, rheological contrasts within the pre-deformational strata and less 

expressive interactions with foreland buttresses.  

 Differing from its northern and southern thin-skinned segments, the central Araçuaí 

foreland fold-thrust belt affects the older extensional structures of the Pirapora aulacogen 

and corresponds to a thick-skinned compressional system. In this area, it defines a 

convex-to-foreland map-view curve and its structural grain reflects the interaction 

between the westward advancing belt and the preexisting NW-trending aulacogen. 

Although less expressive, rheological contrasts within the pre-deformational strata have 

also controlled its tectonic architecture. The factors that induced the metamorphic grade 

observed within this foreland belt and the overall contrasts with the non-metamorphic 

Brasília foreland f-t-belt are still unclear. However, since the Brasília orogenic system 

apparently imposed higher loads on the western margin of the São Francisco craton than 
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the Araçuaí belt on the east (Reis 2011), these different crustal level exposures could have 

resulted from the westward tilting of the entire craton.  

 In sum, the analyses presented in this study demonstrate the influence of the tectonic inheritance 

(e.g., Holdsworth et al. 2001, Audet & Bürgmann 2011, Misra & Mukherjee 2015) on foreland 

sedimentation and deformation, by causing local- to crustal-scale deformation partitioning, as well as 

changes in the balance between accommodation and sedimentary supply. In the São Francisco basin, it 

controlled both the partitioning of the Bambuí foreland system (and thus its sedimentary dispersal) as the 

evolution of its marginal foreland fold-thrust belts. Since foreland areas are not subjected to mantle-related 

thermal anomalies and lithospheric-scale stretching (e.g., Allen & Allen 2005), it seems that these 

relatively cold and brittle continental systems are more suitable to reactivate preexisting structures than 

others. In the studied case, the longevity of the São Francisco craton might have also contributed by 

allowing the nucleation and preservation of an expressive collection of structures and successions through 

the geological time and, finally, their reactivation during the Neoproterozoic/early Paleozoic West 

Gondwana assembly.   

 The findings presented in this study are important elements to consider in hydrocarbon exploration 

campaigns. Regardless of the complex tectonic evolution of the intracratonic São Francisco basin, the 

available information indicates the importance of its Neoproterozoic record on its Precambrian petroleum 

system (s) (Reis et al. 2013b). Thus, it might be expected the influence of the tectonic inheritance on the 

distribution and quality of reservoir, source and seal intervals within the Ediacaran Bambuí strata, as well 

as Neoproterozoic migration paths, hydrocarbon traps and overburden events. In the analyzed cases, 

relatively thicker and potential post-glacial source rocks have been described within forebulge grabens and 

a regional Ediacaran depocenter in the southern and western portions of the basin, respectively. While in 

the first case these organic-rich successions are associated with potential carbonate reservoirs and rift-like 

migrations paths and traps, in the western portion of the basin these rocks controlled the regional 

detachment zone of the Brasília foreland f-t-belt and thus its tectonic architecture. The evolution of the 

central Araçuaí f-t-belt, on the other hand, involved the partial reactivation of the preexisting Pirapora 

aulacogen along with a large fluid migration. These fluids could have influenced on i) the regional 

hydrocarbon migration paths and ii) on the heat transfer through the sedimentary column thus causing the 

maturation of preexisting source intervals and the formation and/or destruction of reservoirs within the 

Proterozoic strata of the São Francisco basin.     
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