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Abstract

Globally, Precambrian hydrocarbon systems are a new frontier, both from an
academic and commercial perspective. In the São Francisco Basin of Brazil, a
functioning Proterozoic hydrocarbon system occurs, yet the origins and the timing
of its generation remain unknown. A basin-wide reconnaissance level study was
approached to evaluate its hydrocarbon source potential and to determine its evolution
from the Proterozoic inception, through to the present day. Three units were targeted
in this study: the Meso/Neoproterozoic Canastra Group (Paracatú Formation),
the Meso/Neoproterozoic Vazante Group (Serra do Garrote Formation) and the
Cryogenian/Ediacaran Bambuí Group (Sete Lagoas Formation). The results indicate
fair-good organic enrichment for the Paracatú and Serra do Garrote formations
and almost null potential for the Sete Lagoas Formation in the location of study.
Even with uncertainties, it is inferred that the three units are presently overmature,
although it is not discounted that they were active generators in the past. New
Re-Os dates for the Paracatú Slate Formation yields a depositional age of 1002
∓ 45 Ma, which is in agreement with published U-Pb detrital zircon age. Seismic
interpretation, on the other hand, support an intracratonic setting for the deposition
of the Bambuí Group and specifically for the Sete Lagoas Formation provides insights
into restricted circulation associated to palaeotopography developed during the Jequitaí
glaciation. Thermochronology dovetailed with analysis of porosity in borehole, reveal
that significant post-Bambuí Group erosion has taken place. At least 3-6 km of
strata is estimated to have been removed following the amalgamation of Gondwana.
Maximum palaeotemperatures beneath this now missing cover were reached during the
early Palaeozoic. Through basin modelling, it is shown that the Palaeozoic overburden
allowed the Bambuí Group to enter the oil window. Hence, assuming adequate organic
content in the strata, any hydrocarbons are predicted to have been generated during
late Ediacaran to Cambrian times. This requires that the traps were already in place
and hence long retention. For the older units, it can be argued that the São Francisco
Basin has had the potential for hydrocarbon generation at least since Tonian times
(i.e. ca. 1 Ga).
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Chapter 1

Introduction

1.1 Project incentives

Globally, Neoproterozoic petroleum systems are a new frontier, both from an
academic and commercial perspective. The occurrence of giant Neoproterozoic
producing fields worldwide and the ever-increasing demand for hydrocarbons have
provided significant impetus for the exploration of further Proterozoic basins in recent
years (Craig et al., 2009). The São Francisco Basin in Brazil is an intra-cratonic,
polycyclic basin and together with its surrounding belts contains a magnificent
stratigraphic archive of Proterozoic time, extending at least from the Statherian
(1750 Ma) to the Ediacaran (610 Ma) (Alkmim and Martins-Neto, 2012). The basin
holds a functioning petroleum system with evidences that range from gas seeps at
outcrop, and significant gas shows in drilled wells (Figure 1.1). However, many
questions, particularly related to the origins of these hydrocarbons, remain unknown.

Since the Palaeoproterozoic and until the opening of the South Atlantic Ocean
in the Cretaceous, the São Francisco Craton was connected to the Congo Craton
(Pedrosa-Soares et al., 2008 and references therein). In this way, the São Francisco
Basin laid in close connection to the Central Basin of Democratic Republic of Congo,
the interior basins of Angola and the Owambo Basin of Namíbia (Figueiredo et al.,
2010). Therefore, by studying the components of this petroleum system in Brazil and
by using the São Francisco Basin as an analogue, the prospectivity of central-west
African Neoproterozoic basins is expected to be better understood.

This project results from collaboration between Royal Holloway University of
London (RHUL) and the Federal University of Ouro Preto, Brazil (UFOP). The
project has been funded by Sonangol and Namcor, Angolan and Namibian national
companies of petroleum exploration. The Brazilian National Agency of Oil, Natural
Gas and Bio Fuels (ANP) conceded part of the input data to the project.
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1.2 Rationale of the thesis and objectives

The thesis synthesizes a multi-scale and multi-field study of the central-southern
São Francisco Basin (i.e. portion of the basin developed on the Minas Gerais State;
Figure 1.2) in order to evaluate its hydrocarbon source potential and to determine its
evolution to the present day. This basin-wide reconnaissance level study is presented
in nine chapters of which six represent the main research undertaken to address the
following aims:

1. To identify, characterize and date the source rock/s of the working Proterozoic
petroleum system of the São Francisco Basin using field-based observations
together with laboratory analysis of outcrop and core samples.

There is currently neither public comprehensive record of stratigraphic/spatial
location of organic enriched units nor a detail organic geochemistry characteri-
zation of the potential source rock responsible for the gas generated within the
basin. Its documentation and analysis will contribute to the general knowledge
of the basin and enhance its exploration potential. The source rock identification
in the field is discussed with Chapter III, a characterization from a geochemical
and palaeobiological perspective is undertaken in Chapter IV and dating with
Re-Os radiogenic isotope method is presented in Chapter V.

2. To determine how the basin evolved from its Proterozoic inception, through to
the present day. To establish a series of tectonostratigraphic events using 2D
regional seismic and well data interpretation coupled with the application of
apatite thermochronology.

Considerable controversy exists about the tectonic-evolution of the basin along
time. At present, there are no published studies that apply these approaches in
concert to unravel the basin evolution from the Precambrian to the Phanerozoic.
The details and outcomes of this inquiry are given in Chapter VI, which contem-
plates 2D regional seismic interpretation to recognize the basin evolution from
the Mesoproterozoic to the Neoproterozoic, and in Chapter VII that targets the
potential successions of events from the Neoproterozoic to the present aided by
the use of porosity well log data together with apatite thermochronology.

3. To test the source rock charging by modelling the basin evolution over geological
timescales. This will contribute to an evaluation of source rock effectiveness,
timing framework for hydrocarbon generation, and ultimately an understanding
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of the potential for hydrocarbon resources.

In this frontier ancient basin, existing input data for modelling the evolution
of the source rock is limited and not well constrained. In order to assess and
predict the sedimentary basin hydrocarbon prospectivity, the modelling of the
basins burial and thermal evolution and its influence in the maturation of the
source rock has been undertaken. The results and implications of 1D modelling
are presented in Chapter VIII.

The remaining three chapters that compose the thesis refer to the incentives
behind the study of this Proterozoic petroleum system (Chapter I) and detailed
compilation of the current understanding of the basin and its fringing belts (Chapter
II), final discussions and concluding remarks (Chapter IX). Particularly Chapter IX
integrates the findings of the diverse techniques applied in this project and critically
examines them in view of their significance for hydrocarbon exploration.

1.3 Hydrocarbon exploration in the São Francisco

Basin

The Proterozoic São Francisco Basin has been the focus of exploration since the
70’s due to the presence of several gas seeps along rivers and in shallow water wells
(Figure 1.1) (ANP; Fugita and Clark Filho, 2001). During the 80’s and 90’s, Petrobras
and Shell, directed the initial exploration efforts including geological and geochemical
mapping, acquisition of regional 2D reflection seismic lines and the drilling of four
wells (Figure 1.2) (Zalán and Romeiro Silva, 2007; Fugita and Clark Filho, 2001).
In September 2010, a new phase of exploration and drilling lead to the discovery of
natural gas traces, reinforcing the interest in the area. Since the beginning of this
project in 2010, many companies among them Petrobras, Shell, BG, Vale and Petra
(ANP; Reuters, 2012) have held concessions blocks in the basin. There are 59 explo-
ration wells and ∼25000 km of 2D seismic lines (ANP 12th Round). A list with the
latest reported hydrocarbon discoveries (natural gas in all cases) in the São Francisco
Basin, detailing block and well information (ANP; http://www.anp.gov.br/?id=730)
together with its operators (ANP; http://www.anp.gov.br/?id=2654) is presented
in Appendix I.1. The wells drilled until January 2013 are presented in (Figure 1.2).
Brazil oil regulator (ANP) states that there are ’no dry holes’ in the São Francisco
Basin. However no commercial accumulations have been reported to date (ANP,
http://www.anp.gov.br/?id=790).
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Figure 1.1 A, B, C and D - Gas seeps in shallow water wells
and along rivers in the São Francisco Basin (Globo Rural Magazine
http://revistagloborural.globo.com/Revista/Common/0, ,ERT208583-18287,00.html;
ANP 10th Round; Souza Filho et al., 2008); E, F - Current exploration activity in the basin
(photos taken during field campaign)
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Figure 1.2 São Francisco Basin - Blocks offered by the ANP during rounds 7, 10
and 12. Gas seeps distribution and exploration wells drilled in the basin until January
2013 (ANP, http://www.sec.gov/Archives/edgar/data/1157557/000110465913050271/a13-
15048_16k.htm)
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Chapter 2

Geological background

2.1 The Neoproterozoic

The Neoproterozoic is a key Era in the Earth history. It includes three important
geological events: the break-up of Rodinia and amalgamation of Gondwana; glacial
deposits that raised the notion of the ’Snowball Earth’; and the transition from
the pre-Ediacaran to the Phanerozoic fauna (Smith, 2009). Over the past decade,
interest in Precambrian petroleum systems has increased significantly as they are
progressively recognised as large and relatively unexplored resources (Craig et al.,
2013). Hence, multi-disciplinary efforts in all the fields of Earth sciences are needed
to understand the frontier Neoproterozoic system.

The Neoproterozoic, which is the youngest Proterozoic Era, is divided into three
periods, Tonian (1000-850 Ma), Cryogenian (850-635 Ma) and Ediacaran (635-542
Ma) (Smith, 2009; Ogg, 2009; Craig et al., 2009). Despite its extensive duration in
time (∼458 Ma), almost equal in length to the Phanerozoic Era, the study of its
rocks and their correlation is extremely challenging due to limited outcrops, intense
deformation, metamorphism and general lack of body fossils (Scotese, 2009).

Of particular relevance in the literature is the Cryogenian period (cryos=cold;
genesis=birth) because it includes widespread diamictites that have often been
interpreted as glacial in origin (Smith, 2009). The genesis of these poorly sorted and
non-stratified sediments is, however, a matter of debate. While some authors suggest
strictly glacial processes for their genesis (e.g. Kirschvink, 1992; Hoffman et al., 1998;
Hoffman and Schrag, 2002), others invoke tectonic or tectonic-glacial contexts for
their origin (Eyles and Januszczak 2004; Eyles, 2008). The snowball Earth hypothesis
(Kirschvink, 1992; Hoffman et al., 1998) suggests that our planet underwent at least
two worldwide ice ages: the Sturtian (ca. 720-660 Ma) and Marinoan (ca. 650-635
Ma) (Arnaud et al., 2011; Hoffman and Li, 2009 and references therein). A third event
named Gaskiers (ca. 580 Ma) is also often described (Craig et al., 2009; Hoffman
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and Li, 2009). Apart from tillites, the theory refers to cap-carbonates/dolostones,
described as glacioeustatic flooding sequences produced in the aftermath of gelid
conditions (Hoffman and Li, 2009). The snowball Earth hypothesis relies on physical
evidence (ice-rafted and striated clasts), palaeomagnetic data (low palaeolatitude for
the deposits) and unusual isotopic records (carbon isotope excursions) (Hoffman et
al., 1998). Nevertheless some of its aspects are heavily criticised (e.g. its fully frozen
state) and less extreme interpretations with an active hydrological cycle, ice-free areas
and consequently shelter for the planetary biological activity have been developed
in recent years (e.g. Le Heron et al., 2013, 2011; Fairchild and Kennedy, 2007). In
addition whether three or more glaciations occurred is debatable, as wide error bars
are reported for distinct geochronological techniques (Allen and Etienne, 2008).

Two major palaeocontinents existed during the Neoproterozoic: Rodinia and
Pannotia (Figure 2.1). The building of Rodinia occurred during the Grenville Event,
1200-1050 Ma ago (Rivers, 1997). Pannotia, also known as Pan-African or Greater
Gondwanaland supercontinent (Scotese, 2009), is often recognised as a transition
from Rodinia to Gondwana (510-180 Ma) (Frimmel et al., 2011; Li et al., 2008;
Pisarevsky et al., 2008). The São Francisco Craton of eastern Brazil (Chemale et al.,
1993), was originally part of the Congo continent, which represents one of the most
problematic continental blocks in any reassembly of Rodinia (Scotese, 2009) due to
poor palaeomagnetic dataset (De Waele et al., 2008). While some authors places
the Congo continent adjacent to the other Rodinia continental blocks (Hoffman
1991; Dalziel 1997), Scotese (2009) considers that during the late Mesoproterozoic
(∼1100 Ma) a wide ocean separated the Congo continent from Rodinia. During the
Cryogenian onwards a series of diachronous collisions, referred as Pan-African event
led to the formation of Pannotia (Scotese, 2009).

The Neoproterozoic marks a significant turning-point in the history of life (Craig et
al., 2013). The prefix Neo meaning "new", the Proterozoic derived from "former" and
zoon indicating "animal" point to an "earlier life Era". The general lack of biological
complexity associated to low levels of oxygen characteristic of the Mesoproterozoic and
early Neoproterozoic atmosphere where replaced by an increase in the oxygenation
of the surface environment which, in turn, facilitated the early diversification of
eukaryotic life forms from c. 750 Ma onwards and ultimately metazoan radiation.
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Figure 2.1 Palaeogeographic map from Rodinia to Pannotia. A - Rodinia before break-up,
with the Congo Continent independent from the supercontinent; B - Pannotia. Note the
Congo-São Francisco Craton in red. Modified from Scotese (2009).

2.2 Regional geology of the craton

The São Francisco Craton is one of the portions of the South American platform
that was not involved in the orogenic processes associated to the Brasiliano-Pan
African event (Almeida 1977) (Figure 2.2). It consists of Archean and Paleopro-
terozoic crust, which is thought to have been amalgamated and cratonised after
the Transamazonic-Eburnian orogenic event between 2.2 and 2 Ga (Martins-Neto,
2009). During this event, several collisions led to the formation of a continent of
considerable dimensions formed by the present São Francisco and the Congo Cratons
and portions of the Neoproterozoic belts that nowadays surround them.
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Figure 2.2 Tectonic elements of central-eastern Brazil. Heavy line depicts the outlines
of the São Francisco Craton. Arrows indicate main direction of tectonic transport along
Neoproterozoic orogenic belts. Legend: grey, Precambrian crystalline basement; stippled,
unmetamorphosed Phanerozoic cover. Modified from Valeriano et al. (2008).

At the end of the Paleoproterozoic (∼1.7 Ga), this continent suffered an important
rifting event, which led to the delimitation of the present São Francisco Craton.
As a consequence two rift basins were formed in its western and eastern margins
named Araí and Espinhaço respectively (Brito Neves et. al. 1996), which were
later aborted and converted to aulacogens. It is difficult to be precise about what
happened with this continent between 1.5 Ga and 1.0 Ga (Martins-Neto, 2000).
While some authors conclude that the Espinhaço Supergroup comprises a single
1st-order sequence (Martins-Neto 2000, 2009), others (Alkmim and Martins-Neto,
2012 and references therein) suggest a more complex stratigraphic development for
the Espinhaço Supergroup with a subdivision into two sequences (Espinhaço I and II),
which reflect the evolution of two superimposed rift-sag basins in the time intervals
of 1.75-1.57 Ga and 1.57-0.9 Ga (Figure 2.3-A). According to Martins-Neto and
Piva-Pinto (2001), the São Francisco-Congo Craton was later involved in an orogenic
event during Rodinia formation, which promoted the inversion of the previous rift
deposits (Valeriano et al., 2008).

A reactivation of the extension during the Mesoproterozoic led to the formation of
other two rift-passive margin basins located over the previous Paleo/Mesoproterozoic
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rift branch (Coelho, 2007) (Figure 2.3-B). Their formation was not synchronous in
time. The western margin registers rifting and oceanic crust formation between 1.0
Ga and 950 Ma hosting the Brazilide Ocean (Dardenne, 2000). The eastern margin
suffered extension between 900 and 750 Ma, likewise with oceanic crust development
where the Adamastor Ocean was located (Alkmim and Martins-Neto, 2012). Hosting
important sedimentary piles, these passive margins where later converted to orogenic
belts (Alkmim et al., 2001; Pedrosa-Soares et al., 2001) during the re-assembly of
crustal blocks to form Gondwana (Figure 2.3-C) (Martins-Neto and Piva-Pinto,
2001). These collisions yielded the Brasiliano orogens of South America, and the
Pan-African orogens of Africa (Brito Neves et al. 1999; Valeriano et al., 2008).

As the product of these collisions, the São Francisco Craton ended up located
at the centre of West Gondwana (Figure 2.3-D) (Alkmim and Martins Neto, 2001).
Post-orogenic regional uplift and cooling took place during the Cambrian-Ordovician.
A transition to relatively stable platform conditions in South America did not occur
until the Silurian-Devonian with the development of the large Paraná, Parnaíba and
Amazon intracratonic sag-type sedimentary basins (Valeriano et al., 2008). The
evolution of the Gondwana supercontinent at the end of the Palaeozoic also had
repercussions in the São Francisco-Congo Craton. The collision of Gondwana and
Laurassia had as a counterpart the formation of the Mauritanides Orogeneses in the
western edge of the West African Craton (Caby and Kienast, 2009). The elevation
of this area in addition to the existence of cold and humid climatic conditions,
led to the formation of continental glaciers that advanced towards the eastern
Sanfranciscan Basin (Sgarbi et al. 2001). During the Cretaceous (Figure 2.3-E) the
craton suffered extension (Sgarbi et al., 2001) in association with the opening of the
South Atlantic Ocean, which produced the separation between the African and the
Brazilian counterparts (Alkmim and Martins Neto, 2012). During the Eocene and
Oligocene the southern part of South America is affected by a renewed extensional
event that produced faulting of the Cretaceous deposits (Reis, 2011).

In its present configuration, the São Francisco Craton can be divided into a
NE and a S lobe separated by an intracratonic aulacogen known as the Paramirim
corridor (Figure 2.2) (Alkmim et al., 1993). Distinct Neoproterozoic Brasiliano
(Pan-African) orogenic belts border the craton margins verging towards its interior.
The Brasília Belt is on the W, the Araçuaí and the Espinhaço Meridional-Paramirim
Block Belts are on the E, the Rio Preto Belt is on the N and to the S the Archean to
Paleoproterozoic basement is exposed. The limits between the craton and the belts
that surround it are defined mainly by changes in the tectonic style (Alkmim and
Martins-Neto, 2001).
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Figure 2.3 Evolution of the São Francisco Craton and São Francisco Basin since 1.5 Ga - Note red strip in palaeogeographic configuration indicates the position of the profile shown in São Francisco Basin cross
section. Modified from Alkmim et al. (2001); Martins-Neto (2009).
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2.3 Regional geology of the belts

2.3.1 The Brasilia Belt

2.3.1.1 Tectonic setting

The Brasilia Belt extends for more than 1000 km in a general N-S direction
(Figure 2.2). It includes a thick Meso-Neoproterozoic sedimentary/metasedimentary
succession, which at present-day is completely involved in a series of thrust-sheets
with increasing metamorphic grade progressively westward, reaching granulite facies
conditions in the central part of the belt (Dardenne, 2000).

During Tonian times, a full passive-margin basin was developed in the western
margin of the São Francisco-Congo palaeocontinent (Figure 2.4). While the conti-
nental drift of São Francisco-Congo Craton and passive margin construction was in
progress, westward subduction of oceanic lithosphere took place beneath the Amazon
Craton leading to ca. 800-550 Ma arc-continent to continent-continent collision
(Pimentel et al., 1999).

Figure 2.4 Simplified geological evolution model for the Brasilia Fold Belt according to
Rodrigues (2008).

The closure of the Brazilide Ocean is geologically supported by the presence of the
large Goiás magmatic arc (Pimentel and Fuck 1992), with a probable continuation
northeastwards through the Borborema province in NE Brazil and into the Trans-
Saharan orogenic province in West Africa (Valeriano et al., 2008). The oldest
intra-oceanic subduction-related rocks were generated between 0.89 and 0.80 Ga and
lasted until the collisional episode of 0.65-0.61 Ga, represented by more contaminated
magmas of continental arc setting (Laux et al., 2005). On the basis of U-Pb
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geochronology, the timing of partial melting and emplacement of syn-tectonic granitic
bodies, together with that of peak metamorphic conditions is constrained between
0.65-0.63 Ga (Valeriano et al., 2008). Tectonic exhumation and emplacement of the
metamorphic nappes characterize the late collisional stage of the orogen (Campos
Neto & Caby, 2000).

2.3.1.2 Sedimentary record in the Brasilia Orogen

Although the stratigraphic record of Meso-Neoproterozoic rifting and passive
margin evolution is partially obscured by Brasiliano tectonic overprint, in the south-
ern Brasília Belt, the Araxá, Paranoá, Canastra, and Ibiá groups can be recognised
(Pimentel et al., 2011). Intense deformation, the lack of intercalated volcanics, and
the absence of biostratigraphic controls result in multiple possible interpretations for
this supracrustal succession (Dardenne, 2000; Valeriano et al., 2008 and references
therein). Provenance studies suggest that the Paranoá and Canastra groups are
passive margin deposits of the São Francisco paleocontinent, while the Araxá, and
Ibiá groups are synorogenic (fore-or back-arc) basin fill (Figure 2.4) (Pimentel et al.
2001; Rodrigues et al. 2010; Pimentel et al., 2011). Below, the characteristics of the
Canastra Group, which is the focus of this project, is summarised.

Canastra Group
The Canastra Group, mainly present in the southern portion of the eastern Brasilia

orogen (Figure 2.8), comprises phyllite and quartzite with common carbonate beds
that have experienced lower greenschist (chlorite) facies metamorphism (Figure 2.5)
(Dardenne, 2000). The lithostratigraphy is difficult to unravel owing to numerous
thrust faults (Rodrigues et al., 2010), especially for the basal Serra do Landim
Formation (chlorite-rich calc-phyllite and calcschist) and the upper units (Paracatu
and the Chapada dos Pilões formations). The Paracatu Formation comprises slope
turbidites and basinal, carbonaceous phyllites rich in diagenetic pyrite, whereas the
Chapada dos Pilões Formation comprises shallow marine wave and storm-modulated
clastics (Pereira et al., 1992). The coarsening upward succession in the upper Canastra
Group thus records a regressive, continental platform megasequence (Pereira et al.,
1992).

Thrust contacts characterize the boundaries between the Canastra and lower
grade metamorphic strata of the Vazante, Paranoá and Bambuí groups (Pereira et
al., 1994). It has been suggested that the Canastra Group is a lateral, and more
metamorphosed equivalent of the Paranoá Group (Dardenne, 2000; Pimentel et
al., 2011). However, there is still an extremely wide range in ages for the latter,
with a youngest detrital zircon population of 1540 Ma (interpreted as a maximum
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depositional age) and diagenetic xenotime age of 1042 Ma (interpreted as minimal
depositional age) (Matteini et al., 2012). The youngest detrital zircons of the
Canastra Group are ca. 1040 Ma (Valeriano et al., 2004; Rodrigues et al., 2010).

Figure 2.5 Lithostratigraphic column of the Canastra Group. Modified from Dardenne
(2000).

2.3.2 The Araçuaí Belt

2.3.2.1 Tectonic setting

The Araçuaí orogen (Pedrosa-Soares et al., 2008) encompasses the region between
the São Francisco Craton and the eastern Brazilian continental margin, north of
latitude 21◦S. At this latitude, the structural grain of the orogen bends slightly and
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merges with the Ribeira Belt, a deformation domain that extends for another 800
km along the SE coast of Brazil (Figure 2.2; Alkmim et al., 2006). The Araçuaí Belt
exhibits, together with its African counterpart in the West Congo Belt, a typical
bivergent orogenic architecture (Figure 2.6; 2.7). The intensity of deformation,
magmatism and metamorphism (from greenschist to amphibolite facies), increases
towards the internal tectonic domain located in the centre of the "hook-shaped"
São Francisco-Congo Craton (Pedrosa-Soares et al., 2001; Alkmim et al., 2006;
Pedrosa-Soares et al., 2008).

Figure 2.6 Cartoon illustrating the nutcracker tectonic model for the evolution of the
Araçuaí-West Congo Orogen. Big arrows indicate compression driven by external collisions;
small arrows indicate main direction of tectonic transport in the Araçuaí-West Congo Belt.
Modified from Alkmim et al. (2006) and Pedrosa-Soares et al. (2008)

During extension, a set of continental clastic sediments were deposited in the
basin in close association with volcanics, dykes and rift related anorogenic granites
(Pedrosa-Soares et al., 2008). The successive passive margin stage is represented
by a pile of siliciclastics and minor carbonates up to 10 km thick. Part of this
sedimentary fill comprises the Macaúbas Group (Alkmim et al., 2006). Through
time, the basin evolved to reflect a changing geodynamic context. Compression was
driven by external collisions (i.e. indentation of the Amazonia and Kalahari cratons
against the external western margins of the São Francisco-Congo Craton; Valeriano
et al., 2004; Alkmim et al., 2006). The response against compression was the counter
clockwise rotation of the São Francisco Craton towards the Congo Craton, like the
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pincers of a "nutcracker" (Alkmim et al., 2006). As a result, the Macaúbas Basin that
laid in-between, was squashed (Figure 2.6) causing substantial crustal thickening,
inversion and the generation of thrust belts verging east on the African side and west
on the Brazilian counterpart. The compression and associated magmatism continued
until ∼585 Ma, when the oceanic crust of the southern Macaúbas Basin was entirely
subducted (Alkmim et al., 2006). The metamorphic peak occurred between 585 and
560 Ma (Pedrosa-Soares et al., 2001). The post-collision event is marked by the
collapse of the orogen with the formation of normal faults, exposure of basement
rocks and igneous activity during the Cambrian-Ordovician boundary (520-490 Ma)
(Alkmim et al., 2006; Pedrosa-Soares et al., 2008).

Figure 2.7 Araçuaí-West Congo Belt evolution. Modified from Alkmim et al. (2006),
Pedrosa-Soares et al. (2001) and Pedrosa-Soares et al. (2008).
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2.3.2.2 Sedimentary record in the Araçuaí Orogen - The

Macaúbas Group

Despite a long history of erosion, and varying metamorphic degrees, the 1st-order
sequence of the Macaúbas Group records successive stages of basin evolution (Pedrosa-
Soares et al., 2001, 2008; Martins Neto et al., 2001; Alkmim and Martins-Neto 2012).
While the West Congo Belt encompasses the entire pile of Early Tonian rift (∼1000
Ma), the Macaúbas Group (< 900 Ma) contains deposits from the late rift stage
onwards (Pedrosa-Soares et al., 2008). Proximal deposits of this group crop out in
the western (external) part of the Araçuaí Orogen, and they consist of diamictites,
sandstones, pelites, and subordinate basic volcanics. These deposits include the Serra
do Catuni Formation whose age, although not well constrained, probably records an
∼850 Ma old glacial event (Alkmim et al., 2006). To the E and S, the strata of the
Macaúbas Group grade into thick sequences of distal pelites and intercalations of
turbiditic sandstones (Martins-Neto and Hercos, 2000; Martins-Neto et al., 2001).

2.4 Regional Geology of the basin

The São Francisco Basin (Figure 2.8) is developed over the southern São Francisco
Craton lobe and as defined by Alkmim and Martins-Neto (2001) refers to the group
of sedimentary units younger than 1.8 Ga. It is 200-350 km wide and 800 km long, a
total area of approximately 200,000 km2.

The basin is intracratonic in character with a long, poly-phase history and can
be considered as a series of superimposed basins (Figure 2.3) (Martins-Neto and
Piva Pinto, 2001; Alkmim and Martins-Neto, 2001). Its subsidence was induced
by different geotectonic processes in at least 4 different stages, each represented by
major lithostratigraphic units (Martins-Neto and Piva Pinto, 2001). Collectively,
these basins track major plate reorganisations that affected the São Francisco Craton
through a time interval greater than 1 Gy (Martins-Neto, 2009):

1. The Mesoproterozoic Espinhaço II sequence: The Mesoproterozoic
Espinhaço II 1st-order sequence comprises, in the domain of the São Francisco Basin,
the Conselheiro Mata Group (Alkmim and Martins-Neto, 2012), which records a
rift-sag sequence, whose maximum age is 1.2 Ga (Chemale et al., 2010).

2. The Neoproterozoic São Francisco Supergroup: The Neoproterozoic
São Francisco Supergroup records a cycle of supercontinent break-up and assembly
(Martins-Neto, 2009). It includes two Neoproterozoic units: the Macaúbas and
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Figure 2.8 Simplified geological map of the São Francisco Basin showing the bordering
Neoproterozoic Brasiliano Belts, the Proterozoic cover sequences (younger than 1.8 Ga)
of the São Francisco Basin, and the Cretaceous Abaeté and Urucuaia sub-Basins of the
San Franciscan Basin. Modified from Alkmim and Martins-Neto (2012), Alkmim and
Martins-Neto (2001) and Sgarbi et al. (2001).

Bambuí groups. A third unit, the Vazante Group, with a less certain tectonic setting
for its deposition (Dardenne, 2000; Pimentel et al., 2001) is also presented here.
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a) Macaúbas Group: in the cratonic region it comprises the Jequitaí Formation
(Figure 2.9), a relatively thin package (∼180 m) of diamictites, sandstones
and pelites (Alkmim and Martins-Neto, 2012). This glacio-terrestrial to glacio-
marine unit has been interpreted as a correlative of the Serra do Catuni
Formation in the Araçuaí Belt (Pedrosa-Soares et al. 2008) and described in
both the eastern and western margins of the basin (CPRM, 2003; Martins-
Ferreira et al., 2013). Evidence for glaciation in the Jequitaí Formation is
compelling (e.g. Cukrov et al., 2005; Uhlein et al., 2007; Chaves et al.,
2010). The preceding authors have cited a striated pavement cut into the
Espinhaço Supergroup in the NE portion of the São Francisco Basin, together
with abundant diamictites with exotic lonestones, some of which are well
stratified and exhibit unequivocal impact structures implying ice-rafted debris.
Furthermore, Martins-Ferreira et al. (2013) describe a ca. 4 km-wide valley
carved in the sandstones of the Paranoá Group and filled by a package of
sandstones, diamictites and tillite of the Jequitaí Formation. Detrital zircons
extracted from the Jequitaí Formation and the correlative Macaúbas Group
yielded maximum deposition ages of 880 Ma and 864 Ma, respectively (Pedrosa-
Soares et al., 2000; Rodrigues et al., 2008).

Figure 2.9 Jequitaí Formation, outcrops visited during field campaign. A - striated
pavement developed over the quartzites of the Espinhaço Supergroup; B - polymictic nature
of the clasts including stromatolitic carbonates, igneous rocks, siliciclastics; C - striated
clast.
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b) Bambuí Group: this marine succession, composed of alternating siliciclastic and
carbonate deposits (Figure 2.10), is the main fill unit of the São Francisco Basin
(Figure 2.8) (Alkmim and Martins-Neto, 2012). Its strata form a shallowing
upwards sequence (Dardenne, 2000; Santos et al., 2000), divisible into five
formations that constitute three coarsening upward megacycles (Dardenne,
2000; Martins and Lemos, 2007). The group represents a complete change in
basin configuration, where the craton starts acting as a depocentre rather than
a source area (Figure 2.3-C). Its tectonic setting of deposition has been widely
debated, ranging from flexural (i.e. foreland basin; Alkmim and Martins-Neto,
2001; Coelho 2007; Martins-Neto, 2009; Alkmim and Martins-Neto, 2012) to
intracratonic (Zalán and Romeiro Silva, 2007). A Pb-Pb age of 740 ± 22 Ma
from basal carbonates of the Sete Lagoas Formation (Babinski et al. 2007) is
the only published estimate for its depositional age. In tandem with stable
isotope analysis, this date led Babinski et al. (2007) and Vieira et al. (2007)
to propose that the Sete Lagoas is a post-Sturtian cap carbonate. These
interpretations contrast sharply with maximum depositional ages from U-Pb
detrital zircons in the upper Sete Lagoas pelites (610 Ma). Typically Ediacaran
87Sr/86 Sr values (0.7074-0.7076) (Caxito et al., 2012) have, on the other hand,
been interpreted as indicators of end-Cryogenian (Marinoan) glaciation.

Vazante Group
Along the western margin of the São Francisco Basin, a thick pelitic-dolomitic

and little metamorphosed (greenschist facies) sequence of marine origin constitutes
the Vazante Group (Figure 2.8). Intense deformation in the outcrop area in the SE
segment of the Brasilia Belt raises major uncertainties about its internal stratigraphy
(Figure 2.11) and lateral correlation. Brasiliano-Pan African thrusts and nappes
obscure many sedimentary contacts between its seven formations (Dardenne, 2000),
and also with the Canastra Group to the west and the Bambuí Group to the east
(Rodrigues et al., 2012). Geochronology of the Vazante Group is also contingent.
A varied range of biostratigraphic, radiometric and isotopic datings suggest that
its deposition overlaps in time that of the Paranoá, Canastra and Bambuí Groups
(Sial et al., 2009; Rodrigues, 2008). The presence of glendonite pseudomorphs after
ikaite, and dropstones in the slates of the Serra do Poço Verde Formation, has
been suggested as indications of paraglacial depositional conditions (Olcott et al.,
2005). A δ13 C negative excursion in the shales of the overlying Lapa Formation is
interpreted to record the resumption of primary productivity in the aftermath of
’Sturtian’ glacial event (Azmy et al., 2006). A Mesoproterozoic age, rather than a
Sturtian assignment, is currently preferred for this glacial event (Azmy et al., 2008).
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Figure 2.10 Lithostratigraphic column of the Bambuí Group. Modified from Dardenne
(2000).
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Figure 2.11 Lithostratigraphic column of the Vazante Group. Modified from Dardenne
(2000).
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3. The Permo-Carboniferous Santa Fe Group: The Permo-Carboniferous
Santa Fe Group (Figure 2.3-D) represents the course of Gondwana megacontinent
through the circumpolar region (Campos and Dardenne, 1994). High latitude facies
are dominant, including glacio-lacustrine and glacio-fluvial sediments up to 150 m
thick (Sgarbi et al., 2001) deposited upon striated pavements developed at the top
of the Bambuí Group.

4. The Cretaceous Areado, Mata da Corda and Urucuaia groups: The
Cretaceous Areado, Mata da Corda and Urucuaia groups (Figure 2.3-E) record the
opening of the south-Atlantic Ocean and include sediments deposited in a series
of half-grabens generated after the reactivation of pre-Cambrian structures. These
strata up to 500 m thick include lacustrine and aeolian sediments intercalated with
alkaline volcanic and volcaniclastic rocks (Sgarbi et al., 2001).

Although a regional evaluation of the basin is presented in this thesis, particular
interest is given to the Bambuí, Vazante and Canastra groups. Further development
of their sedimentology, biological content, geochronology and architecture is detailed
in chapters III, IV, V and VI respectively.

2.5 Neoproterozoic petroleum systems

The interest in pre-Cambrian petroleum systems worldwide has increased sig-
nificantly since 2006, when the Infracambrian Petroleum Systems Conference was
held at the Geological Society of London, and was later boosted with the Special
publication of "Global Neoproterozoic Petroleum Systems" by the Geological Society
in 2009. Both production and hydrocarbon shows sourced from, and reservoired
in, Neoproterozoic successions occur worldwide. The commercial accumulations of
Proterozoic-sourced petroleum in Siberia (Howard et al., 2012), Oman (Grosjean
et al., 2009; Visser, 1991) and China demonstrate the economic viability of these
ancient petroleum systems and provide profuse incentive for continuing exploration
in other ancient basins worldwide (Ghori et al., 2009, Lottaroli et al., 2009).

Craig et al. (2009) related the development of sources/reservoirs to the changing
tectono-climatic events that occurred during the Neoproterozoic. In this sense, the
authors subdivide the current knowledge about Neoproterozoic successions in North
Africa in three stages: a Tonian-pre-Cryogenian pre-glacial phase (prior to c. 750
Ma), a Cryogenian glacial phase (from c. 750 to c. 600 Ma) and a post-Cryogenian-
Ediacaran post-glacial phase (from c. 600 Ma to the base of the Cambrian at 542 Ma).
As a representative of this three-fold evolution, the Taoudenni Basin is presented
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(Craig et al., 2009). The basin, which was developed over the West African Craton
and is flanked by Pan-African Belts, covers potions of the present-day Mauritania,
Mali and Algeria. Its Neoproterozoic succession consists of a uniform succession of
’pre-glacial’ interbedded stromatolitic carbonates and shales, unconformably overlain
by a succession of marine and fluvial sandstones and shales containing glacigenic
diamictites. While the strata below the unconformity was deposited in a relatively
flat cratonic platform, the upper succession, corresponding to the ’glacial’ period,
was linked to Pan-African extension. The final, ’post-glacial’ period is represented
by Pan-African foreland basin development, which was followed in time by severe
inversion, uplift, erosion and peneplanation during the final stages of the Pan-African
Orogeny.

For the Taoudenni Basin, and for other representatives of the ’glacial period’ (e.g.
Ghaub sequence in Namibia), glacial features of similar scale and character to those
observed in the Late Ordovician of North Africa have been described (Craig et al.,
2009), allowing the construction of depositional model using younger analogues. It is
thought therefore, that during the glacial maximum deep troughs were carved by
palaeo-ice streams in possibly association with active extensional faulting (Le Heron
et al., 2009). The nature and distribution of Neoproterozoic source rocks may also
follow those deposited during Early Silurian post-glacial marine transgressions, with
organic-rich black shales deposited in close association with glacial diamictites in
remnant glacial topography (Craig et al., 2009; Le Heron and Craig, 2012).

According to Ghori et al. (2009), the principal objective of the petroleum system
approach is to define: (1) magnitude of petroleum charge (i.e. source rock richness,
thickness and maturity); (2) trap, (i.e. reservoir porosity, permeability, geometry,
and seal quality); and (3) timing of charge (i.e. generation-migration versus trap
formation. However, these three basic risk factors together with that associated to
the preservation of accumulation are significantly higher in Proterozoic petroleum
systems than in conventional Phanerozoic equivalents. Therefore, the study of such
old petroleum systems represents a significant exploration challenge (Ghori et al.,
2009; Craig et al., 2009; Craig et al., 2013).

2.5.1 The São Francisco petroleum system

The petroleum system of the São Francisco Basin has been recurrently cited in
the Precambrian petroleum system literature due to its prolific gas shows (Craig et
al., 2009; Craig et al., 2013; Hlebszevitsch et al., 2009). Craig et al. (2009) classified
it as a proven petroleum system, defined as "those that either do, or could soon,
produce commercial volumes of hydrocarbons". However, the basin is deficient in
detailed information regarding its petroleum system elements and lacks a proper
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evaluation of the basic risk factors associated with it, which are essential to define
the spatial boundaries of oil and gas occurrence and to predict the location of further
areas with hydrocarbon potential.

To the present, the only paper available in the public domain that details some
of the aspects of the São Francisco petroleum system is that of Fugita and Clark
Filho (2001). In their work, the stratigraphy, sedimentology and few logs of the
three wells drilled by Petrobras in the 80’s (1-RC-1-GO, 1-RF-1-MG, 1-MA-1-MG)
(Chapter I, Figure 1.2) are presented. At a basin level, the authors highlight with
uncertainties, that the source rock may be constrained within the Paranoá, Vazante
and/or Bambuí groups. Of particular relevance within the later group are the silts,
shales and carbonates of the Sete Lagoas and Lagoa do Jacaré formations. In relation
to maturation, Fugita and Clark Filho (2001) indicate that the thermogenic gas
samples extracted from the Petrobras wells have high maturation degree with a stage
equivalent to vitrinite reflectance (%Ro) of 2. However the timing of hydrocarbons
generation could not be defined with the information available. With respect to
reservoirs, the same authors highlight secondary porosity associated mainly with
fractures within the carbonate of the Bambuí Group and quartzites of the Paranoá
Group. Vugular porosity is also accounted as responsible for the principal gas shows
encountered in the drilled wells. Seals are linked to the same reservoirs/source rocks
as lateral facies variations. Finally, Fugita and Clark Filho (2001) suggest that
efforts to define traps should be directed to the structural configuration of the basin,
focusing on thrust sheets and pop up structures.

2.6 Summary

• The Neoproterozoic is a key period of Earth history, marking a significant
change in the history of life and a shift towards the modern Earth System. This
Era is marked by the build-up and rifting of the Rodinia supercontinent and a
reorganisation of the global carbon cycle with associated dramatic changes in
the global climate (Craig et al., 2013).

• The poly-historic São Francisco Basin is developed over the São Francisco
Craton and its infilling units spans more than 1 Gy. It comprises the Espinhaço
and São Francisco supergroups of Paleo/Mesoproterozoic and Neoproterozoic
ages, respectively. The Phanerozoic section contains the glacial sediments of
the Permo-Carboniferous Santa Fé Group, as well as the Cretaceous rift-sag
succession of the Areado, Urucuia, and Mata da Corda Groups (Alkmim and
Martins-Neto, 2012). At the present day, the basin is bounded by emergent
thrusts of the adjacent Brasilia and Araçuaí Neoproterozoic orogenic Belts.
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• Neoproterozoic hydrocarbon petroleum systems are gaining progressive atten-
tion both from academia and industry mainly due to exploration success in
equivalent time sequences in Oman, Siberia and China. The climatic fluctu-
ations occurred during the Neoproterozoic could have triggered post-glacial
sea level rise on a global scale and organic-rich deposition similarly to that
occurred in the Early Silurian of North-Africa (Craig et al., 2009). Despite the
existence of potential Neoproterozoic-Early Cambrian hydrocarbon plays in
other parts of the world, much still needs to be study to transform those into
proven reserves.

• The gas shows present in the São Francisco Basin indicate that an active
hydrocarbon system exists. However, current public information neither allow
defining the timing of generation nor allow the quantifications of the volume
generated, migrated, accumulated and preserved.
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Chapter 3

Source rock: Insight from fieldwork

3.1 Introduction

This chapter synthesises the data and observations collected during the field
seasons held in 2010 and 2011 as well as the core dataset provided by mining
companies, with the objective to recognise the most likely stratigraphic units that
could act as source rock of the São Francisco petroleum system.

Section 3.2 lists the field and lab methodologies used to carry out this investiga-
tion, detailing fieldwork strategies, gas sampling, gamma-ray and x-ray diffraction
(XRD) measurements. It also includes the sampling procedure for cores and the
petrography preparation methodology. Section 3.3 reviews the organic enrichment of
the stratigraphic units as described in the literature, which lays the foundations for
the investigation carried out during fieldwork. Relevant literature of gas sampling,
gamma-ray and XRD principles are also incorporated, including previous work done
on these techniques in the basin. Section 3.4 reports the results of fieldwork and core
studies of the São Francisco Basin, describing in particular the Bambuí, Vazante
and Canastra groups. This section documents the results obtained from the gas
sampling, gamma-ray and XRD analyses. Section 3.5 summarises and discusses the
results of fieldwork in relation to the primordial and essential geological element of a
petroleum system, which is the source rock/s of the basin.

3.2 Methodology

3.2.1 Fieldwork

The fieldwork studies were conducted in the central-southern portion of the
basin and in it western neighbouring Brasilia Belt, mainly located in the Minas
Gerais State, Brazil. The area of study is limited approximately by the geographic



Methodology 59

coordinates W 47◦15’-W44◦ and S 20◦50’-S 15◦00’ with an area of approximately
52,500 km2 (Figure 3.1). The access, from Belo Horizonte, is through national roads
(BR040, BR135, BR251, BR262, BR354, BR365, BR 367, BR479, BR496) minor
state roads (MG028, MG050, MG170, MG188, MG202, MG208, MG354, MG439)
and non-paved roads. It also involved private roads, with access contingent upon
permission of the landowners. It is important to note that outcrops are not abundant
in the basin and when present are generally associated with the mining activity.

A total of 6,000 km were covered during 50 fieldwork days, which were held in
2010 and 2011 in collaboration with Dr. Fernando Alkmim and his PhD student,
Humberto Reis, from the Federal University of Ouro Preto.

• September/October 2010 (Figure 3.1): reconnaissance of the Bambuí and the
Macaúbas groups in the central-southern portion of the basin. Access to
Lhoist calcareous mine in the Arcos area, allowed sampling of the Sete Lagoas
Formation in consecutives benches of an active open pit.

• May/June 2011 (Figure 3.1): reconnaissance of the Vazante, Canastra and
Paranoá groups, with several transverses along the western border of the São
Francisco Basin neighbouring the Brasilia Belt.

The recognition of potential source rocks in the field focused on their colour
and portable gamma-ray spectrometer response. Sampling was performed when
accessibility and weathering conditions allowed.
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Figure 3.1 Area of study visited during field campaigns. Modified from CPRM (2003) - Geological Map of the Minas Gerais State, scale 1:1,000,000
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Climate, Flora and Fauna, Topography and Infrastructure
The climate at Minas Gerais is tropical alternately dry with mean temperatures

between 20-25◦C (IBGE, Instituto Brasileiro de Geografía e Estatistica). The dry
season takes place in winter extending from April through November while most of
the rains are registered during summer, providing an annual precipitation averaging
1200-1500 mm (IBGE). The vegetation of the state and in the area of study (Rizzini,
1997) consists mainly of cerrado, caatinga (Figure 3.2-A) and wild grass (Figure 3.2-
B). The caatingas are associated with the driest areas and are composed of stunted
trees and thorny bushes. The cerrados is dominated by open vegetation with trees
of different highs, tortuous trunks and coriaceous/pilose leaves. Climbers and spiky
plants occur particularly in association with calcareous rocks (Figure 3.2-C). Soils in
the area are classified mainly as latosols, argisols and neosols (de Freitas et al., 2013).
The first of these, which is the most abundant in the area of study, is characterised
by red colours (Figure 3.2-D) and represent highly weathered and lixiviated soils,
which can attain up to 30 m thick (Almeida, 2009). Due to its scarcity in nutrients
the area was historically used for extensive livestock farming although nowadays,
extensive areas are used for eucalyptus, sugar cane and coffee crops. The topography
of the basin is flat to mildly undulating, with a mean high of 676 m.a.s.l. and a
maximum height of 1,341 m in the Serra do Bicudo (IBGE). The infrastructure
around the cities is very well developed and national and state routes connect most of
the areas of interest. However, to gain access to outcrops, mainly dirt tracks were used.

Fieldwork Hazards
The potential dangers that might be encountered during fieldwork are mainly

related to the presence of poisonous snakes, spiders and scorpions (Figure 3.2-F, G)
that are particularly common in this part of Brazil. A safety procedure is to use
leather/plastic leg protectors.
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Figure 3.2 Flora and Fauna in the area of study. A - caatinga; B - wild grass; C - climbers
and spiky plants in calcareous rocks; D - latosols; E, F, G - fieldwork hazards.

3.2.2 Gas sampling

Soil gas sampling for Petra Energy Company was carried out in the João Pinheiro
thrust region along a 50 km SE-NW transect (Figure 3.3) with the objective of estab-
lishing the relationship between faults and gas migration pathways. The geochemical
data consisted of systematic 37 soil samples collected from 0.5 m depth caved holes
(Figure 3.4-A, B, C), at 1.2 km spacing from each other. Sample distribution was
determined by access routes, generally dirt roads connecting eucalyptus plantations.
IsoJars (Figure 3.4-D), constructed of a durable, clear plastic, were used to collect
the soil and to preserve the existing gas in the interstitial porosity. Once placed
into the isojar, distilled water was added to the sample to 3/4 fill of the container
(Figure 3.4-E). A few drops of zepharin chloride were added to each sample in order
to avoid changes in either the compositional or isotopic data of gases and to inhibit
any microbial methanogenesis.
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Figure 3.3 Transect along the João Pinheiro thrust, soil gas sampling and gamma-ray
measurements. Modified from CPRM (2002) - Geological Map of the João Pinheiro, scale
1:250,000



Methodology 64

The containers were sealed airtight, and were stored in a cold box with plenty
of ice (Figure 3.4-F), to help minimise microbial activity. The soil samples were
submitted to a sensitive method to identify free and adsorbed gases in ACME labs
Belo Horizonte, Brazil (H. Reis pers. comm.).

Figure 3.4 Gas sampling procedure. A and B - samples collected from 0.5 m depth caved
holes; C - soil gamma-ray measurements accompanying the soil gas sampling; D and E -
Isojars used to collect the soil and to preserve the existing gas; F - storage after sampling in
a cold box with plenty of ice to help minimise microbial activity

Gas seep sampling along rivers was scheduled as part of this PhD project in order
to analyse the gas saturate fractions (chromatography-mass spectrometry (GC-MS))
that could indicate source rock type. However, due to unusual high river levels
associated with heavy rain at the end of the rainy season, for security reasons this
activity was cancelled.

3.2.3 Gamma-ray

Gamma-ray measurements were collected along the western margin of the São
Francisco Basin and in the outer portion of the Brasília Belt with the objective
of characterising the radioactive response of the main groups present in the area
and to identify potential source rocks according to their uranium concentrations. A
total of 133 measurements was recorded from rock exposures of different lithologies,
stratigraphic units and preservation states. In addition to the soil gas sampling
mentioned above, soil gamma-ray measurements were obtained along the same
transect with the objective of establishing spectral radiogenic content (uranium (U),
potassium (K) and thorium (Th)) in relation to hydrocarbon presence.
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Gamma-ray measurements were made with a portable gamma-ray spectrometer
(GF instruments) containing a sodium iodide detector crystal (100keV to 3MeV),
which distinguish the spectra of gamma-rays emitted by the decay of each radioactive
isotope. This device provides thorium and uranium concentrations in part per million
[ppm] and potassium concentration in percentage [%]. The volume of rock from
which gamma-rays are collected by the detector is approximately 1 m in diameter
and 15 cm deep. Maximum stratigraphical resolution is achieved when the tool is
used on a bedding plane. However most measurements are made perpendicular or
sub-perpendicular to bedding. They therefore represent an average of rock properties
similar in character to that provided by borehole natural gamma-ray sondes (e.g.
vertical resolution of 30 cm; Schlumberger, 1989), although somewhat coarser in
resolution. According to some authors (Halgedahl et al., 2009; IAEA-International
Atomic Energy Agency, 2003) one of the main sources of signal variability along a
given stratigraphic horizon originates from irregular outcrop geometry and alluvium.
Readings were therefore taken over clean and flat surfaces when possible, in periods
of 3-6 minutes. A list with the spectral dataset obtained in the field is displayed in
Appendix III.1.

Specifically in the case of the João Pinheiro thrust, the measurements were
performed in a traverse perpendicular to strike. For the purpose of consistency, the
detector was constant for all observations, meaning that the detector was placed
directly on the earth surface.

Prior to fieldwork the portable gamma-ray instrument was calibrated against a
material with uniform composition, and known amount of radioactive substances
(GF instruments). Repeat readings provide error ranges of 7% for potassium, 15% for
thorium and 30% for uranium. Similarly, in the field repeated measurements of the
same interval indicated repeatability within these margins. According to the IAEA
(2003), the main factors reducing precision are the statistical nature of radioactivity,
variable atmospheric background radiation, and the variable water content in rocks.
Finally, it is important to note that the background level, which is influenced by
cosmic radiation, random atmospheric readings and internal radioactivity of the
instrument (IAEA, 2003) could not be established as the study area is vast and no
constant reference station could be defined.

3.2.4 XRD

X-ray diffraction (XRD) analysis technique permits reproducible and accurate
calculation of the mineral contents of rocks, including the major clay mineral families.
As gamma-ray responses are intimately linked to the presence of certain minerals in
the rocks, five samples that provided high uranium concentrations were tested with
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this technique in order to deduce whether uranium adsorption was generated solely
by organic mater.

The preparation of the samples involved dry grinding with a mortar to achieve a
fine powder and subsequent random splits to ensure homogenisation. The resulting
powder was packed into a cavity mount and levelled parallel to the top of the mount
surface. Diffraction patterns were obtained by David Alderton at Royal Holloway
using a Philips PW 1830 diffractometer and TRACES 6.7.25 software was used to
process the results and to support visual analysis of the main mineral constituents of
the shale samples. The patterns were identified by comparison with standard X-ray
powder diffraction patterns of the most commonly found minerals compiled by the
International Centre for Diffraction Data (ICDD). In addition, Rietveld modelling
was applied to determine an approximate percentage content of the main minerals
present.

3.2.5 Petrography

Outcrop samples derived from fieldwork and core sampling were prepared for
petrological studies in order to investigate composition, textural character and ul-
timately the origin and evolution of the rocks. Thin sections of siliciclastics and
carbonate rocks were prepared at Royal Holloway University of London by Neil
Holloway and by the author. Alizarin red dye was used to distinguish calcite from
dolomite cements while vacuum-impregnated blue-dyed epoxy resin was only applied
to LMR1009 core samples to assist in the qualitative recognition of porosity. Samples
were petrographically examined and characterised under a standard polarising mi-
croscope. A Nikon Microphot-XF microscope with DS-5M camera head and DS-L1
control unit were used for photomicrographs.

3.3 Principles and previous work in the São Fran-

cisco Basin

3.3.1 Organic rich units within the basin

Organic enrichment is reported in Meso-Neoproterozoic strata on the São Francisco
Craton in Fugita and Clark Filho (2001), Martins-Neto (2009), Iyer et al. (1995),
Vieira et al. (2007), Geboy (2006), Olcott (2005) and Brody (2007). Martins-Neto
(2009) and Fugita & Clark Filho (2001 and references therein) describes organic
enrichment in the Canastra-Paranoá-Vazante groups and cites these deposits as the
best source rock candidates in the São Francisco Basin. Geboy (2006), Olcott (2005)
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and Brody (2007) targeted studies in the Serra do Poço Verde, Serra do Garrote and
Lapa formations of the Vazante Group. Fugita & Clark Filho (2001) and Iyer et al.
(1995), moreover describe shales and black siltites rich in organic content in the Sete
Lagoas and in the Lagoa do Jacaré formations of the Bambuí Group. Unfortunately,
several of these authors comment on the potential of certain stratigraphic groups
but in most of the cases fails to provide their formation, stratigraphic position and
geographic location.

3.3.2 Gas sampling

3.3.2.1 Principle

Soil/water gas samples are used for detailed compositional isotopic gas analysis.
They provide valuable information for differentiating biogenic from thermogenic
gas, gas-source rock correlations and evaluating the maturity of fluids and source
rocks (Schumacher, 2000; Abrams, 2005). Chromatographic determination of the
concentrations of light gases (methane, ethane, propane, butane, pentane and hexane)
ultimately helps in the evaluation of basin potential prior to drilling.

3.3.2.2 Gas sampling within the basin

Initial soil gas samples were collected by Petrobras in 1987 (Souza Filho et al.,
2008) in the area of Remanso do Fogo. Lately, Petrobras ran isotopic gas analyses on
the gas recovered from Montalvania (1-MA-1-GO) and Alvorada do Norte (1-RC-1-
GO) and indicated a thermogenic origin and a high maturity compatible with %Ro=
2 (Fugita and Clark Filho, 2001 and references therein; Ribeiro and Roque, 2001 and
references therein). Braun et al. (1990 in Travassos and Menezes, 1999) detailed a
composition of 90% methane, 2% ethane and traces of propane, indicating a senile
stage for these wells. Shell, on the other hand, performed gas seep sampling along
rivers (A. Bishop pers. comm.) but the results of such study are not available in the
public domain. According to Reis (2011) gas emanations are recorded along the lower
Indaiá River valley, which is aligned along the Borrachudo and Traçadal thrusts in
the SW portion of the São Francisco Basin. His studies on the controls of gas seepage
identified a relationship with the apex of Três Marias Salient and suggested some
influence of this structure and the subsurface hydrocarbon accumulations. Petra
Energía (pers. comm.) has also performed gas sampling along rivers and streams in
the SE portion of the basin.
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3.3.3 Gamma-ray

3.3.3.1 Principle

Portable gamma-ray spectrometry is a non-destructive, quick and simple, yet
powerful technique of measuring the concentrations of the three main naturally
occurring radioelements, potassium, uranium and thorium on field exposures (Aigner
et al., 1995). The spectrometer differentiates between these elements by identifying
typical peaks in the gamma-ray energy spectrum. The average concentration in the
Earth’s crust for the three main radioactive elements is about 2.6% for the potassium,
3 ppm for uranium, and 12 ppm for thorium (Schlumberger, 1989).

In sedimentary rocks the gamma-ray measurement reflects the shale content
of the formations (Schlumberger, 1989). This is because the radioactive elements
tend to concentrate in shales due to the property of clay minerals to concentrate
uranium ions by cation exchange and adsorption. Where anoxic conditions dominate,
the authigenic uranium precipitates by the reduction of the soluble U6+ ion in
seawater to insoluble U4+. This process occurs at the sediment-water interface
and in association with organic matter (Lüning and Kolonic, 2003). Gamma-ray
spectrometer response can be used as a proxy for authigenic uranium enrichment
in oxygen deficient depositional environments, as its uranium values often show a
linear relationship with concentrations of total organic carbon content (TOC). The
good correlation between the independently derived palaeoecological and authigenic
uranium data indicates its applicability for petroleum source rock identification
(Herron, 1991). However precaution needs to be taken as the development of a stable
U/TOC ratio depends on a number of factors, ranging from those related to the
genesis of the rock and prevailing conditions in its environment of deposition (Lüning
and Kolonic, 2003), to the subsequent alteration of the rock (Lüning et al., 2003)
and to modification that can arise in relation to hydrocarbon seepage (Curto et al.,
2012; Schumacher, 1996; Souza Filho et al., 2008).

3.3.3.2 Gamma-ray studies within the basin

Gamma-ray measurements have been used in the basin for different purposes,
ranging from hydrocarbon microseepage detection, heat flow calculations (further
developed in Chapter VIII) and integrated sequence stratigraphic analysis aiding in
the identification of key surfaces and systems tracts (A. Santana pers. comm.). Reis
(2011) produced and interpreted gamma spectrometric maps of the lower Indaiá River
valley, located in the SW portion of the São Francisco Basin near the towns of Tiros,
Paineiras, Morada Nova de Minas and Três Marias, in Minas Gerais State, where gas
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seepages have been reported. He used an aerospectrometric survey conducted by Lasa
Engineering & Surveys in 2007 of the Companhia de Desenvolvimento Econômico de
Minas Gerais (CODEMIG) and described different gammaspectrometric responses
for the formations and structures present in the area of study. His main conclusion
is that preferentially potassium and in a lesser extend thorium are apparently the
radiogenic components mostly affected by the presence of gas seeps along the main
Neoproterozoic thrust fault traces. Curto et al. (2012) used airborne gamma-
ray spectrometry originating from the São Francisco Basin airborne geophysical
project (managed by the Brazilian National Petroleum Agency and conducted by
Lasa Engineering & Surveys, in 2006) with the objective to investigate the spatial
distribution of hydrocarbon related gases in shallow, intrasedimentary depths in the
Remanso do Fogo area. The gamma-ray spectrometry data were processed following
a Th-normalising approach, used to suppress regional geologic contributions (i.e.
lithological unit) and enhance local variations in the concentrations of K and U values.
Results show for most of the lineaments intercepted where microseepage is known to
occur (i.e. validated by geochemical soil data), a decrease in U concentrations, and
a more pronounced decrease in K concentration. It is important to note, however,
that the residual uranium by itself did not provide consistent results.

Detailed radiometric responses for the sedimentary units of the Neoproterozoic
Bambuí Group together with their volumetric heat production rate calculations were
made from drilling cuttings from three deep wells in the basin (Roque and Ribeiro,
1997; Ribeiro and Roque, 2001). This allowed the construction of vertical profiles
depicting the abundances of heat generating elements, which reflect sediment origin,
lithology, sedimentation environment and diagenetic processes in each unit. In the
case of the Sete Lagoas Formation in 2 of the 3 wells inspected, a general trend is
observed for uranium with constant values of 1-1.5 ppm in most of its profile and
a increase to 3-4 ppm in its base and in direction to the contact with the Serra
de Santa Helena Formation. For the Lagoa do Jacaré Formation, uranium shows
great variability in concentration with prominent peaks reflecting the lithological
variability of this formation. The Serra da Saudade Formation on the other hand
presents uranium values of 2 ppm with local outliers possibly reflecting changes in
the oxidising potential during the sediment deposition. It is important to note that
lithological descriptions of rocks cuttings used for this study do not mention the
presence of organic matter in the sediments.
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3.3.4 XRD

3.3.4.1 Principle

X-ray diffraction is a technique that provides information about the atomic
structure of crystalline substances allowing the identification of minerals in rocks and
soils (Harris and White, 2008). The X-ray diffractometer generates X-rays, optically
focus them onto the sample, scans with precise angular control, and monitors the
relative intensity of the diffracted beam as a function of 2θ (angular deviation from
the incident beam). Diffraction from crystal atomic planes that are coplanar with
the focal plane will be registered as a peak in intensity by the detector at 2θ angle,
solving the Bragg equation for the d-spacing between adjacent lattice planes. In
this way, mineral identification is based on d-spacing and relative peak intensities,
which are plotted as 2θ angle in the "x" axis vs. counts per second in the "y" axis of
the resulting graph. The greater the number of crystals of a given mineral with a
particular crystal face oriented in the focal plane, the greater the diffraction intensity
will be for that face (Harris and White, 2008). All minerals generate multiple
diffraction peaks. Identification is helped by a comprehensive reference of mineral
powder diffraction data compiled by the Joint Committee on Powder Diffraction
Standards.

3.4 Results and interpretations

3.4.1 Fieldwork, core data set, petrography

Regional fieldwork in 2010/2011 (Figure 3.1) targeted the study of the three
tectonostratigraphic units cited as potential source rock intervals in the literature
(Section 3.3.1). These are 1) the Canastra Group, 2) the Vazante Group and 3)
the Bambuí Group (Chapter II, Figure 2.5, Figure 2.11, Figure 2.10 respectively).
Sampling of the three units under consideration was performed based on this premise
but conditioned to accessibility during fieldwork and availability of cores datasets.
This explains why not all the formations belonging to these groups are included in
the study. Geological background for these units is presented in Chapter II.

3.4.1.1 Bambuí Group

Sete Lagoas Formation
The Sete Lagoas Formation comprises a succession of carbonates, dominated

by limestone together with subordinate rhythmic pelite intercalations (Sial et al.,
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2009). The unit represents an extensive carbonate platform, with its basal portions
deposited in deep waters during transgression over the craton and its top bearing
evidence of subaerial exposure (Nobre Lopes, 1995). In terms of sequence stratigraphy,
geologist of the Belocal-Lhoist mine have developed in the Arcos region a sedimentary
model which consist of four third-order sedimentary sequences based on vertical
facies association (Pirotte et al., 2007). The basal sedimentary sequence lies directly
on gneissic basement and is composed of terrigenous sediments (pelites), with few
carbonate lenses on top. The second unit commences with transgressive pelites and
progresses to a massive limestone. The third transgressive pulse led to the deposition
of laminated, banded and massive oolitic units and terminates with an erosive surface
on top. The fourth pulse is responsible for the shallow water facies represented by
stromatolitic dolomites.

The upper and lower contacts of this formation are not exposed, although excellent
stratigraphic contacts are demonstrable in cores such as the LIM007 and LMR1009
Belocal-Lhoist wells in the Arcos region (Figure 3.1). LIM007 core (Figure 3.5), which
was described during field work (but not sampled), commences with granodiorite,
succeeded by 40 cm of muddy, clast-rich diamictite with angular pebbles of schist
and granodiorite. Above, a 120 m section of the Sete Lagoas Formation occurs.
Laminated calcilutites intercalate with organically enriched calcilutite muds that
bear scattered pyrite crystals (3-4 cm thick). Rip-up clast bearing intervals also
occur. These deposits pass up through massive or aphanitic stylolitic limestones into
stromatolitic limestones.
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Figure 3.5 LIM007 Core Belocal-Lhoist Mine - Synthetic log

LMR1009 (Figure 3.6) on the other hand, was described and sampled by Felipe
Pimenta, a geologist from the Belocal-Lhoist mine. The core begins with 10 m of
granite/gneiss and passes upward directly into the Sete Lagoas Formation, which
attains 170 m in thickness. The carbonate succession commences with 13 m of banded
marly limestones and argilites (unit 1), and continues with 45 m of oolitic limestones
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(unit 2). 6 m of laminated, carbon-rich seams follow the sequence and progress to
38 m of micritic black and banded limestones and 20 m of oolitic limestones (unit
3). The section finishes with 41 m of dolostones, interrupted by 16 m of siliceous
banded limestone (unit 4). The dolomites range from brecciated to stromatolitic
in its base to siliceous towards its top. The sampling method included 48 samples
taken from potentially organically enriched sections within the 4 units, according to
observations acquired in the field, open pit, previously drilled cores and published data
(Kuchenbecker, 2011). Their specific depth is detailed in Figure 3.6. Petrographic
analyses of these samples support the macroscopic observations of the core.

The top of unit 1 is an argillite with lighter and darker milimetric to centimetric
bands, reflecting the alternation of clay-bearing and micritic limestone-rich zones
(Figure 3.6-A). The boundaries between laminae are variable, sometimes sharp and
in other cases gradational. Although most of the carbonate sections are limestones
(stained with Alizarine red solution) there are also minor zones not coloured indicating
partial dolomitic replacement. Where this is the case, the rock appears as a mosaic
of anhedral dolomite crystals (Figure 3.6-1B). Within the argillitic layers there are
isolated fine calcite/dolomite crystals and abundance of dark carbonaceous? material,
which also appears in lower concentrations in the carbonate interval particularly
where the crystals develop bigger dimensions. There are also dispersed, euhedral
opaques, interpreted as pyrite. Pressure solution features occur sporadically.

The base of Unit 2 comprise a homogeneous sequence of peloidal limestone.
Although the rock has undergone considerable recrystallisation (sparry calcite),
the visible ghost texture indicates that the original sediment comprised peloidal
grains (Figure 3.6-2A, 2B). Whilst ooids are visible in hand specimen, no thin
sections revealed concentric structures. Some minor zones, show irregular lamination
(Figure 3.6-2C) also preserved as residual texture. There are sporadic alternations of
clay rich layers, sometime associated with thick solution seams. Dolomitisation has
also affected this unit, more notably than in the underlying section, particularly in
association with pressure solution features where the rock is unstained (Figure 3.6-
2D).

The base of Unit 3 is a limestone with a banded texture, which corresponds to mm-
scale stylolites and solution seams (Figure 3.6-3A and 3.6-3B). The unit is crystalline
but bears an irregular mottling, suggesting the presence of pre-existing micrite rich
peloids (Figure 3.6-3C). In contrast to unit 2, rounded geometries are inconspicuous
and the mottling is created by sparry calcite of different granulometry, with the finest
crystals replacing the pre-existing grains. Recrystallisation and generation of larger
calcite crystals is particularly important in the vicinity of stylolites (Figure 3.6-3A,
3B).



Results and interpretations 74

Unit 4 is the most heterogeneous section of the sampled intervals. The rock is
completely dolomitised and preserves crypto to fine crystalline texture. The samples
host intraclasts probably of microbial origin on account of their internal layering
(Figure 3.6-4A), and ghost peloidal grains (Figure 3.6-4B). Veins are also important
and show two cementation events: initially as a rim of zoned dolomite where crystals
increase in size towards the centre of the vein and a second generation of large per-
vasive calcitic cements infilling the remaining central space (stained)(Figure 3.6-4C).
Within the same veins, and preferably along its margins, an anhedral carbonaceous?
isotropic phase is observed (Figure 3.6-4C). Some of the veins show preferential
dissolution along crystal cleavage and edges (Figure 3.6-4C). Stylolites are also com-
mon, although solution seams are not observed. Towards the top bioconstructions
become more common and these are intrinsically associated with grains that are
surrounded by micritic envelopes (Figure 3.6-4D). These textures imply original
grains were completely dissolved and that the mould, outlined by a thin micrite en-
velope, was then filled by sparry calcite cement. Their shapes are variable, and some
appear to consist of aggregate grains (Figure 3.6-4E). These structures were named
microphytolites (Nobre and Coimbra, 2000) reflecting their complex, polygenetic
origin. They are interpreted to result from interaction between microbial activity
and sedimentary/diagenetic processes (Nobre and Coimbra, 2000). They have also
been described by Kuchenbecker (2011) in adjacent cores of the Lhoist mine. The
microphytolites are present in both the microbial laminations and as detritus in
the intercolumnar infilling material. Abundant peloids with rim of sparite crystals
(also dolomite) and a second sparitic (dolomite) generation infilling cement also exist.
Sporadic mouldic and intrapartical porosity is observable (Figure 3.6-4D).

The upper part of this formation is well exposed in the open pit of the Belocal-
Lhoist mine (90 m deep) in the Arcos region (Figure 3.7), which was visited during
fieldwork (Figure 3.1). Although photographs were not allowed in the pit, petro-
graphic analyses of the samples collected in the successive benches of the pit revealed
a marked increase in biogenic content towards the top of the sequence (Unit 4)
compatible with the core descriptions detailed above. The Belocal-Lhoist pit exposes
rocks belonging to the mid/upper portions of unit 3, which was not sampled in core
LMR1009. From bottom to top the samples in thin section include:

• Unit 3 (Figure 3.7 3A-H): laminated limestones with stylolites and solution
seams, banded limestones with alternating micritic and coarser grained bands,
peloidal limestone (ghost peloids)

• Unit 4 (Figure 3.7 4A-I): brecciated dolostone containing fragments of stroma-
tolitic laminations and mudstones with stylolites and solution seams.



Results and interpretations 75

Figure 3.6 LMR1009 Core Belocal-Lhoist Mine - synthetic log, hand specimen and microscopic (plane polarised light=PPL) pictures.
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Figure 3.7 Open pit Belocal-Lhoist Mine in the Arcos Region - synthetic log and microscopic pictures (PPL).
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Correlation was attempted between the upper part of this succession and lime-
stones exposed at a road cutting near the towns of Sete Lagoas and Arcos (Figure 3.1).
The roadside exposures (Figure 3.8) comprise a ∼12 m thick succession of medium
bedded, sub-horizontal limestone. Close examination in the Sete Lagoas region
in the southeastern margin of the basin, reveals that they contain two sub-facies,
1) bicolumnar shaped fragments of Gymnosolen stromatolites (Logan et al., 1964;
Raaben, 1969) up to 10 cm in length (Figure 3.8 A-C’) and 2) light-grey limestone
fragments of irregular shapes and sizes (Figure 3.8-D and 3.8-E). The latter are
typically straight to slightly curved and range from <10 mm wide and up to 100 mm
long. Their appearance at outcrop resembles intense bioturbation (Figure 3.8-D),
although the age of these beds preceded the widespread appearance of bodied fauna
between ∼600-542 Ma (McCall, 2006) and the oldest, unequivocal animal trace fossils
which are latest Ediacaran in age (Vannier et al., 2010). In hand specimen and in
thin section (Figure 3.8-F), the stromatolite fragments clearly comprise equigranular
calcite throughout, whereas the fragments exhibit a white, coarse-grained calcite wall
and a finer-grained calcite interior. Both the exterior and interior calcite crystals
of the irregular fragments are comparatively coarser than those of the blue-grey
matrix that surrounds them. Other outcrops visited near the town of Sete Lagoas
by Fernando Alkmim and his PhD student Humberto Reis (Figure 3.8-E and 3.8F),
helped clarify the nature of the fragments. From their shape it is inferred that
the deformed and chaotically deposited limestone fragments were derived from the
intercolumnar stromatolitic material.

Rip up clasts and algal structures are also observable in the Arcos region. Road
exposures revealed 10-40 cm thick dark grey carbonate beds with alternations of
conglomeratic and massive beds (Figure 3.9-A). The conglomerates are matrix-
supported and contain elongated carbonate clasts up to 10 cm long and 1 cm wide
(Figure 3.9-B). In some levels, these exhibit herringbone cross-bedding arrangements
(Figure 3.9-C). These observations imply high-energy processes probably influenced
by tidal activity (Tucker and Wright, 2009). Overlying these structures, apparent
tepee structures occur (Figure 3.9-D), possibly indicating exposure/desiccation of
carbonate muds. Spheroidal columnar stromatolites and microbial dome mats also
constitute a common carbonate microfabrics in the area (Figure 3.10-A, 3.10-B).
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Figure 3.8 Sete Lagoas Formation (1/3) - Sete Lagoas region: A, A’, B, B’, C, C’ -
Gymosolenidae stromatolites. D and E - Clasts of light grey carbonate embedded in marl.
Note the shape of some fragments is compatible with the shape of the intercolumnar material
(C and E courtesy of Fernando Alkmim); F (magnification x1, cross polarised light=XPL)
thin section of an intraclast.
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Figure 3.9 Sete Lagoas Formation (2/3) - Arcos region: A - dark grey carbonate beds with
alternations of conglomeratic and massive textures; B - clasts up to 10 cm long and 1 cm
wide within a carbonate matrix; C herringbone cross-bedding; D tepee? structures
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Figure 3.10 Sete Lagoas Formation (3/3) - Arcos region: A - columnar stromatolites; B -
microbial dome mats

Lagoa do Jacaré Formation
The Lagoa do Jacaré Formation primarily consists of carbonate deposits produced

by abiotic and reworking processes, and to a lesser extent, bioconstructions (Lima et
al., 2007). Its dark-grey oolitic, pisolitic and calciruditic limestones are intercalated
with siltstones and marls and are interpreted as deposited in a shallow platformal
environment dominated by storms and tidal currents (Martins and Lemos 2007,
Vieira et al., 2007) forming a shoal complex with large oolitic bars (F. Alkmim, pers.
comm.).

In the field, the unit is exposed along a BR040 roadcut (Figure 3.11), 20 km to the
NW of Paraopeba city (Figure 3.1). It exhibits a series of centimetric to metric bars
of ooidal limestones intercalated with siltstones (Figure 3.11-A). When hammered,
the carbonates emit a slightly fetid smell, an observation that was also noticed in
the Lontra region (N of Minas Gerais State) by Iglesias and Ulhein (2009) where
the carbonates bear abundant pyrite. The bars form prograding cycles, ranging
from pelites and fine-grained limestones in their bases to oolitic limestones at their
tops. The succession bears trough-cross bedding in the carbonates (Figure 3.11-
B and 3.11-C), and hummocky cross stratification, planar cross stratification and
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soft-sediment deformation in the siliciclastic portions. The oolites develop up to
2 mm in diameter (Figure 3.11-D and 3.11-E) and in thin section show spherical
or ellipsoidal profile, with clear concentric laminae developed around a nucleus
(Figure 3.12-A and 3.12-A’). Two types of grains are identified: those with a thick
cortex (coating) in which concentric structures are poorly preserved (Figure 3.12-B)
and others with a preserved nucleus and single oolitic laminae, forming "geopetal
half-moon" ooids (Figure 3.12-C). The latter are characterised by the displacement
(drop) of the interior core towards the bottom of the concentric outer layer defining
a convex upward division, which separates an upper light part, from a lower darker
counterpart. The collapse of the internal structure could have been associated with
the original alternation of calcite and aragonite (bimineralic) laminae and a later
selective dissolution of the latter. Some particles have apparently grown together to
form compound grains (Figure 3.12-D) made up of irregular aggregates of recognisable
particles (ooids) cemented together by a fine sparite and micrite (?). All of them have
a smooth and laminated external form (thin oolitic coating), which appears generally
fragmented. The oosparite is grain-supported and loosely-packed, suggesting that
spary calcite cementation occurred before significant compaction. Stylolites also
occur and are particularly well developed where ooids are present (Figure 3.12-E).
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Figure 3.11 Lagoa do Jacaré Formation (1/3): A - bars of ooidal limestones intercalated
with siltstones; B and C - limestones with wave ripple-marks; D and E - detail of the oolitic
bars.
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Figure 3.12 Lagoa do Jacaré Formation (2/3): A and A’ (magnification x1, PPL and
XPL respectively) oolitic limestone; B (magnification x4, PPL) oolites with thick cortex ; C
(magnification x4, PPL) oolites with preserved nucleus and single oolitic laminae forming
geopetal half-moon structures; D (magnification x1, PPL) compound grains; E (magnification
x1, PPL) ooids affected by stylolites.

The Lagoa do Jacaré Formation also crops out along the southern extremity of
the João Pinheiro thrust (CPRM, 2003). This locality was visited during fieldwork
(Figure 3.1) and the stratified dark grey limestones (beds of 10 to 20 cm thick) appear
highly deformed and pervasively fractured (Figure 3.13-A and 3.13-B and 3.13-C).
Stratabound calcitic veins are common, locally in association with fluorite. Parallel
laminations are observable but neither cross-bedding structures nor oolitic facies
were recognised as cited in the geological map notes. Highly folded purple marls
(Figure 3.13-D) and greenish siltite are also present.
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Figure 3.13 Lagoa do Jacaré Formation (3/3): A and B - dark grey limestones outcropping
along the João Pinheiro thrust; C - pervasive strata-bound fractures in limestone beds; D -
intense folding of marls beds.
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Serra da Saudade Formation
The Serra da Saudade Formation includes pelitic-psamitic rhythmites, green glau-

conitic rhythmite, phosphatic rhythmite and reworked calcirudites and calcarenites
(Lima et al., 2007). This unit presents a coarsening upward profile, and its immature
sediments are interpreted as accumulated on a platform periodically influenced by
storms in a basin under the influence of collisional processes. Petrographic and
electron probe microanalyser studies carried out by Lima et al. (2007) concluded
that the phosphate deposits, with average enrichment of 8%, respond to 4 phases
of mineralisation: a) primary deposition of francolite in a low energy and relatively
oxidising environment; b) allochthonous concentration of rhythmitic phosporites by
erosion, transportation, reworking and deposition of primary francolite by wave and
storm activity in a high energy environment; c) diagenetic precipitates of apatite and
fluorapatite; d) alteration to wavellite during weathering and concentration along
discontinuity planes.

In the field, the areas visited correspond to those exposures located near Cedro
do Abaeté city and Corrego Danta town, both located in the SW part of the basin
(Figure 3.1). In the first locality, the rocks comprise a rhythmic succession formed of
decimetric brown-weathered sandstones beds and centimetric to decimetric green
pelite beds (known in the local geological literature as "verdete") (Figure 3.14-A
and 3.14-B). The sequence is highly deformed, forming symmetric chevron folds
with N-S axes and ∼3 m amplitude. Internally, the sandstone beds are massive and
comprise texturally immature, fine to medium-grained sandstones. Thin sections
of the green siltstones expose a very fined grained rock with small scale lamination
distinguishable due to subtle changes in grain size. The darker bands are composed
entirely of clay-sized material in which it is only possible to identify phyllosilicate
flakes (muscovite?, chlorite?) and minor accessories as opaques, while the lighter
bands are richer in detrital quartz and iron oxide? (Figure 3.14-B’). The rock also
has some fractures infilled with quartz and iron oxide (Figure 3.14-B”). The presence
of phosphates could be determined neither in hand specimen nor in thin section.

In the second locality (Corrego Danta), the Serra da Saudade Formation is folded
at the metre scale and it is affected by intense weathering (Figure 3.15-A). However,
it is still possible to recognise lenses/bands of light to dark grey shales up to 15 cm
thick punctuating an otherwise pale brown to pink pelitic succession. In thin section,
the loosely packed and very fine dark matrix (kaolinite?) is interrupted by modern
piercing roots (Figure 3.15-B and 3.15-B’), which highlights the profound weathering
of the profile.
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Figure 3.14 Serra da Saudade Formation (1/2): A - rhythmic succesion formed by
decimetric brown-weathered sandstones beds and centimetric to decimetric green pelites beds
involved in chevron folds; B - green silstones known as "verdete"; C and C’ (magnification
x10, PPL and XPL respectively) - silstone; D and D’ (magnification x4, PPL and XPL
respectively) - fractures infilled with quartz and iron oxide.
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Figure 3.15 Serra da Saudade Formation (2/2): A - weathered pale brown pelites; B and
B’ (magnification x4, PPL and XPL respectively) - dark matrix (illuvial kaolinite?) pierced
by modern roots.

3.4.1.2 Undefined stratigraphic units

Bambuí Group, undefined formations
In the João Pinheiro area (Figure 3.1), a pelitic succession is identified along

the footwall of the main thrust trace. The siltstone shows a yellowish colour when
weathered and a dark greenish to grey colour when fresh (Figure 3.16-A). The
laminated succession is rich in manganese oxide, which appears in between laminae
and along fractures. The unit is highly folded in metric scale and also intensively
fractured. In the geological map of Minas Gerais, this unit appears as belonging to
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the Paraopeba Subgroup, which includes the Sete Lagoas, Serra de Santa Helena,
Lagoa do Jacaré and Serra da Saudade undivided (Dardenne, 2000). In thin section
the very fine grained siltstone shows subtle variations in grain size that permits
delimiting a fine layering (Figure 3.16-B). The lighter layers are richer in quartz
crystals (Figure 3.16-C and 3.16-C’) and the darker in phyllosilicates (muscovite
flakes). Some layers consist of thin and short strings of isotropic (black) material
(carbonaceous matter or manganese oxide?). Some areas are apparently cemented by
calcite, which could explain the fizzing with hydrochloric acid observed in the field.

Figure 3.16 Paraopeba Subgroup undefined. A - green siltstones; B (magnification x4,
PPL) - layering caused by subtle variations in grain size and by thin and short strings of
isotropic material (organic matter?, manganese oxide?); C and C’ (magnification x10, PPL
and XPL respectively) - detail of the lighter and coarser quartz rich layers.

Pre-Bambuí
In an abandoned mine located 4 km to the NW of the João Pinheiro city along

route BR040 (Figure 3.1), alternations of a grey pelite, orange to greyish stromatolitic
carbonates and cherty layers are observable. The approximately 50 m high quarry
front exposes a highly folded and faulted succession in association with the João
Pinheiro thrust which particularly in this area and in map view, splits in several arrays
forming a typical horse tail structure. The folds, faults and fractures are observable
from a millimetric to a decametric scale (Figure 3.17-A and 3.17-B) and the rocks are
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pervasively affected by dolomitisation and silicification (Figure 3.17-C and 3.17-D
respectively). The orange to greyish carbonate is the most dominant lithology and is
generally massive and often dolomitised. Locally, stromatolitic constructions with
columns of 10-20 cm in diameter and laminated concentric structures in plan view
are observable (Conophyton? ) (Figure 3.18-A). In cross section the stromatolitic
columns show rugose and undulating laminae forming concave upwards structures
(Figure 3.18-B). In thin section the stromatolite still preserve the layered accretionary
structure, with evidence for crystallisation (Figure 3.18-C). Some of the thin and dark
pelitic (carbonaceous?) layers intercalated with the limestones mimic the stromatolite
culminations forming undulated surfaces (Figure 3.18-D). In general, the shales beds
are highly folded and preferentially silicified. Microcrystalline quartz form layers up
to 5 cm thick and locally incorporates dolomitic intraclasts as a breccia.

Figure 3.17 Pre-Bambuí undefined (1/3): A - intensive folding affecting a succession of
limestones and shales; B - faulted alternation of decimetric orange coloured limestone bed
and centimetric dark grey shales; C (magnification x4) - detail of dolomitised portions of a
limestone; D (magnification x1, PPL) - silicification of shale layers
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Figure 3.18 Pre-Bambuí undefined (2/3): A - laminated concentric stromatolitic construc-
tions in plan view; B - rugose and undulating stromatolitic laminae forming concave upwards
structures in cross section; C (magnification x1, PPL) - layered accretionary stromatolitic
structure; D - thin and dark pelitic layers intercalated with the stromatolitic limestones
draping the culminations of the convex columns in plan view.
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Along a dirt track that cross cuts the João Pinheiro thrust further to the SE
(Figure 3.1), a lilac colour, laminated silty shale/slate with kink bands is exposed
(Figure 3.19-A). Due to the intense weathering the metamorphic grade is uncertain,
although orientation of miceaceous platy minerals may indicative low-grade meta-
morphism. In thin section, the metamorphic grade becomes clearer. Alternations of
coarser, lighter and richer in quartz layers and darker, finer grained and clay-rich
horizons define a marked slaty foliation. In addition, strings of muscovite flakes reflect
the same preferred mineral orientation (Figure 3.19-B). The quartz rich levels exhibit
nodular regions (∼boudinage?), imparting an undulating profile (Figure 3.19-C and
3.19-C’).

Figure 3.19 Pre-Bambuí undefined (3/3): A - lilac laminated silty slate with kink bands;
B (magnification x4, XPL) - layering caused by coarser, lighter and richer in quartz layers
and darker, finer grained and clay-rich horizons together with sporadic strings of muscovite
flakes ; C and C’ (magnification x4, PPL and XPL respectively) - detail of quartz boudinage.

3.4.1.3 Vazante Group

Serra do Garrote Formation
The Serra do Garrote Formation (Madalosso and Valle, 1978; Madalosso, 1980) is

formed by a thick sequence of dark-grey to greenish grey slates, sometimes rhythmic,
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carbonaceous and pyritic, with fine-grained quartzite intercalations. Its environment
of deposition is associated with a subtidal, low energy open sea due to the absence
of mechanical sedimentary structure (Dardenne et al., 1998).

In the field, the outcrops visited (Figure 3.1) are intensively weathered as shown in
Figure 3.20-A and 3.20-B. Geologists from the Votorantim Mine, however, comment
on fresh rocks in nearby areas (Figure 3.20-C and 3.20-D; photographs courtesy of
Luiz Montano). During the field campaign, access to core VZCF001 (Figure 3.1) of
Votorantim Mine, was given. The well intercepted the unit for 75 m although its
thickness could extend further as the drilling stopped within it. Also it is not known if
this section represents normal thickness or a duplicated interval as direct access to the
complete core was not provided. In hand specimen, the interval between 265 and 275
m (MD), exhibits black slates with very fine grained texture, smooth cleavage surface
with a little lustre and considerable carbonaceous or graphitic material (staining).
Faults and fractures are very common and cementation with quartz is dominant.
There are intensively pyritised levels parallel to lamination, as veins crosscutting
stratigraphy and as pyrite nodules up to 0.5 cm in diameter (framboidal). Quartz is
generally associated with pyrite although pure quartz veins are also present parallel
or crosscutting the lamination fabric. In addition, there are locally deformed intervals
(approx. ∼5cm thick) where lamination is completely lost and the rock is tightly
folded and intensively affected by white quartz veins. Neither effervescence with HCl
nor magnetic susceptibility was observed.
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Figure 3.20 Serra do Garrote Formation. A and B - weathered outcrops visited during
field work; C and D - fresh outcrops visited by Votorantim geologists (courtesy Luiz Monteiro

The same slabbed core (VZCF001) was described and sampled by Samuel Boucas
do Lago, a geologist from the Votorantim mine in an interval ranging from 280
to 292 m MD from surface (693 m.a.s.l.). In total 15 samples, each ∼20 cm long,
were extracted from this interval and were described as black shales, with quartz
in foliation and fractures. Macroscopically, the rock appears very similar to the
cored interval analysed during fieldwork. Under the optical microscope it shows
a very fine-texture of quartz and clay minerals and the bedding is crosscut by a
foliation (Figure 3.21-A and 3.21-A’). Different generations of quartz veins can be
recognised (Figure 3.21-B and 3.21-B’) and some possess crystallised minute euhedric
pyrite crystals (Figure 3.21-C and 3.21-C’). Faulting (Figure 3.21-D and 3.21-D’)
and brecciation is moreover very important and some fragments of rock can be seen
cemented by quartz (Figure 3.21-E and 3.21-E’). Veins with en-échelon arrangement
and individual dilational opening along step surfaces are also observed (Figure 3.21-F
and 3.21-F’).
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Figure 3.21 Serra do Garrote Formation. VZCF001 Core Votorantim Mine - Synthetic log, hand specimen and microscopic (PPL and XPL) pictures.
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Serra do Poço Verde and Morro do Calcário formations
The Serra do Poço Verde Formation (Dardenne, 1978) conformably overlies the

Serra do Garrote Formation and is divided into four members in the Vazante region
(Chapter II, Figure 2.11). The whole succession is typically dolomitic and in the
Morro Agudo, Paracatu and Unaí areas, its Pamplona Superior Member is interpreted
as correlative to the Morro do Calcário Formation (Castro & Dardenne, 2000).

In the field, two areas of exposure were studied. The first is located near Vazante
city (Figure 3.1), and corresponds to the contact between the Lower Morro do
Pinheiro and Upper Morro do Pinheiro members. The rock is constituted of grey
dolomite microbial lamination and is associated with quartz veins (Figure 3.22-A).
The microbial layering is best observed on weathered surfaces, but clearly apparent
in fresh specimens (Figure 3.22-B). The quartz is transparent to milky white in
colour and is present often with a botryoidal aspect commonly associated with
dark carbonaceous material (pyrobitumen?) in its centre (Figure 3.22-C). In thin
section (Figure 3.22-D) the fine-layered dolomitic stromatolites show thicker dark
micritic laminae alternating with thinner sparite cement. The latter exhibit bushy
microstructures that are probably moulds left by cyanobacterial filaments.

The second outcrop, located N of Paracatu city (Figure 3.1), corresponds to the
Morro do Calcário Formation. The facies observed include grey dolomite with micro-
bial laminations, grey dolorudites with partially preserved stromatolitic bioherms,
massive pink dolomites and dark cherty layers. The microbial laminations form
local protuberances (bulbous) up to 10 cm high and are generally associated with
irregular laminar quartzitic nodules (Figure 3.23-A and 3.23-B). Pale grey dolomites
developing planar lamination and centimetric stylolites are present occasionally. The
intraclastic dolorudites show poor sorting, with fragments that range from centimetric
to decimetric scale (Figure 3.23-C and 3.23-D). The largest clasts are rounded and
elongated and become discernible due to their internal mottled appearance created by
internal silicified stromatolitic columns (Figure 3.23-E) or at their sutured contacts
(stylolites) with the surrounding dolomitic matrix. In some clasts, the stromatolitic
columns show very fine internal convex layering (Figure 3.23-F). Levels of micro-
crystalline quartz (calcedonia) and/or white to grey chert/silex with internal drusic
vugs (centimetre scale) are also common in association with the doloruditic facies.
Santana (2011) and Tonietto (2010) who studied the Morro do Calcário Formation 10
km further to the NW in the Fagundes area, also described reworked bioherms and
interpreted gravitational fluxes associated with a cratonic platform margin collapse
and talus redeposition. Dardenne (1978), Madalosso and Valle (1978) and Madalosso
(1980) provided an alternative interpretation of a reef barrier complex with fore-reef
facies for the same unit.
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Figure 3.22 Serra do Poço Verde Formation. A - grey dolomite with microbial lamination
and quartz veins; B - detail of microbialitic layering; C - milky white quartz with dark
carbonaceous material (pyrobitumen?); D - (magnification x1, PPL) microbialitic layering.

50 km to the SSE of the Fagundes Farm, an abandoned open pit (Bento Carmelo)
(Figure 3.1) also exposes dolomites of the Morro do Calcário Formation (Tonietto,
2010). The rock exposed along the benches of the pit show clear indication of
hydrothermal activity (Figure 3.24-A). The veins comprise light grey recrystallised
dolomite associated with pervasive silicification and quartz nodules (Figure 3.24-B).
Along thick white dolomitic veins, the scattered clasts of the host grey dolomite are
preserved, which bear external "halos" of different textures and colour (Figure 3.24-
C) imparting a brecciated aspect to the rock. Apart from dolomitic veins there
is a pervasive dolomitisation of the rock conforming a mosaic of anhedral crystals.
Sometimes euhedral rhomb-shaped dolomite crystals with inclusions and internal
zonation are also developed (Figure 3.24-D). The extensive white veins have a
main dolomitic composition although quartz is also present in minor proportion
generally occluding the central part of the veins (Figure 3.24-E). Sulphides as pyrite,
chalcopyrite, galena and sphalerite are dispersed along the veins.
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Figure 3.23 Morro do Calcário Formation (1/3). A - microbial laminations forming local
protuberances; B - (magnification x1, PPL) dolomitic microbial fine-layering; C and D -
intraclastic dolorudites with fragments from centimetric to decimetric scale; E - silicified
stromatolitic columns; F - stromatolitic columns showing very fine internal layering.

In association with some of the quartz veins/nodules and also as dispersed filled
vugs or along stylolites in the dolomites an opaque and staining black mineral (pyro-
bitumen?) occurs (Figure 3.25-A and 3.25-B). In thin section the isotropic material
appears following the edges of some dolomite crystals (Figure 3.25-C and 3.25-D). In
areas not affected by hydrothermal activity, the dolomite exhibits a mottled texture
created by irregular peloids and aggregates (Figure 3.25-E). Pyrite is also visible
in thin section along stylolites (Figure 3.25-F) and often preferentially replacing
pre-existent aggregates (i.e. as a pseudomorph) (Figure 3.25-G) probably after
dissolution. Tonietto (2010), who studied diagenetic and hydrothermal alterations in
the Fagundes area described similar alteration with hydrothermal veins associated
with silicification, brecciation and the presence of remaining porosity infilled with
solid bitumen.
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Figure 3.24 Morro do Calcario Formation (2/3): A - Bento Carmelo abandoned open pit;
B - pervasive quartz nodules; C - clasts of the host grey dolomite immersed in white dolomitic
veins; D - euhedral rhomb-shaped dolomite crystals with inclusions; E - (magnification x4,
PPL and XPL respectively) - pore-rimming dolomite crystals and pore-occluding late quartz
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Figure 3.25 Morro do Calcario Formation (3/3): A and B - opaque and staining black
mineral (pyrobitumen?) occuring in vugs and along stylolites; C and D (magnification x4,
PPL) - isotrope material in between dolomite crystals; E (magnification x4, PPL) - mottled
texture created by irregular peloids and aggregates; F and G (magnification x4, PPL) - pyrite
along stylolites and replacing an aggregate.

Lapa Formation
The Lapa Formation is the upper unit of the Vazante Group and is formed

by black carbonaceous slate, phyllite carbonate bearing metasiltstone, microbial
dolomite, and quartzite lenses (Madalosso and Valle, 1978). In the Unaí region, the
Lapa Formation comprises a rhythmic turbidite sequence of siltstones, locally with
lithic sandstones and conglomerates intercalated with dark-grey slates (Laranjeira,
1992 in Santana, 2011). According to Hitzman (1997 in Bettencourt et al., 2001)
there was an important tectonic influence on sedimentation with turbidites deposited
in basinal grabens and dolomites on horst blocks. Santana (2011) who studied
the basal portion of the unit N of Paracatu city, concluded that the turbidite



Results and interpretations 100

system was a proximal sediment accumulation based on the low textural and mineral
maturity of the rocks, in the context of progradation of the orogenic belt towards
the craton margin. Recent studies by Brody (2007) and Azmy et al. (2006), based
on stratigraphic, lithological, and isotopic observations (δ 13C), interpreted the Lapa
Formation as having accumulated in the immediate aftermath of a glaciation and the
organic-rich shale at the base of this unit is taken as suggestive of enhanced primary
productivity during post-glacial transgression. Santana (2011) however, point to the
lack of clear glaciogenic imprints in the sedimentary record and put in doubt the
"glacial" term simply based on the poor textural sorting of the rock.

Two outcrops were visited during fieldwork. In the Vazante area (Figure 3.1),
the Lapa Formation comprises highly weathered light grey to yellowish slate/phyllite
(Figure 3.26-A). The rock is clearly foliated at a centimetric scale, has a good
fissility and shows some sandier portions with preferential concentration of micas
(muscovite/sericite) in between foliation planes imparting a slightly golden sheen and
crinkled appearance. Towards its top there are also some dolomitic lenticular beds
≤ 5 cm thick. The whole succession is gently folded (Figure 3.26-B) and NW-SE
striking fractures tend to concentrate calamite, which is considered to be derived
from the lixiviation of willemitic zinc ore (S. Boucas do Lago pers. comm.).

Figure 3.26 Lapa Formation (1/2). A - metric folding of the succession; B - highly
weathered slate/phyllite foliated in a centimetric scale

In the Unaí region (Figure 3.1), the Lapa Formation comprises a rhythmic
turbiditic sequence of sandstones intercalated with micaceous pelites in beds that
range between 10 to 30 cm thick (Figure 3.27-A, B). The whole succession is
highly weathered and displays colours ranging from brown in the sandy portions
to yellowish/pinkish in the shaly units. When slightly fresher, the shales reveal a
light grey colour. Sandy units occasionally exhibit normal grading and upsection
evolution from massive to laminated sandstones. However, the entire succession is
highly folded and therefore the determination of original base and top of the strata is
precluded. Chevron and box folds of decametric scale are associated with the thrust
that put in contact the Vazante Group with the Bambuí Group.
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Figure 3.27 Lapa Formation (2/2): A and B - highly folded succession forming crevron
and box folds of decametric scale. Approximate vertical scale=7 m

In core VZSDF004 (Figure 3.1) macroscopic samples show a homogeneous black
slate, with a slaty cleavage and quartz and pyrite along veins. Dolomite tends to be
associated with quartz veins as a secondary mineral. In total 15 samples, each of ∼25
cm in length, were extracted between 161 and 172 m MD from surface (727 masl). In
this section, the rock is very fine grained (clay dominated). Quartz, opaques (possible
graphite and pyrite), chlorite?, and sericite/muscovite are seen. Occasionally elongate
laths of chlorite porfiroclasts can be observed. These are recognised by a prominent
cleavage, medium relief and anomalous grey-bluish interference colour in cross-
polarised light (Figure 3.28-A and A’). Foliation is recognised by mineral alignment
(Figure 3.28-B, B’, C and C’) as well as preferable orientation of porfiroclasts. Some
samples exhibit an incipient kink-banding and crenulation (Figure 3.28-A and A’)
resulting in superimposed foliations (S2 oblique to S1) and a defined intersection
lineation (L1-2). The rock has quartz veins with euhedric opaques (Figure 3.28-D and
D’) developed in its central portion (pyrite) and in some areas it appears brecciated
and cemented by quartz (Figure 3.28-E and E’).
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Figure 3.28 Lapa Formation. VZSDF004 Core Votorantim Mine - synthetic log, hand specimen and microscopic (PPL and XPL) pictures
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3.4.1.4 Canastra Group

Paracatu Formation
The Paracatu Formation is composed of carbonaceous phyllites with quartzitic

intercalations. These rocks were exposed to green schist facies metamorphism during
the Brasiliano Orogeny (Freitas-Silva, 1996 in Almeida, 2009). The formation is
divided into two members: Morro do Ouro and Serra da Anta (Freitas-Silva and
Dardenne 1994 in Almeida, 2009); both were visited during fieldwork (Figure 3.1).

The Morro do Ouro Member is characterised by silty carbonaceous phyllites,
with alternating light and dark grey layers at a milimetric to centimetric scale
(Figure 3.29-A, B and C). Hydrothermal quartz lenses (Figure 3.29-A) up to 10 cm
thick and 1 m long accompany the succession showing ductile kinematic indicators
(sigmoidal profile). The phyllite is crenulated and bears kink bands (Figure 3.29-B)
and quartz boudins. In thin section, the phyllite has fine-grained mica flakes with a
marked preferred orientation (Figure 3.29-D and 3.29-D’) and the quartz boudins are
accompanied by deformation of the surrounding ductile clay-minerals (Figure 3.29E
and 3.29-E’). The base of the Paracatu Formation and specifically its Morro do Ouro
Member, constitutes the largest source of gold in Brazil; this resource is exploited
by Kinross Mines. The sediment hosted vein (SHV) deposit type contains the ore
in quartz-carbonate-sulphide (pyrite, arsenopyrite, sphalerite, galena, pyrrhotite,
chalcopyrite) boudins along a shallow SW dipping structural zone (Almeida, 2009).
According to the same author, the ore concentration is controlled by mineralogical,
deformational and geochemical variations of the host rock. Increased organic matter
content is also cited as a potential cause for preferential mineralisation. This attribute
is thought to be associated with the depositional setting of the host rock in a stable
and anoxic platform (Grossi-Sad and Saraiva 1992, in Almeida, 2009). Fluid inclusion
studies (Freitas-Silva, 1996 in Almeida, 2009) together with mineral paragenesis
indicate metamorphic conditions of 2-3 kb and 350◦ to 380◦ C, occurring at 680
Ma. Towards the NE of the open pit, where the rocks are intensively weathered, the
succession presents a reddish colour (Figure 3.29-F) and although it preserves the
textural and structural aspect described previously, it shows mineralogical variations
with iron oxides and kaolinite presence.

The Serra da Anta Member shows alternations of weathered brownish quartzite
(fine to medium rounded to subrounded sand grains) and yellowish to grey phyl-
lites/slates in layers up to 30 cm thick (Figure 3.30-A). Relatively fresher exposures
indicate oriented sericite? along foliation planes and carbonaceous concentrations
along fine layers (Figure 3.30-B). The whole sequence is folded at a metre scale (Fig-
ure 3.30-C). In thin section, secondary quartz has grown, creating shadow pressures
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where finer grain quartz and phyllosilicates are shielded (Figure 3.30-D). Some of the
megacrysts are poikiloblasts and contain inclusions aligned along S1 (Figure 3.30-E).

Figure 3.29 Paracatu Formation - Morro do Ouro Member: A and B - silty shiny
carbonaceous phyllites with hydrothermal quartz lenses and kink band folding; C - micas
impart a sheen to foliation surfaces in strong sunlight; D and D’ (magnification x4, PPL
and XPL respectively) - fine-grained mica flakes with a marked preferred orientation; E
and E’ (magnification x4, PPL and XPL respectively) - quartz boudins formed by stretching
along the shear foliation are accompanied by slight deformation of the surrounding ductile
clay-minerals; F - phyllite intensively weathered still preserving kink band folding.
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Figure 3.30 Paracatu Formation - Serra da Anta Member: A - alternations of weathered
brownish quartzite and yellowish to grey phyllites; B - relatively fresher outcrop exposes
carbonaceous? phyllite/slate; C - metric scale folding of the succession; D and D’ (magni-
fication x4, PPL and XPL respectively) and E and E’ (magnification x4, PPL and XPL
respectively) - quartz porphyroclasts with shadow pressures and poikilitic texture.

The Votorantim mine also yielded a core of the Paracatu Formation (MASW03)
(Figure 3.1), from which 16 samples, each of ∼30 cm long, were extracted from the
interval between 47 and 55m MD from surface (586 m.a.s.l.) by the geologist Samuel
Boucas do Lago. Macroscopically, this pelite is homogeneous dark grey to black in
colour, with slaty cleavage (Figure 3.31). It is mildly deformed but kink bands are
not observed macroscopically. Quartz boudins are also absent and quartz is only
present sporadically as thin veins together with pyrite which is always concentrated
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in its central portions. Orangy halos, a product of oxidation, also occur surrounding
millimetre-scale pyrite nodules present along foliation planes. Microscopically, quartz,
muscovite, chlorite, iron oxides are revealed along a S1 foliation (Figure 3.31-A
and 3.31-A’). Quartz stands out from the matrix on account of its grain size and elon-
gated character. The phyllosilicates appear locally deformed in kink-bands and the
earlier slaty fabric is folded in small scale to produce a new spaced oblique crenulation
cleavage (S2) (Figure 3.31-B and 3.31-B’). The segregation of quartz is also affected
by this second foliation and solution transfer generates metamorphic differentiation
and its concentration along crenulation hinges (Figure 3.31-C and 3.31-C’). Pyrite
is the main accessory mineral, and its development is particularly important along
veins, where it occupies their central portion surrounded by quartz (Figure 3.31-D,
D’, E and E’). The pyrite generally forms euhedral crystals whose growth exceeds the
width of the veins, not deforming the surrounding foliation. Some veins also host an
unknown pale pink and highly altered high relief mineral, which tends to be associated
with iron oxide along its margins and internal fractures. Pinch-and-swell (incipient
boudinage) structures are formed in quartzitic veins parallel to layering indicating
differential mechanical behaviour during stretching (Figure 3.31-F and 3.31-F’). The
less competent surrounding minerals have been deformed and apparently flowed into
the space where the competent layer is thinner. Zones of high strain parallel to the
S1 fabric show pseudo-milonitic fabric (Figure 3.31-G) with low recrystallisation of
quartz porphyroblasts (undulose extinction) and long (up to 1 mm), drawn out tails,
which break up to contribute to finer grained matrix together with phyllosilicates
(Figure 3.31-H and 3.31-H’).
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Figure 3.31 Paracatu Formation. MASW03 Core Votorantim Mine - synthetic log, hand specimen and microscopic (PPL and XPL) pictures
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3.4.2 Gas sampling

The main objective of the soil sampling along a 50 km transect oriented WNW-
ESE perpendicular to the terminal portion of the João Pinheiro thrust (Figure 3.3)
was to understand the control of the structure over hydrocarbons presence. The
results of the geochemistry campaign identified non-biogenic superficial concentrations
of gas (light hydrocarbons) in the study area. Due to confidentiality issues, this data
is only available for Petra Energía. However, verbal communication by Humberto
Reis indicated that an increase in thermogenic gas was observed in soil samples
collected along the fault trace of the João Pinheiro thrust.

3.4.3 Gamma-ray spectrometry

Before presenting the results of the gamma-ray surveying, it is important to
list a series of facts encountered during fieldwork that could lead to significant
source of error in the readings. The first observation is related to the poor quality
of outcrops. The intensity of weathering makes uranium detection difficult and
minimises the effectiveness of gamma spectrometry surveys. Even if the superficial
contamination was removed in each outcrop before any reading was performed, the
complete elimination of the attenuating material was not always feasible. Moreover,
within the same formation variable weathering levels in different outcrops could
lead to differing radiogenic measurements. In other cases, the formal stratigraphic
classification of the rock became challenging due to near complete transformation
into soils. In addition, many of the rock exposures are along road cuts and therefore
the rocks exposed could be severely contaminated by the material used to construct
and maintain the roads themselves. The relatively fresher rocks studied from open pit
(Sete Lagoas Formation) and drill cores (Sete Lagoas, Paracatu, Lapa and Serra do
Garrote formations) on the other hand, were not included in the gamma-ray analysis.
In the first case, the lack of measurement were related to the lack of the portable
gamma-ray spectrometer at the time the mine was visited (2010 field campaign) and
in the case of the cores, measurements were not recorded as the scan mode is only
suitable for area survey (sampling over a wider radius, i.e. a flat surface) but not
for drill core scanning. The limited extension of exposures in addition to the flat
disposition of most of the beds in the undeformed portion of the basin restricted
the construction of vertical gamma-ray spectrometric profiles. Consequently, the
planned correlation of fieldwork gamma-ray measurement with subsurface gamma-
ray logs was precluded. Finally, it is important to note that a different number
of measurements was obtained for the different units considered in this analysis
and as a consequence the values presented below have no statistical significance.
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Therefore the term "mean", when used, only indicates general behaviour of the unit.
In summary, general predictions derived from gamma-ray responses involve large
uncertainties mainly in this basin where weathering is so important. Even if geology,
pedology and mineralogy were well established, a full understanding of the past and
present geochemical processes is very demanding and often hypothetical. Therefore
the interpretation of gamma-ray results should be made with greatest care.

The description of the results is separated in two subsections: one corresponding
to regional mapping of the basin with the objective to acquire radiogenic uranium
responses from potential source rocks (Bambuí, Vazante and Canastra groups; Fig-
ure 3.32) and the second one, representing detailed radiogenic uranium, potassium
and thorium soil concentration along the João Pinheiro thrust transect.

Figure 3.32 Uranium responses for the Bambuí, Vazante and Canastra groups.

3.4.3.1 Bambuí Group

The Bambuí Group was analysed in 18 localities, 7 corresponding to the top
of the Sete Lagoas Formation, 6 to the Serra da Saudade Formation and 5 to the
Lagoa do Jacaré Formation (Figure 3.32). The Sete Lagoas Formation presents mean
concentrations of 2.46 ppm for uranium, with values ranging from a maximum of 3.9
ppm in dark grey calcarenite near Arcos city to a minimum of 1.6 ppm in highly folded
calcarenitic successions near Vila Costina. The "mean" value is compatible with
concentrations described in deep boreholes 1-MA-1-MG and 1-RC-1-GO (Ribeiro
and Roque, 2001) drilled near the cities of Montalvânia (NW Minas Gerais State)
and Alvorada do Norte (NE Goias State). The Serra da Saudade Formation attains
the highest uranium concentration of the group in the SW portion of the basin, near
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Luz city with values reaching up to 5.8 ppm and a mean of 5.08 ppm. The Lagoa do
Jacaré limestone outcrops include five sections, which present a quite homogeneous
response in its uranium values with "mean" concentrations of 1.86 ppm, maximum
of 2 ppm and minimum of 1.5 ppm.

The Serra da Saudade Formation clearly has the highest uranium content in the
Bambuí Group, exceeding the average Earth’s crust uranium concentration (∼3 ppm)
(Schlumberger, 1989). A superficial interpretation may suggest that these values
indicate a formerly organic rich unit. However, the most uranium-rich horizons are
intimately associated with extensive lateritic soils. Hence, concentration of uranium
is to be expected as this element becomes mobile under oxidising conditions (IAEA,
2003). According to Lüning et al. (2003), uranium and pyrite framboids appear to
be less vulnerable to weathering than organic matter (generally oxidised) and may
be used as a proxy to identifying intervals of originally organic-rich shales in altered
exposures. However, there are no distinctive spheroidal aggregates of microcrystalline
pyrite in these rocks and the correlation of natural uranium radiation with organic
content has not been stratigraphically and regionally well defined and calibrated
so far. In addition, a complex set of ecological parameters could influence these
associations and naturally such proxies may only be valid under certain conditions.
Lüning and Kolonic (2003) described that there are components other than organic
matter that have the capacity of triggering uranium precipitation. This is the case of
iron oxides/hydroxides and phosphates, which act as uranium sorbents and if present
in the sediments can obscure the relation between uranium and organic content. As
noted above, the Serra da Saudade Formation, hosts phosphates which would explain
the high uranium concentration values recorded in the zone despite intense oxidation.

When the carbonates of the Bambuí Group are compared (Figure 3.32), the Sete
Lagoas Formation shows slightly higher uranium concentration than the Lagoa do
Jacaré Formation. This observation could be intrinsically linked to the shallow-water
restricted settings in which the topmost facies of the former unit were deposited
(Misi, 2001). It is thought that many hydrocarbon source rocks of Proterozoic age are
sediments deposited in restricted basinal settings in association with stromatolitic
carbonates (Craig et al., 2013). It is important to note, however, that the original
concentrations of uranium in the water body, duration of anoxia, sediment input
as well as oxidising phases may have also played crucial contribution for uranium
preservation (Lüning and Kolonic, 2003).

3.4.3.2 Undefined stratigraphic units

Bambuí, Paraopeba undivided
In the João Pinheiro city area, the calcipelitic succession of the Paraopeba Sub-
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group (Figure 3.33) located along the footwall of the main thrust trace shows "mean"
uranium concentrations of 3.5 ppm and a maximum of 4.9 ppm. Only two of the
eight measurements recorded for this rock provided values lower than 3ppm. In
terms of correlation with the Bambuí formations, the values obtained here extend for
the whole range of uranium contents presented earlier (section 3.4.3.1) precluding
any direct association.

Pre-Bambuí?
The rocks exposed along the João Pinheiro thrust show scattered uranium values

(Figure 3.33). Whilst the limestones and dolomites observed in the abandoned
open pit (Pre-Bambuí I) hold values ranging from 1-2 ppm (similar to the Morro
do Calcario Formation, section 3.4.3.3), the shales and silicified shales exposed in
the same quarry front peak to 4.3 ppm. Further to the south, the lilac coloured
weathered slate (Pre-Bambuí II) provided the highest uranium value for the area
under evaluation with a concentration of 6.5 ppm.

Figure 3.33 Undefined Stratigraphic units and their uranium values

3.4.3.3 Vazante Group

The two pelitic formations of the Vazante Group, Serra do Garrote and Lapa,
hold similar values ∼4 ppm of uranium concentrations (Figure 3.32). In the case of
Serra do Garrote Formation the three outcrops visited provided values ranging from
3.3 for the most weathered rocks to 4.7 for the relatively better preserved ones. In
the case of the Lapa Formation the two accessed outcrops provided average 4.1 ppm
of uranium. On the other hand, the dolomitic Morro do Calcário Formation, host
very homogeneous and low uranium contents, with an average of 1.61 ppm for the
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twelve locations in which the unit was measured. It is important to note the uranium
concentration uniformity despite the presence of potential pyrobitumen in some of
these dolomites. Evidently, if there was hydrocarbon production from these rocks
prior to metamorphism, the generation and expulsion process apparently did not
influence the uranium content of the rock. Similarly, the lower metamorphic grade
of these rocks did not affect the redistribution of uranium as has been described by
Lüning and Kolonic (2003) elsewhere.

3.4.3.4 Canastra Group

The Paracatu Formation of the Canastra Group presents similar average uranium
concentration for its two members (3.5-4 ppm) (Figure 3.32). In the case of the
Morro do Ouro Member, the four samples analysed in the vicinities of the Kinross
Mine varied between 5.2 ppm for the relatively fresher rocks exposed in the road
cuts of the open pit to 2.8 ppm in association with highly weathered reddish rocks
further to the north. The Serra da Anta Member presents an average of 3.59 ppm
and its eight measurements were constrained between 2 and 4.9 ppm. It is important
to note that the latter member was only sampled along heavily weathered outcrops
although the highest values were related to darker carbonaceous phyllites.

3.4.3.5 João Pinheiro thrust transect

Soil gamma-ray measurements along a NW-SE transect intercepting the João
Pinheiro thrust (NE-SW strike), show a general rise in uranium, potassium and
thorium concentrations (Figure 3.34) in association with the main fault and its
horsetail structures. The radiogenic component that seems to be mostly influenced
by the structure is the potassium with values reaching up to 3% along the structure
and <0.5% elsewhere. The uranium also shows an increase up to 3.5 ppm along
this lineament and decreases to 2-1 ppm towards both footwall and hangingwall
blocks. Finally thorium follows the same trend with a rise of 8 ppm above the
medium, attaining 17 ppm over the deformed area. The radiogenic component charts
also allow defining isolated peaks towards the extreme of the transect (stops 6, 10;
Figure 3.3 and Figure 3.34) which could be interpreted as anomalous measurements
based on the discrepancy to the surrounding values.
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Figure 3.34 Radiometric responses along the João Pinheiro transect. Note: location of the
transect is detailed in Figure 3.3.
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A similar increase in potassium concentration (∼3%) has been reported by Reis
(2011) in the Indaiá area along comparable structural lineaments (e.g. Rio Borrachudo
and Traçadal thrust), which seep gas (Chapter I, Figure 1.2). In the Remanso do
Fogo area (Chapter I, Figure 1.2), gas microseepage is reported and both Curto et al.
(2012) and Souza Filho et al. (2008) concluded that a particular relationship between
clay minerals and potassium concentration exists in areas affected by hydrocarbon
seepage. Bleached soil overlying hydrocarbon fields have more kaolinite and illite
than non-contamined soils due to acidic lixiviation and differential redox conditions
that favour the fixation of specific radiogenic components (Yang et al., 1998).

The relation between thorium and potassium content can be useful for mineral
identification (Schlumberger, 1989). The results derived from this study (Figure 3.35),
although scattered, indicate values ranging between 10-100% and if compared with
clay type zones by Russell (1941; Figure 3.36) illite/kaolinite along the fault zone
seems to dominate. Figure 3.35, also reinforce the presence of anomalous results for
stops 6 and 16 (Figure 3.3).

Figure 3.35 Radiometric Th vs K responses along the João Pinheiro transect

Figure 3.36 Clay type according to Th vs K content. Modified from Russell (1941)
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If the João Pinheiro thrust system facilitates hydrocarbon migration and exuda-
tion, this process might also account for relatively higher uranium values. Hydro-
carbon seepage can influence the concentration of certain radiogenic elements by
modifying the pH and Eh values of the environment (Schumacher, 1996). Reducing
conditions created by chemical and biochemical degradation of hydrocarbon can lead
to the fixation of uranium (Souza Filho et al., 2008). In addition, if hydrothermal
and supergene processes occurred along the same fluid conduit, remobilisation and
uranium enrichment along the fault fault rubble zone could also have occurred.

Another explanation for the variable radiogenic response along the trace of
the fault is the juxtaposition of different lithologies (i.e. pre-Bambuí units), thus
providing contrasting weathered material. XRD analyses were performed on rock
samples collected in this region to discard this hypothesis (Section 3.4.4).

It is important to note that the concentration of certain radiogenic elements
depends in part on pH, Eh (oxidation potential) and modal percentage of the soil
mineral phases with high adsorption capacity (Batista et al., 2008; Lüning and
Kolonic, 2003; Souza Filho et al., 2008). In this project, only a simple assessment of
the radiometric response along the João Pinheiro transect was carried out. Further
studies relating these responses to soil type and associated minerals, and redox
conditions are needed to corroborate the effects of gas seepage. Geobotanical
anomalies (Souza Filho et al., 2008) detected in other portions of the basin where
microseepage is known to occur (e.g. Remanso do Fogo area) may also help in the
identification of preferential gas migration pathways.

3.4.4 XRD

XRD analyses were undertaken with the intention of discounting the presence of
certain uranium-bearing minerals where uranium contents were particularly high.
These might include zircon, apatite, monazite, sphene, uraninite or uranium-absorbing
minerals (e.g. phosphates). Five representative rock samples were chosen and their
mineralogical composition studied. Note that this analysis is complementary to the
detection of potential source rocks in the field. Therefore, detailed mineralogical
studies of rocks and soils were not carried out along the entire basin.

João Pinheiro thrust
As an increase in thermogenic gas content was observed along the length of the

main fault trace (Section 3.4.2) and migration along this preferential pathway is
inferred to occur, bacterial activity could have favoured the precipitation of uranium
minerals (e.g. uraninite) (Souza Filho et al., 2008).
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• Sample S.44 (lilac slate)

The lilac coloured weathered slate collected along the João Pinheiro thrust
trace in the vicinities of the João Pinheiro city assigned to "pre-Bambuí" units
by the Geological Map of Minas Gerais (CPRM, 2002) provided the highest
uranium content registered for sedimentary/low grade metamorphic rocks along
the entire basin (6.5 ppm). The results of XRD diffractometry (Figure 3.37)
recognises quartz (29%), muscovite/illite (37%), feldspar (27%) and hematite
(5%) but not uranium bearing minerals.

Figure 3.37 X-ray diffractometry diagram of lilac slate, pre-Bambuí (sample S.44).

• Sample S.142 (green pelite)

The weathered green pelite collected along the footwall of the João Pinheiro
thrust in the vicinities of the João Pinheiro city belonging to the Paraopeba
Subgroup (Bambuí Group) provided 4.9 ppm of uranium. As its position is
relatively close to sample S.44 and this sample exhibits one of the highest
uranium contents in the Bambuí Group, a similar approach to determine the
presence of uranium precipitated minerals was necessary. The XRD diffrac-
togram (Figure 3.38) indicates the occurrence of quartz (29%), muscovite
(31%), feldspar (17%), chlorite (9%) and calcite (2%) as main mineralogical
constituents. Again, no uranium bearing minerals were detected.
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Figure 3.38 X-ray diffractometry diagram of green pelite, Paraopeba Subgroup (1/4)
(sample S.142).

Why are no uranium-bearing minerals detected in these samples? One important
consideration is the detection limit of this technique, which does not identify mineral
concentrations lower than 2% (D. Alderton pers. comm.). Peak overlay in the diffrac-
tometer, which may obscure the identification of uranium bearing minerals, is also
an important factor. Another issue could involve the presence of uranium-bearing
minerals metamict, where the crystal structure has been modified by radioactive
decay, modifying their diffraction properties and thus hindering their recognition
with XRD (Kresten, 1993). Despite the limitations of the technique listed above, it
is suggested that the increase in uranium content has no relation to the inorganic
mineral composition of the rock and instead it could be linked to thin fills developed
along small fractures and faults of the João Pinheiro thrust that are acting as prefer-
ential conduits for hydrocarbon migration. Uranium is greatly soluble and mobile in
oxidising conditions, and concentrates along fault planes, fractures, and formations
where fluid flow has occurred (Schlumberger, 1989).

Paraopeba Subgroup in the SW portion of the basin (near Luz and
Dores de Indaiá town)

The Paraopeba Subgroup and particularly the Serra da Saudade Formation in
the vicinities of Cerro do Abaeté, is well known for its richness in phosphates. As
these minerals have the capacity of triggering uranium adsorption, establishing their
presence with XRD was important.

• Samples S.107, 110 and 3.7

Samples 107 (Figure 3.39), 110 (Figure 3.40) and 3.7 (Figure 3.41) belong to
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the Paraopeba Subgroup of the Bambuí Group and were all collected from
the SW portion of the basin, where some of the highest uranium values in the
Bambuí Group have been recorded (ranging from 4-5 ppm). The results of the
diffractometric studies revealed quartz and muscovite as dominant in all three
samples, followed by kaolinitic in samples 107 and 110 and feldspar in sample
3.7. Neither fluorapatite nor wavellite were recognised in the diffractograms.

Figure 3.39 X-ray diffractometry diagram of pelite, Paraopeba Subgroup (2/4) (sample
S.107).

Figure 3.40 X-ray diffractometry diagram of pelite, Paraopeba Subgroup (3/4) (sample
S.110).
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Figure 3.41 X-ray diffractometry diagram of pelite, Paraopeba Subgroup (4/4) (sample
S.3.7).

Even if fluorapatite and other phosphates were not recognised in the diffractome-
ters, the hypothesis of phosphates adsorbing uranium cannot be completely discarded,
as they could be present at concentrations below the detection limit, particularly
sample 3.7 which was collected near a phosphate mine. On the other hand, even if
the Serra da Saudade Formation is known for its richness in phosphates, the other
formations also included in the Paraopeba Subgroup do not host similar minerals
(e.g. Serra de Santa Helena Formation) and the samples studied here are from an
undifferentiated stratigraphic unit. As samples 110 and 107 are highly weathered
(laterites) it is probable that the presence of iron oxides/hydroxides are acting as
uranium sorbents and this could likely explain the high uranium values registered by
the gamma-ray spectrometer.

3.5 Summary

Observations gathered during regional fieldwork, with particular emphasis on
potential source rocks and hydrocarbon presence in the field, are presented in this
Chapter.

• Three stratigraphic units were studied in the field and in core. These are
the Canastra Group (Paracatu Formation), the Vazante Group (Serra do
Garrote, Morro do Calcário and Lapa formations) and the Bambuí Group
(Sete Lagoas, Serra da Saudade and Lagoa do Jacaré formations). The degree
of preservation of such rocks at the surface is extremely poor due to intense
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weathering and vegetation coverage. Even if altered, carbonates tend to resist
weathering relatively better than shales, as the latter form extensive lateritic
soil. Due to weathering shale/carbonate levels not cored and only studied
from altered outcrop samples, are unlikely to provide clear indications of their
source potential. However, to verify this hypothesis geochemical analyses of
the relatively better preserved samples are presented in Chapter IV.

• From core samples, the carbonates of the Sete Lagoas Formation are considered
as the unit of the Bambuí Group with the greatest source rock potential due to
their macroscopic and microscopic evidence of organic activity (stromatolites)
towards the top of the sequence. However, basal units richer in shales are
also considered as potentially rich in organic matter. The cored slates of the
Serra do Garrote, Lapa and Paracatu formations on the other hand, contain
graphitic material and apparently the three have prospectivity as organic rich
units. In this sense, even if these are now low grade metamorphics, former
potential as hydrocarbon producers prior to the Brasiliano-Pan African event
cannot be ruled out. This is in spite of a greenschist facies paragenesis today.
To shed further light on the organic material, content, quality and maturity,
are assessed in Chapter IV.

• Gamma-ray measurements, and specifically uranium concentration values, were
collected from outcrops of the three rock units described above. Limitations
encountered during fieldwork are intrinsically related to the degree and depth
of weathering of some rocks and the presence of extensive detritic-lateritic
coverage that could lead to a significant source of error in the readings. For the
Bambuí Group, the Serra da Saudade is the formation with highest uranium
content (5.08 ppm). For carbonates of the Bambuí Group, the Sete Lagoas
Formation shows slightly higher uranium concentration (2.46 ppm) than the
Lagoa do Jacaré Formation (1.86 ppm), which could be associated with organic
richer facies in the former. This hypothesis is later tested in Chapter IV. The
Vazante Group shows for its two pelitic formations, Serra do Garrote and Lapa,
similar uranium concentrations values (∼4 ppm). The dolomitic Morro do
Calcário Formation, host homogeneous and low uranium contents (1.61 ppm)
despite the apparent presence of pyrobitum in some samples. The verification
of this carbonaceous material as pyrobitumen is performed in Chapter IV. The
Canastra Group and its Paracatu Formation presents similar average uranium
values for its two members (3.5-4 ppm). In the case of the Morro do Ouro
Member, the higher values (5.2 ppm) are associated with relatively fresher
rocks exposed in the road cuts of the Kinross open pit while for the Serra
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da Anta Member (4.9 ppm), the peak values are related to weathered darker
carbonaceous phyllites.

• X-ray diffractometric studies were performed on rocks that provided relatively
high uranium content in order to discard the existence of uranium bearing min-
erals and/or minerals that have the capacity of triggering uranium precipitation,
as iron oxides and phosphates (Lüning and Kolovic, 2003). Neither of these
minerals were identified in these rocks, at least in concentrations greater that
the detection limit of the technique. However, the uranium values mentioned
above could well be included in the minor phase of the rock and further studies
including inorganic whole-rock geochemistry and heavy mineral separation are
considered necessary, although beyond the scope of this project. The obtained
XRD results are moreover, in agreement with the main minerals observed in
thin section, including quartz, feldspars and phyllosilicates.

• Gamma-ray measurements and soil sampling were carried out along a NW-SE
transect perpendicular to the João Pinheiro thrust, in order to determine the
control of this structure in the interstitial hydrocarbon presence in soils. Ther-
mogenic gas content was observed in the vicinities of the main faults together
with an increase in radiogenic responses primarily of potassium, and secon-
darily of uranium and thorium. The rocks of unknown stratigraphic affinity
(Paraopeba undivided and pre-Bambuí) have proven not to contain radiogenic
bearing minerals according to x-ray diffractometric studies. This is in spite
of a peak in uranium value (6.5 ppm) recorded with the portable gamma-ray
spectrometer. Thus it can be inferred that the radiogenic anomalies could
be associated with the gas seepage and not strictly to parent lithologies. In
view of the recent exploration interest in the basin, these gamma-ray responses
could represent a first tool to delineate areas of interest for studies of migra-
tion/accumulation of hydrocarbons. Further mineralogical and geochemical
studies of soil samples are needed to corroborate this hypothesis and to provide
insight in the mode of occurrence of the radioelements and their petrogenetic
or pedogenetic associations. Particularly in the case of uranium, is important
to discard its association to organic matter within the rocks exposed along the
thrust (developed in Chapter IV).

• The detailed geochemistry of the interstitial soil gas content was not available
for this study due to confidentiality issues.
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Chapter 4

Source rock characterisation

4.1 Introduction

The São Francisco Basin has indications of thermogenic gas presence and con-
stitutes one of the world’s oldest petroleum systems (Craig et al., 2013). Although
Precambrian rocks do crop out throughout the São Francisco Basin, and some are
also commonly present in the deeper parts of sedimentary basins (Alkmim and
Martins-Neto, 2012), their petroleum source-rock potential is poorly known. The
aim of this chapter is to evaluate preserved organic matter for quantity, quality
and thermal maturity in order to assess the source rock potential of the basin.
Of particular interest are the Sete Lagoas, Serra do Garrote, Lapa and Paracatu
formations as these yield fresh samples from cores (Figure 3.1). The study also
includes rock samples collected from outcrops and from an open pit in the Arcos
region (Figure 3.3).

Section 4.2 describes the methodology adopted for the different techniques applied
in this chapter including TOC, Pyrolysis (Rock-Eval), organic petrography, SEM-
EDX and biomarkers. Section 4.3 lists the data limitations. Section 4.4 expands into
the theoretical background of each approach, placing emphasis on the precedents
applied to Precambrian rocks and, whenever possible, their previous application in the
São Francisco Basin. Section 4.5 presents the results of the geochemical/petrographic
assessment of the potential source rocks and their organic matter. Finally, section
4.6 summarises the findings comparing them to previous publically available studies.

4.2 Methodology

Samples collected during fieldwork and from cores were reduced to 10 g using
a rock cutting saw at RHUL. As contamination is a major concern for organic
geochemical analyses, traces of hydrocarbon lubricants or greases were avoided. The
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rock saw blade was lubricated with water only; small pieces of quartzite were cut
between samples to clean the saw and eradicate potential mineralogical and/or
organic contaminants. In particular for cores, samples were taken from its inner part
to avoid drilling marks and possible contamination from drilling fluids. It is to note
that in all cores, water based muds were used during drilling (F. Pimenta and S.
Boucas de Lobo pers. comm.). In the case of field samples, weathered portions were
carefully removed.

4.2.1 TOC

As RHUL does not count with a carbon determinator among its facilities, Dr.
Martin Jones from Newcastle University was contacted for collaboration with this
project. A total of 117 samples from outcrops and cores were sent to the School
of Civil Engineering and Geoscience of Newcastle University where appropriate
instruments for source rock characterisation are available. The measurements were
performed by Dr. Martin Jones and his team.

Standard TOC measurement procedure
The methodology for total organic carbon (TOC) consists of initial grinding of

the samples to a fine powder followed by removal of the inorganic (carbonate) carbon.
For this purpose, 0.1 g (accurately weighed) of ground rock was placed in a porous
crucible (Leco, UK), and hot (50◦C) hydrochloric acid (4 mol/L) was added. To
avoid sample loss, the hot acid was cautiously added to each crucible using a Pasteur
pipette, initially a drop at a time, as vigorous effervescence will occur if carbonates
are present. Once the initial effervescence ceased, sufficient acid was added to fill
each crucible to approximately 2/3 full. After allowing the acid to drain from the
crucible, the addition of hot acid was repeated as described three more times. The
contents of the crucibles were then washed by adding deionised water to fill each
crucible to approximately 2/3 full and allowing it to drain. This water washing
step was repeated a further 5 times. The crucibles containing the decarbonated and
washed samples were then dried overnight in an oven at 65◦C. The organic carbon
in the decarbonated samples was determined using a Leco CS230 Carbon - Sulphur
analyser. The instrument was calibrated using Leco certified standards and data
quality was controlled by using standard samples and replicates. Leco instruments
conform to the approved methodologies for ASTM (American Society for Testing
and Materials) for Carbon determination.
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4.2.2 Rock-Eval

For samples providing ≥1% total organic carbon content, maturation analyses
(Rock-Eval) were performed. For these studies, a batch of rocks was sent to Applied
Petroleum Technology (APT) Norway were a Rock-Eval 6 instrument was used with
a temperature program of pyrolysis: at 300◦C for 3 min., followed by 25◦C/min. until
650◦C. Jet-Rock 1 (in-house standard) was run as every tenth sample and checked
against the acceptable range given in the Norwegian Industry Guide to Organic
Geochemical Analyses (NIGOGA). All procedures follow NIGOGA, 4th Edition.
Subsequently, one sample (U1S3) was analysed at Newcastle University by Martin
Jones and his team using a Delsi Instrument Rock-Eval Oil Show Analyser (OSA),
which provides S1, S2 and Tmax data.

4.2.3 Organic petrography

A number of samples with higher TOC values derived from fieldwork and later
from cores, were selected for organic petrography analyses. The slides were prepared
by the Palaeontology Technician, Sharon Gibbons, at RHUL.

Standard processing techniques for the extraction of acid-insoluble
microfossils

The outcrop samples were processed following standard methods used at RHUL
to study palynomorphs. The basic procedure includes the following steps:

1. Approximately 5 g of rock were crushed into small particles using a pestle and
mortar to increase the sample surface in contact with chemicals and reduce
the time of maceration.

2. For the removal of carbonate, a small amount of 10% hydrochloric acid (HCl)
was cautiously poured to the rock fragments, which was later increased to 20-50
ml and was left overnight. 50 ml of 37% HCl was later added to the container,
mixed carefully and left overnight. The process was terminated when all the
carbonate was exhausted, which was indicated by no further reaction when
fresh hydrochloric acid was added.

3. In order to remove silicate and clay content, 40% hydrofluoric acid (HF) was
added (<100 ml). It was left until digested, which took few days to couple of
weeks depending on the sample.

4. To eliminate the presence of insoluble calcium fluoride that might be formed
when hydrofluoric acid was added into the solution, a small amount (approx.
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50 ml) of 37% hydrochloric acid was added to the container and left overnight.

5. The sample was then decanted, refilled with distilled water and left overnight.
This step was repeated at least three more times, until the sample became
neutral.

6. Sieving was incorporated in order to eliminate remaining debris. Palynomorphs
were retained in the 5 µm nylon mesh while the fine debris was discarded.

7. The resulting residue was transferred to small bottles and refrigerated.

8. Finally for slide preparation, PVA and Petropoxy 154 resin and a cover slip
were used.

Optical microscope
Samples were petrographically examined and characterised under a standard po-

larising microscope with transmitted light. A Nikon Microphot-XF microscope with
DS-5M camera head and DS-L1 control unit were used for photography of the kerogen.

SEM (scanning electron microscope)
After the identification of potential fossil material (acritarchs) in thin section,

the author performed manual picking of the particles from the remaining kerogen
concentrate with a pipette under a binocular stereoscope. The intention was to assess
information about the organic sample surface topography with a scanning electron
microscope (SEM) and its composition with energy-dispersive X-ray spectroscopy
(EDX). In addition, the composition of dark mineral debris and a grey-whitish "jelly"
wanted to be checked in order to refine the preparation of the slides for subsurface
(core) samples.

SEM manipulation and compositional analyses were undertaken jointly with
Sharon Gibbons in the SEM Hitachi S3000N, at RHUL. The SEM was used in
scattered electron mode with an accelerating voltage of 10 to 20 kV. Samples for
SEM study were mounted in aluminium/carbon stubs, and no coating was undertaken.

4.2.4 Biomarkers

No facilities to study biomarkers exist at RHUL. Thus, the author initiated
an MSc research proposal associated within collaboration with Dr. Martin Jones
from Newcastle University. The main objective was to analyse maturity-indicating
molecular markers and secondarily environmental and biological sources. The project,
carried out by MSc student Jamie Webb under the supervision of Dr. Martin Jones,
is included in Appendix IV.1 and her findings are cited where appropriate and
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discussed in this chapter. The samples used in the MSc project are listed below in
table 4.1:

Core Sample Stratigraphic Unit
LMR1009 U1S9 Bambuí Group, Sete Lagoas Fm.
LMR1009 U1S2 Bambuí Group, Sete Lagoas Fm.
LMR1009 U1S3 Bambuí Group, Sete Lagoas Fm.
MASW03 32 Canastra, Paracatu Fm.
MASW03 33 Canastra, Paracatu Fm.
VZCF001 2 Vazante Group, Serra do Garrote Fm.
VZCF001 15 Vazante Group, Serra do Garrote Fm.

Table 4.1 Samples used for biomarker studies

An additional blank sample was included to assess the introduction of any
contaminants during the analysis process, including extraction, separation, GC (gas
chromatography) and GC-MS (gas chromatography-mass spectrometry). The reader
is directed to Webb’s dissertation for details of the experimental methods used to
extract biomarkers.

4.3 Data issues

During the fieldwork season many samples were collected from different units, the
great majority presenting visible signs of intense weathering (Chapter III). Despite
the potential implications this might have for source rock studies, samples showing
less pronounced weathering, at least in hand specimen, were tested. This decision was
taken due to the original limited data set available (which did not include subsurface
data). Lately, collaboration with mining companies (Votorantim and Lhoist) was
established and subsurface datasets (cores) were provided to this project.

The wide spacing between cores and the fact that they intercept different strati-
graphic units did not allow source rock volumetrics to be calculated (e.g. thickness
and lateral extent assessment). In addition, certain units (e.g. Serra do Garrote,
Paracatu and Lapa formations) were not sampled along their entire stratigraphic
extent and information of the specific stratigraphic position within the formation
was not provided. Therefore, the geochemical screening was limited to the intervals
provided by the mining companies.

4.4 Theoretical background and previous work

The study of the source rock is an important part of sedimentary basin analysis
and is the first step in evaluating a petroleum system (Peters and Cassa, 1994).
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Organic geochemistry provides analytical data to identify and map source rocks
reducing exploration risk.

Source rocks are sedimentary rocks that have been, are, or may become able to
generate hydrocarbons (Brooks, 1981; Tissot and Welte, 1984 in Peters and Cassa,
1994). An effective source rock has/is generating and expelling hydrocarbons while a
potential source rock contains appropriate quantities of organic matter but it has not
reached the proper level of thermal maturity to generate hydrocarbons. An effective
source rock satisfies three geochemical requirements: quantity (amount of organic
matter), quality (type of organic matter) and thermal maturity (extent of burial
heating) (Peters and Cassa, 1994).

4.4.1 Organic richness

4.4.1.1 Principle

The first criterion for effective source rock identification is the amount of organic
matter present in the rock, which is measured as TOC (Total Organic Carbon, weight
percent (wt. %)) and describes the quantity of organic carbon present in a rock both
as kerogen and bitumen (Brooks, 1981; Peters and Cassa, 1994). Kerogen is a mixture
of macerals and reconstituted degradation products of organic matter. Operationally
it is the particulate fraction of organic matter remaining after extraction with organic
solvents. In the same way, bitumen is that fraction of the organic matter that is
soluble in organic solvents (Peters and Cassa, 1994).

Typically, TOC is determined by the direct combustion method where a pre-
weighed and decarbonated sample is combusted in pure oxygen and any carbon
present is fully oxidised and converted to carbon dioxide (Peters and Cassa, 1994).
The gaseous phase flows into a non-dispersive infrared cell and the integrated area
under the signal detected is proportional to the amount of CO2 passing through it.
TOC is calculated based on the dry sample weight.

TOC(%) =
OrganicCarbon(g)

W (g)
(4.1)

where:
W (g) = dry sediment analysis weight (g)

The minimum TOC required for a formation to function as a source rock is
not specific (Brooks, 1981). An adequate amount of organic matter is a necessary
pre-requisite for a sediment to source hydrocarbons, yet is a single variable in a multi-
parameter system (Peters and Cassa, 1994). However, under the most favourable
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conditions an arbitrary empirical lower limit of 0.5% TOC in siliciclastics rocks and
0.3% TOC for carbonates is considered necessary (Brooks, 1981; Tyson, 1987; Littke
& Welte, 1992 in Bechstädt et al., 2009). The limiting TOC value appears to be
related to the ability of the generated hydrocarbon to escape from the source rock
(Brooks, 1981).

TOC content of a sample is affected either by variations in depositional parameters
(e.g. sediment texture, water depth and oxidation, primary productivity, rate of
sediment accumulation; Demaison and Moore, 1980; Peters and Cassa, 1994; Tyson,
1987), and by modifications that occur during diagenesis and increasing thermal
maturation. The TOC is interpreted to decrease where the thermal maturity is
highest (Peters and Cassa, 1994). The loss in organic carbon content related to
increasing maturation is in the range of 30-50% of the assumed original amount of
TOC (Buchardt et al., 1986; Raiswell & Berner, 1987). Failure to account for this
effect can result in underestimation of original source rock potential and can cause
source intervals to be overlooked (Peters and Cassa, 1994). However, most of the
world’s major petroleum source rocks have a total TOC of at least 2-3%, even after
they have passed through the oil-generating stage (Ghori et al., 2009). Subsequent
weathering at the outcrop can also induce degradation and loss of the sedimentary
organic matter. The magnitude of weathering-induced compositional changes is
variable and depends upon a variety of physical and chemical factors (mineralogy,
porosity and permeability, type of organic matter and its stage of thermal maturation,
climate, biological activity, tectonic history, attitude of the strata) (Clayton and
Swetland, 1978).

Other parameters to determine the quantity of organic matter present in a sample
is the fraction of TOC that is generated as hydrocarbons and other compounds
(Peters, 1986; Ghori, 1998). This is determined by pyrolysis (developed further in
section 4.4.3.1) and is evaluated in terms of S1 + S2 (total hydrocarbon + generating
potential of the rock). Tables 4.2 shows TOC, S2, and HI used to describe source
rocks potential (Peters and Cassa, 1994).

Source Potential TOC (wt%) S1 (mg HC/ g rock) S2 (mg HC/ g rock)
Poor <0.5 <0.5 <2.5
Fair 0.5-1 0.5-1 2.5-5
Good 1-2 1-2 5-10

Very Good 2-4 2-4 10-20
Excellent >4 >4 >20

Table 4.2 Source rock potential geochemistry parameters (Peters and Cassa, 1994).
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4.4.1.2 Precedents of source rocks during the Proterozoic

Large dataset of source rock richness displayed as a function of stratigraphy, exists
for the Phanerozoic (Klemme and Ulmishek, 1991; Sorkhabi, 2009). However, up
until very recently, there was no detailed account for Proterozoic source rocks. Just
lately, Craig et al. (2013) has presented a comprehensive recount of the palaeobiology
and geochemistry of Precambrian hydrocarbon source rocks.

The oldest reported source rock belongs to the Cambellrand-Malmani carbonate
platform in South Africa (2.67-2.46 Ga), which contains black shales with TOC
contents between 2-10% (Kendall et al., 2010). The Palaeoproterozoic (2.0 Ga)
organically richest rocks are reported from NW Russia in a sequence that contains a
nearly pure carbonaceous material averaging 25% TOC (Melezhik et al., 1999). In
general terms it is understood that periods of prolonged oceanic anoxia and high
rates of organic matter generation may have led to abnormal TOC contents during
the Archean and Palaeoproterozoic times (Craig et al., 2013). However up to date
there are no commercial hydrocarbon accumulations derived from Palaeoproterozoic
or older rocks (Craig et al., 2013).

The Mesoproterozoic marks a turning point for oil and gas field accumulations as
it hosts the oldest viable hydrocarbon source rocks in the world (Craig et al., 2013).
The early Mesoproterozoic Velkerri shales (∼1400-1300 Ma) of the McArthur Basin
in Australia have 2-12% TOC (Warren et al., 1998) and had sourced the oldest live
oil recovered to date (Jackson et al., 1986). The successive significant hydrocarbon
accumulation in time is related to the shales of the Tungusik Series (1000-1150 Ma)
with TOC contents from 0.1 to 11.5%, which are considered the main source of oil
and gas of the West Siberian Platform (Craig et al., 2013 and references therein).
In the West African Taoudenni Basin, the Atar Group (ca. 1100 Ma) hosts the
black shales of the Touirist Formation that provided TOC contents of 5-25%. These
organic contents together with gas recovered on test from fractured stromatolitic
carbonates of the Atar Group indicate good source rock potential (Lottaroli et al.,
2009).

During the Neoproterozoic substantial variations in the composition of the at-
mosphere (increase of oxygen), the chemistry of the oceans (from sulphide-rich to
iron-rich conditions) and reorganisation of the global carbon cycle (extreme carbon
isotope excursions) induced drastic variations in the global climate and the biosphere
(Shields and Och, 2011; Johnston et al., 2012). Concomitantly Rodinia started to
break apart (Dalziel, 1997) and this was intrinsically linked to an increase in the
occurrence and distribution of Precambrian source rocks around the world (Craig et
al., 2013). One of the most prolific examples is the pre-Sturtian glaciation Chuar
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Group (ca. 750 Ma) in the Grand Canyon U.S.A., where the mudstones and siltstones
of the Kwagunt Formation provided TOC ranging from 3-10% and demonstrated
remaining potential to generate commercially-significant volumes of oil and gas (Craig
et al., 2013 and references therein). Periods of deglaciation seems to have triggered
the deposition of high total organic carbon shales in restricted anoxic basins, carved
by ice sheets and/or formed as restricted grabens during Rodinia fragmentation (Le
Heron and Craig, 2012). One example is the Tindelpina Shale deposited following the
Sturtian glaciation in the Centralian Superbasin of Australia, with TOC contents of
2%. Another example is the post-Marinoan marine shales and carbonate concretions
of the Doushantou Formation which posses TOCs between 4 to 10%. Although with
a high thermal maturity at the present day, it is believed that the latter rocks were
originally excellent source rocks (Dong et al., 2008). Finally the best exponent of
Precambrian source rock is the Ara Group of the Huqf Supergroup in Oman (Bowring
et al., 2007; Grosjean et al., 2009) with ∼1-15% TOC and proven plays in south
Oman.

4.4.1.3 Previous organic richness studies within the basin

The São Francisco Basin has been renowned for its working Precambrian petroleum
system (Craig et al., 2009, 2013), but scarce public information is available about
its source rock and associated organic richness. Martins-Neto (2009) who describes
black shales and marls in the Canastra-Paranoá-Vazante groups with TOCs values
averaging 3-4% and discrete intervals showing value of 15.6%, fails to provide specific
stratigraphic position and geographic location of the samples. Fugita and Clark Filho
(2001 and references therein) cited organic enrichment in the Bambuí and Paranoá
groups averaging 3% TOC but the specific studies that describe the rocks and their
location are not available in the public domain. Only Iyer et al. (1995) provide
specific organic content for a detailed range of limestones and dolostones from the
Sete Lagoas (1 - 6.9% TOC) and Lagoa de Jacaré (2.9 - 3.1% TOC) formations in
SE, SW and central portions of the basin (Figure 4.1).

Recent studies in the Vazante area are more comprehensive with regards to
the spatial and temporal occurrence of source rocks. In this sense, Geboy (2006)
measured TOC contents in the Serra do Poço Verde and in the Serra do Garrote
formations (Vazante Group) in the range of <1 to ∼4 wt %. Olcott (2005) also
obtained values around 3% TOC for the Serra do Poço Verde Formation. Brody
(2007), on the other hand, obtained values in the shaly portion of the Lapa Formation
of up to 3.7% TOC (Figure 4.1).
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Figure 4.1 Localities with organic richness studies in the São Francisco Basin

Other citations of organic presence are also available for units that are char-
acteristically rich in metals and phosphates. For the Morro do Ouro Member of
the Paracatu Formation (Canastra Group), Almeida (2009) cites the relation of
levels richer in organic matter within the hosting rock and their preferential gold
enrichment. In Ambrósia epigenetic mineralisation of the Vazante Group, Monteiro et
al. (2003), mention that the fluids responsible for the mineralisation are 13C-depleted,
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suggesting interaction with organic matter. In the syndiagenetic phosphatic deposits
of the Rocinha and Lagamar formation of the Vazante Group, the precipitation of
apatite is thought to be organically induced by cyanobacteria and/or related to the
early substitution of organic rich carbonate laminae (Dardenne and Schobbenhaus,
2003 in Monteiro, 2009).

Direct hydrocarbon indicators
Tonietto (2010) who focused in the diagenesis and hydrothermalism of carbonates

from the Bambuí and Vazante groups, cites presence of hydrocarbons in both units in
the area of Alvorada do Norte (well 1-RC-1-GO) and Paracatu (PFF-57) respectively
(Figure 4.1). Secondary porosity and stylolites are infilled with bituminous traces
in the Sete Lagoas and Lagoa do Jacaré (well 1-RC-1-GO) and Morro do Calcário
(PFF-57) formations, providing indications that these units behave as potential
hydrocarbon reservoir rocks. In all cases, the migration of bitumen appears as a late
mesodiagenetic stage (Tonietto, 2010). Specifically for the bitumen of the Morro do
Calcário Formation, chemical analyses indicates carbon as its main constituent and
very low hydrogen and oxygen components. Based on the frequent association of
bitumen with secondary porosity created during hydrothermal events (responsible
for zinc and lead mineralisations), it is inferred that the circulation of hot fluids
may have exposed the organic matter to high temperatures (cracking) and caused
its migration. Detailed quantities of the TOC for the Sete Lagoas, Lagoa do Jacaré
and Morro do Calcário formations, were not included in the cited work.

Hydrocarbon fluid inclusions were observed in sphalerite of the zinc silicatic
Vazante ore deposits (L. Monteiro pers. comm.) and as crystallised forms in
the sulphide-rich zinc Morro Agudo ore deposit (Rubo and Monteiro, 2010). For
Mississippi Valley type deposits (e.g. Morro Agudo) the presence of organic matter
has been regarded as an important factor for the formation of sulphides, whether
by mediating the thermochemical reduction of marine sulphates, or by allowing the
release of metals and sulphur adsorbed during the pyrolysis of hydrocarbons (Leach
& Sangster, 1993 in Rubo and Monteiro, 2010).

4.4.2 Organic components

4.4.2.1 Kerogen composition

The potential for a source rock to produce and expel hydrocarbon is based on the
concentration of organic carbon (section 4.4.1) and on its kerogen type (Peters and
Cassa, 1994). The latter is directly related to hydrocarbon chemistry and kinetics.

The classification for kerogen types developed by Tissot et al. (1974) and
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Demaison et al. (1983) describe kerogens as types I, II, III and IV. Type I kerogens
have the highest potential to produce hydrocarbon, specifically oil, and are associated
with algal lake environments. Type II kerogens have the next highest potential to
produce hydrocarbons, generally a combination of oil and gas and are formed by
deposition of marine algal material. Type III kerogens are derived from terrestrial
input (i.e. higher plants) and tend to generate gas, but are not considered here, as
land plants started to diversify only in the late Silurian Period. The fourth kerogen,
Type IV, has no potential to produce oil or gas due to its very low hydrogen content,
and represents severely altered or overmature organic matter (Dembicki, 2009).

Kerogen types can be distinguished using the modified van Krevelen diagram
(Figure 4.2), which consist of hydrogen index (HI) versus oxygen index (OI) plots
generated from Rock-Eval pyrolysis (developed in Section 4.4.3). However, I, II, and
III pathways are only generalised and actually involve broad bands. Many samples
plot between the kerogen evolution pathways because mixtures of organic matter
types are common (Peters, 1986; Peters and Cassa, 1994).

Figure 4.2 Modified van Krevelen graph

Higher relative hydrogen content in kerogen (atomic H/C, HI) often correlates
with higher oil-generative potential. During thermal maturation (catagenesis and
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metagenesis), kerogen is prone to become depleted in hydrogen and relatively enriched
in carbon until a graphitic composition is approached (nearly pure carbon) where
all kerogen plot in the lower left portion of the diagram (Peters and Cassa, 1994)
(Figure 4.2).

Maceral assemblages, using organic petrography, can also help identifying the
type of organic matter. A standard scheme for microscopic observations of kero-
gen concentrates in transmitted light was developed by Tyson (1995) (Figure 4.3).
A modification of his classification scheme for Proterozoic rocks is presented by
Bechstädt et al. (2009) (Figure 4.3), which comprises 3 organofacies:

• amorphogen (unorganised, structureless, fluffy, translucent debris): corresponds
to kerogen type I/II (oil prone-highly oil prone)

• phyrogen (non-opaque structured organic matter, organic tissues and filaments,
and acritarchs): corresponds to kerogen type I/II (oil prone-highly oil prone)

• melanogen (opaque organic matter): correlates to kerogen type IV (inert,
barren).

Hylogen (non-opaque, fibrous woody material) does not occur in Neoproterozoic
strata.

Figure 4.3 Organofacies and their relationship to hydrocarbon source-rock potential. Left -
standard scheme by Tyson (1995); Right - scheme developed by Bechstädt et al. (2009).

4.4.2.2 Organic components in Proterozoic rocks

During Proterozoic times, the organic matter was almost exclusively produced by
marine planktonic organisms of possibly bacterial and algal affinity (Bechstädt et al.,



Theoretical background and previous work 141

2009). These planktonic microfossils consist largely of acritarchs and bacteria. The
palaeobiology of many Meso-Neoproterozoic successions is also dominated by the
widespread occurrence of diverse assemblages of stromatolites (Craig et al., 2013).
Terrestrial-derived organic matter (e.g. bacteria, lichens) is negligible (Bechstädt et
al., 2009).

Stromatolites (from the Greek stroma, meaning later and lithos, meaning stone)
are defined as organosedimentary structures produced by the trapping, binding and
cementation of sedimentary grains by the activity of microbial communities dominated
by photosynthetic bacteria (McNamara, 1992). They show distinct layering and
often develop domal to columnar geometries. Stromatolites have an exceptionally
long geological record, first appeared at about 3500 Ma, during the early Archaean
(Grotzinger and Knoll, 1999; Riding, 2011). They were the Earth’s dominant form
of life for much of the Proterozoic and therefore a major contributor to the organic
carbon of any source rocks deposited during this time (Craig et al., 2013). The
number of stromatolite taxa increased during the Palaeoproterozoic (between 2.5-2.2
Ga and 2.2-1.6 Ga) and again during the Mesoproterozoic (between 1.65-1.35 Ga and
1.35-1.05 Ga) (Figure 4.4). Their greatest diversification occurred during the late
Mesoproterozoic and early Neoproterozoic and was succeeded by a decline in stages
from the late Neoproterozoic onwards (Craig et al., 2013 and references therein).

Figure 4.4 Stromatolites and acritarchs - variations in diversity and abundance between
the Palaeoproterozoic and the early Phanerozoic. Modified from Craig et al. (2013).
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Their decline has been attributed to the rise of grazing and burrowing metazoan
(Walter and Heys, 1985) although a decrease in the carbonate saturation of seawater
(Grotzinger, 1990) and/or an increase in nutrient levels in the ocean (McNamara, 2009
in Craig et al., 2013) may have had an adverse effect on the growth of stromatolites.

Acritarchs are organic-walled vesicular microfossils (ranging in size from ∼5 to 200
µm) with unmineralised (non-carbonaceous and non-siliceous) skeletons of uncertain
biological affiliation (Javaux et al., 2010). They have been interpreted as unicelled
photosynthetic protists (Martin, 1993), although some may be multicellular algae
(Butterfield, 2004; Arouri et al., 2000) and/or fungi (Butterfield, 2005). Acritarchs
are among the oldest eukaryotes in the fossil record and are considered very important
primary producers of oceanic organic carbon in some of the earliest oceans (Craig et
al., 2013).

Acritarchs appeared in the late Palaeoproterozoic (Lamb et al., 2009; Knoll,
1994) and became increasingly important during the Mesoproterozoic (Figure 4.4),
although the number of species remained low until the early Neoproterozoic (Huntley
et al., 2006). From the late Palaeoproterozoic (ca. 1800-1600 Ma) until the late
Neoproterozoic (Ediacaran), the record was dominated by a low diversity assem-
blage of exceptionally long-lived acritarch taxa of unornamented sphaeromorphs
(spherical-shaped, single cell wall structure) and secondarily by complex acantho-
morph acritarchs (spiny, two or more cell walls) (Knoll, 1994; Arouri et al., 2000;
Craig et al., 2013). The Meso-Neoproterozoic transition marked both an increase
in acritarch diversity and a taxonomic turnover (Gaucher and Sprechmann, 2009;
Craig et al., 2013). Acritarchs of Tonian to early (pre-Sturtian) Cryogenian age
display high morphological complexities and disparities but as a result of the Cryoge-
nian glacial events, diversity declined markedly leaving mainly leiosphere-dominated
(smooth-walled) assemblages (Huntley et al., 2006). The acritarch record points to a
substantial diversity increase in the mid-Ediacaran Period (Gaucher and Sprechmann,
2009) with assemblages dominated by large, benthic, symmetrically ornamented
acanthomorphic acritarchs (Arouri et al., 2000). The appearance of the first soft-
bodied Ediacaran faunas occurred in parallel with a new decline in the abundance
and diversity of acritarchs. Finally acritarch diversity experienced a new increase in
the early Cambrian in parallel with the general radiation of animal life (Knoll, 1994;
Huntley et al., 2006) and continued to increase in step with animal evolution during
the Cambrian (Knoll, 1994; Huntley et al., 2006).

4.4.2.3 Records of organic activity in the basin

Despite the great geographic extent of Precambrian rocks in the São Francisco
Basin and its surrounding belts, published literature on the palaeobiology of these
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rocks is very limited (Fairchild et al., 1996; Simonetti and Fairchild, 2000).
In the Brasília Belt, stromatolites of the groups Conophyton, Baicalia, and

Jacutophyton are reported for the Paranoá and Vazante groups (Nogueira and
Dardenne, 1992; Dardenne et al., 2005; Fairchild et al., 1996). At the form level,
Conophyton metulum Kirichenko (Komar et al., 1965 in Dardenne et al., 2005),
Linella avis Krylov (Dardenne, 1979 in Fairchild et al., 1996), and Stratifera undata
Komar (Fairchild and Subacius, 1986) have been identified in the Paranoá Group,
and Conophyton metulum and Conophyton cylindricum Maslov in the Lagamar
Formation of the Vazante Group (Cloud and Dardenne, 1973). The latter two
species, have an age range of ∼1350 to 950 Ma units (Chumakov and Semikhatov,
1981 in Fairchild et al., 1996), and the presence of Conophyton is commonly cited
as a characteristic distinguishing Paranoá/Vazante carbonates from those of the
overlying Bambuí Group (Laranjeira and Dardenne, 1990; Fairchild et al., 1996). In
the São Francisco Basin, Bambuí’s stromatolites occur in the carbonates of the Sete
Lagoas Formation and have been described as Gymnosolen (Chapter III, Figure 3.9
(1/3)) (Marchese, 1974 in Fairchild et al., 1996).

Microfossils are also preserved in both the Paranoá and Bambuí groups (Figure 4.5)
although a greater diversity of morphotypes seems to exist for the former group despite
its older age (Fairchild et al., 1996; Simonetti and Fairchild, 2000). Cyanobacterial
mat communities, both coccoidal and filamentous specimens are commonly associated
with microbialites and stromatolites in carbonates, while acritarchs are preferably
found in association with laminated pelitic facies (Fairchild et al., 1996 and references
therein). Particularly in the Sete Lagoas Formation very poorly preserved acritarchs
(Lopes, 1995) referable to the genera Kildinella (=Leiosphaeridia), are reported.
Microfossils are also described for the Serra de Santa Helena, Lagoa do Jacaré, and
Serra da Saudade formations (Simonetti and Fairchild, 2000), although in practically
all samples studied microfossils were few and generally poorly preserved. For these
formations, cyanobacteriums Eosynechococcus medius and Huroniospora sp. and the
acritarchs Leiosphaeridia sp. are described.

However, other than to suggest a Neoproterozoic age for the sediments of the
Bambuí Group, neither the stromatolites nor the acritarchs can be regarded as
geochronologically significant (Lopes, 1995). Moreover, the Bambuí fossil cyanobac-
teria thus far detected are members of exceptionally long-ranging and long-lasting
taxa (known to occur in Paleo to Neoproterozoic units worldwide) and consequently,
cannot be expected to be biostratigraphically useful (Fairchild et al., 1996).
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Figure 4.5 Proterozoic microfossiliferous localities of the São Francisco Basin. Modified
from Fairchild et al. (1996)

4.4.3 Organic maturity

4.4.3.1 Principle

Maturation refers to a progressive series of physical and chemical changes that
affect sedimentary organic matter during burial and that can give rise to the genera-
tion of hydrocarbons (oil, wet gas, dry gas and pyrobitumen). Source rocks thermal
maturity is therefore a fundamental and critical parameter in assessing petroleum
prospectively of exploration areas (Peters and Cassa, 1994).
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Maturation is primarily a function of temperature and the time of exposure of
the sediment to that temperature (Peters and Cassa, 1994). Thermally immature
source rocks have been affected only by diagenesis without the effect of catagenesis.
However, dry gas can be generated during this stage by bacteriogenic (microbial)
activity under anoxic conditions (Rice and Claypool, 1981 in Peters and Cassa, 1994).
Thermally mature organic matter is or was in the oil window which extends from
∼60◦-150◦C (Hunt, 1996) (Figure 4.6). Thermally postmature organic matter is in
the wet gas (<98% methane and minor amounts of ethane, propane, and heavier
hydrocarbons) and dry gas (≥98% of methane) zones and has been heated to high
temperatures (about 150◦-200◦C, prior to greenschist metamorphism) (Tissot and
Welte, 1984 in Peters and Cassa, 1994). As a consequence, the organic matter is
reduced to a hydrogen-poor residue only capable of generating small amounts of
hydrocarbon gases. At higher temperatures, the formed hydrocarbons decompose to
gases and pyrobitumen, the latter being a solidified and insoluble thermally-altered
bitumen (e.g. Hunt, 1979; Tissot and Welte, 1984 in Peters and Cassa, 1994).

Figure 4.6 Maturation parameters in relation to zones of hydrocarbon generation and
destruction. Modified from Teichmüller (1985); Williams et al. (1998); Staplin (1977) and
Legall et al. (1981).

Pyrolysis (Rock-Eval)
Pyrolysis is defined as the heating of organic matter in the absence of oxygen,

to yield organic compounds (Peters, 1986; Brooks, 1981). Rock-Eval pyrolysis is
used to rapidly evaluate the thermal maturity of prospective source rocks and their
petroleum-generative potential (i.e. quantity of organic compounds that could be
generated from a rock upon further maturation) (Espitalié et al., 1977 in Peters,
1986; Peters and Cassa, 1994). In Rock-Eval pyrolysis, 100 mg of pulverised samples
are gradually heated under an inert atmosphere and a flame ionisation detector
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(FID) senses any organic compounds generated during pyrolysis (Clementz et al.,
1979 in Peters, 1986). The pyrogram (Figure 4.7), which represents the increase of
temperature along time (x axis), generally possesses three peaks: the first peak (S1)
indicates milligrams of hydrocarbons thermally distilled from one gram of the rock
(free organic compounds = bitumen); the second peak (S2) represents milligrams
of hydrocarbons generated by pyrolytic degradation (insoluble organic matter =
kerogen) in one gram of rock and the temperature at which the maximum amount
of S2 hydrocarbons is generated (oven temperature (◦C)) is called Tmax; the third
peak (S3) represents milligrams of carbon dioxide generated from a gram of rock
during higher temperature programming up to 390◦C.

Figure 4.7 Schematic of a pyrogram showing evolution of organic compounds from rock
sample during heating (note passage of time from left to right). Modified from Peters (1986).

TOC is generally greater than the sum of the pyrolysable carbon (S1, S2, and
S3) because the dead carbon (graphite) will contribute for TOC but has no pyrolysis
response (Peters and Cassa, 1994). In this way, S2 is a more realistic measure of
source rock potential than TOC. S1 increases at the expense of S2 with maturity.
It is important to note that the source rock thermal maturity measured by Tmax
refers to oven temperature and should not be confused with geologic temperatures.
The maximum S2 generation (Tmax) is partly determined by the type of organic
matter (Peters, 1986). Other Rock-Eval parameters include (Espitalié et al., 1977 in
Peters, 1986):

• Potential yield (PY): total amount of already generated and potential hydro-
carbons produced during pyrolysis.

PY = S1 + S2[ppm,mg/g, kg/tonne] (4.2)
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This parameter is used to evaluate the hydrocarbon generating potential of a
source rock or the total amount of petroleum that might be generated.

• Hydrogen index (HI): quantity of pyrolysable organic compounds from S2
relative to the total organic carbon in the sample

HI = S2/TOC[mg hydrocarbon/g organic carbon] (4.3)

The hydrogen content in the kerogen is proportional to the hydrocarbons
liberated (S2). The index is used to define the type of kerogen and approximate
level of maturation. High hydrogen index indicates greater potential to generate
oil.

• Oxygen index (OI): quantity of carbon dioxide from S3 relative to TOC

OI = S3/TOC[mg CO2/g organic carbon] (4.4)

The oxygen in the kerogen is proportional to the carbon dioxide liberated
during pyrolysis (S3). The index is used in conjunction with HI to define the
type of kerogen and approximate level of maturation.

• Production index (PI): ratio of already generated hydrocarbons (thermally
extractable hydrocarbon) to potential hydrocarbons generated during pyrolysis
(pyrolysable organic compounds).

PI = S1/(S1 + S2) (4.5)

PI is a maturation parameter. It gradually increases with depth for fine-grained
rocks as thermally labile components in the kerogen (S2) are converted to free
hydrocarbons (S1).

Therefore, the thermal maturity of the organic matter can be roughly estimated
from Tmax and PI (Table 4.3) and through HI vs. OI plot (modified van Krevelen
Plot, Figure 4.2).

Maturation PI [(S1/(S1+S2)] Tmax (◦C) Ro (%)
Top oil window (birthline) ∼0.1 ∼435-445 ∼0.6

Bottom oil window (deadline) ∼0.4 ∼470 ∼1.4

Table 4.3 Geochemical parameters describing level of thermal maturation (1/2) (Peters,
1986).
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Organic petrography and palynology
Other techniques commonly used to help in the characterisation of potential source

rocks are: organic petrology, which deals with the microscopically visible solid organic
matter in rocks; palynology, which is the study of a group of structured, chemical
resistant organic-walled microfossils (Teichmüller, 1986). Vitrinite reflectance is
the most extensively used organic petrography maturation indicator applied in the
petroleum industry but for pre-Devonian rocks where vascular land plants are absent,
alternative petrographic techniques need to be used to assess the maturity of source
rocks (Obermajer et al., 1999).

Microscopic examination of palynomorphs provides an excellent thermal indicator
of organic diagenesis in sediments that have not been intensively weathered or meta-
morphosed (Legall et al., 1981). Palynomorphs contain a sporopollenin-like material
in their walls, which under increasing temperatures suffers irreversible changes in
its structure (dehydration) manifested by colorimetric evolution (Obermajer et al.,
1999). This makes palynomorphs of particular value in geothermometry, specifically
in low-temperature range correspondent to the thermal window for oil generation
(60-150◦C). The thermal alteration index (TAI) was introduced by Staplin (1969,
in Teichmüller, 1986), and constitutes a very simple although subjective method
based on the colour of kerogen concentrates. It distinguishes five stages (Figure 4.7)
ranging from light yellow, corresponding to thermal alteration 1 (no alteration) to
black, equivalent to 5 (severe alteration) (Figure 4.6; Table 4.4).

Acritarchs can also be used as alternative palaeothermometers (Legall et al.,
1981; Obermajer et al., 1999; Crick, 1992; Dorning, 1986). Legall et al. (1981)
developed the Acritarch Alteration Index (AAI), which assesses thermal maturity by
progressive colour variation (darkening in transmitted light) and proposed a scale
from 1 to 5 (Figure 4.6), ranging from colourless through yellow in the incipient oil
generation (index 1-2), orange to brown in the main oil window (index 3-4), and black
in the gas zone (index 5). This qualitative technique has been calibrated against
conodont colour alteration index (CAI), thermal alteration index (TAI), Graptolite
reflectance (GRo), vitrinite reflectance (VRo) and fluid-inclusion data (Legall et al.,
1981; Williams et al., 1998 and references therein).
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Stage of thermal Maturity for oil Maturation
Ro (%) Tmax TAI

Immature 0.2-0.6 <435 1.5-2.6
Mature
Early 0-6-0.65 435-445 2.6-2.7
Peak 0.65-0.9 445-450 2.7-2.9
Late 0.9-1.35 450-470 2.9-3.3

Postmature >1.35 >470 >3.3

Table 4.4 Geochemical Parameters describing level of thermal maturation (2/2) (Peters
and Cassa, 1994)

Acritarchs not only show colour changes during burial increase but also variations
in their spectral fluorescence. The autofluorescence property of palynological objects
is based on the property of some organic components to transpose a short-waved light
into an emission of light in a longer-waved range of the spectrum (Talyzina, 1998
and references therein). The fluorescence of acritarchs has been tested as a useful
thermal maturity indicator by showing variations of both the wavelength of maximum
emission (λmax) and the red-green quotient (Q=intensity at 650 nm/intensity at
500 nm) (Obermajer et al., 1999). During the onset of oil generation λmax values
are commonly 450 nm or less whereas Q is below 0.5. Within the initial phase of
oil generation λmax shows a steady increase to 480 nm, whereas Q remains almost
unchanged. Finally a greater red shift occurs approaching peak oil generation with
Q increasing slightly to more than 0.5 and a rapid raise of λmax from 520 to 550 nm.

4.4.3.2 Previous studies within the basin

There are no published reports about the maturity of the rocks in the São
Francisco Basin. The only information is related to the metamorphic degree of the
Vazante and Canastra group rocks (Soares Monteiro et al., 2006 and Almeida, 2009),
which place the rocks in the greenschist facies (∼400-500◦C and 3-4 kbar).

4.4.4 Biomarkers

4.4.4.1 Principle

Biomarkers or biological marker compounds are fossilised lipids (composed of
carbon, hydrogen, and other elements) derived from organic structures of once-
living organisms, which have survived degradation (Eigenbrode, 2008; Peters et al.,
2005; Kristen Miller et al., 2009; Peters and Moldowan, 1993 in Peters and Cassa,
1994). The three domains of life, Bacteria, Eukarya, and Archaea, produce specific
biomarkers because the genetics of an organism affect its lipid structure (Eigenbrode,
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2008). Therefore biomarkers can be related back to a specific organism. As lipids
contained within the source rock undergo burial, compaction and heating, they tend
to rearrange into more thermodynamically stable forms. This is achieved by cleaving
their functional side chains and reducing the number of multiple bonds through
hydration reactions (i.e. gaining more hydrogen atoms per carbon atom) (Summons
et al., 2008) (Figure 4.8). The structure of the diagenetic product depends on the
structure of the original lipid and the type of alteration (Eigenbrode, 2008; Summons
et al., 2008).

Figure 4.8 Processes leading to preservation of a hopane biomarker in sediments. Modified
from Brody (2007).

Biomarkers occur in sedimentary rocks and are incorporated into the sediment
as kerogen or bitumen (Peters et al., 2005). Extractable biomarkers can also help
elucidate depositional environment of the source and occurrence of biodegradation.
An important aspect of biomarker geochemistry is stereoisomerism. Isomerisation
is the process by which one molecule is transformed into another that has the
same chemical structure but the atoms possess different spatial arrangement in
three dimensions (IUPAC, 1997). This process is particularly important in the
determination of thermal alteration as biomarkers rearrange during diagenesis and
maturation to form stable isomers. The conversion from a less stable isomer to the
more stable isomer can be recorded in a molecular ratio (or index) that serves as
an indicator of its thermal maturation. An example is the ratio 20S/(20R + 20S),
which measures the relative abundance of the S and R configurations (isomers) at
the 20 carbon position of sterane hydrocarbons. The 20R configuration is exclusively
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developed by living organisms but during diagenesis and catagenesis, steranes are
progressively transformed to a mixture of 20R and 20S isomers. Equilibrium is reached
at a value of ∼0.55 for this ratio (Figure 4.9), therefore before that equilibrium is
reached, the higher the ratio the more mature the rock is (Summons Lab, 2014).

Biomarkers are classified into several main categories based on their precursor
molecules (e.g. saturated, aromatic, polar non-hydrocarbon fractions; Peters et al.,
2005). The most commonly applied biomarkers in the oil industry are both saturated
and aromatic compounds fractions. The saturated compounds include hopanes, ster-
anes, n-alkanes, acyclic isoprenoids and diamondoids (Peters et al., 2005). Hopanes
are derived from lipids with a bacterial origin; Steranes are biosynthesised mainly by
eukaryotes (requiring oxygen); n-Alkanes have multiple precursor molecules; Acyclic
isoprenoids are formed by a variety of organisms but some specific structures are
characteristic of certain bacteria; Diamondoids do not occur in living organisms and
are generated during diagenesis, and with increased thermal stress (Wei et al., 2007).
The aromatic fraction comprises tri-aromatic and polycyclic aromatic hydrocarbons
(PAHs). Aromatic are not biosynthesised but formed by diagenetic/catagenetic
alteration and are useful for maturity evaluation (Peters et al., 2005).

Biomarker-based Thermal Maturity Parameters
Thermal maturity was assessed using a variety of biomarker parameters (Table 4.5).

Some of these and their correlation to the oil window are presented in Figure 4.9.

Figure 4.9 Summary of biomarker maturity parameters and their equilibrium points over
the oil generation window. Modified from Peters et al. (2005), Peters and Moldowan (1993).
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The methylphenanthrene index (MPI) (Table 4.5) value calculated from polycyclic
aromatic hydrocarbons can be converted to a vitrinite reflectance equivalent (MPI
Rc) and directly correlated to vitrinite reflectance values (Ro) (Table 4.3). This
empirical relationship derived from regression analysis (Welte et al., 1984 in Peters
et al., 1986) (Figure 4.10) has two equations for its regression lines: one for vitrinite
reflectance between 0.6 and 1.35% (Rc=0.60 MPI + 0.40); another for vitrinite
reflectance between 1.35 and 2.0% (Rc=-0.60 MPI + 2.30). One problem with this
conversion is that the relationship is non-linear, and for every MPI there are two
possible Rc values, as illustrated on Figure 4.10.

Figure 4.10 Chart to convert between MPI and Rc at different Ro values. Modified from
Peters et al. (2005).

Biomarkers as palaeobiological and palaeoenvironmental indicators
The presence or absence of specific markers can reveal aspects of the depositional

environment, redox conditions and components of the organic matter. The biomarker
indicators included in this work are detailed as follows (Table 4.6):
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Parameter Fraction Calculated from Biological and/or environmental interpretation Ref.
Odd-Even Predominance (OEP) GC

Pr/Ph Saturate
(Isoprenoid) GC

Their relative concentration is indicative of depositional
environment: phytol is transformed to pristane during oxidising

conditions and to phytane under reducing conditions
Peters et al., 2005

Pr/n-C17
Saturate

(Isoprenoid) GC oxygen conditions in the depositional environment pIGI software

Ph/n-C18
Saturate

(Isoprenoid) GC

24-n-propylcholestane Saturate
(Sterane) GC-MS (m/z 217) algae, marine conditions with few exceptions Moldowan et al., 1990

24-isopropylcholestane sponges McCaffrey et al., 1994

extended C32 to C36 cyanobacteria Bisseret et al., 1985,
Summons et al., 1999

2α- methylhopane

extended C32 to C36
Saturate
(Hopane) GC-MS (m/z 205) microaerophilic proteobacteria

Zundel & Rohmer, 1985
a, b, c Summons &

Jahnke, 1992
3β-methylhopane

Steranes/hopanes using (C27-29ααα
[20S+20R] + αββ [20S+20R]
steranes/C29-33αβ hopanes

[22S+22R])

Saturate
(Sterane/
Hopane)

indicates the amount of eukaryotic input relative to bacterial input
into organic matter Moldowan et al., 1985

Sterane isomer composition (St27iso;
St28iso: St29iso)

Saturate
(Sterane) GC-MS (m/z 217) Indicates the type of organism into organic matter pIGI software

Gammacerane Saturate
(Hopane) GC-MS (m/z 191) strongly anoxic conditions (water column anoxia?)

Peters and Moldowan,
1993 Sinninghe Damste

et al., 1995

Table 4.6 Biomarkers as palaeobiological and palaeoenvironmental indicators
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4.4.4.2 Previous studies within the basin

There is very little published literature relevant to biomarkers in the São Fran-
cisco Basin. The available studies concentrate mainly in the Vazante Group and
secondarily in the Bambuí Group but there are no precedents for the Canastra Group.

Bambuí Group
Little (2009) studied carbonaceous shales and black limestones of the Lagoa de

Jacaré Formation in well PSB-14-MG (Figure 4.11). The author suggested that
the syngenetic organic content is represented by green sulphur bacteria, cyanobac-
teria and to a lesser extent, eukaryotes, as inferred by biomarker analysis. Little
(2009), also indicated deposition within a stratified water column on the basis of aryl
isoprenoids thought to be indicative of bacteria living in conditions of photic zone
euxinia.

Vazante Group
Olcott et al. (2005) investigated biomarkers in the Serra do Poço Verde Formation

in well MAF 42-88 (Figure 4.11). This formation presents thinly laminated shales
between thick carbonate diamictites, and lonestones, interpreted by the author as
ice rafted debris (dropstones) deposited on a continental shelf during the Sturtian
glaciation. The shales contain biomarkers of cyanobacteria (2α-methylhopanes),
green sulphur bacteria, aerobic eukaryotes and aerobic methanotrophs. In addition
finely disseminated pyrite abundant in the matrix of the black shales indicates
extensive re-mineralisation of organic matter by sulphate-reducing bacteria. The
presence of these biomarkers reveals a diverse community existing during the glacial
event in a water column stratified with respect to oxygen (an interpretation supported
by the presence of gammacerane) but with penetrating sunlight to the sea surface to
allow photosynthetic primary production. This leds to a speculation regarding the
configuration of the oceans during the glacial period: thin or absent ice sheets in a
stratified water column with oxic surface waters and euxinic conditions within the
photic zone. These considerations have important implications for the "Snowball
Earth" hypothesis, standing in sharp contrast to the hard snowball model that
calls for a complete shutdown of primary productivity during Proterozoic glacial
events (e.g. Hoffman et al., 1998). It is important to highlight that these rocks,
although well preserved, are thermally mature and contain very small quantities of
bitumen. In this way, a biomarker study is susceptible to interference from migrating
hydrocarbons and extant biota.

Soluble organic matter was extracted from the Lapa Formation (Brody, 2007)
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(Figure 4.11) in order to understand biological activity during post-glacial deposition.
Inconsistencies among biomarkers abundance, specifically in the n-alkane, sterane
and naphthalene families, raised doubts about the extent to which the extracted
organic matter is indigenous. Comparisons of source and maturity parameters with
those analysed in Olcott et al. (2005) of the underlying Serra do Poço Verde Forma-
tion suggest both lateral and horizontal heterogeneities of biomarker distributions.
Differing pathways of migrating fluids through the Vazante Group could be possible
causes for this heterogeneity (Brody, 2007). On the other hand, if these units are of
markedly different age, the biomarker variability may be a function of environment.
Variations within the same Lapa Formation were also observed. The normal alkane
and the sterane fractions in the organic matter demonstrate different characteristics
in shaly vs. carbonate facies. This could reflect variations in the original source of
the organic matter, either because of different depositional environments of the host
rock or because soluble organic matter from an external source (but Precambrian in
age) mixed with indigenous organic matter in the sediments of the Lapa Formation.

Recent studies in the Serra do Poço Verde Formation carried out by Marshall
et al. (2009) (Figure 4.11), using Raman spectrometry, indicate that the kerogen
contained within a single thin section has a range of maturity. H/C ratios of kerogen
also support a wide variety in the level of maturation over too short a distance to be
attributed to regional metamorphism or local hydrothermal alteration. Marshall et
al. (2009) explained the results by the presence of two generations of kerogen, one of
low maturity and aliphatic character, probably synglacial marine organic matter, and
the other more structurally ordered and of high maturity, related to organic carbon
originating from black shales and/or carbonates in the source region and transported
to the marine basin during glaciation. This conclusion is supported by extractable
biomarker data, with hopane and sterane abundance correlated with rocks showing
Raman spectra indicative of low maturity. In contrast, samples comprising mostly
mature organic carbon contain only high molecular weight n-alkanes and no hopanes
or steranes.
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Figure 4.11 Localities with biomarker studies in the São Francisco Basin

4.5 Results and interpretations

4.5.1 Organic richness

Outcrop samples - TOC vs uranium values
The samples collected during fieldwork with the least apparent degree of weather-

ing, were analysed for total organic carbon content in order to assess if some insight
of enrichment could be detected in any of the units studied. In addition, there
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was interest to evaluate the relation between TOC and uranium content recorded
with the portable gamma ray spectrometer during the field campaign (Chapter III).
Although it has been reported that weathered rocks can record total organic carbon
loss between 60-100% relative to initial (unweathered) TOC contents (Petsch et
al., 2000; Clayton and Swetlan, 1978), uranium is less vulnerable to destruction
by weathering and its elevated content could be interpreted as a relict of organic
richness (Lüning et al., 2003). Even if uranium contents in this work (Chapter III)
were lower than those recorded by Lüning et al. (2003) and Lüning and Kolonic
(2003), a correlation with TOC is required to discard reciprocity. In this respect, it
is important to note that not all the units in which uranium content was measured
in the field were assessed for organic content; the other way around also applies.
The reasons for this are numerous. They include lack of availability of the portable
gamma ray during the first field campaign, the degree of weathering of many outcrops
that precluded the extraction of samples or conditioned their preservation during
transport, the lack of access to some exposures with the portable gamma ray and
the limited funding to perform organic geochemistry studies.

Considering these limitations, a total of 13 samples and their organic/uranium
content results were analysed and compared (Table 4.7). As shown in Figure 4.12,
there is apparently no correlation between U and TOC in any of the units included in
this analysis. Approximately half of the studied rocks, despite lithological composition
and/or metamorphic degree, hold total organic carbon contents of less than 1 weight
percent (wt%). Paradoxically, these rocks exhibit the higher relative uranium
concentration reaching up to 6.5 ppm for the Pre-Bambuí samples. On the other
hand, one of the samples from the Serra do Poço Verde/Morro do Calcário formations
have the highest TOC values (∼6.5 wt%) in spite of presenting the lowest uranium
concentration (≤ 2ppm) of the studied batch of rocks.

It is probable that weathering may have caused organic matter degradation and
loss, together with uranium lixiviation if these components were indeed present in
the unweathered rocks. The possibility that some of these units may have source
rock potential in fresher specimens cannot be discounted. It is also important to note
that there are additional factors apart from weathering that might condition U vs
TOC development. These range from the type of organic matter, the lithology and
facies of the rocks under study, their degree of thermal maturation/metamorphism,
and fluid circulation that can condition the presence and amount of both components
(Luning and Kolonic, 2003 and references therein). Unfortunately calibration of
the U vs TOC contents with unweathered rocks from subsurface was not possible
because despite using subsurface samples (cores) for TOC measurements, log data
(e.g. gamma-ray) was not acquired in these wells.
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Sample Group Formation Zone UTM_E UTM_N Gamma
(U) ppm

TOC
wt%

142 B? undetermined 23K 372661 8035549 4.2 0.08
26.02 PB undetermined 23K 370846 8039758 4.3 0.2
26.01 PB undetermined 23K 370846 8039758 2.1 0.22
44 PB undetermined 23K 372669 8030696 6.5 0.03

107 B Serra da
Saudade 23K 405515 7805815 4.9 0.07

135 V Sa Poço Verde 23K 299955 8006328 1.4 2.46
135.01 V Sa Poço Verde 23K 299955 8006328 2.2 5.39
137 V Sa Poço Verde 23K 299349 8008891 2.1 0.02

75 V Morro do
Calcário 23K 314176 8072314 1.2 1.62

76 V Morro do
Calcário 23K 314584 8073362 1.3 2.70

78 V Morro do
Calcário 23K 314375 8072925 1.3 6.50

46 C M. do Ouro
Mb - Paracatu 23K 300964 8097639 5.2 0.58

64 C S. da Anta Mb
- Paracatu 23K 296736 8089876 3.1 0.46

Table 4.7 Uranium vs TOC content of outcrop samples; B:Bambuí, PB:Pre-Bambuí,
V:Vazante, C:Canastra.

Figure 4.12 Relationship between uranium and total organic content for outcrop samples
(decarbonated samples)



Results and interpretations 160

4.5.1.1 Bambuí Group

23 outcrop samples of the Bambuí Group, belonging to the Sete Lagoas, Serra da
Saudade and Lagoa do Jacaré formations were assessed for organic richness. These
vary from 0.03 to 2.78 (wt%) (Table 4.8), the Sete Lagoas Formation being the only
unit with TOC contents above 0.5 wt%.

Sample Formation UTM_N UTM_E TOC wt%
(not decarb)

TOC wt%
(decarb)

rock
type

S.1.1 Base Sete
Lagoas 7822190 606921 2.78 0.02 carbonate

S.1.2 Top Sete
Lagoas 7846527 574356 0.77 0.64 carbonate

S.4.3 Sete Lagoas 0.74 no sample carbonate
S.4.6 Sete Lagoas 0.08 carbonate
S 4.4 Sete Lagoas 0.54 carbonate
S 4.5 Sete Lagoas 0.09 carbonate
S85 Sete Lagoas 0.04 carbonate
S86 Sete Lagoas 7744919 435239 0.03 carbonate
S87 Sete Lagoas 7744231 435692 0.08 carbonate
S88 Sete Lagoas 7744633 416214 0.08 carbonate
S89 Sete Lagoas 7745453 414564 0.05 carbonate
S91 Sete Lagoas 7752227 438811 0.06 carbonate
S92 Sete Lagoas 7733905 436539 0.04 carbonate

S.3.7 Serra da
Saudade 0.04 pelite

S107 Lagoa
Formosa 7805815 405515 0.07 pelite

S110 Lagoa
Formosa 7811881 390779 0.02 pelite

S.1.3 Lagoa Jacaré 878383 609249 0.06 carbonate
& pelite

S.3.2 Lagoa Jacaré 0.04 pelite
S120A Lagoa Jacaré 7921471 391575 0.01 carbonate
S120 Lagoa Jacaré 7921471 391575 0.01 carbonate
S122 Lagoa Jacaré 7985920 378369 0.11 carbonate
S123 Lagoa Jacaré 7986376 378733 0.01 carbonate
S124 Lagoa Jacaré 7993209 375402 0.02 carbonate

Table 4.8 Organic richness of the Bambuí Group from outcrop samples. UTM Zone 23K;
highlighted samples were re-assessed for TOC content (improved decarbonation technique);
"no sample" indicates that there was no enough sample to repeat the measurements.

Sete Lagoas Formation
a) Outcrop
Samples with high TOC were collected in both the SE and SW limits of the basin

(Table 4.8). These correspond to the bottom and topmost portions of the formation
and their values vary between 0.74 and 2.78 wt%.
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b) Open pit
In Lhoist mine, the 8 samples taken from the consecutive benches of the open pit

show a sharp increase in TOC spanning from sample S5.5 towards sample S.5.8bis
(Table 4.9, Figure 4.13). While the underlying rocks show values ≤0.15 wt%, the
upper most part of the pit presents organic richness ranging from 6.14 to 1.13
wt%. The marked increase in organic richness coincides with the beginning of
the final depositional sequence of the Sete Lagoas Formation (Chapter III), which
represents a sudden facies variation by microbial dolostones. The abrupt TOC
variation (Figure 4.13) was originally considered to reflect differences in organic
matter input (i.e. presence of microbial communities), energy decrease (i.e. greater
chances of organic matter preservation), and/or variations in the palaeoenvironment
of deposition (e.g. hypersaline waters preventing organic matter oxidation).

Sample Formation Location TOC wt% TOC wt%
(not decarb) (decarb)

S5.8 bis 1.13 0.03
S5.8 4.88 0.07
S5.7 3.11 0.04
S5.6 0.11 0.07
S5.5 Sete Lagoas Lhoist Open Pit 6.14 0.03
S5.4 Arcos city region 0.06
S5.3 0.12
S5.2 0.1
S5.1 0.16

Table 4.9 Organic richness of the Sete Lagoas Formation at Lhoist open pit. Highlighted
samples were re-assessed for TOC content (improved decarbonation technique). Open pit
location: 435125 UTM_E, 7757505 UTM_N, zone 23k.

c) Core
Based on the promising TOC results obtained mainly from Lhoist open pit and

secondarily from outcrop samples, subsurface rocks from the Sete Lagoas Formation
were requested at Lhoist mine. The location of well LMR1009 (Figure 4.11) and
details of the sampled intervals stratigraphically are presented in Chapter III. Analyses
of the 48 core samples (Table 4.10), indicate a different scenario in terms of organic
richness from that shown in outcrops and open pit, despite the short distance (∼15
m) from the latter to the location of well LMR1009. Total organic carbon in the
core range from 0.02 to 0.56 wt% and averaging 0.14 wt%, suggesting an overall
poor source-rock potential for the formation in this part of the basin. In addition,
the uppermost section of the core, which coincides in part with the stratigraphic
interval sampled along the pit, does not show an increase in TOC as registered
previously. The organic content values of the dolomitic microbialites proved to be
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aleatory ranging from a minimum of 0.04 to a maximum of 0.50 wt%. The dark grey
argillite of the basal part of the core, show a slightly higher total organic carbon
content ranging from 0.14 to 0.56 wt% and averaging 0.37 wt%.

Figure 4.13 Organic content of Sete Lagoas Formation at Lhoist open pit (orange line=
incompletely decarbonated samples; blue line=completely decarbonated samples)

An intriguing aspect is the decrease in organic enrichment of the paradoxically
fresher rocks from subsurface. Lateral facies variations could potentially explain
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such a change, but also incorrect preparation/measurement could account for such
discrepancy in TOC values. In order to discard preparation issues, all samples from
the core were reassessed (Table 4.10), which involved cutting additional 10 g of rock,
homogenisation and re-evaluation of TOC. Although variations between replicates
are normally expected (S.D. between 3-10%), dissimilarities of up to 0.5 wt% were
considered in excess of standards (M. Jones pers. comm.). Considering the facies
similarity in core and pit, this was attributed to an incomplete decarbonation of
the first batch of rocks. Consequently, a new assessment of the complete set of
core samples and selected outcrop samples was performed. In order to completely
eliminate inorganic carbonate content, a modified decarbonation procedure was
applied, involving an extra acid step treatment at a greater temperature (∼60-70◦C).

Sample Fm. TOC wt% TOC wt% Sample Fm. TOC wt% TOC wt%
(not decarb) (decarb) (not decarb) (decarb)

U1.S1 0.37 0.32 U3.S1 0.04 0.02
U1.S2 0.33 0.22 U3.S2 0.07 0.03
U1.S3 0.33 0.24 U3.S3 0.08 0.04
U1.S4 Sete 0.29 0.24 U3.S4 0.04 0.01
U1.S5 Lagoas 0.34 0.22 U3.S5 0.13 0.08
U1.S6 0.14 0.06 U3.S6 0.06 0.02
U1.S7 0.3 0.36 U3.S7 0.05 0.01
U1.S8 0.22 0.14 U3.S8 0.04 0.01
U1.S9 0.37 0.49 U4.S1 0.05 0.01
U1.S10 0.28 0.33 U4.S1 0.05 0.01
U2.S1 0.13 0.13 U4.S2 0.05 0.02
U2.S2 0.05 0.02 U4.S3 0.04 0.01
U2.S3 0.07 0.06 U4.S4 0.04 0.02
U2.S4 0.04 0.01 U4.S5 0.07 0.04
U2.S5 0.03 0 U4.S6 0.05 0.03
U2.S6 0.05 0.01 U4.S7 Sete 0.08 0.10
U2.S7 Sete 0.05 0.01 U4.S8 Lagoas 0.33 0.04
U2.S8 Lagoas 0.03 0 U4.S9 0.06 0.02
U2.S9 0.11 0.08 U4.S10 0.09 0.04
U2.S10 0.05 0.02 U4.S11 0.07 0.02
U2.S11 0.04 0 U4.S12 0.06 0.05
U2.S12 0.08 0.02 U4.S13 0.07 0.03
U2.S13 0.04 0 U4.S14 0.11 0.17
U2.S14 0.02 0 U4.S15 0.08 0.08
U2.S15 0.04 0

Table 4.10 Organic richness of the Sete Lagoas Formation in well LMR1009. Highlighted
samples were re-assessed for TOC content (improved decarbonation technique). Well location:
435494 UTM_E, 7757305 UTM_N, zone 23K.

The corrected TOC samples for both core and outcrops provided consistently low
amounts of total organic carbon (Tables 4.8, 4.9, 4.10; Figure 4.13). Specifically
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in core LMR1009 (Figure 4.14), the relatively highest organic contents were still
recorded in the bottom of the formation, however the maximum TOC was of 0.49
wt%. In this way, the original apparent enrichment does not appear to be associated
with stromatolitic constructions, but rather siliciclastic facies.

Figure 4.14 Organic content of the Sete Lagoas Formation in well LMR1009 (correctly
decarbonated samples).
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4.5.1.2 Vazante Group

14 field samples from the Vazante Group, 12 belonging to the Morro do Cal-
cário/Serra do Poço Verde Formation, 1 from the Serra do Garrote Formation and
1 from the Lapa Formation were assessed for organic richness using the refined
decarbonation methodology (Table 4.11). The values vary from 0.02 to 6.63 wt%.

Sample Formation UTM_N UTM_E TOC wt% rock type
S52 Morro do Calcário 8106106 308884 6.63 carbonate
S53 Morro do Calcário 8106070 309493 5.75 carbonate
S58 Morro do Calcário 8110746 307862 0.02 carbonate
S58A Morro do Calcário 8110746 307862 0.01 carbonate
S75 Morro do Calcário 8072303 314152 1.62 carbonate
S76 Morro do Calcário 8073352 314559 0.06 carbonate
S76A Morro do Calcário 8073352 314559 2.7 carbonate
S78A Morro do Calcário 8072917 314351 6.5 carbonate
S135 Morro do Calcário 8006328 299955 2.46 carbonate
S135A Morro do Calcário 8006328 299955 5.39 carbonate
S137 Serra Poço Verde 0.02 slate
S139 Morro do Calcário 0.02 carbonate
S80B Lapa 8200574 278126 0.17 slate
S140 Serra do Garrote 8083957 317627 0.03 slate

Table 4.11 Organic richness of the Vazante Group from outcrop samples; UTM Zone 23K.

Morro do Calcário/Serra do Poço Verde
The Morro do Calcário/Serra do Poço Verde unit was only studied from outcrop

samples (Table 4.11). It exhibits the highest organic content of the Vazante Group
with 7 out of 12 samples showing values above 1.62 wt% and the remaining with
very lean contents. The strata are characterised by the presence of a dark, pow-
dery, staining material visible in both, hand specimen (along stylolites, vugs) and
microscopic scale (Chapter III). SEM/EDX analyses (Figure 4.15) confirmed that
this black material is pyrobitumen, explaining the disparity of results between the
host rock and decomposed hydrocarbon. The presence of bituminous material in
rocks of the Vazante Group indicates that this unit behaves as potential hydrocarbon
reservoir rocks, coinciding with previous observations made by Tonietto (2010).
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Figure 4.15 SEM/EDX images of the pyrobitumen present in the Morro do Calcário/Serra
do Poço Verde Formation.

Serra do Garrote Formation
a) outcrop
Only 1 sample from outcrop was analysed for organic geochemistry due to the

intense weathering and destruction of the remaining samples during transportation.
Its value is extremely low with only 0.03 wt% TOC (Table 4.11).

b) core
Core VZCF001 (location and details of sampled interval stratigraphy are presented

in Chapter III), at depths between 280.2 and 292.5 m, contains an average total
organic carbon content of 1.22 wt% and values as high as 2.15 wt% (Table 4.12,
Figure 4.16). While the upper half of the section shows more scattered organic
content, its lower half (from 287 to 292.5m) shows a steady increase towards its base
attaining a value as high as ∼2 wt%. This suggests the Serra do Garrote Formation
has very good source rock potential from an organic content perspective (Tables 4.2)
(Peters & Cassa, 1994)
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Sample Formation TOC wt% UTM_N UTM_E rock type
1 S. do Garrote 0.85 8025677 312956 slate
2 S. do Garrote 1.53 8025677 312956 slate
3 S. do Garrote 0.07 8025677 312956 slate
4 S. do Garrote 2.15 8025677 312956 slate
5 S. do Garrote 0.87 8025677 312956 slate
6 S. do Garrote 2.10 8025677 312956 slate
7 S. do Garrote 0.72 8025677 312956 slate
8 S. do Garrote 0.20 8025677 312956 slate
9 S. do Garrote 0.93 8025677 312956 slate
10 S. do Garrote 1.48 8025677 312956 slate
11 S. do Garrote 0.62 8025677 312956 slate
12 S. do Garrote 1.98 8025677 312956 slate
13 S. do Garrote 1.50 8025677 312956 slate
14 S. do Garrote 1.38 8025677 312956 slate
15 S. do Garrote 1.89 8025677 312956 slate

Table 4.12 Organic richness of the Serra do Garrote Formation in well VZCF001. UTM
Zone 23K

Figure 4.16 Organic content of the Serra do Garrote Formation in well VZCF001

Lapa Formation
a) outcrop
In outcrop the units provided very low TOC values, ∼0.2 wt% (Table 4.11),

probably due to the advanced weathering of its outcrops.
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b) core
The black slates of core VZSDF004 (location and details of sampled interval

stratigraphy are presented in Chapter III) have organic content averaging 1.22 wt%,
with a minimum of 0.72 and a maximum of 1.92 wt% (Table 4.13, Figure 4.17). This
unit presents more uniform organic content along the interval analysed, although a
slight increase in TOC is observed towards its base. This unit qualifies as a good
source rock based on its organic content (Tables 4.2) (Peters and Cassa, 1994).

Sample Formation TOC wt% UTM_N UTM_E rock type
16 Lapa 0.96 8030436 308810 slate
17 Lapa 1.37 8030436 308810 slate
18 Lapa 0.99 8030436 308810 slate
19 Lapa 0.72 8030436 308810 slate
20 Lapa 1.01 8030436 308810 slate
21 Lapa 0.86 8030436 308810 slate
22 Lapa 0.91 8030436 308810 slate
23 Lapa 0.80 8030436 308810 slate
24 Lapa 1.06 8030436 308810 slate
25 Lapa 1.75 8030436 308810 slate
26 Lapa 1.45 8030436 308810 slate
27 Lapa 1.42 8030436 308810 slate
28 Lapa 1.94 8030436 308810 slate
29 Lapa 1.42 8030436 308810 slate
30 Lapa 1.38 8030436 308810 slate
31 Lapa 1.53 8030436 308810 slate

Table 4.13 Organic richness of the Lapa Formation in well VZSDF004. UTM Zone 23K

Figure 4.17 Organic content of the Lapa Formation in well VZSDF004
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4.5.1.3 Canastra Group

Paracatu Formation
a) outcrop
Three outcrop samples of the Canastra Group and specifically the Paracatu

Formation were assessed for organic richness. Although dark in hand specimen,
neither of these present more than ∼0.5 wt% TOC (Table 4.14).

Sample Member TOC wt% UTM_N UTM_E rock type
S46A Morro do Ouro 0.42 8097628 300940 slate
S64 Serra da Anta 0.46 8089866 296712 slate
S68 Serra da Anta 0.39 8080726 297107 slate

Table 4.14 Organic richness of the Canastra Group, Paracatu Formation from outcrop
samples; UTM Zone 23k

a) core
The same formation analysed from subsurface samples (core MASW03) provided

an average of 1.34 wt% with values ranging from 0.75 wt% in the base of the cored
interval, increasing progressively towards its upper section reaching a total organic
carbon content as high as 2.12 wt% (Table 4.15, Figure 4.18). Therefore if the same
facies are considered as equivalent from core and outcrops (∼35 km apart), it can
be argued that there was a significant reduction of overall organic content by as
much as 70% in the outcrop samples. The unweathered specimens have very good
potential as source rock from its organic content according to Peters and Cassa
(1994) (Tables 4.2).

Sample Formation TOC wt% UTM_N UTM_E rock type
32 Paracatu 2.12 8065425 303038 slate
33 Paracatu 1.76 8065425 303038 slate
34 Paracatu 1.75 8065425 303038 slate
35 Paracatu 1.56 8065425 303038 slate
36 Paracatu 1.48 8065425 303038 slate
37 Paracatu 1.03 8065425 303038 slate
38 Paracatu 1.42 8065425 303038 slate
39 Paracatu 0.92 8065425 303038 slate
40 Paracatu 1.23 8065425 303038 slate
41 Paracatu 1.19 8065425 303038 slate
42 Paracatu 1.16 8065425 303038 slate
43 Paracatu 0.99 8065425 303038 slate
44 Paracatu 1.59 8065425 303038 slate
45 Paracatu 0.75 8065425 303038 slate
46 Paracatu 1.13 8065425 303038 slate

Table 4.15 Organic richness of the Lapa Formation in well MASW03. UTM Zone 23K.
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Figure 4.18 Organic content of the Paracatu Formation in well MASW03

4.5.2 Organic components

The specimens with the highest TOC values obtained for each formation (Sec-
tion 4.5.1) were assessed in order to characterise and identify the various organic
constituents that could have contributed to the generation of hydrocarbons. The
method chosen for this purpose involves treating the rock with acids to study strew
slides of organic matter concentrates (kerogen) under transmitted light microscopes
(Teichmüller, 1986). If compared with the study of polished sections (e.g. technique
commonly used for vitrinite reflectance studies), the method used here has the disad-
vantage of destroying the natural texture of the rock and often some macerals, but on
the other hand, it allows recognition of extremely fine particles that are not resolvable
with other methods (Teichmüller, 1986). Choice of appropriate preparation methods
was made following consultation with various specialised researchers and technical
staff at Royal Holloway (Margaret Collinson, Sharon Gibbons), Uppsala (Sebastian
Willman) and Cambridge (Nick Butterfield) universities. These individuals were
later contacted again to discuss the results.

4.5.2.1 Bambuí Group

Based on the initial apparent enrichment of the Sete Lagoas Formation (not
completely decarbonised samples) from outcrop and open-pit, 5 samples (1 from
outcrop and 4 from open pit) were prepared for palynological studies to study their
organic constituents (Table 4.16).



Results and interpretations 171

Sample Formation UTM_N UTM_E rock type
S.1.2 Top Sete Lagoas Limestone
S.5.5 Top Sete Lagoas 7757505 435125 Dolomite
S.5.7 Top Sete Lagoas 7757505 435125 Dolomite
S.5.8 Top Sete Lagoas 7757505 435125 Dolomite

S.5.8 bis Top Sete Lagoas 7757505 435125 Dolomite

Table 4.16 Samples used for palynological analysis. UTM zone 23k.

The number of potential organic compounds found in palynological section was
under ten per slide in sample S.1.2. In the remaining samples no apparent organic
presence was detected. The acid resistant maceration residues of sample S.1.2 did
not provide fully preserved microfossils. Instead, specimens with variable size and
morphology possibly derived from organic particles (cell clusters) were observed
(Figure 4.19). The likely primary biological structures present angular shapes and
sizes ranging from ∼20 to 50 µm. Wall surface texture is thin, moderately smooth
to slightly granular and brownish in colour. Sometimes wispy folds can be detected
(Figure 4.19 B, B’, D, D’), possibly the product of viewing microfossils in a plane
surface. Although preservation is poor, these fragments are tentatively interpreted
as the remains of acritarchs.
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Figure 4.19 Organic fragments tentatively interpreted as remaining of acritarchs in sample
S.1.2 from the top of the Sete Lagoas Formation. A, B, C, D, x20 magnification; A’, B’,
C’, D’ x40 magnification.
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As these samples were derived from a rock exposed to oxidation, weathering
was originally considered the main determining factor on preservation. However,
the preparation technique is also critical for the extraction of acritarchs, as they
are typically brittle and thus vulnerable to fragmentation (Grey, 1999; Butterfield,
2004; 2005). The organic fragments observed in S.1.2 appear within clumps of dark
brown to black material (reconstituted kerogen?/iron-rich mineral?) (Figure 4.20)
with variable shapes and sizes agglutinated by a pale-greyish whitish gel. The last
component appears commonly in most analysed samples.

Figure 4.20 Pyritic aggregates in sample S.1.2 of the Sete Lagoas Formation - A, x20
magnification; A’, x40 magnification.

In order to improve and increase the recovery of fragile fossiliferous material, the
apparent organic fraction of sample S.1.2 was hand-picked using pipette/tweezer
under a binocular stereoscope. The remaining components were also pipetted off
the concentrates to be observed with a SEM. The procedure was complex, time
consuming and the fragility of the apparent organic particles precluded their magni-
fied observation. However, this technique together with EDX did help confirming
the chemical composition of the components present in the palynological samples
(Figures 4.21, 4.22, 4.23). The white gel proved to be calcium fluoride (Figure 4.21),
a precipitate formed by the combination of HF with any remaining CO3, while the
fine dark aggregates are pyrite (Figure 4.22). Carbon was also identified in apparent
organic fragments (Figure 4.23).
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Figure 4.21 Calcium fluoride - A and C, SEM images; B, EDX composition.

Figure 4.22 Pyrite - A, SEM image; B, EDX composition; C, binocular stereoscope.

Figure 4.23 Organic components - A, D, F, SEM image; B, E, EDX composition; C,
binocular stereoscope.

As a consequence of these findings, a renewed and improved palynological prepa-
ration technique following Grey (1999), Butterfield and Grotzinger (2012) was
implemented to unweathered rocks of the top and bottom of core LMR1009 (based
on TOC values of not completely decarbonised samples) (Table 4.10). The intention
was not only to eliminate the presence of precipitates/remaining minerals but also
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to improve the preservation of the organic fragments by using gentler acid treatment.
The modified palynological preparation procedure for the extraction of acid-insoluble
Precambrian microfossils was based on the standard method explained in Section 4.2
with the addition of some modifications. These consisted of an additional step after
silicate removal (HF) in which gentler HCl concentration (32%, 250 ml) was added
to the sample and raised to boiling point in a hot plate. This stage was maintained
until any formed fluoride had dissolved. The sample was later decanted, washed
until pH was neutral and allowed to settle. According to Grey (1999) Neoproterozoic
microfossils are contained within the 10->25µm fraction. Therefore a mesh of 10 µm
was used to eliminate fine remaining debris. Although the presence of pyrite was
confirmed using SEM/EDX analysis, oxidation of the samples to remove sulphides
was avoided in an initial stage, as unoxidised samples were needed for thermal
maturation studies. Finally for the kerogen mount, a special transparent medium,
Epotek 301, was used to avoid background fluorescence.

The results of the new palynological sections showed improvement in preservation
of organic matter with less apparent fragmentation, absence of calcium fluoride and
fewer pyrite crystals retained after sieving. The insoluble residue of macerated samples
U1.S2 and U1.S3 from the bottom of the Sete Lagoas Formation (Figure 4.24) consists
primarily of disseminated organic material with rare microfossils (approximately
15 per slide). Based on Bechstädt et al. (2009) maceral classification, the samples
analysed herein appear to have melanogen as their dominant fraction, probably
as a product of high thermal overprint. The remaining non-opaque kerogen is
visually dominated by dark-coloured amorphogen and only a minor portion of that is
represented by phyrogen (organic tissues interpreted as acritarchs). It is important to
note that, the palynology analysis carried out here should be regarded as preliminary
and qualitative. It did not involve the quantitative examination (counting particles)
of the kerogen component groups nor their statistical interpretation. Therefore the
hydrocarbon proneness was not determined.

The microfossil assemblage can be described as thin-walled, unornamented
sphaeromorphs, ∼50-70 µm in diameter, with moderately smooth surface textures.
Such acritarchs are tentatively classified as Leiosphaerids (Lindgren, 1981) however,
the presence of putative microfossils formed by a fortuitous organisation of kerogen
particles during the maceration process is not fully discounted (Kidder and Awramik,
1990 and references therein). Neither filamentous nor nonspheroidal morphs were
observed.
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Figure 4.24 Potential acritarchs in the base of the Sete Lagoas Formation - Core samples
U1S2, U1S3.
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An additional step in the preparation methodology, consisting of kerogen oxidation,
was incorporated. The intention was to remove potential surface encrustations that
may diminish the aspect of the organic matter and to extract pyrite that may
darken the specimens. Oxidation of the samples was performed with 200 mL of hot
nitric acid (HNO3) during approximately 2 minutes until brown fumes disappeared.
Oxidation was stopped by the addition of distilled water. This latter attempt
did not significantly refine the palynological outcome, which still provided mainly
amorphogen-dominated kerogen. It is to highlight that the oxidation process did
not induce a marked change in colour as expected and instead the organic matter
preserved dark tones.

4.5.2.2 Vazante and Canastra groups

Even if examples of acritarchs have been recovered from low-grade metamorphosed
siliciclastic rocks in other basins around the world (Kidder and Awramik, 1990 and
references therein), metasediments are usually avoided for microfossil studies because
the exposure of the rocks to increasing temperature and pressure tends to destroy
organic-walled structures (Vidal, 1981). This seems to be the case for the Serra do
Garrote, Lapa and Paracatu formations, which appear severely affected by thermal
alteration. Despite their good potential as source rocks from an organic content
perspective (Section 4.5.1), diagenesis and low-grade metamorphism have probably
altered the original shape and features of the microfossils such that their microbiota
has neither been detected in thin sections nor in macerates. Metamorphism must
have destroyed the structural integrity of microfossils leaving only minute kerogen or
graphite particles (melanogen) upon maceration (Figure 4.25).

Figure 4.25 Minute kerogen in samples of the Paracatu (A), Serra do Garrote (B) and
Lapa (C) formations.

4.5.3 Organic maturity

Subject to the initial apparent enrichment of the Sete Lagoas Formation (not
completely decarbonised samples), the specimens with the highest TOC values were
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evaluated with a view to defining their degree of maturity. The Vazante and Canastra
groups on the other hand, are metamorphosed to low greenschist facies (Monteiro
et al., 2006) and greenschist facies in chlorite zone (Freitas-Silva, 1996). In spite of
the kerogen type, Pepper and Corvi (1995) determined that no further hydrocarbon
generation is expected upon 220◦C, which is lower than the temperatures needed for
low greenschist facies to occur. Thus, maturation analyses were not conducted on
these rocks.

4.5.3.1 Maceral colour

In order to avoid variations in maceral colour induced by weathering, only core
samples from the Sete Lagoas Formation were used for this purpose. Because most
kerogen is apparently degraded (Section 4.5.2), only a tentative maturation analysis
is performed.

Visual examination of the kerogen from the base of the Sete Lagoas Formation
(U1.S2, U1.S3) reveals dark-brown to black colours for its disseminated organic
remains (Figure 4.24), fitting to a thermal alteration index (TAI) 3 to 4. This
could be correlated to a maximum long-term palaeotemperature of approximately
150-200◦C (Figure 4.6). It is assumed that this relates to the thermal increase
caused by the burial of the formation passing through the bottom (deadline) of
the oil-generative window. The observed potential acritarchs, on the other hand,
also show predominantly medium to dark brown colours, probably reflecting similar
thermal alteration (Figure 4.6) (AAI, Staplin, 1977). The AAI developed by Legall et
al. (1981) is based on Leiosphaeridia genus, similar to those recovered from samples
in the present study. Yet, good specimens are crucial for an accurate classification
as coloration of their walls is in part determined by their stage of alteration (Legall
et al., 1981). As indicated in Section 4.5.2, acritarchs detected in the Sete Lagoas
Formation cannot be taxonomically classified with confidence and thus the AAI
analysis must be regarded as an approximation. The only observation that may
indeed favour their exposure to high temperatures is the fact that Leiospheres tend
to become progressively destroyed and fragmented at temperatures equivalent to
VRo of ∼2.0 onwards (Figure 4.6) (Staplin, 1977), which appears to be the case
in some of the studied samples. It is important to note that the lack of vitrinite
and/or other thermal maturation indicators in the studied samples precluded further
calibrations.
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4.5.3.2 Fluorescence

Fluorescence observations require extremely well preserved organic matter (Talyz-
ina, 1998) because corrosion and oxidation affect the autofluorescence intensity of
organisms and can even reverse progressive colour changes produced by increasing
temperature (Obermajer et al., 1999). Therefore this technique was not applied to
the degraded kerogen obtained in the palynological slides.

4.5.3.3 Pyrolysis (Rock-Eval)

Whole rock Rock-Eval pyrolysis (Espitalié et al., 1977) permits rapid evaluation
of the organic matter maturity and quality. However a minimum amount of organic
enrichment is needed to obtain reliable results (Peters, 1986). As originally only 1
sample from outcrop and 4 samples from open pit provided ≥1wt% TOC (considering
the not completely decarbonised specimens), a total of 5 samples from the Sete
Lagoas Formation were appraised initially (Table 4.17).

Sample S1
(mg/g)

S2
(mg/g)

S3
(mg/g)

Tmax
(◦C)

PY
(mg/g)

PI (wt
ratio)

HI
(mg
HC/g
TOC)

OI
(mg

CO2/g
TOC)

TOC
(%)

S 1.1 0.01 0.52 0.14 300 0.53 0.02 19 5 2.78
S 5.8 bis 0.02 0.47 0.50 421 0.49 0.04 42 44 1.13
S 5.8 0.02 0.57 0.28 300 0.59 0.03 12 6 4.88
S 5.7 0.00 0.92 0.11 485 0.92 0.00 30 4 3.11
S 5.5 0.02 0.50 0.21 300 0.52 0.04 8 3 6.14

Table 4.17 Pyrolysis results of Sete Lagoas Formation from outcrop (sample 5.8bis, 5.8,
5.7, 5.5) and open pit (sample 1.1)

The four measurements of Rock-Eval pyrolysis S1, S2, S3 and Tmax were used
to calculate potential yield (PY), production index (PI), hydrogen index (HI) and
oxygen index (OI) parameters following Peters (1986). None of the 5 pyrolysed
samples produced detectable S1 (Table 4.17, Figure 4.26), indicating that there
are no extractable bitumen within the rocks. On the other hand, the five samples
produced some pyrolysed hydrocarbon from kerogen and therefore detectable S2
(Table 4.17) but in all cases minor yields (0.47-0.92), suggesting that this formation
has poor remaining potential to generate hydrocarbons (Peters and Cassa, 1984). In
the same way, programming temperature up to 390◦C produced small quantities of
CO2 (S3). Associated with these results, both HI and OI values plot in the origin
or lower left corner of the modified van Krevelen diagram (Figure 4.27), precluding
kerogen type classification and pointing to overmaturity (Peters, 1986). However,
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Tmax (a maturity indicator whereby values lower than ∼430◦C indicate thermal
immaturity, Table 4.3, Peters, 1986) apparently contradicts these results, and with
the exception of sample 5.7, indicates that no significant amounts of the organic
matter have been converted to hydrocarbons. PI, which is another maturity indicator
(Table 4.3), possesses values <0.1 for all rocks and reinforces the idea that these
rocks are positioned above the top oil window birthline.
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Figure 4.26 Rock-Eval pyrograms for samples S.5.5, S.5.8., S.5.8bis, S.1.1 and S.5.7. of
the Sete Lagoas Formation
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Figure 4.27 Modified van Krevelen Plot with results from pyrolysis of samples S.5.5, S.5.8.,
S.5.8bis, S.5.1 and S.5.7 of the Sete Lagoas Formation

Such anomalous results could well be linked to alteration of the rocks, as they
were collected from outcrops and open pit. Oxidation tends to remove hydrogen
(Peters, 1986 and references therein) having a direct impact in S2 peak. Weathered
samples also commonly show depletion of S1, conditioning PI. In addition, Tmax and
PI are crude measurements of thermal maturity and are partly dependent on other
factors, such as type of organic matter (Peters and Cassa, 1994). Thus, conclusions
regarding thermal maturity have to be supported by other analyses, like transmitted
or reflected-light petrographic identifications of maceral composition and maturity.

With the complete decarbonation process (Section 4.5.1) these samples as well
as their subsurface equivalents (LMR1009 core) revealed very low organic content
(<0.5 wt% TOC) (Section 4.5.1.1). This is thought to be the main cause for the
ambiguous and unreliable pyrolysis results. However, with the intention to discard
anomalous results due to alteration induced by weathering, subsurface samples were
considered for pyrolysis analysis. In general, the analytical reliability of Rock-Eval
pyrolysis data is suspect for samples with TOC values less than 0.4 wt% (Peters,
1986). Therefore, Rock-Eval was only applied to 1 of the 48 samples (Table 4.18)
obtained from core LMR1009, which has a TOC value of 0.49 wt% (U1S9). As shown
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in Table 4.18, the genetic potential (S1+S2) of this sample is less than 0.25 milligrams
of hydrocarbon per gram of rock which strongly indicates that this rocks is now
poor in hydrocarbon-generating potential (Peters, 1986). Apparently, this could be
attributed to the advanced level of thermal maturation indicated by Tmax=596◦C,
which positions the organic matter of the Sete Lagoas Formation (locality LMR1009),
to the upper limit of dry-gas generation (Peters, 1986). However, Tmax values for
samples with S2 peaks less than 0.2 mg HC/g rock are often inaccurate (Peters,
1986). In addition, the most reliable geochemical interpretations are based on wells
for which large amounts of pyrolysis data are available and this is clearly not the
case. Nonetheless, if hydrocarbons were indeed generated out of this formation, it
is feasible that the observed low organic content is related to thermal maturation,
which may cause as loss of 30-50% of the assumed original amount of TOC (Buchardt
et al., 1986; Peters and Cassa, 1994).

Sample S1
(mg/g)

S2
(mg/g)

Tmax
(◦C)

PY
(mg/g)

PI (wt
ratio)

HI (mg
HC/g
TOC)

TOC
(%)

U1S9 0.05 0.17 596 0.22 0.23 29 0.49

Table 4.18 Pyrolysis results of Sete Lagoas Formation from core sample

Kinetic analysis, which are performed with pyrolysis of source rock samples using
different heating rates to obtain a distribution of activation energies and calculate
kerogen decomposition rates (Jarvie and Lundell, 2001), was not performed due to
the low yields obtained previously.

4.5.4 Biomarkers

4.5.4.1 Maturation indicators

The results of the biomarkers maturity indicators (Webb, 2013) are displayed in
Table 4.19, and its values are correlated to Figure 4.9 and 4.10 from Peters et al.
(2005) (Section 4.4.4).
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Formation Sete Lagoas Paracatu Serra do Garrote
Core LMR1009 MASW03 VZCF001

Sample U1S9 U1S2 U1S3 33 32 2 15
Rc MPI-1 1.35-2.00 2.02 2.04 1.9 2.23 2.09 1.95 2.08

TNR 2.14 1.29 1.42 1.51 2.39 2.18 2.58
MNR 1.74 2.08 1.77 1.91 1.27 1.51 1.6

TAI/I+II 0.15 0.12 0.14 0.2 0.36 0.14 0.25
C29 St ββ/ββ+αα 0.41 0.38 0.36 0.44 0.35 0.41 0.44
C29 St 20S/S+R 0.34 0.3 0.25 0.41 0.23 0.45 0.28
C31 H 22S/S+R 0.56 0.57 0.56 0.57 0.55 0.43 0.57

Ts/Tm 0.42 0.44 0.43 0.39 0.45 0.35 0.55
Ph/n-C18 - 0.12 0.15 0.27 0.37 0.26 0.23

OEP - 1.75 1.44 *14.16 1.14 2.84 2.24

Table 4.19 Summary of biomarker maturity parameters. *denotes anomalous OEP value
due to an anomalously large C25 peak. Source: Webb, 2013.

The Rc MPI-1 values were calculated assuming that Ro is between 1.35-2.0% (based
on the gas presence in the basin), using the specific equation detailed by Peters
et al. (2005). The Rc MPI-1 value can be directly correlated to equivalent vitrinite
reflectance, and values of Ro = 1.90-2.23% obtained here, indicate the boundary
between the wet-gas to dry gas window (Peters & Cassa, 1994). The TNR and MNR
ratios increase with increasing maturation. The triaromatic steroid ratio (TA I/I+II)
presents values of 10-60 for all samples, pointing to peak oil generation. The C29
St ββ/ββ+αα and C29 St 20S/S+R ratios have not reached equilibrium for any
sample, showing that the rocks have not attained the peak to late oil generation.
The C31 homohopane ratio has a value of ∼0.6 for all samples which coincides with
full isomerisation at the onset of the oil generation. Ts/Tm values range from 0.30 to
0.55, indicating peak oil generation, however a strong facies dependency can play a
critical role in this calculation and there is the potential for co-elution with tricyclic
terpanes (Seifert & Moldowan, 1978). OEP values near 1, as observed here for all the
studied samples, suggest thermal maturity (Peters et al., 2005). Diamondoid-based
maturity parameters could not be calculated from GC-MS because their peaks were
in too low abundances to be distinguished from the background peak scatter.

The parameters show a range of responses yet correlate reasonably with each
other. The great majority places the rocks within the oil generation window, with
the exception of Rc MPI-1 which points to overmaturity. It is interesting to note,
however, that these results are similar not only for the unmetamorphosed Sete Lagoas
Formation, but also for the metamorphic rocks of the Canastra and Vazante groups
(green schist facies, typically 300-450◦C). As these latter rocks have been subject to
temperatures in excess of those required for hydrocarbon generation (hydrocarbon
is generated from ∼60-160◦C, with thermogenic gas beyond 160◦C, Hunt, 1996),
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biomarker results are apparently misleading. This incongruence can be explained by
the fact that many biomarkers, including some studied here, are known to invert or
display erratic behaviour at high maturities (Peters & Moldowan, 1991; Farrimond
et al., 1998). A reversal of isomerisation ratios can occur at high maturities due to
variations in the unidentified, complex mechanisms controlling the generation and
degradation of parameter components (Peters & Moldowan, 1991). Low confidence
in thermal maturation determinations is a common problem for source rocks of
this age (e.g. McArthur Basin, Summons et al., 1988). Different organic matter
input (kerogen type) between the Bambuí and Canastra/Vazante groups can also
be adjudicated as another feasible reason for the deceiving maturity parameters,
particularly in aromatic biomarkers (Radke et al., 1988). Variations in maturity
within each unit, as evaluated by Marshall et al. (2009) in the Serra do Poço Verde
Formation, were not assessed in this project.

4.5.4.2 Palaeobiological and palaeoenvironmental indicators

The results of the source and environment biomarkers indicators are displayed in
Table 4.20, 4.21 and Figure 4.28. The reader is re-directed to Webb’s dissertation
for a complete list of chromatograms (Appendix IV.1).

Formation Sample Lithology OEP Pr/Ph Pr/n-C17 Ph/n-C18
U1S9 Argillite - - - -

Sete Lagoas U1S2 Argillite 1.75 0.95 0.57 0.78
U1S3 Argillite 1.44 0.75 0.56 0.93

Paracatu MASW 03.33 Slate 14.16* 1.09 1.25 1.36
MASW 03.32 Slate 1.14 1.34 1.04 0.95

Serra do Garrote VZCF001-2 Slate 2.84 1.06 1 0.88
VZCF001-15 Slate 2.24 1.25 1.24 0.83

Table 4.20 Summary of source and redox condition parameters. Sample U1S9 was not run
for GC analysis. *denotes anomalous OEP value due to an anomalously large C25 peak.

Sample Steranes/hopanes
U1S9 0.54
U1S2 0.91
U1S3 0.72

MASW03.33 0.72
MASW03.32 0.66
VZCF001-2 0.45
VZCF001-15 0.53

Table 4.21 Summary of steranes/hopanes ratio, calculated using C27-29ααα [20S+20R] +
αββ [20S+20R] steranes/C29-33αβ hopanes [22S+22R] for the Sete Lagoas, Paracatu and
Serra do Garrote formations.
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The Meso-Neoproterozoic samples show the presence of n-C14-19 alkanes, indicating
a predominantly marine algal input. A similar distribution has also been observed
in the McArthur Basin, Australia (Summons et al., 1988). The presence of 24-n-
propylcholestane and its isopropyl isomer in mass chromatograms of the Paracatu
samples additionally point to marine conditions with the presence of algae and
sponges (Moldowan et al., 1990; McCaffrey et al., 1994; Love et al., 2009). Although
such biomarkers were not observed in the remaining samples, probably due to the low
concentrations of organic matter analysed, they were also described for the Lagoa do
Jacaré Formation of the Bambuí Group by Little (2009). In addition, the presence
of 2α- and 3β-methylhopane in all samples provides evidence of methanogenic
Archaea and cyanobacteria as well as marine pelagophyte algae as part of the source
biomarkers (Love et al., 2009, Summons et al., 1999; Summons and Jahnke, 1992).
The steranes/hopanes ratio reflects the eukaryotic (algae) relative to prokaryotic
(bacterial) input to the source rock (Moldowan et al., 1985). The values span
from 0.45 to 0.91, as seen in Table 3.8, evidencing a mixture of both components.
Figure 4.28, which shows sterane isomer composition, additionally denotes a large
input from mixed planktonic-bacterial and algae into organic matter. The sterane
isomer composition correlates well with typical Proterozoic oils and source rocks
(Kelly, 2009).

Figure 4.28 Sterane isomer composition ternary plot indicating organic matter contributors
(from pIGI software; modified from Webb, 2013).

In relation to palaeoenvironmental indicators, the Pr/Ph ratios for all samples,
as indicated in Table 4.20 and Figure 4.29, show deposition in dysoxic to anoxic
environments, observation that is reinforced by the Pr/n-C17 vs Ph/n-C18 plot
(Figure 4.30). Particularly gammacerane was found at the base of the Sete Lagoas
Formation pointing to strong anoxic conditions (i.e. stratified water column) in a
marine setting (Peters and Moldowan, 1993; Peters et al., 2005).



Results and interpretations 187

Figure 4.29 Depositional setting oxygen availability based on Pr/Ph ratios (from pIGI
software; modified from Webb, 2013).

Figure 4.30 Oxygen conditions in the depositional environment based on Pr/n-C17 versus
Ph/n-C18 values (from pIGI software; modified from Webb, 2013).

Contamination issues
The syngeneity of biomarkers (i.e. original to the rock) is questionable in some

samples, particularly the Sete Lagoas and Serra do Garrote formations which denote
presence of oleanane. Oleanane is a common biomarker originating from angiosperms
(Moldovan et al., 1994) and as flowering plants were not present until the Mesozoic,
it clearly indicates that at least some of the biomarkers present in the samples may
not be syngenetic but introduced after lithification. Doubts remain about impurities
acquired during the analytical process, as some contamination may have occurred
during separation or by contact with GC vial rubber lids (the reader is re-directed
to Webb’s dissertation for further information, Appendix IV.1).
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4.6 Summary

• Total organic carbon content:

– Rocks collected from outcrops, irrespective of lithology, formation and
location, contain very low quantities of preserved organic matter and
therefore are not useful for source rock identification and characterisation.
Higher TOC values from outcrop samples of the Vazante Group (Serra
do Poço Verde/Morro do Calcário Formation) were associated with the
presence of pyrobitumen, which gives clues as to potential reservoirs
and/or migration pathways yet not about the original source.

– Subsurface data indicate that both the Vazante and Canastra groups
have good to very good potential as source rocks from an organic content
perspective, as has been described in previous studies by Geboy (2006),
Olcott (2005) and Brody (2007). The Serra do Garrote and Lapa for-
mations average 1.22 wt% TOC and maxima of 2.15 wt% and 1.92 wt%
TOC respectively. The Paracatu Formation has the highest average of all
studied units with a TOC of 1.34 wt%. Its maxima content is however
slightly lower than the Serra do Garrote Formation, reaching up to 2.12
wt%. The Sete Lagoas Formation, on the other hand, was found to possess
at present day, a poor source rock character (Table 4.2, Peters & Cassa,
1994) due to the measured low TOC values (≤0.5 wt%). It is possible,
however, that the unit might represent a hydrocarbon source rock interval
as described by Iyer et al. (1995), who cites TOC contents up to ∼6%.

– Effective decarbonation practises are crucial during the analytical process,
otherwise misleading interpretation and incorrect decision-making can be
derived from it.

• Organic type:

– Organic petrography of samples belonging to the Bambuí, Vazante and
Canastra groups indicates that only the Sete Lagoas Formation apparently
yields fossil material at micrometric scale. In common with Lopes (1995),
it is found that the acritarchs are simple spheroids with poor preservation,
and low diversity and abundance. No new taxa are described, no taxa
are formally identified, and only broad comparison can be made with
specimens described in the literature. The observed acritarchs are tenta-
tively interpreted as belonging to the genera Leiosphaeridia, although the
assignment of morphs from the Sete Lagoas Formation to this acritarch
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taxa is difficult and of doubtful validity. In addition, biostratigraphy is
impossible, not least because these acritarchs are long ranging and of
limited geochronological significance (Willman, 2007).

– It is also important to highlight that in practically all studied samples of
the Sete Lagoas Formation, microfossils were scarce or even absent. The
maceral is dominated by melanogen and dark-coloured amorphogen and
only a minor portion of that is represented by phyrogen (organic tissues). It
is possible that further microfossils, if originally present, were susceptible to
destruction by diagenesis/fluid circulation/thermal maturation. Otherwise,
the low TOC obtained after complete decarbonation could effectively
reflect that there was no significant organic production and/or preservation
during sedimentation and early diagenesis at this location. The limited
amount of samples and their reduced areal distribution, on the other
hand, do not allow firm conclusions to be drawn in this respect. The
analysis carried out here did not involve quantitative evaluation of kerogen
particles but their qualitative description points to maceral dominated by
melanogen, followed by amorphogen and phyrogen (acritarchs).

– For the Vazante and Canastra groups in particular, it is speculated that
low-grade metamorphism has probably altered the structural integrity of
microfossils leaving only melanogen (inert kerogen) upon maceration and
consequently barren organic matter for further hydrocarbon generation.

– This study showed that weathering and/or palynological preparation
methods could be discarded as determinants for organic preservation.

– At a molecular scale, biomarker analysis confirmed that the vast majority
of the organic matter in these Meso-Neoproterozoic sediments (Vazante,
Canastra and Bambuí groups) is of prokaryotic and eukaryotic origin,
including bacterial, sponge and probably multicellular eukaryotes (algae).
However, all samples shown to be extremely lean in solvent extractable
organic matter, and doubts remain about the presence of further organisms.
In addition, the syngeneity of some biomarkers is put to question due to
indications of contamination.

– In relation to biomarkers palaeoenvironmental indicators, deposition in a
marine setting with dysoxic to anoxic waters is inferred for all units under
consideration. This coincides with observations presented by Little (2009)
for the Lagoa do Jacaré Formation. In addition, the presence of gammac-
erane in the Sete Lagoas Formation, points to a water column stratified
with respect to oxygen, similarly to Ocott et al. (2005) observations for
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the Serra do Poço Verde Formation.

• Organic maturity:

– Pyrolysis and maceral colour studies were not performed for the Canastra
and Vazante groups because their rocks are metamorphosed to green-schist
facies and therefore are overmature.

– Dark brown to black maceral colour are observed from samples of the base
of the core of the Sete Lagoas Formation. Analysis of these colours with
TAI and AAI are indicative of stages equivalent to gas generation window
with temperatures ranging from 150 to 200◦C. Due to the low preservation
of the kerogen constituents, however, doubts remain in relation to their
precise maturation degree and no further studies (e.g. fluorescense) could
be applied. TAI and AAI provide therefore only a crude evaluation of the
burial temperatures that the rocks might have been exposed to.

– Outcrop and open pit samples from the Sete Lagoas Formation provided
ambiguous pyrolysis results with PI and Tmax values less than about
0.1 and 435◦C respectively, indicating immature organic matter whilst
HI and OI values suggest the opposite. Weathering is regarded as a
potential cause for these ambiguous results although the main issue is
considered to be related to the low organic content measured after correct
decarbonisation of the samples.

– Core data also presents very lean organic content and therefore only 1 sam-
ple could be used for pyrolysis analysis. The specimen studied, from the
base of the Sete Lagoas Formation, indicates poor source rock generative
potential (S1+S2 <0.25), probably associated with the advanced thermal
maturity to which the rock was exposed (Tmax=596◦C). However, Tmax
values derived from S2 peaks as low as the one obtained here (∼0.2 mg
HC/g rock) are often inaccurate (Peters, 1986).

– Pyrolysis studies and associated HI and OI values precluded organic type
classification using the modified van Krevelen graph, as all the samples
studied plot near the origin.

– Biomarker thermal indicators applied to the Vazante, Canastra and Bam-
buí groups measured a variety of maturities. However, most indexes agree
on a stage within the oil generation window for all units studied here.
As these biomarkers provided similar results for both metamorphosed
(Vazante and Canastra groups) and un-metamorphosed rocks (Bambuí
Group), it is inferred that some organic molecular indicators provided



Summary 191

erratic behaviour. This is explained by a reversal of isomerisation ratios
at high maturities (Peters & Moldowan, 1991; Farrimond et al., 1998),
which conditions low confidence in thermal maturation determinations.

– Despite all adverse described circumstances, apparently pyrolysis (Rock-
Eval), visual description of the kerogen and biomarker-based thermal
maturity parameters point to a late mature to post mature stage for the
Sete Lagoas Formation in the studied location. If these rocks are indeed
overmature with respect to hydrocarbon generation, the pyrolysis reactions
may have been incomplete and its previous total organic carbon content
may well be underestimated. In the same way, the thermal destruction
over a long elapsed time since deposition may explain the extremely lean
nature of these rocks in solvent extractable organic. Nevertheless, owing to
the low amount of studied samples it is premature to draw firm conclusions
with respect to its thermal exposure and original total organic carbon
content.

The sampling opportunities for source rock evaluation at present are geographi-
cally and stratigraphically limited because only a small portion of the onshore São
Francisco Basin is deeply drilled and has been available for this study. Overall the
samples accessed in this project indicate that the Canastra and Vazante groups could
eventually be classified as "effective" source rocks according to Peters and Cassa
(1994) classification. The amount of organic matter they preserve even after matura-
tion may indicate that the Paracatu and Serra do Garrote formations constituted
extensive hydrocarbon source rocks in the past. Despite no remaining potential for
further hydrocarbon generation, it is not implausible that between deposition and
prior to the last tectono-metamorphic event recognised in the Brasília Belt (ca. 600
Ma; Pimentel et al., 1999), the rocks expelled hydrocarbons. However, the data
available is insufficient to determine their quality or type of organic matter, which is
a third conditioning for an effective source rock to occur. The Sete Lagoas Formation,
on the other hand, remains as a "potential" source rock because further studies are
needed to determine if the rock contains the necessary quantities of organic matter
and if it has reached the proper level of thermal maturity to generate hydrocarbons.
The data obtained here are ambiguous and difficult to interpret in this respect
suggesting the need for further more extensive evaluation of this unit. Including
samples from supplementary cores and range of depths can assist in obtaining a
better picture of both the depositional and post-depositional processes of the Bambuí
Group, and also improve our understanding about the Vazante and Canastra groups
from a source rock perspective.
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Chapter 5

Source rock dating

5.1 Introduction

The rhenium-osmium (Re-Os) geochronometer is an increasingly recognised tool
for determining depositional ages of organic-rich rocks (Ravizza and Turekian, 1989;
Cohen et al., 1999; Selby and Creaser, 2005b; Georgiev et al., 2011) and hydrocarbon
deposits (Selby et al., 2005; Selby and Creaser, 2005a). Until now, however, it
has only been applied to two formations of the basin (Geboy, 2006; Azmy et al.,
2008). Placing proper geochronological constraints on organic-rich horizons is key
to understand the nature of the depositional environment and fossil hydrocarbon
system in this vast basin.

The aims of this chapter are twofold: 1) to constrain the depositional age of the
organic-rich strata in the Canastra (Paracatu Formation), Vazante (Serra do Garrote
Formation) and Bambuí (Sete Lagoas Formation) groups using Re-Os geochronology;
2) to improve radiometric calibration of the Brazilian Proterozoic rock record and
contribute to a better understanding of the geological evolution of the Brasília Belt
and São Francisco Basin.This chapter forms the basis of a paper (Bertoni et al., in
review; Appendix V.1), currently in review in Precambrian Research.

Section 5.2 focuses on the Re-Os geochronology methodology, and particularly
the protocol for sampling and Re-Os geochronology systematics. Section 5.3 lists the
data limitations. Section 5.4 expands into the Re-Os geochronology fundamentals
with special emphasis on the principles behind the application of this radiometric
technique to date organic-rich sedimentary rocks (ORS) and its application to Pre-
cambrian rocks. This section also details the dating available in the São Francisco
Basin for the units of interest, including those corresponding to Re-Os and alterna-
tive radiometric/chemostratigraphic methods. Section 5.5 lists the results for the
Paracatu, Serra do Garrote and Sete Lagoas formations and presents their isochrons.
Section 5.6 summarises the results.
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5.2 Re-Os geochronology methodology

5.2.1 Sampling

Samples of the three formations in this study were collected from proprietary drill
cores (Figure 5.1). Detailed information regarding their sedimentology and source
rock characterisation are presented in chapter III and IV respectively. Following
Kendall et al. (2009a), ∼100 g samples were collected at 1 m intervals in each
core. Sub-sampling at further 0.4 m intervals was undertaken to detect changes in
Re and Os abundance and isotope composition. Care was taken to avoid zones of
hydrothermal alteration and mineralisation.

5.2.2 Re-Os geochronology

For Re-Os analysis, the core samples were polished to eliminate any metal
contamination (e.g. cutting and drilling marks). Each sample was dried at 60◦C for
24h and then crushed to a powder (c. 30µm) in an agate dish using an automated
shatterbox (at RHUL).

Rhenium and Os isotope analyses were carried out by Alan Rooney and Dave
Selby at Durham University’s TOTAL laboratory for source rock geochronology and
geochemistry using methods outlined in Selby and Creaser (2003) and Selby (2007).
Between 0.2 and 0.4 g of each sample was digested and equilibrated in a borosilicate
carius tube in 8 ml of CrVI-H2SO4 together with a mixed tracer (spike) solution of
190Os and 185Re at 220◦C for 48 h. The CrVI-H2SO4 solution was used to liberate
hydrogenous Re and Os, restricting the incorporation of non-hydrogenous Re and
Os (Kendall et al., 2004). Solvent extraction (CHCl3) for Re and Os purification,
micro-distillation and anion chromatography methods were employed as outlined by
Cumming et al. (2013). The purified Re and Os fractions were loaded onto Ni and
Pt filaments, respectively (Selby, 2007).

The isotopic measurements were determined by Negative Thermal Ionisation
Mass Spectrometry using a Thermo Electron TRITON mass spectrometer via static
Faraday collection for Re and ion-counting using a secondary electron multiplier
in peak-hopping mode for Os. Total procedural blanks during this study were
14.6±0.16 pg and 0.05±0.01 pg (1σ standard deviation (S.D.), n = 3) for Re and Os,
respectively, with an average 187Os/188Os value of 0.61±0.03 (n = 3).
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Figure 5.1 Location and geology of the study area. A - São Francisco Craton, São Francisco
Basin and surrounding belts (BFB=Brasilia Fold Belt; Araçuaí Fold Belt). B - Simplified
geological map of the Brasília Belt and western São Francisco Basin. Modified from Dardenne
(2000).

Uncertainties for 187Re/188Os and 187Os/188Os were determined by error prop-
agation of uncertainties in Re and Os mass spectrometer measurements, blank
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abundances and isotopic compositions, spike calibrations and reproducibility of stan-
dard Re and Os isotopic values. The Re-Os isotopic data including the 2σ calculated
uncertainties for 187Re/188Os and 187Os/188Os and the associated error correlation
function (rho) were regressed to yield a Re-Os isochron using Isoplot V. 4.0 and
the λ 187Re constant of 1.666 x 10-11yr-1 (Smoliar et al., 1996; Ludwig, 2008). By
incorporating these errors and uncertainties the data should only reflect geological
scatter rather than analytical scatter. To generate a ’true’ isochron representing
meaningful data, the fit of data to the isochron line was required to be low (<3 to
mean square of weighted deviates (MSWD)).

To evaluate mass spectrometry reproducibility, two in-house Re and Os (Durham
Romil Osmium Standard = DROsS) solution standards were analysed. The Re
solution standard yields an average 185Re/187Re ratio of 0.598071±0.001510 (1 S.D.,
n = 67), which is in agreement with the value reported for the AB-1 standard
(Rooney et al., 2010). The measured difference in 185Re/187Re values for the Re
standard solution and the accepted 185Re/187Re value (0.5974; Gramlich et al., 1973)
is used to correct the measured sample Re isotope composition. The Os isotope
reference solution (DROsS) gave an 187Os/188Os ratio of 0.160892±0.000559 (1 S.D.,
n = 67), which is in agreement with previous studies (Rooney et al., 2010).

5.3 Data issues

As explained in Chapter III and IV, four cores were provided by mining companies
(Votorantim and Lhoist) for this PhD project. Of those, only three were assessed
using Re-Os geochronology (Sete Lagoas, Paracatu and Serra do Garrote formations),
based on funding limitations.

5.4 Theoretical background and previous work

5.4.1 Re-Os geochronology and systematics

The Re-Os system has been successfully applied to a wide range of geological
disciplines ranging from cosmochemistry, sulphide ore genesis and related tectonic
events, mantle evolution, crustal growth and diamond formation since the 50’s
(Rooney, 2011 and references therein). Most recently, the Re-Os system has also
played a critical role in dating and understanding organic-rich sedimentary rocks
and hydrocarbons accumulations (Ravizza and Turekian, 1989; Cohen, 2004; Cohen
et al., 1999; Creaser et al., 2002; Selby and Creaser, 2003; 2005a; 2005b; Kendall et
al., 2004).
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Renhium and osmium form a radioactive parent-daughter pair, as one of the
two isotopes of Re (187Re) decays by β-emission to 187Os (Cohen, 2004). Thus it
converts the Re-Os isotope system as both a geochronometer and an isotopic tracer.
Landmark work in Re-Os geochronology by Lindner et al. (1989) and by Smoliar
et al. (1996), provided a half life of 4.23±0.13 x 1010y-1 and a decay constant of
1.666±0.0017 x 10-11yr-1 respectively.

During sample preparation, the use of the CrO3-H2SO4 solution for sample
digestion (Selby and Creaser, 2003) instead of aqua regia (Cohen et al., 1999; Creaser
et al., 2002) has demonstrated that the influence of any nonhydrogenous Re and Os,
is minimised. This allows better stratigraphic age determinations and evaluation
of the Os isotope composition of seawater. The inability to precisely analyse low
abundances (nanogram and sub-nanogram) of Re-Os elements was overcome with
the development of negative thermal ionisation mass spectrometry (NTIMS). This
method coats the sample with Ba(NO3)2 resulting in ionisation efficiencies of up
to 6% for Os and >20% for Re. The application of NTIMS for measuring Re and
Os isotopes and CrO3-H2SO4 solution for sample digestion resulted in analytical
precisions better than ±1‰(2σ; Selby and Creaser, 2005b; Kendall et al., 2004,
2006, 2009a). Isochrons are presented with 2σ uncertainties for error propagation
of uncertainties in sample-weighing, spike calibration, blank abundances, isotope
compositions and reproducibility of standard Re and Os isotope values (Rooney,
2011).

The Isoplot V.4.0 program of Ludwig (2008), is used to regress the Re-Os isotope
data and generate an isochron. Varying degrees of assigned errors e.g., Model 1 or 3
are used: Model 1 age represents a fit of the data where the only reason that causes
data-points to scatter from a straight line is analytical error; Model 3 age assumes
a combination of assigned errors plus unknown errors (e.g. geological error due to
variations in initial isotope ratios) as causatives of the scatter on the isochron.

Re-Os geochronological data is commonly displayed on an isochron diagram
(Cohen, 2004) (Figure 5.2). Present-day Os-isotope compositions (expressed as
187Os/188Os ratios) and their Re/Os ratios (expressed as 187Re/188Os ratios) of the
analysed samples are respectively displayed on the vertical and horizontal axis. The
age of the samples, is obtained from the slope of the best-fit regression line through
the data points. Its intercept on the vertical axis, records the initial osmium isotope
composition (187Os/188Os(i)) at the time of deposition (Smoliar et al., 1996; Selby
and Creaser, 2003).



Theoretical background and previous work 209

Figure 5.2 Initially all samples plot as a horizontal line. With time, as Re-187 decays to
Os-187, the points evolve upward and to the left. The slope of the line at any point reveals
the age of the sample set. Note the y-intercept value does not change with time. Modified
from Geboy (2006).

5.4.1.1 Re-Os geochronology of organic-rich sedimentary

rocks (ORS)

Work by Ravizza and Turekian (1989) pioneered the application of the 187Re-
187Os geochronometer to ORS providing a whole rock isochron age for a Devo-
nian/Mississippian ORS. Lately, Cohen et al. (1999) yielded depositional ages for
Jurassic ORS that were identical, within uncertainty, of the interpolated stratigraphic
ages.

Re and Os are organophilic and redox-sensitive, therefore Re-Os ORS geochronol-
ogy is able to provide depositional ages and essential information on the Os isotope
composition of palaeo-seawater (Selby & Creaser 2003; Kendall et al., 2004; 2009b,
2009c; Selby et al., 2005, 2009). Under suboxic, anoxic or euxinic conditions Re
is removed from pore waters and enriched in sediments near the sediment-water
interface (≤1 cm; Colodner et al., 1993; Morford et al., 2005). Reductive capture of
Re from pore waters has been suggested as the primary mechanism for the removal
of Re (Colodner et al., 1993) although the presence of Os-bearing complexes suggests
association with organic matter in the sediments (Levasseur et al., 1998).

Present-day seawater is well mixed with respect to Os because seawater residence
time for Os, which is estimated at 10-40 ka, is appreciably longer than the current
mixing time of the oceans of 2-3 ka (Cohen, 2004 and references therein). Because
most of the Os in marine organic-rich mudrocks is hydrogenous (i.e. it dominates the
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detrital/extraterrestrial Os fraction of ORS), the 187Os/188Os(i) ratio defined by a
mudrock isochron represents that of contemporaneous seawater (Ravizza & Turekian,
1989; Cohen et al., 1999). Contrary to the present day uniformity of the Os-isotope
composition of seawater and its likely uniformity at any given instant in the past, the
seawater 187Os/188Os ratio has varied significantly over time. The major fluxes of Os
to seawater (Figure 5.3) include a non-radiogenic contribution from the hydrothermal
alteration of juvenile oceanic crust (which reflect the mean 187Os/188Os of the mantle
(∼0.127), an unradiogenic contribution from meteorites, and a radiogenic contribution
from the weathering of ancient continental crust (187Os/188Os of ∼1) (Cohen, 2004;
Esser & Turekian, 1993). Therefore, the changing Os-isotope composition of ancient
seawater can provide a highly sensitive proxy for recording changes in weathering
flux to the oceans over time (Cohen, 2004). Os(i) can furthermore provide insights
into the types and ages of crustal material being weathered which is ultimately the
source of hydrogenous Re and Os (Rooney, 2011).

Figure 5.3 The three major fluxes of Os to seawater: an unradiogenic flux from the
hydrothermal alteration of juvenile ocean crust at or close to spreading ridges (MOR, mid-
ocean ridges); an unradiogenic flux from meteorites; and a radiogenic flux from the riverine
input derived from the chemical weathering of continental crust. Records of the Os-isotope
composition of seawater in the past have been recovered from metaliferous deep-sea sediments,
ferromanganese precipitates and organic rich mudrocks. Modified from Cohen (2004).

Four assumptions are implicit for the Re-Os ORS geochronometer (Kendall et
al., 2004; 2009a):

1. The Re and Os in ORS are hydrogenous in origin;

2. There is rapid immobilisation of Re and Os after deposition hence Re-Os dates
reflect depositional ages and not diagenetic younger age;
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3. All samples must have possessed a consistent initial Os-isotope composition
(Os(i)) from seawater at the time of deposition

4. The samples must have remained isotopically ’closed’ since the time defined by
the isochron. In other words, no Re or Os can have been gained or lost by any
sample since that time;

For a geologically meaningful age, all samples must be of the same (or very
similar) age and a necessary condition is a good spread in 187Re/188Os ratios. Re-Os
dating of ORS provide a new geochronologic method for rocks which often lack layers
suitable for U-Pb and/or Ar-Ar geochronology (Rooney, 2011).

5.4.1.2 Hydrocarbon source rocks

Early studies on ORS focused on samples with total organic carbon (TOC)
contents >10% due to an apparent association between Re and Os with TOC
(Ravizza and Turekian, 1989; Cohen et al., 1999; Creaser et al., 2002). Work by
Kendall et al. (2004) focused on low TOC (<1%) shales that had experienced
chlorite-grade metamorphism and deformation. Despite apparent hindrances for Re-
Os geochronology, these authors were able to obtain precise and accurate depositional
age.

Creaser et al. (2002) demonstrate that hydrocarbon maturation and migration
does not adversely affect the Re-Os systematics in ORS as there was no significant
variation in the depositional ages gained from immature, mature or overmature
hydrocarbon source rocks. Selby and Creaser (2005a) moreover provided accurate
age data for the timing of hydrocarbon generation and vital information on the
migration of hydrocarbon deposits. The potential for elucidating many of the thermal
processes involved in the shallow crust (i.e. hydrocarbon generation and migration)
was further investigated using the Re-Os geochronometer to date bitumen (Selby et
al., 2005).

More recently, work by Selby et al. (2007) assessed oils from worldwide petroleum
reservoirs finding that the majority of Re and Os is located in the oil’s asphaltene
fraction and that its 187Re/188Os and 187Os/188Os ratios at the time of generation
are similar to those from the whole oil. Thus, the Re-Os isotope system can also be
used as a tracer tool for hydrocarbons correlation between source rock and generated
hydrocarbons.

Rooney et al., (2010) provided vital information on the robustness of the Re-Os
system in ORS that have experienced contact metamorphism and therefore flash
pyrolysis. The applicability of Re-Os was also extrapolated to lacustrine successions.
Cumming et al., (2012) presented Re-Os systematics for a ORS deposited in a lake
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systems with stratified water columns and furnished accurate Re-Os depositional
date that is supported by Ar-Ar and U-Pb ages of intercalated tuff horizons.

5.4.1.3 Re-Os in Precambrian sedimentary rocks and

seawater

With the emergence of the ’Snowball Earth’ hypothesis, a renewed interest in
the Proterozoic Eon has developed in the last two decades, attempts to refine the
chronology of key stratigrahic units has surged (Rooney, 2011). Pioneering work by
Kendall et al. (2004) provided accurate and precise age data for the glacially related
shales of the Old Fort Point Formation in Canada, which was previously correlated
using relative techniques such as lithostratigraphy and chemostratigraphy. This age
was correlative with the Marinoan (∼620-600 Ma) ice age.

Kendall et al. (2009a) studied glacial horizons of the Sturtian glacial event of
southern Australia. This work provided precise Re-Os age constraints that suggest the
Sturtian ’glaciation’ was actually a series of diachronous glaciations during the break-
up of Rodinia supercontinent produced along its uplifted margins. Lately, Kendall
et al. (2009b) yielded data that dismisses the use of ’Sturtian-type’ diamictite-cap
carbonates as chronostratigraphic marker horizons. Currently, the chronometry of
the Sturtian glaciation is considered to encompass a ∼60 Myr window, based on
U-Pb zircon and Re-Os geochronology of syn- and postglacial deposits associated
with the Rapitan glacials in north western Canada (Macdonald et al., 2010; Rooney
et al., in press).

Rooney et al. (2011) presented new Re-Os depositional age of 659.6±9.6 Ma
for the Ballachulish Slate Formation of the Dalradian Supergroup, Scotland. Apart
from representing the first successful application of the Re-Os system to rocks with
extremely low Re and Os abundances (<1 ppb and < 50 ppt, respectively), the
Re-Os age provided a maximum age for the glaciogenic Port Askaig Formation
which was previously correlated with middle Cryogenian (ca. 715 Ma) glacials by
chemostratigraphic and lithostratigraphic studies.

The occurrence of glaciations beyond the Neoproterozoic Era was demonstrated
by Azmy et al. (2008) using Re-Os geochronology, who presented an age of 1100±77
Ma for the Lapa Formation of the Vazante Group in Brazil. The use of Re-Os
was furthermore extended to Archean terrains. Yang et al. (2009), focused on
carbonaceous slates of the Superior Province, Canada and reported Re-Os data
that provided the first temporal constraints on sedimentation ages of this Archean
greenstone belt.

Regarding the 187Os/188Os isotope composition of Precambrian seawater, Kendall
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et al. (2009a) compiled the handful of Os(i) determinations from Re-Os isochron
regressions available at that time (Figure 5.4). Despite large time gaps in the curve
for the Precambrian Os seawater, it depicts large changes in the balance between
the major inputs to the oceans have occurred in the past. In Figure 5.4 it can be
observed that ORS deposited during the late Archaean-early Paleoproterozoic had
Chondritic or near-chondritic Os(i) compositions (∼0.11), a product of the dominance
of extraterrestrial and magmatic/hydrothermal Os inputs. This was associated with
deposition under weakly oxygenated or anoxic atmosphere with stratified oceans
containing oxygenated shallow waters and anoxic or euxinic deep waters. During the
late Paleoproterozoic and Mesoproterozoic, Os(i) determinations clearly indicate that
crustal weathering and transport of radiogenic Os to seawater was possible. At this
time, pO2 in the atmosphere rose to allow oxidative weathering of continental crust
and riverine flux of radiogenic Os to the oceans. Finally, by late Neoproterozoic time,
the 187Os/188Os isotope composition of seawater was highly dominated by crustal Os
fluxes from rivers (Osi > 0.5).

Figure 5.4 Precambrian sea-water Os isotope composition derived from black shales Re-
Os isochron regresions of ORS. The suggested time line for Precambrian Earth surface
oxygenation is shown for comparison. Modified from Kendall et al. (2009a).
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5.4.2 Dating in the São Francisco Basin and surrounding

belts

The lack of accurate geochronological data throughout the stratigraphy severely
hinders attempts to develop a chronological framework for the São Francisco Basin
and its surrounding belts. Below, the geochronology of the Canastra, Vazante and
Bambuí groups, are briefly summarised.

Canastra Group
Pimentel et al. (2001) obtained TDM model ages for Canastra rhythmites from

Sm-Nd systematics ranging from 1.9 to 2.3 Ga, suggesting a Paleoproterozoic source
from the São Francisco-Congo Craton. The youngest detrital zircons of this unit are
ca. 1040 Ma (Valeriano et al., 2004; Rodrigues et al., 2010) (Figure 5.5), which has
been taken by (Pimentel et al., 2001, 2011; Rodrigues et al., 2010) as indicative of
deposition in a passive margin setting during the formation of the Brazilide Ocean.
It has been suggested that the Canastra Group is a lateral equivalent of the Paranoá
Group (Dardenne, 2000; Pimentel et al., 2011), which ranges in age between 1540 Ma
(maximum depositional age defined by the youngest zircon population) and 1042 Ma
(obtained on diagenetic xenotime overgrowth on zircon grains) (Matteini et al., 2012).
Ore-hosting carbonaceous phyllites of the Morro do Ouro Member of the Paracatu
Formation are estimated at 1000 to 1300 Ma, an assumed diagenetic age range based
on Rb-Sr, K-Ar chlorite and Pb-Pb on galena (Freitas-Silva, 1996). Metamorphism
and gold enrichment of this unit is related to the Brasiliano event at ca. 680 Ma
(Freitas-Silva, 1996). However, at the present time, no depositional ages have been
forthcoming for the Canastra Group.

Vazante Group
Based on C and Sr isotope curves (Azmy et al., 2006), the Lapa Formation is

correlated with the ’Sturtian’ glacial event (ca. 715 Ma; Macdonald et al., 2010).
Previous Re-Os analyses have yielded depositional ages for organic rich shales of the
Serra do Garrote (1353±69 Ma) and Serra do Poço Verde (1126±47 Ma) formations,
respectively (Figure 5.6); Geboy, 2006). The same technique together with U-Pb
measurements on detrital zircons of the Lapa Formation (Azmy et al., 2008) indicated
that deposition occurred ca. 1000-1100 Ma. Thus, a late Mesoproterozoic age, rather
than a Sturtian assignment, is currently preferred (Azmy et al., 2008). Finally,
U-Pb detrital zircon analyses using SHRIMP (Rodrigues et al., 2012) sampled five
formations of the Vazante Group. This work identified the youngest population (ca.
930 Ma) at the base of the group, and older populations (ranging ca. 1200-1000 Ma)
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towards the top (Figure 5.6). This suggests either that the Neoproterozoic source was
isolated or covered during the evolution of the basin, or that tectonic discontinuities
led to tectonic inversion of part of the lithostratigraphic units of the group.

Figure 5.5 Chronostratigraphy of the Canastra Group. Modified from Dardenne (2000).
Youngest concordant age interpreted as max depositional age ((1)Rodrigues et al., 2010).

Despite the complex history of this group, the detrital zircon age pattern of the
Serra do Garrote Formation (∼1.29 Ga, Rodrigues et al., 2012) is coherent with the
isochron Re-Os age (∼1.35 Ga, Geboy, 2006) obtained for the same unit. However,
the Re-Os isochron (1353±69 Ma) is associated with high MSWD value (26) and
the interval of deposition remains quite broad. This raises the possibility that the
detrital zircon age is even younger than the Re-Os isochron. Thus, further provision
of radiometric ages is clearly necessary, and motivates the attempt to date this unit.
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Figure 5.6 Chronostratigraphy of the Vazante Group. Youngest concordant age interpreted
as maximum depositional age ((1)Rodrigues et al., 2012) and Re-Os isochron interpreted as
depositional age ((2)Geboy, 2006; (3)Azmy et al., 2008). Modified from Dardenne (2000).
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Bambuí Group
The absence of volcanic ash horizons throughout the Bambuí Group, in addition

to hampering geochronology, has stimulated discussion regarding the tectonic setting
for this group (e.g. Alkmim and Martins-Neto, 2001; Zalán and Silva, 2007) and
its relationship with the underlying diamictites of the Jequitaí Formation (Babinski
et al., 2007, 2012; Misi et al., 2011; Caxito et al., 2012). A large suite of isotopic
and chemostratigraphic data are available (e.g. Iyer et al., 1995; Babinski et al.,
1999, D’Agrella-Filho et al., 2000; Santos et al., 2000; Misi et al., 2007; Vieira et
al., 2007), yet its depositional age remains unknown. A Pb-Pb age of 740±22 Ma
(Figure 5.7) from basal carbonates of the Sete Lagoas Formation (Babinski et al.,
2007) is the only published estimate for its depositional age. In tandem with stable
isotope analysis, this date led Babinski et al. (2007) and Vieira et al. (2007) to
propose that the Sete Lagoas Formation is a post-Sturtian cap carbonate. These
interpretations contrast sharply with maximum depositional ages from U-Pb detrital
zircons in the upper pelites of the Sete Lagoas Formation (610 Ma) (Figure 5.7), and
from the overlying Serra de Santa Helena (650 Ma) and Serra da Saudade (612 Ma)
formations respectively (Rodrigues, 2008).

Detrital zircons from the underlying Jequitaí Formation yield a maximum depo-
sitional age of 880 Ma (Rodrigues, 2008), loosely supporting potential correlation
with the Sturtian glaciation, even if the depositional age of the Bambuí Group, and
specifically the Sete Lagoas Formation, remains highly contentious. The different
ages suggest a substantial hiatus. On the other hand, identical typically Ediacaran
87Sr/86Sr values (0.7074-0.7076) are obtained both below and above the unconformity
thus arguing against a long hiatus (Caxito et al., 2012). The latter authors thus
interpret most of the Sete Lagoas as Ediacaran in age, with its basal strata a cap
carbonate deposited following the terminal Cryogenian (Marinoan) glaciation.

From the above, it is clear that despite the importance in regional and global
studies of the Proterozoic, the understanding of the Sete Lagoas Formation still
suffers from a lack of precise and accurate radiometric ages.
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Figure 5.7 Chronostratigraphy of the Bambuí Group. Youngest concordant age inter-
preted as maximum depositional age ((1)Rodrigues, 2008 and Pb-Pb isochron interpreted as
depositional age ((2)Babinski et al., 2007). Modified from Dardenne (2000).

5.5 Results and interpretations

A list of the results for the Paracatu, Serra do Garrote and Sete Lagoas formations
is presented in Table 5.1.
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Sample Re
(ppb) ± Os ±

187Re/
188Os ±

187Os/
188Os ± Rho* Osi

Paracatu
MASW03-36 0.3 0.001 64.8 1.2 24.2 0.3 0.667 0.038 0.705 0.26
MASW03-38 0.36 0.001 52.7 1 36.1 0.7 0.847 0.03 0.705 0.239
MASW03-40 4.11 0.013 296.5 2.1 79.6 0.8 1.593 0.04 0.656 0.253
MASW03-42 1.31 0.004 175.1 1 39.8 0.6 0.934 0.03 0.654 0.264

Serra do Garrote
VZCF-6 18.7 0.06 507.2 5.2 317.9 2.8 6.167 0.07 0.656 -0.793
VZCF-6r 18.9 0.06 515.7 9.3 314.3 6.4 6.136 0.174 0.698 -0.746
VZCF-11 9.2 0.03 260.2 2.5 269.9 2.4 4.654 0.053 0.657 -1.255
VZCF-13 28.3 0.09 584.6 7 601.2 5.2 12.207 0.139 0.656 -0.956
VZCF-3B 4 0.01 136.8 2.2 205.1 4.2 3.628 0.103 0.699 -0.862

Table 5.1 Re-Os isotope data for the Paracatu and Serra do Garrote formations. *Rho is
the associated error correlation at 2σ (Ludwig, 1980). Osi is the initial 187Os/188Os isotope
ratio calculated at 1002 Ma for the Paracatu Formation and 1300 Ma for the Serra do
Garrote Formation. VZCF-6r is a repeat analysis and was not included in the regression.

5.5.1 Paracatu Slate Formation: Re-Os data

The slates of the Paracatu Formation have Re (0.3 - 4.1 ppb) and Os (53 - 297
ppt) abundances (Table 5.1) that are close to or less than that of average continental
crustal values of 1 ppb and 50 ppt, respectively (Esser and Turekian, 1993; Peucker-
Ehrenbrink and Jahn, 2001; Hattori et al., 2003). The 187Re/188Os ratios display a
limited range from 24.2 to 79.6 and present-day 187Os/188Os ratios range from 0.667
to 1.593 (Table 1). Regression of the Re-Os isotope data (Figure 5.8) yield a Re-Os
age of 1002±45 Ma (2σ, n=4, Model 1, Mean Square of Weighted Deviates [MSWD]
= 1.2, initial 187Os/188Os = 0.25±0.04; (Figure 5.9).

The new Re-Os geochronology for the Paracatu Formation obtained here is in
agreement, within uncertainty, of U-Pb geochronology (detrital zircons ca. 1040 Ma;
Valeriano et al., 2004; Rodrigues et al., 2010). This Re-Os age of 1002±45 Ma indicate
that the Canastra Group was deposited at or around the Meso-Neoproterozoic
boundary, endorsing tectonostratigraphic models of a passive margin sequence,
deposited along the SW margin of the São Francisco-Congo palaeocontinent (Pimentel
et al., 2001, 2011; Rodrigues et al., 2010).
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Figure 5.8 Re-Os isochron diagram for the Paracatu Formation.

The Os(i) value for seawater at the time of deposition of the Paracatu Forma-
tion (0.25) is much less radiogenic than the present day value (∼1.06; Levasseur et
al., 1998) (Figure 5.9) indicating that the dominant input of Os to seawater was
unradiogenic. This Os(i) value is consistent with marine Os budget dominated by
extraterrestrial and ultramafic-mafic magmatic / hydrothermal inputs with minor
contribution of dissolved radiogenic crustal Os, as has been demonstrated for Meso-
proterozoic seawater Os isotope composition (Kendall et al., 2009a; Rooney et al.,
2010). Additionally, there is a similarity in Os(i) values from the Paracatu Formation
with the deposits of the Lapa Formation (0.33±0.30; Azmy et al., 2008). The Os(i)
from the Paracatu Formation provides an important additional datapoint to that
available for Precambrian seawater, indicating that the change in global patterns of
oxidative weathering and Os influx was of little importance, at least until the Tonian.

The new Re-Os geochronology data for the Paracatu Formation adds credence to
previous studies, which suggest that there is no significant disturbance in the Re-Os
systematics of carbonaceous organic-rich rocks which have experienced low degree of
metamorphism (Kendall et al., 2004; Rooney et al., 2011).
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Figure 5.9 Sea-water Os isotope composition for the Paracatu Formation (orange square),
for the Lapa Formation (yellow square, Azmy et al., 2008) and from black shales Re-Os
isochron (grey squares) compiled by Kendall (2009a). Modified from Kendall et al. (2009a)

5.5.2 Serra do Garrote Formation: Re-Os data

The Serra do Garrote slates are enriched in Re (4 - 28 ppb) and Os (137 - 585
ppt; Table 5.1) and present a large spread in 187Re/188Os ratios (205.1 - 601.2) and
187Os/188Os ratios (3.628 - 12.207) (Figure 5.10). Replicate analyses of one sample
from the Serra do Garrote Formation (VZCF-6r) show good reproducibility in Re and
Os abundances and 187Re/188Os and 187Os/188Os ratios. Contrary to the Paracatu
Formation, the regression of the isotope data for the Serra do Garrote Formation
yields an imprecise, Model 3 age of 1304±210 Ma with a negative initial Os isotope
composition of -1.0±1.4 and an MSWD = 96.

Serra do Garrote Formation which has also experienced regional Brasiliano
metamorphic event (Dardenne, 2000) shows a large scatter about the Re-Os regression
line (Model 3, 1304±210, MSWD = 96) together with a negative initial Os isotope
composition (-1.0±1.4) suggestive of disturbances to the Re-Os systematics. The
imprecise age of the Serra do Garrote Formation may result from depositional
and post-depositional processes. The former could be related to the presence of
detrital Os (Kendall et al., 2004, 2009a) and/or variations in seawater Os isotope
compositions (Selby and Creaser, 2003). The presence of detrital Os with variable
initial 187Os/188Os composition, which tends to induce imprecise and geologically
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meaningless ages (Kendall et al., 2004, 2009a), is considered unlikely because the CrVI-
H2SO4 digestion technique used in this study has successfully allowed the generation
of Model 1 ages for organic-rich rocks containing low Re and Os abundances (Kendall
et al., 2004, 2006, 2009a; Rooney et al., 2011). In order to avoid heterogeneity in
the contemporaneous seawater Os isotope composition, short stratigraphic sampling
intervals (∼0.6 m) were used. Os isotope composition, however, shows variations
that span far beyond those expected from temporal evolution in seawater (unless
sedimentation rates were anomalously low). Thus, these variations may not fully
account for the complex Re-Os systematics in the Serra do Garrote Formation.

Regarding post-depositional events, weathering and fluid circulation may also
cause geological uncertainty for the Re-Os systematics. Weathering and metamor-
phism are unlikely explanations for the scattered Re-Os isotope systematics because
drill core samples were used for the analysis. Additionally, metamorphic conditions
of the Serra do Garrote Formation related to the Brasiliano-Pan African Orogeny did
not exceed greenschist facies (Dardenne, 2000; Misi et al., 2005, 2007). On the other
hand, petrologic evidence (coarse pyrite aggregates, quartz veinlets and pervasive
faulting and fracturing) suggests the Serra do Garrote Formation has been affected
by hydrothermal fluid flow. Although material with abundant quartz veins was
avoided when sampling, the scatter in the Re-Os regressions for the Serra do Garrote
Formation and the Os(i) signature of the samples is indicative of a hydrothermal
alteration origin, implying that there might have been some mobilisation of Re and
Os by fluid flow. Similar Re-Os behavior has been observed by Rooney et al., (2011)
for the Leny Limestone and by Kendall et al. (2009b) for the Wollogorang Formation.
While the Vazante Ore deposit is located in the overlying Serra do Poço Verde
Formation (Soares Monteiro et al., 2006), the possibility that the same mineralising
and oxidant fluids may have affected the unit under study is not discounted due to
the proximity of well VZCF001 to brecciated metadolomites and epigenetic willemitic
ore bodies along the Vazante Shear Zone (Figure 5.1). Therefore, it is possible that
the high-temperature (> 250◦C), oxidising and moderate saline (∼15 wt.% NaCl
equiv.) brines that leached base metals from the basement and ascended to interact
with the host dolostones of the Serra do Poço Verde Formation (Monteiro et al.,
2003; Misi et al., 2005) also hydrated the Serra do Garrote slates. This would explain
the disturbance of the Re-Os geochronometer.
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Figure 5.10 Re-Os isochron diagram for the Serra do Garrote Formation.

5.5.3 Sete Lagoas Formation: Re-Os data

The samples of the Sete Lagoas Formation are strongly depleted in Re, with
abundances <100 ppt, which are lower than estimated average (present-day) upper
continental crust.

The lack of Re in the carbonate of the Sete Lagoas Formation could be intrinsically
associated with the low TOC observed for the unit (Chapter IV). Re and Os are
organophilic and redox-sensitive, therefore in reducing pore waters Re is removed at
the sediment-water interface, remaining physically associated with organic matter
(Selby & Creaser 2003, Kendall et al., 2004, 2009a and references therein). If the
sediments lacked enough organic matter and/or if the environment of deposition was
neither euxinic nor anoxic, it is likely that hydrogenous Os was not incorporated into
the sediments. Biomarker and pyrolysis analysis proved inconclusive in part due to
low volumes of organic matter analysed (Chapter IV).

5.6 Summary

Paracatu Formation - Canastra Group

• New Re-Os geochronology for the Paracatu Formation yields a depositional age
of 1002±45 Ma, which is in agreement, within uncertainty, of U-Pb geochronol-
ogy (detrital zircons ca. 1040 Ma; Valeriano et al., 2004; Rodrigues et al.,
2010). This relatively precise age represents the first successful application of
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the Re-Os system in samples of this group and the first direct depositional age
geochronometer.

• Based on our Re-Os data, the Canastra Group was deposited at or around
the Meso-Neoproterozoic boundary. This supports tectonostratigraphic models
of a passive margin sequence, deposited along the SW margin of the São
Francisco-Congo palaeocontinent (Pimentel et al., 2001, 2011; Rodrigues et al.,
2010).

• The Os(i) value for seawater at the time of deposition of the Paracatu Formation
(0.25) indicates that the dominant input of Os was unradiogenic (i.e. budget
dominated by extraterrestrial and ultramafic-mafic magmatic / hydrothermal
inputs) as has been demonstrated for Mesoproterozoic seawater Os isotope
composition (Kendall et al., 2009a; Rooney et al., 2010) and for the deposits
of the Lapa Formation (0.33±0.30; Azmy et al., 2008).

Serra do Garrote Formation - Vazante Group

• Serra do Garrote Formation shows a large scatter about the Re-Os regression line
(Model 3, 1304±210, MSWD = 96) together with a negative initial Os isotope
composition (-1.0±1.4) suggestive of disturbances to the Re-Os systematics.

• The imprecise age of the Serra do Garrote Formation is inferred to result
from post-depositional processes. Petrologic evidence (coarse pyrite aggregates,
quartz veinlets and pervasive faulting and fracturing) together with scattering
in the Re-Os regressions and the negative Os(i) signature of the samples is
indicative of a hydrothermal alteration origin, implying that there might have
been some mobilisation of Re and Os by fluid flow.

Sete Lagoas Formation - Bambuí Group

• The lack of Re in the carbonate of the Sete Lagoas Formation precluded the
use of Re-Os systematic to obtain the depositional age of this unit.

• It is presumed that the low TOC measured for this formation (Chapter IV)
could be intrinsically associated with the lack of Re.
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Chapter 6

Tectono-stratigraphic evolution: a seismic
reflection study

6.1 Introduction

The analysis of 2D seismic reflection data was carried out with the aim of
identifying the principal sedimentary sequences, regional unconformities, tectonic
events and their correlation across the different domains of the basin. The analysis
of seismic sections therefore helps elucidating the tectono-stratigraphic evolution of
the São Francisco Basin. Particular attention is given to the Bambuí Group, for
which tectonic setting of deposition is still debatable and bears a great interest from
a petroleum perspective.

Section 6.2 details the dataset available for this study and outlines the methods
pursued to obtain a synthetic seismogram, to depth convert the seismic reflection data
and finally to perform the seismic interpretation. In section 6.3 the data limitations
are summarised. Section 6.4 describes the theoretical background of the techniques
used to calibrate the seismic interpretation to available well data and to estimate the
thickness of the different stratigraphic units preserved in the São Francisco Basin.
It also includes an overview of the previous work carried out in the basin in terms
of seismic interpretation. In section 6.5 a detailed description of the three regional
profiles that compose the dataset used in this chapter is included. This involves
stratigraphic and structural observations together with the analysis of the basin’s
morphotectonic domains. Section 6.6 presents the interpretation of the tectonic
synthesis for the basin evolution, including its extensional and compressional stages
during a period of time spanning for ∼1 Gy. Lastly, section 6.7 summarises the
observations and interpretations presented in the preceding sections.
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6.2 Dataset and methodology

6.2.1 Dataset

Twenty-three seismic reflection lines from two disparate regions of the craton
(Figure 6.1) were provided by ANP (ANP-Brazilian National Petroleum Agency) for
academic purposes (Table 6.1 and Table 6.2). The seismic profiles were acquired,
stacked and migrated by Petrobras (ANP) with vibroseis during the 90’s. The seismic
lines available for this project can be grouped in a central and the southern sector of
the basin, with an area between 17◦ 34’ S and 18◦ 22’ S that lacks seismic coverage.
Seismic lines within these two areas have been grouped to form regional profiles (A, B
and C) that image the extent of the basin from its western margin (external domain
of the Brasilia Belt) towards its eastern flank (external domain of the Araçuaí Belt).
These are as follows (Figure 6.1):

Figure 6.1 Geological map of the São Francisco Basin and seismic profiles A and B in the
central region of the basin and profile C in its southern extreme. Modified from Alkmim and
Martins-Neto (2012, 2001) and Sgarbi et al. (2001).

• Central sector: it includes seismic lines obtained between 16◦14’S and 17◦20’S
(Figure 6.1) and has a denser coverage in relation to the southern area. It
consists of 18 lines which length and orientation are detailed in Table 6.1. The
central zone includes 2 regional profiles (Table 6.1): A and B. Profile A trends



Dataset and methodology 234

ENE-SE for ∼390 km across the basin while profile B is oriented W-E to NE
for ∼215 km. From 45◦20’W (Figure 6.1) both profiles merge into a single line.
In this way, the profile crosses all of the principal morphotectonic domains
of the basin (Figure 6.2). The remaining, shorter, seismic lines are used for
detailed descriptions of the central portion of the basin.

Seismic Line Length [km] Orientation Profile Length [km]
0240-0290 212.3 WSW-ENE
0240-0064 41.2 SW-NE
0240-0068 27.2 NW-SE A 389.7
0240-0062 56.4 NW-SE
0240-0300 94.8 NW-SE
0240-0292 96.6 W-E
0240-0291 60.4 SW-NE B 212.8
0240-0063 69.8 SW-NE
0240-0288 21.3 NW-SE
0240-0061 42.7 NW-SE
0240-0301 44.7 NNW-SSE
0027-1907 24.9 WSW-ENE
0027-1910 46.3 WSW-ENE
0240-0302 34.9 WSW-ENE
0240-0304 42.2 NNW-SSE
0240-0305 47 NNW-SSE
0240-0306 31.6 WSW-ENE
0240-0067 36.4 NW-SE

Table 6.1 Detail of seismic lines included in the central sector and grouped in profiles A
and B.

• Southern sector: the reflection surface dataset is located between 18◦10’S and
18◦40’S (Figure 6.1) and contains only five seismic lines of which three are
used for the geological characterisation of the stratigraphic sequences in the S
extreme of the basin (profile C; Table 6.2).

Seismic Line Length [km] Orientation Profile Length [km]
0240-0298 15.3 WNW-ESE
0240-0296 94.8 WSW-ENE C 142.5
0240-0295 32.4 WNW-ESE
0240-0294 28.7 WNW-ESE
0240-0293 54.7 NNE-SSW

Table 6.2 Detail of seismic lines included in the southern sector and grouped in profile C.
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Figure 6.2 Simplified morphotectonic domains of the São Francisco Basin and the seismic
lines used for this study (Modified from Alkmim et al., 1993).

Four wells were also supplied by the ANP (1-RF-1-MG, 1-RC-1-GO, 1-MA-1-
MG and 9-PSB-16-MG), of which only the later intercepts seismic line 0240-0296
(Figure 6.1). However, this well was drilled during the 1970’s during a mining
exploration campaign, and therefore it was not checked for gas occurrences. Moreover,
no well tops were provided and the well only penetrates shallow units (bottom depth
700 m). Well 1-RF-1-MG (Figure 6.1) on the other hand, is located 4 km NW of
seismic profile 0240-300. It was drilled in 1988/89 during the hydrocarbon exploration
campaign held by Petrobras and was reported as dry but with gas shows. Well tops
for 1-RF-1-MG were extracted from Fugita and Clark Filho (2001) and were used to
verify the seismo-stratigraphic interpretation.

6.2.2 Synthetic seismogram

In order to tie time/depth relationships, to improve picking of seismic events
and to link the seismo-stratigraphy to well 1-RF-1-MG, a synthetic seismogram was
developed using sonic and density logs. The synthetic seismogram is of particular
interest in seismic line 0240-300, due to the fact that well 1-RF-1-MG is located close
but still ∼4 km away of its NW limit. The methodology pursued to obtain a synthetic
seismogram consists firstly of converting transit time (µs/m) into sonic velocities (m/s)
and afterwards together with density variations, to calculate acoustic impedances
and reflection coefficients (Section 6.4.3). These calculations were performed with
Excel spread sheet (Appendix VI.1) under the guidance of Professor Dave Waltham
at RHUL.
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6.2.3 Depth conversion

Time to depth conversion was performed to estimate depth and thickness of
subsurface layers interpreted on seismic reflection data. A layer cake velocity model,
which requires a series of layers for building up the velocity information (Section
6.4.2), was employed for this purpose. The procedure for depth conversion consisted
firstly of gridding the surfaces of interest. Subsequently, those surfaces were extracted
from Geoframe in order to have TWT (sec) values along the profile of the seismic
line (trace spacing). The specific TWT of each reflector was multiplied with the
corresponding velocity of the layer and lately added to the previous calculated layer
(Appendix VI.2). In this way a stack of depth converted horizons built the new
seismic line in depth.

6.2.4 Seismic interpretation

The seismic dataset was interpreted with software Geoframe version 4.4 developed
by Schlumberger. Horizon and fault picking tools were used specifically for delineating
reflections, unconformities and faults and the seismic attribute tool was employed to
enhance weaker reflectors and reveal structures.

As check shots were not provided for this project, published seismic reflection
data were used to pregauge the characteristics of the seismic reflections of the various
stratigraphic groups across the craton (Section 6.4.3; Martins-Neto, 2009; Zalán and
Romeiro-Silva, 2007; Coelho, 2007; Hercos et al., 2008). 1:1,000,000 (CPRM, 2003)
and 1:250,000 (CPRM, 2002) geological maps were consulted to link surface geology
to the seismic reflection data. A seismo-chronostratigraphy presented in section 6.5.3
(Figure 6.6), is used as the basis for the interpretation of the regional seismic sections
for the western, central and eastern portions of the basin.

6.3 Data issues

The wide spacing between regional lines, with distance separation up to 100 km,
constitutes one of the most important limitations leading to uncertain interpretations.
Owing to the lack of coverage, the generation of depth and thickness maps was not
possible. Outcrops exist along the eastern and western margins of the basin, and
can be correlated to two of the regional seismic lines used in this project but the
intense deformation and variable degree of metamorphism in those areas introduce
additional complications. Moreover, the published well information only penetrates
the shallowest portions of the Neoproterozoic sequence and therefore the deeper units
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remain uncertain for the greater extension of the basin. Thus, the subdivision into
seismic sequences was based upon seismic character and reflector continuities.

As indicated in section 6.2.1, well 9-PSB-16-MG has no formation tops. From its
cutting description report it is very difficult to precisely define stratigraphy, although
due to its shallow depth it is thought to be constrained within the Bambuí Group.
Well 1-RF-1-MG on the other hand, does help verify the seismic interpretation in
the eastern-central part of the basin, although doubts arise towards its margins
where deformation becomes more important and the stratigraphic relationships are
obscured.

Another issue of importance is that most of the lines seem to have been muted
after stack (D. Waltham pers. comm.) during seismic data processing, probably due
to the effects of artifacts or because of weathering, which could notably reduce the
velocity of sonic waves. The lack of the upper portion of the seismic lines therefore
limits the correlation of the structures and horizons with geological and topographical
maps, which is stressed by minimal outcrop.

All the seismic profiles display a fairly good quality and significant reflectivity
for both the meta-sedimentary sequences that infill the basin and the underlying
crystalline basement. However, in the latter, reflectors tend to be less continuous
and often occur isolated or in complex packages. In general the carbonates of the
Bambuí Group partly obscure the details of the underlying units.

Finally the presence of artifacts such as steeply dipping coherent noise events,
edge and near surface effects, multiples, and apparent bow-tie shapes (which might
indicate undermigration specifically in the deepest portion of the basin), renders
the interpretation of these intervals difficult. It is important to note, moreover, that
seismic processing velocities and check shots were not provided.

6.4 Theoretical background and previous work

within the basin

6.4.1 Synthetic seismogram

The synthetic seismogram comprises the sum of the individual reflections in their
correct travel-time relationships and simulates the likely seismic trace that should
be generated with the seismic method at the well location (Kearey et al., 2002)
(Figure 6.3).
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Figure 6.3 Synthetic seismogram. Modified from Kearey et al. (2002).

The acoustic or sonic log measures the travel time of an elastic wave through the
formation and it is presented as slowness (∆t). The later can be used to derive the
velocity of elastic waves through the formation using equation 6.1 (Kearey et al.,
2002).

∆t = 106/v (6.1)

where:
v = velocity of elastic waves (ft/s)
∆t = slowness (ms/ft)
Note: the sonic log gives a one-way travel time, and the seismic technique uses a
two-way travel time, therefore the sonic velocity has to be doubled.

According to Snell’s law, when the energy generated from an acoustic source
arrives at a boundary between two materials with contrasting properties, part of
the energy will be reflected back towards the surface and part will be transmitted
(Figure 6.3). The transmitted portion will in part undergo attenuation within the
layer and the remainder will propagate through to the next stratigraphic boundary.
According to Zoeppritz (1919, in Kearey et al., 2002) it is possible to represent the
relationship between the incident, reflected, and transmitted waves by the acoustic
impedance (Z), which represents the influence of the material’s characteristics on
the wave propagation (Equation 6.2). Therefore, the seismic trace is a record of the
ability of interfaces between formations to reflect elastic waves because of differences
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in acoustic impedance (sonic velocity and density).

Z = ρv (6.2)

where:
Z = acoustic impedance
ρ = density of the material
v = transmission velocity of elastic waves (ft/s)

The reflection coefficient, R, represents the percentage of the wave’s energy that
is reflected, which in turns depends upon the properties of the rock either side of the
interface (Kearey et al., 2002). The equation (Equation 6.3) for a normal incident
plane wave that arrives at an interface between 2 layers with different impedances
(Z1 and Z2 respectively) is:

R = Z2 − Z1/Z2 + Z1 (6.3)

As the resolution of the sonic log is about 60 cm and that of the seismic technique
is 10 m to 50 m, the sonic data must be filtered for the comparison to be made.
Therefore a smoothed reflectivity is obtained by averaging intervals of 3, 5 and 7
sampling depths. This filtering is equivalent to a convolution process (D. Waltham
pers. comm.).

6.4.2 Depth conversion

Depth conversion concerns most geoscientists in the petroleum industry because
seismic measurements are recorded in time, but the wells are drilled in depth (Brown,
2004). Converting time seismic reflection data to depth domain implies fixation of a
number of seismic horizons. Each horizon marks, in the time domain, a surface at
which the acoustic impedance of the rock is assumed to contrast with that of the
rock below. To obtain the depths of a lithostratigraphic layer transitions, a velocity
model is needed for time-depth conversion of the seismic horizons.

When dealing with flat or slightly dipping events, a simple depth conversion,
named layer-cake velocity model, which assumes a straight vertical ray and a specific
seismic velocity per lithostratigraphic layer can be applied (Zimmerman, 1996). On a
time-migrated seismic section, the vertical time difference between seismic events or
horizons is measured and multiplied by the interval velocity to obtain a depth value.
The subsequent time interval of the underlying layer is also depth converted and
added to the base depth of the first layer to give the base depth of the second layer.
The process is repeated for each successive layer in a layer cake stripping approach
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(Brown, 2004). To account for the two-way travel path (down to the reflector and
back up to the shallower reflector), the result must be divided in two.

In subsurface investigation, challenges arise especially when choosing the correct
velocity field. In many clastic sedimentary basins of the world, velocity increases
gradually with depth of burial; however, for simple depth conversions such as the layer-
cake approach, it is assumed that velocity increases in discrete steps at boundaries
(Brown, 2004). Depth conversion integrates several sources of information about the
subsurface velocity:

• Well tops and velocity measurements made in wells (i.e. check shots; sonic
log);

• Empirical knowledge about the velocities of the rocks in the area investigated;

• Stacking velocities derived from the processing of the seismic reflection data.

The layer-cake velocity model may introduce large errors in the cumulative depth
when several layers are added together. In addition, this type of model will be
geologically less realistic when velocity variations depend more on depth of burial
rather than on stratigraphic boundaries (Brown, 2004).

6.4.3 Previous seismic interpretation in the São Francisco

Basin

Several authors have studied the architecture of the basin in the subsurface
through the use of 2D seismic reflection data. Martins-Neto (2009) and Zalán and
Romeiro Silva (2007) provided descriptions for the evolution of the polycyclic São
Francisco Basin using regional seismic lines equivalents to those presented here in
the central zone. Coelho (2007) and Hercos et al. (2008), although using a similar
seismic dataset, concentrated in the description of the structural framework along
the western and eastern basin’s margins respectively. Finally Reis (2011), focused in
the southern zone using seismic sections presented here as profile C.

According to observations of Martins-Neto (2009), the Bambuí Group develops
an eastward-tapering wedge geometry. In his work, the author calculated thicknesses
for the Bambuí Group of ∼4 km in the proximities of the São Domingos thrust,
which represents the easternmost advance of the Brasilia Belt over the craton, to a
few hundred meters thick near the Araçuaí Belt. Martins-Neto (2009) also identified
two distinct successions for the Bambuí sequence, which reflects the main basin
paleogeographic settings at the moment of deposition: foredeep and flexural ramp. As
stated by this author, the foredeep was cannibalised during the Brasiliano-Pan African
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Orogeny and nowadays is completely involved in the thinned-skinned succession to
the W. The flexural ramp on the other hand, is constrained to the central and eastern
domains of the basin. Zalán and Romeiro Silva (2007), on the contrary, interpret the
Bambuí Group as the product of an intracratonic basin which was later affected by
the tectonic compression of the Brasiliano-Pan African Orogeny.

In terms of tectonic configuration of the basin, Coelho (2007) detailed the effects of
the Neoproterozoic compression in the domain of the São Francisco Basin. The author
identified a compressive event that occurred before the deposition of the Bambuí
Group, and that formed a series of strike-slip faults in the central domain of the
basin. Specifically for the external portion of the Brasilia Belt, Coelho (2007) defined
the extent of the thin/thick-skinned domains and provided a detailed character of
the detachment. Hercos et al. (2008) concentrated in the external domain of the
Araçuaí Belt (i.e. Água Fria/Serra do Cabral Range), which is characterised by
basement-involved deformation (thick-skinned tectonics). The authors cite strong
uplift, inverted half-grabens, and significant shortening for this area. Reis (2011)
characterised the geologic scenario for gas seepages along the lower Indaiá River
valley, located in the SW portion of the São Francisco Basin. In his work, and
specifically within the area imaged by the seismic sections, Reis (2011) recognises
two tectonic imprints: an extensional phase that created grabens and horsts affecting
pre-Bambuí units; a compressional phase that developed a thin-skinned foreland
fold-thrust belt detaching within the Bambuí Group. The same author, moreover,
describes a second emerging detachment occurring along older units.

It is important to note that for the underlying units of the Bambuí Group, most
authors coincide in a sequence of aborted lithospheric stretching, and successive stage
of supercontinent breakup (Martins-Neto, 2009; Alkmim and Martins-Neto, 2012).
However, the specific stratigraphies to which these major sedimentary successions
are assigned in seismic interpretation vary. The lack of deep wells, the structural
complications to the margins of the basin where these units outcrop and the limited
extent of the seismic reflection dataset explain such disagreements. Here, these units
are interpreted following the latest available geochronology (Matteini et al., 2012;
Rodrigues et al., 2010; Pimentel et al., 2011; Bertoni et al., in review; Chapter V).

6.5 Results and interpretations

6.5.1 Synthetic seismogram

The sonic and density longs used to obtain the acoustic impedance, reflection
coefficient and ultimately the synthetic seismogram are presented in Figure 6.4.
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As can be observed in Figure 6.4, the quality of the match between a synthetic
seismogram derived from well 1-RF-1-MG and seismic line 0240-300 is fairly good
for the lower stratigraphic units of the Bambuí Group. The Macaúbas Group and
the Sete Lagoas Formation tops can be identified with relative confidence, while
the response obtained for the Santa Helena Formation is more difficult to delineate.
The disparity in seismic traces between the well location and the NW stream of the
seismic line 0240-300 could be justified by sedimentological lateral variations in the
distance that separate the well to the seismic line but could also be attributed to
the well log and seismic data processing qualities, and to the ability of the sonic
log to resolve indications of beds that are just beyond the resolution of the seismic
technique. The determination of the topmost remaining Bambuí Group units in
seismic line 0240-300 is hampered by the lack of seismic image from 0 to 0.2 TWT.

6.5.2 Depth conversion

As detailed in Section 6.3, check shots were not provided for this project. Thus in
order to depth convert, several sources of information about the subsurface velocity
were used. For the shallower layers, velocity data was extracted from sonic well
log 1-RF-1-MG (section 6.5.1). The velocity was computed as an average for the
entire Bambuí Group. The seismic velocities of the remaining, deeper units together
with those of the crystalline basement, are less well constrained. A single velocity
was chosen for these underlying stratigraphic units, based on published analogues
for Proterozoic carbonates/shales/sandstones and cratonic basement (De Witt and
Tinker, 2004; Tinker et al., 2002; Simiyu and Keller, 1998; Schlumberger, 1989).
Although within this second velocity layer several seismic horizons are visualised,
the model was maintained simple in order to avoid the introduction of large errors
in the cumulative depth (Brown, 2004). The values adopted to convert the seismic
trace data to depth are detailed in Table 6.3 and illustrated in Figure 6.5.

Layer Velocity m/s
Surface-Base Bambuí Group 5200
Top Paranoá Group-Basement 6000

Table 6.3 Velocities used for depth conversion

While the resultant depth converted volume ties well at the bottom of well 1-RF-
1-MG (Appendix VI.2), deeper events could not be corroborated due to the lack of
deep wells in the basin. The time-depth conversion is, in this way, only approximate.
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Figure 6.5 Sketch of depth conversion methodology. Subscript 1 corresponds to the Bam-
buí Group: V1= 5200, Subscript 2 corresponds to the Canastra/Macaúbas and Para-
noá/Espinhaço groups: V2=6000.

6.5.3 Seismic interpretation - the central zone

In both profile A and B belonging to the central zone, three major depositional se-
quences separated by marked regional unconformities can be interpreted (Figure 6.6).
The same subdivision of the seismo-stratigraphic sucession has been described by
Martins-Neto (2005), Zalán and Romeiro Silva (2007) and Alkmim and Martins-Neto
(2012). Previous authors however, have assigned them to slightly different lithos-
tratigraphic units. In this work, they are named informally as Espinhaço II/Paranoá
(basalmost infilling unit), Canastra/Macaúbas (middle unit) and Bambuí groups
(topmost unit).
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Figure 6.6 Seismo-stratigraphy of the western, central and eastern domains of the basin using seismic lines 0240-290, 0240-302 and 0240-300 respectively. Age references: (1) Rodrigues 2008; (2) Martins-Neto
2009; (3) Matteini et al. 2012; (4) Pedrosa-Soares et al. 2008; (5) Darderfer et al. 2009; (6) Alkmim & Martins-Neto 2012; (7) Bertoni et al. in review. Lithostratigraphic references: (Bambuí) Alkmim &
Martins-Neto 2012 ; (Macaúbas) Pedrosa-Soares et al. 2008; (Canastra) Rodrigues 2008; (Paranoá) Faria 1995; (Espinhaço II) Martins-Neto 2009.
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6.5.3.1 Stratigraphic and structural interpretations of seis-

mic profile A

Basement
The top surface of the basement in profile A is highly irregular and cut by E and

W dipping faults, representing graben and horst structures. Most of these faults are
normal in origin. However, some of these particularly at the periphery of the craton,
were later inverted. Figure 6.7 shows the uninterpreted and interpreted seismic
dataset of profile A, where it is possible to observe the basement holding lower
structural position along the western extreme of the basin if compared to the central-
eastern margin. As the basalmost infilling unit of the basin (Espinhaço II/Paranoá)
has a similar seismic character to that of the basement (possibly due to the degree
of metamorphism), the delimitation between these two units becomes difficult in part.

Espinhaço II/Paranoá groups
As a consequence of the basement configuration described earlier, the basal

succession that fills the São Francisco Basin thickens away to the W from its centre
reflecting a greater accommodation space during deposition towards the craton
periphery. ∼6000 m are attained along line 0240-290, but only ∼2500 m are presently
displayed in the SE limit of line 0240-300. Laterally, reflector configuration is variable
yet mostly represented by semi-transparent reflectors. Towards line 0240-64, in the
centre of the basin where the basement is structurally in a shallower position, it
is possible to recognise some reflectors filling basement topography indicating that
local basement-highs were an inherited feature (Figure 6.8-A). In other areas, as e.g.
seismic line 0240-300 (Figure 6.8-B), the internal arrangement of the strata becomes
puzzling, with arrangements resembling downlaps and truncation surfaces. In the
centre and eastern margin of the profile (Figure 6.7), several pronounced, contorted
and discontinuous reflectors stand out (dikes and sills?).

The limited extent of seismic line 0240-290 towards the western margin of the
basin inhibits a direct correlation to equivalent outcrops along the Brasília Belt.
However, it is proposed that this lower sequence corresponds to that exposed in the
Cristalina dome (Goiás State) of the Paranoá Group. Towards the E, its association
with the outcropping rocks is straightforward, as the core of the Serra da Agua Fria
anticline exposes quartzites of the Espinhaço II Group (Hercos et al., 2008).

The limit between the Espinhaço II/Paranoá sequence with the overlying Canas-
tra/Macaúbas sequence is marked by an important unconformity, which highlight
differences in the internal seismic reflection character of both units (Figure 6.7).
However, no clear angular relationship between them is observed.
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Canastra/Macaúbas groups
This sedimentary unit is far more reflective than the underlying Espinhaço/Paranoá

sequence and is characterised by continuous and parallel reflectors (Figure 6.7). Inter-
nally, the unit appears homogeneously stratified along most of its extension and the
strong reflectivity may be indicative of alternating rocks with contrasting acoustic
impendance. Its successively younger strata extend progressively further along the
basal unconformity developing onlap relationships (Figure 6.8-B). Unlike the sedi-
mentary record of the previous Espinhaço II/Paranoá event, the Canastra/Macaúbas
succession is not associated with normal faults systems, syn-extensional deposits and
neither is there evidence of magmatic activity.

The Macaúbas Group outcrops at the eastern margin of the basin (in the Serra
da Agua Fria), and is imaged by the eastern extreme of line 0240-0300. It includes a
thin package (∼180 m) of diamictites, sandstones and pelites interpreted as glacial
in origin (Alkmim and Martins-Neto, 2012). In the centre of the basin, the seismic
interpretation is calibrated with well 1-RF-1-MG, which terminates at 1848 m in a
sequence of diamictites and conglomerates assigned to the Jequitaí Formation of the
Macaúbas Group (Fugita and Clark Filho, 2001). The Canastra Group, on the other
hand, is exposed along the central and southern Brasilia Belt. According to seismic
line 0240-290 (Figure 6.7), a thrust that can be traced from the basement brings the
Canastra Group to the surface. Its direct correlation to surface geology, however,
appears difficult to be established if compared to the CPRM (2003) geological
map of Minas Gerais State (scale 1:1,000,000), as the Canastra Group seems to
be present further E of this location (Figure 6.1). A feasible explanation for this
disagreement is the complexity of an allochtonous thrust sheet capping the underlying
seismo-stratigraphic sequence (Figure 6.7).
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Figure 6.7 Uninterpreted and interpreted seismic dataset of profile A.
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Figure 6.8 Uninterpreted and interpreted seismic dataset of profile A - details.
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The regional geometry of the Canastra/Macaúbas unit suggest the presence
of a depocentre to the W with up to 2000 m of sediments, and a decrease in
thickness towards the centre of the craton (400 m). The full development of the
Macaúbas sequence to the E can be observed outside the craton, in the Araçuaí-West
Congo Orogen (Alkmim and Martins-Neto, 2012) and is not resolved by the seismic
acquisition. Along profile A (Figure 6.7), this unit is maintained fairly constant in
thickness from seismic line 0240-0064 to seismic line 0240-0300. In this later segment
of profile A (seismic line 0240-0300), the basal unconformity subtly undulates forming
a large, ∼40 km wide depression, which induces lateral thickness variations within
the infilling unit (∼600 m in its central part and ∼350 m along its margins) and
onlap towards its margins (Figure 6.7). The infilling seismic character of this wide
depocentre is variable ranging from semi-transparent reflectors in its base, to brighter
strata towards its top.

Along profile A, the Canastra/Macaúbas and the Bambuí groups maintain a
conformable relationship but according to the latest published ages (Matteini et al.,
2012; Rodrigues, 2008) an age difference of at least of 100 My is recognised between
the units hence the contact is more sensibly interpreted as a disconformity.

Bambuí Group
Unlike the Espinhaço II/Paranoá and Canastra/Macaúbas groups, the Bambuí

Group and specifically its formations develop thicknesses that are maintained rela-
tively unchanged over tens of kilometres across the undeformed central basin. Three
depositional sequences can be observed, which represent the three 2nd-order coarsen-
ing upward sequences of the Sete Lagoas, Serra de Santa Helena/Lagoa do Jacaré,
and Serra da Saudade/Três Marias formations (Chapter II, Section 2.4; Figure 6.7).
It is important to highlight that the uppermost sequence is partly imaged (Section
6.3) and therefore only the basal Serra da Saudade Formation is observable. The
Bambuí Group outcrops along much of the basin extension, but due to vegetal cover
and weathering the differentiation between its formations is complex and it is referred
as Paraopeba Subgroup (CPRM, 2003).

In the outskirts of the Brasilia Belt, reflectors within the Bambuí Group suc-
cession are semi-continuous and sometimes even indistinguishable due to displace-
ment by faults and tight folds, suggesting important tectonic repetition through
thrusting. The detachment develops along the limit between the Bambuí and the
Canastra/Macaúbas groups and the direction of tectonic transport is towards the
centre of the basin, as clearly marked by the W dipping thrusts that occur across
the Bambuí Group (Figure 6.7). According to the geological map of Minas Gerais
(CPRM, 2003) (Figure 6.1), W of 46◦50’W the limestones and shales of the Bambuí
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Group (Paraopeba Subgroup), are put in tectonic contact to the slate, dolomites and
metarenite of the Vazante Group. Probably as a result of their intense deformation,
these two groups cannot be resolved on the seismic lines.

Sete Lagoas Formation
The Sete Lagoas Formation is characterised seismically by semi-transparent reflec-

tors near the base that become brighter towards the top (Figure 6.7 and Figure 6.8-B).
Outcrop analysis (Chapter III) suggests that this attribute may result from an up-
section trend to carbonates. According to Martins et al. (1993, in Fairchild et al.,
1996) the Sete Lagoas upper stromatolitic portion has proved to be a useful marker
bed in seismic surveys. The thickness of the Sete Lagoas Formation along profile A
varies from ∼650 m (seismic line 0240-68) to ∼570 m (seismic line 0240-62) and to
∼800 m (seismic line 0240-300; Figure 6.15). The top of this unit rests in conformity
with the Serra de Santa Helena Formation.

Serra de Santa Helena Formation
The Serra de Santa Helena Formation possesses parallel strata with increasing

reflectivity towards the transition to the carbonates of the overlying Lagoa do Jacaré
Formation (Figure 6.7 and Figure 6.8-B). It thickness varies in a NW-SE trend in
the autochthonous portion of the basin from ∼430 m (seismic line 0240-68) to ∼230
m (seismic line 0240-300; Figure 6.15).

Lagoa do Jacaré Formation
The Lagoa do Jacaré Formation is easily recognised as the "brightest" and best-

defined unit of the Bambuí Group on seismic lines. Its high-amplitude reflectors,
suggesting strong impedance contrasts, can be traced laterally for tens of kilometres
(Figure 6.7). Like the underlying units, it shows a subtle variation in thickness along
a NW-SE trend from ∼425 m (seismic line 0240-68) to ∼350 m (seismic line 0240-300;
Figure 6.15). To the E, and particularly in line 0240-300, the unit is only partly
imaged (Figure 6.7).

Serra da Saudade Formation
The Serra da Saudade Formation appears partially imaged in the topmost part

of the seismic section with diffuse internal parallel bedding (Figure 6.7). A channel
structure is preserved within the Serra da Saudade Formation along seismic profile
0240-68 (Figure 6.8-C). This feature is approximately 4 km wide and 1 km deep
and is infilled by chaotic reflectors. It is relevant to note, though, that the channel
occurs at the margin of the line, and is potentially subject to artifacts (edge effects).
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If the channel does prove to have the dimensions described, it could eventually be
associated with the Carboniferous deposits of Santa Fé Group of fluvial-glacial origin,
which has its typical section (Santa Fe locality) situated ∼50 km to the S of this
seismic line. Whilst present-day fluvial channels are observable in the area, their
width is an order of magnitude less that the seismically resolved channel and hence
the origin of the latter remains enigmatic.

Profile A: Tectonic history
In summary, profile A illustrates a fairly simple tectonic history that can be

divided into four phases:

1. Lithospheric extension during which normal faulting took place affecting the
basement. In this phase, the Espinhaço II/Paranoá sequence was deposited
accompanied by intrusion of dikes and sills (Matteini et al., 2012 and Darderfer
et al., 2009). The section is interpreted as a rift-sag related sequence deposited
around 1.5 Ga, as has been described by Alkmim and Martins-Neto (2012).
Details of its internal reflectors arrangements in the seismic profile are obscured
by metamorphism. The main depocentre visible in the seismic profile is located
to the W.

2. Lithospheric extension created accommodation space for the deposition and
accumulation of the Canastra/Macaúbas groups mainly in the extracratonic
domains of the São Francisco Craton (Alkmim et al., 2006; Martins-Neto, 2009).
In the seismic lines analysed in this study, the conspicuous lack of normal
faulting and relative continuity of the strata is notable.

3. Regional lithospheric subsidence, in concert with marine transgression favoured
the formation and preservation of the Bambuí Group (Alkmim and Martins-
Neto, 2012; Martins and Lemos, 2007). In the seismic profile, and along the
undeformed portion of the basin, the predominantly carbonate-pelitic sedimen-
tary rocks of the Bambuí Group show variable trends in thickness increase
along a NW-SW profile, and concordant contacts with the underlying unit. Of
the three characteristic shallowing-upwards cycles in this unit (Dardenne, 2000;
Martins and Lemos, 2007), two can be observed in their totality.

4. Compression involving both thin- and thick-skinned thrusting of the Paranoá,
Canastra, Vazante and Bambuí groups caused duplication of these units to
the W of the craton. Thrusting was E-directed along a master detachment
apparently sole out in the Canastra/Macaúbas-Bambuí groups unconformity.
The lateral extent of these thrust sheets reaches at least the ENE limit of



Results and interpretations 253

seismic line 0240-290 and marks the deformation front of the Brasilia Belt over
the craton. The thick-skinned thrust from the E, derived from the Araçuaí
Belt, is visible along 0240-0300.

6.5.3.2 Stratigraphic and structural interpretations

of seismic profile B

Basement
The definition of the top basement within this profile is tentative particularly

towards the centre of the basin where very bright and chaotic reflectors, interpreted
as probable intrusive igneous rocks (dikes and sills) stand out from the overall weak
seismic character of the background (Figure 6.9). Towards the W along line 0240-292
(Figure 6.9), the visualisation of the basement becomes clearer and it is possible to
interpret a bounding fault apparently dipping W, subparallel to the craton margin.
Although most of the inferred faults are of extensional character, some may have
been reactivated and inverted.

Espinhaço II/Paranoá groups
Bearing in mind the difficulties in determining the top basement, this unit appears

to show some variations in thickness along the profile (Figure 6.9). These reflect
uneven deposition in a series of discrete depocentres bounded by planar faults. At
a regional scale, the unit lacks the characteristic wedge shape observable in profile
A (Figure 6.7). Instead it maintains an almost constant thickness (∼4000 m), only
increasing adjacent to the bounding fault that limits the sequence to the W (line
0240-292; Figure 6.9) where it reaches up to 5000 m. If compared to profile A located
further to the N (Section 6.5.4), the significantly lower thickness developed here
suggests tectonic compartmentalisation of the basement along a N-S transect of the
craton during deposition. According to Souza (1995, in Martins-Neto and Piva Pinto,
2001) the region covered by profile A coincides with the Pirapora low (a depocentre
resulting from the Espinhaço rifting; Chapter II, Figure 2.6). Thus, inheritance of
previously existing depocentres might explain the observed differences in thickness.

The only features that stand out from the seismically transparent background are
numerous high amplitude reflectors in the central portion of the basin (as also seen in
the basement of this profile; Figure 6.9 and Figure 6.10-B). These prominent reflectors
are randomly oriented, discontinuous and generally possess abrupt terminations,
fulfilling the criteria to interpret them as dikes and sills (Planke et al., 2005). They
are more numerous and of higher amplitude along this profile if compared to profile A
(Figure 6.7), but their persistence 60 km away to the N may testify to the magnitude
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of this event.
In association with a bounding fault along seismic line 0240-292, an inferred

"arrowhead" structure is interpreted (Figure 6.9). Due to poor imaging, it is difficult
to precise if the reflectors display a typical thickening fan-like wedge geometry towards
the inverted fault of the basement, although the slight increase in the thickness
of the unit supports this idea. In that case the package would be considered as
syn-extensional, indicating a growth phase on the hanging wall of the faults and
later affected by a mild structural inversion.

The unconformity that marks the top of the Espinhaço II/Paranoá sequence
forms a distinctive, exceptionally bright marker reflector. Although an important
impedance contrast is inferred along this boundary there are no wells penetrating it
to reveal the lithological differences between these two units.

Canastra/Macaúbas groups
In common with the underlying succession, the Canastra/Macaúbas sequence

maintains a fairly constant thickness (∼1400 m) from the western margin of this
profile until seismic line 0240-0063 (Figure 6.9). From this point eastward, the
sequence reduces progressively to ∼=300 m in the craton interior. The reduced
thickness is attributable to an apparent basement palaeohigh combined with post-
depositional erosion. Potential onlap relations with the underlying group are observed
along seismic line 0240-63 (Figure 6.10-A), however doubts remain due to the overall
poor quality of this particular line. If the onlap does exist, then it would suggest that
the central craton basement was subject to vertical adjustments during its evolution
and occupied a structurally high position during most of the Meso to Neoproterozoic
interval. This is in agreement with the provenance studies performed by Rodrigues
(2008) and Pimentel et al. (2011), who suggest Archean to Mesoproterozoic source
rocks for the Paranoá and Canastra groups. Elsewhere, the basal infilling strata of
the sequence is apparently parallel with the underlying unconformity (Figure 6.9).

Lateral continuity, parallel horizons and lack of extensional faults characterise
this unit (Figure 6.9). Its seismic character varies from high amplitude, at its base
and top, to low amplitude reflectors in its central portion (Figure 6.10-A and B).

Interpretation of ENE-WSW, NNW-SSE seismic lines (0240-306, 0240-304, 0240-
301, and 0240-305 (Figure 6.10-B)), which are not included in profile B, reveals that
the Canastra/Macaúbas groups were affected, after deposition, by a compressional
event that caused mild folding and exposure to erosion of their strata. The angular
character of this unconformity is only visible in the central part of the basin (seismic
line 0240-0063; Figure 6.9) and is a disconformity elsewhere. Syn-inversion unit are
not distinguishable in any of the seismic lines used for this study.
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Figure 6.9 Uninterpreted and interpreted seismic dataset of profile B.
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Figure 6.10 Uninterpreted and interpreted seismic dataset of profile B - details.

Bambuí Group
The Bambuí Group is characterised by the alternation of prominent and weak

reflections, as a response of interbedded carbonates and shales (Figure 6.9). Its
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preserved thickness along profile B is slightly reduced than its northern counterpart
(profile A; Figure 6.7).

Sete Lagoas Formation
The seismic transition from the Canastra/Macaúbas sediments to the Sete Lagoas

Formation is marked by a decrease in reflectivity, which persists up to the top of the
unit (Figure 6.9). Whilst the basal and middle strata are of lower amplitude it is
still possible to track the reflectors laterally. The unit culminates with a very bright
reflector indicating that density and transmission velocity contrasts become more
important towards the uppermost layers of this formation. The variation in acoustic
impedance might be marked by the exposure and dolomitisation (Kuchenbecker,
2011) experienced by its carbonates during sea level fall marking the latest stages
of deposition of the Sete Lagoas Formation (Martins and Lemos, 2007). In general,
its reflectors show parallel arrangement. Exception occurs along transverse seismic
lines (0240-305 and 0240-301) that intercept profile B where gentle downlap relations
towards the N are seemingly present (Figure 6.10-B). This formation develops an
increase in thickening from ∼550 m (seismic line 0240-291) to ∼700 m (0240-63)
along the undeformed portion of the basin (Figure 6.15). Variations in thickness for
the Sete Lagoas Formation have been reported further to the N of profile A (Januária
region, 15◦ 30’ S; (Figure 6.1), ranging from 400 to 50 m and interpreted to represent
differential syn-kinematic subsidence (Iglesias and Ulhein, 2009).

Serra de Santa Helena Formation
The Serra de Santa Helena Formation lies in conformity upon the underlying Sete

Lagoas Formation and although in the field the limit between these 2 formations
is gradational (Iglesias and Uhlein, 2009), in the seismic lines it is represented as a
sharp boundary (Figure 6.9). This unit has a homogeneous, transparent, acoustic
seismic character (Figure 6.10-B) suggesting uniform composition, as has been de-
scribed elsewhere in the basin for its pelitic strata (Iglesias and Uhlein, 2009). Its
average thickness is ∼350 m, subtly increasing from ∼300 m to ∼400 m to the NE
(Figure 6.15).

Lagoa do Jacaré Formation
A general increase in reflectivity and lateral continuity accompanies the con-

formable transition between the Serra da Saudade and the Lagoa do Jacaré formations.
Internally, it exhibits alternating bright and dull horizons (Figure 6.9 and Figure 6.10-
B). These probably represent the alternating sequence of carbonates, marls and
siltstones visible in outcrops (Iglesias and Uhlein, 2009). This unit maintains a
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constant thickness (∼340 m; Figure 6.15) equivalent to that calculated for the Serra
da Saudade and also to that encountered by well 1-RF-1-MG further to the N.

Serra da Saudade Formation
The upper unit of the Bambuí Group is homogeneous and seismically transparent

(Figure 6.9 and (Figure 6.10-B), and thus similar to the Serra de Santa Helena
Formation. At the periphery of the Brasilia deformation front, and particularly
in the footwall of the thrust sheet (seismic lines 0240-292/291; Figure 6.9), this
formation is more intensely deformed than the underlying units. This could be
explained by the fact that shales tend to be more ductile than the stiffer carbonates
beneath.

Profile B: Tectonic history
Profile B is interpreted to record a 5-stage evolution:

1. Extension with sediment deposition in discrete, predominately fault-bounded
grabens and half-grabens. This was associated with emplacement of hypabyssal
intrusions, which are clearly more widely developed than in profile A. According
to Matteini et al. (2012), igneous activity preceded and accompanied deposition
of the Espinhaço II/Paranoá groups. The infilling unit maintains a fairly
constant thickness and no clear depocentre can be identified along the profile.

2. Lithospheric extension/thermal subsidence, accompanied by deposition of the
fairly homogeneous Canastra-Macaúbas sequence. Similar attributes than the
ones described for profile A are seen here, despite a less pronounced variation
in thickness of this unit along profile B.

3. N-S compression of the Canastra/Macaúbas groups involving modest folding
and uplift prior to Bambuí Group deposition. A subsequent erosional phase
removed the upper part of this unit in the central portion of the basin, creating
the Canastra/Macaúbas unconformity which grades into a conformable sequence
(disconformity) everywhere else (including profile A). The erosion might have
affected syn-inversion units, as there is no evidence of their presence in any of
the seismic lines under study. The compression is understood as related to the
initial stages of Gondwana formation (Alkmim et al., 2001).

4. Regional lithospheric subsidence, marine transgression, and deposition of the
Bambuí Group. In this seismic profile the Bambuí Group has a constant
thickness, except for the basal Sete Lagoas Formation that slightly thickens
towards the NE.
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5. A final stage of compression, which induced folding and thrusting along the
craton margins. This event is interpreted as initially thin-skinned in origin with
a master detachment along the Canastra/Macaúbas-Bambuí groups unconfor-
mity, and evolving later to thick-skinned by inverting pre-existing normal faults
of the basement and folding of the detachment (Reis, 2011; Coelho, 2007).

6.5.4 Seismic interpretation - the southern zone

Along the length of profile C, only the Bambuí Group can be observed at outcrop.
Therefore, the lithology of pre-Bambuí units remains poorly constrained in this area
and the depositional sequences in the S domain have been tentatively correlated
with those from the central domain of the basin. However, important questions still
remain open.

6.5.4.1 Stratigraphic and structural interpretation

of seismic profile C

Basement
The basement in this area occupies a higher structural position if compared to the

central zone (profile A (Figure 6.7) and B (Figure 6.9)), as it is shown in the Bouguer
Anomaly map of Reis (2011). Apparently the space for accommodation generated
during the initial phases of extension observed in the central region where not pro-
nounced in this extreme of the craton conditioning thin deposition. The structuration
of the basement, on the other hand, is less pronounced as if the area was subject to
peneplanisation for an extended period of time (Figure 6.11). Small grabens and
horsts are, however, interpreted. The dip of the faults becomes predominant to the E
towards the eastern extreme of seismic line 0240-296, in proximity to the Araçuaí Belt.

Espinhaço II/Paranoá groups
The basal infilling unit, termed Espinhaço II/Paranoá, is interpreted as locally

developed along the eastern extremity of this profile (seismic line 0240-296; Fig-
ure 6.11). Here, the unit is of considerably lower thickness (∼1700 m) than further
N in profile A (Figure 6.7) where it reaches up to 6000 m. Despite the limited lateral
development and even its pinch out to the E, the unit apparently reappears along
seismic sections 0240-294/0240-293 (Figure 6.12-A). There, it is contained within
a graben where some parallelism between reflectors and onlap onto the basement
can be observed (Figure 6.12-A). Along seismic line 0240-296 (Figure 6.12-B), on
the other hand, the unit is seismically transparent, but interrupted progressively to
the E by some disperse high-amplitude, discontinuous and contoured reflectors. If
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the same interpretation followed for the central zone is applied here, the presence of
hypabyssal intrusions might be proposed.

As in profile A (Figure 6.7), it becomes difficult to define the top of the basement
and the occurrence of the first infilling unit to the eastern extreme of profile C
(Figure 6.11) due to a series of steeply dipping reflectors that transect the area.
These prominent reflectors are proposed to represent thrusts which subdivide the
crystalline basement into a number of elongated crustal bodies.

Canastra/Macaúbas groups
The Canastra/Macaúbas sequence is more extensively developed than the under-

lying Espinhaço II/Paranoá groups, not only in thickness, which reaches up to 800
m, but also in lateral extent. Internally its reflectors are dim (Figure 6.11) and it
becomes difficult to identify strata arrangements along most of its length except in
the eastern margin of seismic line 0240-296, where some internal bright reflectors
can be tracked for tens of kilometres but fade away laterally to the W. To the N
(0240-0294; Figure 6.12-A) some wavy facies reflections are observed.

Unique to seismic line 0240-296 (Figure 6.12-B) are major incisions that cut
through the top of the Espinhaço II/Paranoá sequence. The dimensions of these
incisions range from ∼1.5 to 4 km width and from ∼100m to ∼500 m depth and their
morphology is variable: some exhibit relatively flat floors and steep sides, whereas
others have a characteristic "V" profile. It is important to note, however, that as
these features appear only in one 2D seismic line it is impossible to map their true
form and orientation and, consequently, the data is prone to severe aliasing effects.
The valleys bottom present an erosional morphology but as the underlying sequence
holds a transparent seismic character, it is not clear the truncation of the strata as the
incision cuts the substratum. Their infilling on the other hand, does not reveal con-
fined strata and instead appears in most of the cases with a characteristic transparent
seismo-facies, which may likely result from the presence of coarse material, such as
gravel. Chronocorrelation of the timing of incision is inferred between the different
valleys due to the lack of crosscutting generations in the vertical domain. Given the
stratigraphic position of these features beneath the Bambuí Group, it is likely that
the incisions are related to the Jequitaí glaciation (Chapter II, Figure 2.9). Similar
incisions occur in seismic sections from formerly glaciated landscapes, and have
been interpreted as subglacial tunnel valleys (Lonergan et al., 2006) with examples
ranging from Proterozoic to Pleistocene (Van der Vegt et al., 2012; Le Heron et al.,
2012). Tunnel valleys are evidence of former continental ice sheets forming through
the release of melt water during ice retreat and are generally filled with glacifluvial,
glacilacustrine and/or glacimarine sediments (Stuart and Lonergan, 2011). Thus,
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these incisions may record the recession of the Jequitaí ice sheets, at the late rift
stage of the Macaúbas Basin (880 Ma, Rodrigues 2008). This interpretation can only
be tentative, however; a fluvial origin cannot be discounted as large rivers commonly
occupy cratonic settings (e.g. canyons cutting the Colorado Plateau of the western
USA; Gupta, 2008).

Bambuí Group

Sete Lagoas Formation
The Sete Lagoas Formation is present mostly as discontinuous and low-amplitude

reflections. Its top, however, is very reflective, with good lateral continuity along
the full extent of the profile (Figure 6.11). The only clear difference if compared to
profiles A (Figure 6.7) and B (Figure 6.9), is the presence of a bright reflector close
to the base of the formation visible along the area affected by the Brasiliano-Pan
African compression (lines 0240-293, 0240-294 (Figure 6.12-A), 0240-295 (Figure 6.11)
and 0240-298). This level develops a crinkly profile denoting deformation along the
hangingwall of a major thrust. Uncertainty exists concerning its precise stratigraphic
position (i.e. if belongs to the underlying Canastra/Paranoá sequence or to the Bam-
buí Group). In fact, Reis (2011) interpreted this feature as a secondary detachment,
and possibly associated with the presence of evaporites (H. Reis pers. comm.). Due
to the stratigraphic description in the geological map of Minas Gerais (CPRM, 2003)
(i.e. no pre-Bambuí units outcropping along the thrust fault plane) it is suggested
here that the bright reflector belongs to the basal Sete Lagoas Formation. In terms of
formation thickness, a thinning down occurs from the W along seismic line 0240-298
(∼700 m) to the E along 0240-296 (∼500 m; Figure 6.15).

Serra de Santa Helena Formation
The Serra de Santa Helena, which conformably overlies the Sete Lagoas Forma-

tion, appears with distinct parallel reflectors traceable laterally almost for the entire
length of profile C (Figure 6.11). These disappear towards the western extreme of
profile C, where the deformational overprint of the Brasilia Belt is more important.
Thickness is fairly constant (∼550 and 500 m; Figure 6.15).
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Figure 6.11 Uninterpreted and interpreted seismic dataset of seismic profile C.
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Figure 6.12 Uninterpreted and interpreted seismic dataset of profile C - details.
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Profile C: Tectonic history
Profile C is interpreted to record a 4-stage evolution:

1. Extension generated a series of normal faults with preferential E dip towards
the Araçuaí Orogen where the depocentre of the Espinhaço II was located. The
lack of a depocentre to the W is notable (Figure 6.11).

2. Extension and associated lithospheric subsidence provided accommodation
space for the Canastra/Macaúbas groups. Depocentres were also preferentially
located to the E of profile C. A series of major incisions were cut into the
Espinhaço II Group preferentially to the eastern extreme of the profile. The
stratigraphic position of these incisions likely tallies with the glaciogenic Jequitaí
Formation at outcrop, suggesting that a subglacial or fluvial origin for these
features is likely.

3. As elsewhere in the basin, renewed subsidence and transgression was accompa-
nied by deposition of the Bambuí Group. In section C, the basal Sete Lagoas
Formation shows a variation in seismic facies (bright reflectors in its bottom)
and there is an increased thickness for both the Sete Lagoas and Serra de Santa
Helena formations. The remaining strata of the Bambuí Group are not imaged
along this profile and therefore more pronounced erosion is inferred to have
happened in the S portion of the basin.

4. Finally, compression is associated with the convergence of the São Francisco-
Congo continent (Alkmim and Martins-Neto, 2012). Their reassembly resulted
in the formation of a thin-skinned thrust system to the western extremity of
profile C and the involvement of the basement and lower depositional units to
the E in the external domain of the Araçuaí Belt.

6.5.5 Morphotectonic domains and structural styles

Three main morphotectonic domains of the São Francisco Basin, the western,
central and eastern provinces have been distinguished by their seismic character,
internal stratal geometries and morphologies of their bounding surfaces (Figure 6.13).
These domains, which have also been described in the surface by Alkmim et al.
(1993, 1996) and Alkmim & Martins-Neto, (2001) (Figure 6.2), are: the external
portions of the Brasilia (I) and Araçuaí Belt (II) and the central undeformed region
(III) that lies in between those. The dataset in this study does not reveal evidence
for extensional faulting associated with the opening of the southern Atlantic Ocean.
This also includes profile C, which intercepts in its western extreme the Abaeté
sub-Basin formed during the Cretaceous extension (Campos and Dardenne, 1997).



Results and interpretations 265

Figure 6.13 Morphotectonic domains and structural styles observed in the seismic sections
used in this study. Modified from Alkmim et al. (1993)

6.5.5.1 Western domain: external portion of the Brasilia Belt

The Brasilia Belt consists of a fan of imbricate thrusts system that roots to
a common detachment at the contact between the Canastra/Macaúbas and the
Bambuí groups. The detachment level is inferred to occur between 0.750 and 1 s
(TWT; Figure 6.7, 6.9 and 6.11), and is recognised as a moderate amplitude and
fairly continuous reflector. It separates the allochthonous Vazante carbonate-slate
sequence from the Canastra Group and places the former in tectonic contact with
the Bambuí Group to the E (Figure 6.1). Internally the allochthon consists of a W
dipping imbricate zone of tectonic wedges with prominent reflector acting as master
thrusts.

The nature of the basal detachment is unknown. Its extension into the undeformed
domain of the basin, leads to the presence of diamictites in well 1-RF-1-MG (Section
6.5.1). In the field, and for most of the outcropping thrusts, only calcilutite, calcisiltite,
marls, silt and subordinated argillite and sandstones belonging to the Bambuí Group
are reported (CPRM, 2003). In the field campaign held in 2011, however, pre-Bambuí
rocks were also observed in the surface (Chapter III) (e.g. João Pinheiro thrust).
Therefore even if the detachment level is apparently rooted along the contact between
the Bambuí and the Canastra groups, it seems that it undulates considerably carrying
to the surface rocks of both groups. Evaporites have been suggested as forming
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the detachment in the S portion of the basin (H. Reis pers. comm.). However,
detachment folds are discarded, as neither thickening of the detachment towards
the centre of structures nor box folds are present in the area covered by the seismic
dataset. In addition, the dip of the thrusts is maintained systematically to the W
rather than centripetal, with back and forth propagation typical of fold and thrust
belts developed above weak, viscous and low shear strength detachments (Costa and
Vendeville, 2002).

In a W-E profile, a difference in tectonic style is observed with distance to the
hinterland:

I-a A western domain (Figure 6.13), where shortening of the strata occurred in
closely arranged, imbricate thrust sheets and the visualisation of its internal
strata is compromised (chaotic, broken, transparent reflectors). Line 0240-
290, belonging to profile A (Figure 6.7), exhibits deformation characteristic of
this domain, as does the western margin of profile B (seismic line 0290-292;
Figure 6.9).

I-b An eastern domain that represents the most easterly strip of the Brasilia Belt
where shortening was accommodated on broad, coherent thrust sheets (Fig-
ure 6.13). This zone includes part of profile B (Figure 6.9), from the eastern
margin of seismic line 0290-0292 to seismic line 0290-0291, and also profile
C (Figure 6.11) along seismic lines 0240-0295 and 0240-0298. The thrust has
typical flat-ramp geometries with long and narrow fault-related ridges separated
by flat backlimbs. Within these flat limbs, the thrust is parallel to bedding
and the strata lying above are practically undeformed. Deformation increases
and bedding become distorted only in association with the syncline formed
when the units are tilted vertically and propagated towards the surface. The
ridges are narrow, generally ∼7 km wide and asymmetric in cross-section with
a steep backlimb that faces the Brasilia Belt (i.e. E verging).

It is interesting to point out that the thrusts that separate these two sub-
zones (i.e. I-a and I-b) have a close relationship with the underlying basement
highs (thick-skinned tectonics). Apparently, the basal detachment is raised
above regional (folded) before climbing up stratigraphy and outcropping into
the surface (e.g. Figure 6.9 and 6.11). It is still unknown if the basement
topography is affecting the location of ramps by acting as a stress concentrator
(perturbing principal stress orientations) (Schedl and Wiltschko, 1987) or if the
apparent higher structural position of the underlying units is an artifact effect
induced by highly dipping strata and therefore velocity-stretching problems.



Results and interpretations 267

Erosion has decapitated the thrust sheets of the western domain and therefore the
study of the topographic slope and the Coulomb taper angle is precluded. Even if the
real dip angle of the thrust cannot be measured (because the seismic image is in time)
it is noted that the thrust faults become steeper towards the hinterland of the orogen
(Figure 6.9 and 6.11). This might be a result of continued accretion at the front of
the wedge (younger thrusts progressively towards the foreland) and therefore back
rotation of previously formed thrust fault systems (i.e. forward breaking sequence)
(Grando and McClay, 2007). The position of some protothrust along seismic line
0240-298 (Figure 6.11) and 0240-291 (Figure 6.9) may also be attributable to this
hypothesis. However, the absence of a syn-tectonic sedimentary sequences does not
allow constraining this interpretation and it should be noted that the incipiently
nucleated thrust could also exemplify out-of-sequence events.

Growth strata and the post-contractional sequences were not deposited/preserved?
even in the synclinal basins on the backlimbs of the thrusts sheets. Therefore
all information to unravel the timing and mechanisms of folding is absent. This
characteristic may, anyhow, be an indicative of an important erosive event at the
end of the Brasiliano-Pan African event (Chapter VII).

6.5.5.2 Eastern domain: external portion of the Araçuaí Belt

Along seismic line 0240-300 (Figure 6.7) and 0240-296 (Figure 6.11), the imprint
of the Araçuaí Orogen can be observed. In both cases, an anticlinal-synclinal pair
marks the deformational front. In the case of line 0240-300, this structure is named
Serra da Agua Fria (Hercos et al., 2008; Alkmim and Martins-Neto, 2012) while for
seismic line 0240-296, the folding can be linked to the prolongation of the Serra do
Bicudo and Serra do Cabral to the S. The interlimb angle appears less pronounced in
the later if compared to that of the Serra de Agua Fría and therefore a dissipation of
stresses is inferred to occur towards the S. These structures, form in plan view a series
of wide, W vergent and doubly plunging antiformal culminations (NNE-SSW axial
plane) (Souza Filho (1995, in Hercos et al., 2008) that mark the external domain of
the Araçuaí Belt over the cratons interior.

The Serra da Agua Fria anticline (profile A; (Figure 6.7), apparently involves the
entire stratigraphic succession, from the basement to the youngest Neoproterozoic
formations of the Bambuí Group. Its E to W cross-section reveals minor reverse
faulting associated with deep structures in its eastern and western flanks (Figure 6.7).
Below the Macaúbas sequence, the quality of the seismic image is diminished and
the seismic interpretation more tentative. In this respect, doubts arise about the
delimitation of the basement top. Here, it is inferred to be positioned at ∼1 sec
(TWT) equivalent to ∼2500 m. Similar values for the top basement in the Pirapora
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region were calculated from gravimetric data (Marinho, 1993 in Hercos et al., 2008).
In this same region, various steeply dipping reflectors are observed and interpreted
as tectonic breaks (faults), subdividing the seismic image into a series of crustal
blocks. Some of these reflectors can be traced for tens of km; others tend to deflect,
flatten and become arrested in association with the unconformity that caps the
Espinhaço II Group, owing to the probable heterogeneous mechanical properties of
the layers. Minor conjugated and W dipping faults (back-thrusts) that cut up section
are also interpreted (seismic line 0240-0300; Figure 6.7). Along the eastern margin
of profile C, similar bright and E-dipping reflectors interpreted as thrusts are also
seen below the Serra do Bicudo anticline. Some of these lose continuity within the
same basement, whilst others propagate up to the contact between the Espinhaço
II and the Macaúbas groups. In this way, thick-skinned control is associated with
the structuration of the eastern São Francisco Basin, which faults the basement
and Espinhaço II (Conselheiro Mata Group) and conditions folding of the overlying
Macaúbas Group (Jequitaí Formation) and Paraopeba sequences. It is thought that
these major thrusts were originally extensional faults, defining the depocentre of the
Espinhaço Basin to the E.

6.5.5.3 Central domain: portion of the basin located

in-between the Brasilia and Araçuaí belts

This domain is represented by practically undeformed sequences and was appar-
ently preserved from the compressive action of the Brasiliano-Pan African Orogeny
at the end of the Neoproterozoic (Figure 6.13). Here, the only apparent tectonic
influence is the gentle W tilting of the sequence, probably caused by thrust-sheet
loading within the Brasilia Belt. In this domain, erosion has been more important
towards the S extremity of the basin as only the Sete Lagoas and Serra de Santa
Helena formations remain preserved along profile C (Figure 6.11).

6.6 Stratigraphic and tectonic synthesis and impli-

cations

A fence diagram (Figure 6.14) of the three quasi-parallel profiles (A, B and C)
allows a 3D visualisation of the geometry of the São Francisco Basin over more than
250 km in a N-S direction. A first order observation of the seismic data in this figure
reveals a distinctly different style of deposition from Meso to Neoproterozoic times.

The Espinhaço II/Paranoá sequence exhibits greater variance in thickness along
all profiles when compared to the successive Canastra/Macaúbas and Bambuí groups.



Stratigraphic and tectonic synthesis and implications 269

A thicker succession along the western extreme of profile A, decreases progressively
towards the western border of profile B and ends up disappearing in the western
margin of profile C (Figure 6.14). Towards the craton interior, the unit also tends to
get thinner to the S in both profiles, A and B. Finally a slight increase in thickness
is observed towards the Araçuaí Belt along the eastern margin of profile C.

The Canastra/Macaúbas sequence shows less abrupt variation in thickness than
the underlying unit although tends to mimic the observed thickness variation trends.
Its top was affected by an important erosive event registered principally in the basin’s
centre.

The uppermost overlying Bambuí Group interval, if compared to the underlying
sequences, maintains a relatively uniform thickness across all sections (Figure 6.14).
This indicates that its deposition across the interior of the São Francisco Craton was
seemingly not affected by pre-existing topography. Internally, constituent formations
of the Bambuí Group show minor variation in thickness implying localised readjust-
ment of the craton along its evolution (Figure 6.15). After deposition, preferential
erosion along the E and S basin occurred.

In terms of their significance in the evolution of the basin, the former three
units (i.e. Espinhaço II/Paranoá, Canastra/Macaúbas and Bambuí groups) represent
different stages of basin infilling associated with distinct tectonic styles:

a) Extensional settings
The Espinhaço II/Paranoá and Canastra/Macaúbas sequences have been widely

studied over the years (Dardenfer and Dardenne, 2002; Alkmim and Martins-Neto,
2012; Rodrigues et al., 2010; Martins-Neto, 2009; Pedrosa-Soares et al., 2008; Va-
leriano et al., 2008). While the Espinhaço II/Paranoá is considered to record the
development of ensialic basins, the Canastra/Macaúbas is related to the formation of
proper passive margin sequences with oceanic crust. Deep-water facies and ophiolites
are reported for the Araxá (ca. 0.8 Ga, Valeriano et al., 2008) and Macaúbas (816
± 72 Ma, Pedrosa-Soares et al., 2008) groups along the Brasilia and Araçuaí belts
respectively but not for the Espinhaço II/Paranoá groups which were consequently
interpreted as an aulacogenic basin. Despite this evidence, the basal infilling sequence
shows a greater development than the overlying Canastra/Macaúbas deposits, at
least in the area imaged by the seismic profiles. The structural interpretation of
profiles A, B and C (Figure 6.7, 6.9 and 6.11 respectively) indicates that the Espin-
haço II/Paranoá sediments and its intrusives are analogous to modern extensional
continental margin. The estimated thickness of ∼6 km is similar to that of sequences
in early rifts preserved along present-day continental-margins (Bradley, 2008).
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Figure 6.14 Fence diagram of profiles A, B and C.
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In the case of the Canastra/Macaúbas sequence there is no significant sea-
wards thickening. Contrary to normal rifting sequences (Bradley, 2008), there is no
structural configuration with development of faults bounding localised depocentres.
Apparently, sedimentation within the craton may have occurred contemporaneously
with diffuse inboard subsidence during a period of thermal re-equilibration and a
generalised transgression over the São Francisco Craton. This interpretation is cor-
roborated by the parallel nature and continuity of the reflectors, and onlap relations
with the underlying unconformity. It is inferred that the hiatus associated with the
basal unconformity increases in duration towards the craton interior, as an area
likely to be affected last by the flooding event marking the resumption of deposition.
Similar internal arrangement for the Macaúbas Group with platformal deposits in
an intracratonic setting, has been interpreted by Zalán and Romeiro-Silva (2007).
Glacial activity is thought to have occurred before the flooding event, to account for
the rugged topographic surface and incisions developed at the top of the Espinhaço
Group in the eastern margin of the basin.

The unconformity that divides the formerly described extensional events (i.e.
Espinhaço II/Paranoá and Canastra/Macaúbas groups) is adjudicated to the amal-
gamation of Rodinia ca. 1300-1000 Ma (Alkmim and Martins-Neto, 2001) and is
described by Zalán and Romeiro Silva (2007) as responsible for the generation of
inversion and erosion. Although inversion is not imaged here, it is understood that
this compressional event is responsible for the domed profile of the top Espinhaço
unconformity (with its crest placed in the centre of the craton) onto which the
Canastra/Macaúbas develops onlap relations.

b) Compressional settings
The initiation of compression and deformation of the basin can be traced back to

the end of the Canastra/Macaúbas sequence deposition in the seismic lines analysed.
As described for profile B (Figure 6.9) and for the minor seismic lines that intersect
it (Figure 6.10-A) the top Canastra/Macaúbas sequence records mild folding and
erosional truncation in the central part of the basin, remaining as a disconformity
elsewhere. The absence of syn-inversion deposits precludes the study of the temporal
and kinematic evolution of this deformational event. However, it is speculated that
it occurred after the deposition of the Canastra/Macaúbas groups but prior to the
initiation of the Bambuí Basin. The available literature describing the seismic layout
of the basin, also mentions an erosive and uneven unconformity capping this unit,
and a rare angular character (Zalán and Romeiro Silva, 2007). Coelho et al. (2008)
on the other hand, suggests a transpressive event with NE-SW oriented strike-slip
faults and positive flower structures. In the seismic lines used for this study, however,



Stratigraphic and tectonic synthesis and implications 272

there are no clear evidence to support Coelho et al. (2008) interpretation. Owing
to the orientation of folds, which are only visible in NNW-SSE seismic lines, a S-N
compression direction is inferred, probably related to the collision of the Rio de La
Plata Craton from the S and the formation of the Southern Brasília Belt (Alkmim et
al., 2001). The compression, in this way, may have preferentially affected the weaker
central portion of the craton represented by the Pirapora aulacogen (Chapter II,
Figure 2.6).

Several authors (Castro and Dardenne, 2000; Alkmim and Martins Neto, 2012;
Martins-Neto, 2009) have assigned the deposition of the Bambuí Group to a foreland
basin. An ideal foreland basin system, as defined by DeCelles (2012) includes four
discrete depozones that reflect local kinematic and subsidence conditions: wedge
top, foredeep, forebulge and backbulge. Each of these zones develops a specific
accommodation trend according to the geographic distribution in which they occur:
rapid lateral thickening in the flexural subsiding foredeep depozone, a zone of
thinning representing the position of the flexural forebulge and finally the backbulge
depozone where the interval thickens slightly (Currie, 2002). This ideal flexural
compartmentalisation profile can be affected by the nature of the plate involved
(structural heterogeneities of the lithosphere), the size and shape of the load, the
amount of sediments in the basin and ancestral basement structures (DeCelles,
2012; Currie, 2002; Catuneanu, 2004). Nonetheless, the compartmentalisation is an
inherited characteristic of this type of basins, as they are intimately linked to the
loading imposed by the thrust belt (i.e. flexural deflection).

Contrary to what has been described by Martins-Neto (2009) (Section 6.4.3),
the influence of foreland tectonics as a control on sediment thickness trends is not
clearly identified in this work (Figure 6.15). Variation in the thicknesses of the
formations belonging to the Bambuí Group in the autochthonous portion of the
basin (i.e. away from the deformation front) along profiles A, B and C, proved to be
random (Figure 6.15). While an apparent increase in thickness towards the theoretical
foredeep of the Brasilia Belt was only observed for the Sete Lagoas Formation along
profile C, the remaining profiles and formations revealed NW, NE and SE thickenings
(Figure 6.15). It is important to note, however, that the interpreted stratigraphy in
profile C cannot be constrained due to the lack of well data. Regarding longitudinal
trends, some decrease in thickness for the Sete Lagoas and increase for the Serra de
Santa Helena formations can be appreciated from profile B to C. For the remaining
formations, thickness trends cannot be established as post depositional erosion seems
to have been more pronounced meridionally. What can clearly be seen and might
eventually create the false impression of foredeep-thickening in the Bambuí Group is
a regional tilting of the sequence to the W that led to its preferential erosion and
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consequently wedging to the E.
For Martins-Neto (2009) the central and eastern domains of the basin hold the

flexural ramp of the Bambuí Group. Published literature (Currie, 2002; Horton and
DeCelles, 1997) derived from well-known foreland basins (e.g. Cordilleran Basin
System and Sevier Thrust Belt, in Utah and Colorado; and foreland basins along
the Andes), however, mentions forebulge and backbulge deposits with thicknesses
of up to 500 m of rocks. The maximum thickness reported for the Bambuí Group
attains 1770 m in well 1-RF-1-MG (Fugita and Clark Filho, 2001) clearly exceeding
previously described values. Equivalent thickness (∼1.8 km) for the backbulge
depozone were only reported in areas that suffered combined subsidence events (e.g.
flexural and continental margin setting) that acted concomitantly to create space
of accommodation for such a thick pile of sediments to occur (e.g. Witwatersrand
system in South Africa (Catuneanu, 2001)).

In the present study, onlap relations at the base of the Bambuí Group were not
interpreted along any of the 3 analysed profiles, in direct contrast to Martins and
Lemos (2007). According to DeCelles (2012), foreland basins exhibit characteristic
stratal onlap and offlap patterns formed in association with lateral forebulge migration.
The lack of such stratal arrangement with the underlying unconformity and also
among the different formations that compose the Bambuí Group implies time-
synchronicity from the basin interior to the craton margin. Therefore the diagnostic
basal (forebulge) unconformity typical of foreland basins, which indicates increasing
stratigraphic hiatus towards the foreland (Catuneanu, 2001), cannot be identified
within the Bambuí Basin.

In addition, Martins and Lemos (2007) consider the record of the Bambuí Group
to be one of successive retrogradational and progradational cycles over the craton.
It is widely known that carbonate platforms are common in foreland basins and
they provide a good record of basin evolution and relative sea level change by mim-
icking the flexural profile produced by tectonic loading (Dorobek, 1995). During
active convergence synorogenic carbonate ramps are forced to onlap and/or backstep
cratonward. This type of geometry and strata arrangements is not observable in
the São Francisco Basin and instead an aggradational set of parasequences with
homogeneous parallel stacking arrangement of strata reflectors seems to dominate.
The predominantly carbonate-shale fabric shows seismo-facies homogeneity that can
be tracked for tens of kilometres.
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Figure 6.15 Thicknesses of the Bambuí Group formations in the undeformed domain of the São Francisco Basin.
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Following the observations detailed in the preceding paragraphs, it is interpreted
that the basal/medium Bambuí Group was deposited in an intracratonic setting as
described by Zalán and Romeiro Silva (2007). In association with a more regional-
scale and uniform subsidence, it is inferred that marine transgressions covered a wide
cratonic extension. Homogeneous Sr isotope stratigraphy (Misi et al., 2007) in the
São Francisco and Irecê/Una-Utinga basins (developed over the NE lobe of the São
Francisco Craton) supports this hypothesis. However, an overlap in age necessarily
exists between the Bambuí Group deposition (ca. 650-616 Ma; Rodrigues, 2008)
and the Brasilia (ca. 800-550 Ma; Pimentel et al., 2001) and Araçuaí (ca. 630 and
560 Ma; Pedrosa-Soares et al., 2008) belts formation. The deposition of the mainly
clastic Serra da Saudade and Três Marias formations (Zalán and Romeiro Silva,
2007) could be a representative of the progradation of siliciclastics (Chiavegatto,
1992) during later overfilled stages of basin evolution. Ortu (1990), who studied the
tecto-geophysical modelling of the S portion of the São Francisco Basin, reported that
the Três Marias Formation could have been effectively part of a foreland basin as its
deposits are preferentially located along flexural lows. Chiavegatto (1992), who did
a sedimentological study of the same unit, showed preferential paleocurrent towards
the same flexural low established by Ortu (1990) but he could not demonstrate direct
source area from the surrounding belts. Specifically in the present work, as the
youngest formations of the Bambuí Group are not imaged along the studied profiles,
there are no arguments against this hypothesis.

6.7 Summary

The interpretation of old but recently released 2D seismic reflection data has
revealed new stratigraphic and structural detail of the craton’s Meso-Neoproterozoic
sedimentary cover. Three disparate regions of the craton have been assessed and the
main observations derived from this study are listed as follows:

• Three principal sedimentary sequences, capped by regional unconformities
were described for the different domains of the São Francisco Basin. Their
correlation was established over 250 km (in a longitudinal direction) that is the
distance that separates the three profiles (A, B and C) used for this purpose.

• One extensional event, two of generalised subsidence and a later of compression
has been interpreted for the evolution of the Proterozoic basin. The extension
is represented by the Espinhaço II/Paranoá sequence, which displays seawards-
thickening and inferred fault-bounded depocentres towards the margins of the
craton. The overlying Canastra/Macaúbas sequence, on the other hand, even
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if associated with a renewed extensional event along the Araçuaí and Brasilia
belts (Pedrosa-Soares et al., 2008; Valeriano et al., 2008), seems to have received
only the thermal subsidence effects in the cratonic portion of the basin. This
interpretation is based on the lack of evident faulting and lateral continuity
of reflectors, which denote deposition without major tectonic influence. The
basal/middle Bambuí Group also records homogeneous subsidence, at least in
the undeformed domain of the basin suggesting that a foreland setting could not
explain, at least on its own, the geometries preserved in the cratonic domain.
It is suggested however, that the imaged succession was later affected by the
Brasiliano-Pan African compressional event. The whole sequence was tilted to
the W due to the load imposed by the thrust sheet pile of the Brasilia Belt. In
this way, the Bambuí Group sequence develops eastwards thinning imposed by
preferential erosion to the E.

• Three unconformities appear separating the major depositional sequences
described above:

1. The top of the Espinhaço II/Paranoá sequence, which generated the
domed architecture of the initially infilling unit and allowed the onlap of
the subsequence Canastra/Macaúbas groups. To the SE basin margin,
localised glacial activity generated incisions along its profile imprinting a
rugged aspect to this surface.

2. The top of the Canastra/Macaúbas sequence that indicates subtle com-
pression and later erosion in the central domain of the basin where angular
truncations are preserved. Elsewhere, it appears as a disconformity.

3. The top of the Bambuí Group, which, even if not properly imaged, in-
dicates an important erosional event affecting the whole extent of the
basin. Deeper sections are apparently exposed towards the S extreme of
the basin, where only the basalmost formations of the Bambuí Group
(Sete Lagoas and Serra de Santa Helena formations) were preserved.

• From a Brasiliano-Pan African tectonic imprint, the basin can be separated in
3 domains, which coincide with those described by Alkmim and Martins-Neto,
(2001). These are:

1. The western domain, dominated by thin skinned tectonic affecting the
Canastra/Vazante and Bambuí groups along a master detachment that
extends for ∼100 km across the basin. Reactivation of early extensional
faults is also observed, which apparently induce slight folding of the
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detachment. The course of tectonism is interpreted as primarily by thin-
skinned and later evolving to thick-skinned deformation style.

2. The central domain, where the strata lie undeformed.

3. The eastern domain, where km-scale open anticlines with associated
synclines involve the basement and the entire stratigraphic sequence
(thick-skinned tectonics).

The seismic stratigraphy of the Meso to Neoproterozoic (ca. 1500 to 600 Ma)
cover sequences of the São Francisco Craton is consistent, both in time and space,
with analogue models of intracratonic basins formed elsewhere around the world
(Armitage and Allen, 2010). An initial stage, controlled by extension, is followed
in time by renewed continental dispersal along the craton margins, inducing gentle
readjustment of the craton interior during a period that extends for hundred millions
of years. In this model the basal/middle Bambuí Group, deposited along the centre
of the craton, simulates an intracratonic sequence that was later affected by foreland
flexure during the Brasiliano-Pan African orogenic activity. This supports the idea
that a more extensive stratigraphic sequence, probably associated with a subsequent
foreland stage, developed after the Bambuí Group section imaged here.
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Chapter 7

Post-Bambuí basin history: insights from
porosity and thermogeochronology

7.1 Introduction

This chapter outlines the research carried out to constrain tectono-thermal events
in the São Francisco Basin after the deposition of the Bambuí Group, most specifically
from the Ediacaran till the present day. The unconformity separating the Bambuí
and the Santa Fé groups constitutes the largest gap in the stratigraphic record of
the São Francisco Basin. The entire Cambrian, Ordovician, Silurian and Devonian
systems are missing in some areas, with a Cambrian to Cretaceous hiatus in others.
In this chapter, the initial approach to account for the missing stratigraphy is based
on sonic log data from the basal-mid units of the Bambuí Group (Sete Lagoas, Serra
de Santa Helena, Lagoa do Jacaré and Serra da Saudade formations). Apatite fission
track analysis (AFTA) is then introduced to document the thermal evolution of
the topmost portion of the same group, particularly the Três Marías Formation.
Together, these techniques allow the origins of the hiatus to be explored.

Section 7.2 describes the methodology employed to obtain porosity from sonic
log data and to estimate compaction, and hence burial of the Bambuí Group. It also
summarises the workflow used for apatite thermochronometric technique spanning
from sample collection until numerical modeling. Section 7.3 details data limitations
encountered during sample processing. Section 7.4 provides an overview of the
principles of each technique in order to have the necessary understanding required
to evaluate and interpret the data. Detail of the previous work performed in the
basin and its surroundings is also reported. This section in addition describes the
lithological and stratigraphic characteristics of the Três Marias Formation used
for AFTA. Section 7.5 details the results obtained from compaction trends and
provides an estimate of missing overburden. Qualitative/quantitative AFTA results
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are detailed to gain knowledge about the thermal history of this sedimentary basin
during the Phanerozoic. Lastly an estimation of the uplift and cooling/denudation
rate for the basin is presented and the results are compared with previous published
work. Finally, Section 7.6 summarises key findings of the dataset analysed.

7.2 Methodology

7.2.1 Porosity analysis

The logs from three Petrobras wells were made available for study by the Agência
Nacional do Petróleo (ANP). These were incorporated into the compaction analysis.
The geographic position of the wells under consideration, 1-RF-1-MG, 1-RC-1-GO
and 1-MA-1-MG, together with their stratigraphy and formation tops (Fugita and
Clark Filho, 2001) is presented in Figure 7.1. Porosity calculations were determined
using sonic log curves. These were in part digitised from log composites (pdf) using
the free software Engauge Digitizer (http://digitizer.sourceforge.net) and in part used
as ’.las’ (Log ASCII Standard) files. Both were converted to porosity logs following
Wyllie’s equation (Schlumberger, 1989) in Microsoft Excel (Appendix VII.1). The
calculated porosity values were then grouped by lithology and compared to normal
compaction trends with depth compiled by Allen and Allen (2005) (developed in
Section 7.5).

7.2.2 AFTA

7.2.2.1 Sampling

Ten samples of the Três Marias Formation were collected from different parts of
the basin from as wide an area as possible over a ∼440 km long, NW-SE traverse
(Figure 7.2). This was in order to obtain a spatially representative dataset to
reconstruct and compare burial history in the western, central and eastern portions
of the basin. The specimens were collected by Fernando Alkmim and his PhD
student Humberto Reis. During sampling, large (> 1 kg) specimens of coarse-grained
sandstones were collected. Although the topography of the São Francisco Craton is
of low relief (mean regional elevation of 700 m.a.s.l., IBGE) there are local variations
of 100-200 m created by relief associated with local Precambrian structures which
produce a limited rugged landscape in the external domain of the Brasilia Belt.
Effort was made to collect samples across the greatest possible range of elevations in
order to resolve trends between fission track ages and elevation.
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Figure 7.2 Location of samples for AFTA in the São Francisco Basin. Modified from CPRM (2003) - Geological Map of the Minas Gerais State, scale 1:1,000,000.
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7.2.2.2 Sample preparation

Bedrock samples were crushed using a hammer or manual-jack rock splitter
(Figure 7.3-A) followed by a jaw crusher (Figure 7.3-B) and disk pulveriser (Figure 7.3-
C) to reduce each sample to a medium sand grain size. Samples where then washed
with water (Figure 7.3-D) to remove the finer powdered rock, rinsed and oven dried
at 40◦C for 8 hours (Figure 7.3-E, F). The samples were then sieved with a 700
µm mesh (Figure 7.3-G). The <700 µm fraction was separated using heavy liquids
(Bromoform) of density 2.85 gr/cm3 in a glass separating funnel (Figure 7.3-H).
Samples were left in the heavy liquid and intermittently stirred for approximately 70
minutes and then the heavy fraction was drained off, rinsed with acetone and dried
under heat lamps. To extract apatites from the heavy fraction the sample was then
fed through a FRANTZ magnetic separator (Figure 7.3-I) in order to remove the
magnetic fraction. A 12◦ forward slope angle and 25◦ side tilt at 1.7 amps was used.
After inspection under optical microscope, an additional separation was performed
to some samples to remove zircon using the heavy liquid Diiodomethane (DIM) of
density 3.35 gr/cm3. The separated apatite grains in the size range 63-500 µm were
then mounted on glass slides in Araldite® adhesive and polished using a combination
of carborundom papers followed by fine grained alumina paste on linen cloths down
to a grain size of 0.3 µm. All processing described above was conducted by the
author under the guidance of Dr. Andrew Carter at University College London. The
polished samples were then etched using dilute nitric acid to reveal the spontaneous
fission tracks, ready for counting under an optical microscope. The etchant used was
5 N HNO3, at 20◦C for 20 seconds.

Etched grain mounts were then packed with mica external detectors and corning
glass (CN5) dosimeters and irradiated in the FRM 11 thermal neutron facility at the
University of Munich in Germany. Following irradiation, the external detectors were
etched using 48% HF at 20◦C for 25 minutes. Sample ages were determined using
the zeta calibration method and IUGS recommended age standards (Hurford, 1990).
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Figure 7.3 Apatite fission track methodology - sample preparation.

7.2.2.3 Track counting, track length and age determinations

Track counting was performed by Andy Carter at University College London using
a computer-automated Zeiss Axioplan microscope system with a total magnification of
x1250 (Appendix VII.2). Only crystals oriented parallel to the c-crystallographic axis
were selected for counting and track length measurement in order to avoid problems
associated with differences in bulk etch rate observed at other crystallographic
orientations. Zoned crystals or grain with defects (e.g. fluid inclusions) were not
considered to avoid uncertainty in track identification. The number of tracks,
expressed as "track density" in tracks per cm2, is proportional to the volume density
of fission tracks and their average lengths (106 tr/cm2).

Data are reported in a summary table as central ages which correspond to the
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weighted mean for the log normal distribution of the single-grain ages (Galbraith,
1992). Age dispersion metrics, including the chi-squared test (Pχ2 = probability
for obtaining χ2 value for n degrees of freedom, where n = the number of crystals
- 1) and the relative error (RE%) are used to determine if the spread of individual
crystal ages falls within normal Poisson statistics diagnostic of a single age, or if
there is extra dispersion in the dataset. The latter can be caused due to variable
rates of track annealing associated with grain chemistry or grain provenance. Mixed
age samples have Pχ2 <5% and/or RE >20%. As a consequence of annealing and
the fact that measured ages do not generally date a specific cooling event (further
developed in section 7.4.2), track length information was included to understand the
geological significance of single-grain ages. Approximately 50-100 horizontal confined
track length measurements were made for each sample using a drawing tube and
digitising tablet, calibrated against a stage micrometer with a precision of ±0.2 µm
(Gleadow et al., 1986). The distribution of measured track lengths is displayed as a
histogram and the results are reported with a representative length distribution and
its mean standard deviation.

Apatite chemistry was estimated qualitatively from etch pit diameters (Dpar)
in all the samples under analysis (Appendix VII.2). Although electron microprobe
analysis is preferred for detailed compositional information, the kinetic variable
used by the thermal model is Dpar, which is considered a good potential indicator
of fission-track annealing kinetic properties and exhibits a strong correlation with
apatite fission-track ages and length (Burtner et al., 1994). Dpar values range from
approximately 1.50 µm for apatites with low annealing resistance to approximately
4.00 µm for apatites with high resistance to annealing, or high closure temperatures
(Donelick et al., 2005).

7.2.2.4 Forward and inverse thermal history modelling

In this study, modelling was performed using the HEFTy program, version 1.7.0
by A. Ketcham, which allows forward and inverse modeling. It is based on the Monte-
Carlo type simulation and the most recent apatite fission track annealing model by
Ketcham et al. (2007) that takes into account grain chemistry. The initial length
estimate is generated for each length measurement based on its corresponding kinetic
Dpar parameter value and the default function relating initial length to the kinetic
parameter is from Carlson et al. (1999). After predicting what thermochronometer
measurements would be expected for a particular temperature history, and defining
geological constraints in the form of time-temperature window through which the
time-temperature histories are forced to pass, tens of thousands of feasible forward
models were tried. The resulting fission track parameters were then tested against the
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observed values through two statistics, one for the fission-track length distribution
and another for the fission-track age, in order to assess how well the data and the
model results match (Ketcham, 2005). The goodness of fit (GOF) indicates the
probability of failing the null hypothesis that the predicted thermochronometer
results and the measured values are different. A value of 0.05 or higher is considered
an "acceptable" fit between predicted and observed data and a value of 0.50 or
higher is regarded as a "good" fit meaning the time-temperature path and kinetic
model are correct. The match between model and data was assessed by colour coding
the temperature-time paths with green for acceptable fit and magenta for good fit.
Finally the good forward models were used to provide quantitative constraints on
time-temperature histories permitted by the measured data (Appendix VII.3).

7.3 Data issues

A total of ten sedimentary samples underwent preparation for fission track
analysis (Table 7.1). Most of the samples provided plenty of apatites but in some
cases, particularly in samples MG554 and MG272, the crystals were smaller than
the required size for apatite fission track (AFT) studies, and had to be discarded.
On the other hand, sample S83 failed to yield sufficient numbers of apatites to allow
analysis. Breakage of the sample holder during loading into the reactor resulted
in a poor contact between sample and mica detector for samples S84A, TM3 and
TMNW01, which had to be resent to Germany. This fact substantially extended
sample turn-around times. Finally sample TM1 lacked sufficient measureable tracks
to provide useable track length distribution and mean track length data, as low
counts (<50 confined tracks) generate an observation bias that favours longer tracks;
therefore sample TM1 was rejected for quantitative AFT analysis.

7.4 Principles and previous

work in the São Francisco Basin.

7.4.1 Porosity analysis

7.4.1.1 Principle

Porosity can be defined as the volume fraction of fluids present in a bulk volume
of sediment (Giles et al., 1998):

Θ =
V f

V b
= 1 − V s

V b
(7.1)
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where:
Θ = porosity (%)
Vf = volume of fluid
Vs = volume of solids
Vb = bulk volume

Compaction, which is defined as the change in the bulk volume (dVb), is then
given by:

dV b = dV f + dV s (7.2)

In sedimentary basins, vertical strain generated during burial results in a vertical
reduction in sediment thickness (Giles et al., 1998). If the solid volume (Vs) remains
constant, the change in porosity depends exclusively on the sediment thickness
variation. Porosity calculation can be determined using sonic log curves following
Wyllie’s equation (Schlumberger, 1989) that proposes linear time average or weighted-
average relationship between porosity and transit time:

Θ = tlog − tma/tf − tma (7.3)

where:
Θ = porosity (%)
tlog = reading on the sonic log (µs/ft)
tma = transit time of the matrix material (µs/ft)
tf = transit time of the saturating fluid (µs/ft)

Estimates of the matrix velocity can be obtained from the sonic velocity when
the rock has a near zero porosity, or by assuming default values (Giles et al., 1998).
Common rock matrix materials for nonporous substances are listed in Schlumberger
(1989). Porosity decreases the velocity of sound through the rock material and,
correspondingly, increases the interval transit time.

The observation that porosity decreases with depth in continuously subsiding
basins allows the construction of porosity-depth functions (Giles et al., 1998). A
number of empirically-determined porosity-depth functions have been proposed for
fitting field data. The lack of physical foundation for these functions is based on
the fact that there are no compaction mechanism that links porosity and depth
simply, directly and universally (Giles et al., 1998). Porosity is dependent on initial
composition, grain size, shape, sorting and strain. In general, mature mineralogies,
low thermal gradient, rapid sedimentation rates, and overpressures favour porosity
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preservation. Construction of a reliable porosity-depth trend thus requires as many
wells as possible, from as wide an area as possible, to determine an average compaction
relationship (Mavromatidis and Hillis, 2005).

Compilation of porosity-depth curves exhibited by sandstones, shales and carbon-
ates from a variety of settings around the world, has been presented by Giles et al.
(1998). The authors, revealed a typical or ’average’ curve for the different lithologies,
and suggested that overpressured areas have higher porosities than average while
uplifted areas show lower porosities than average. Since depth-controlled compaction
is largely irreversible, the overburden weight removed during exhumation will not
cause any further porosity loss until the formation re-attains its previous maximum
burial depth. Therefore, units that are shallower than their greatest burial depth
will be overcompacted with respect to their present burial depth (Mavromatidis and
Hillis, 2005; Allen and Allen, 2005). By comparing the range of porosity values from
a well with these published average porosity-depth curves for each lithology, a rough
estimate of the missing stratigraphy can be made. However, the validity of using
porosity loss as a measure of compaction is questionable in certain circumstances
(Giles et al., 1998). Changes in solid volume can occur by chemical reaction (e.g.
grain dissolution/cementation), which can increase or decrease porosity without
changing sediment thickness. This is particularly common in carbonates and evapor-
ites, where compaction due to chemical processes is more prevalent (Mavromatidis
and Hillis, 2005). These processes could violate the assumption that all units follow
the normal compaction trend with burial depth. The use of multiple lithologies in the
compaction-based analysis of maximum burial depth has the advantage of allowing
comparison of the magnitude of exhumation of all the stratigraphic units encountered
in the same well. Hence, the anomalous influence of any burial depth-independent,
sedimentological and/or diagenetic processes will tend to be reduced (Mavromatidis
and Hillis, 2005).

7.4.1.2 Porosity studies within the basin

Tonietto (2010) studied petrographic features, diagenetic and hydrothermal
alteration and specifically generation and obliteration of porosity in the carbonates
of the Bambuí Group penetrated by well 1-RC-1-GO. In her work, the Sete Lagoas
Formation (709-717 m) and the Lagoa do Jacaré Formation (103-112 m and 234-243
m) were examined. In both formations, calcarenitic, dolarenitic and dolorruditic
facies suffered eodiagenetic occlusion of porosity yet preserving original grain textures
(Tonietto, 2010). Minor primary porosity is still present in some carbonate levels
of the Bambuí Group but most porosity is attributed to fracture and dissolution
features of mesodiagenetic origin. Toledo et al. (1998 in Fugita and Clark Filho, 2001)
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indicate up to 8% of secondary porosity for these carbonates by log interpretation.
Due to the presence of this remnant porosity, and bitumen residues the carbonate
levels of the Bambuí are considered potential hydrocarbon reservoir rocks (Tonietto,
2010). In the Arcos and Januária regions (Minas Gerais), Nobre-Lopes (1995) found
that the grainstone and packstone facies are scarcely compacted, indicating early
cementation. On the other hand, salt layers, which might produce overpressure
(Allen and Allen, 2005) are not known to exist in the overlying strata.

Focusing on the late Palaeozoic glaciogenic sequence (Carboniferous Santa Fe
Group), which sits on top the Bambuí Group, Campos and Dardenne (1994) deter-
mined an early burial history. Their interpretation was based on low mechanical
compaction and thus poorly developed diagenetic reactions. The main diagenetic
imprint is represented by carbonate cementation probably derived by the grinding
of carbonate rocks of the Bambuí Group in the base of the ice sheets (Campos and
Dardenne, 1994). Sgarbi (1991) explains the high primary porosity in aeolianites of
the Cretaceous Areado Group to result from the lack of substantial cover strata.

7.4.2 AFTA

7.4.2.1 Três Marias Formation

The Três Marias Formation (Figure 7.4) consists of siliciclastic strata, interpreted
to be deposited in a storm-dominated shelf system (Chiavegatto, 1992). It displays a
thickening-coarsening upward pattern attributed to regression (Chiavegatto, 1992).
Isotopic analyses of Sr and Pb by Couto et al. (1981 in Chiavegatto, 1992) indicated
ages between 620-590 Ma. Detrital zircon geochronology from the upper Bambuí
Group (Rodrigues, 2008; Pimentel et al., 2011) provides maximum depositional ages
of 616 Ma. Its maximum thickness, according to Alvarenga and Dardenne (1978)
attains 1050 m in the Serra de São Domingos, Minas Gerais.

Its basal contact is gradational with the Serra da Saudade Formation, and its
top is marked by an extensive unconformity. The latter erodes not only the Três
Marias Formation but also its underlying units attaining up to the Lagoa do Jacaré
Formation (Iglesias and Uhlein, 2007) in some occasions. The Carboniferous Santa
Fe Group (thickness of ∼150 m; Sgarbi et al., 2001), and the Cretaceous Areado,
Mata da Corda and Urucuaia groups (thickness of ∼500 m; Sgarbi et al., 2001)
overlie the Neoproterozoic siliciclastic strata in different parts of the basin.

The Três Marias Formation is mainly composed of fine to medium green to
red arkosic sandstones and siltstones. Gomes (1988) describes a texturally and
mineralogically medium to high mature rock composed of quartz (40%), plagioclase
(18%), feldspar (12%) and phyllosilicates (7%) with accessory tourmaline, zircon,
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rutile, apatite and opaques. The phyllosilicates occur in sheets up to 1.5 mm long
and aligned following S0, but the crystals are generally folded due to the stresses
suffered during mechanical compaction. The rock packing is normal to tight (Campos
and Dardenne, 1994), stylolites are sparse and the remaining porosity is represented
by microfractures and dissolution features (Gomes, 1988).

Figure 7.4 Três Marias Formation. A - exposure along road cut; B - hummocky cross
stratification; C - cross bedding.

Two diagenetic stages are recognised for the Três Marias Formation, the first
related to an early hematite cementation (responsible for the red colours of some
facies) and the second by an extensive carbonate cementation (commoner in the
greenish levels) that attains up to 9% of the rock (Gomes, 1998). The presence of
chloritised mica laths probably reflecting growth within a 120-180◦C temperature
range (Hutchon et al., 1980 and Boles and Frankes, 1979 in Gomes, 1988) is interpreted
as a mesodiagenetic phase. In the same manner, the dissolution of carbonate
cements, oxidation of biotites and other ferromagnesian minerals in concert with the
limonitisation of pyrite is interpreted as a late diagenetic phase (telodiagenesis) during
the unroofing of the basin and exposure to carbon-dioxide rich waters (Gomes, 1988).
The latter effect was not only observed in outcrop samples but also in core samples
obtained from levels as deep as 600 m. Based on the observed burial diagenetic
events Gomes (1988) concluded that sandstones of the Três Marias Formation have
been subjected to temperatures of at least 120◦C, thus they probably were buried to
depths of several kilometres.

7.4.2.2 AFTA Principle

Apatite fission track analysis (AFTA) provides a direct method of studying the
long-term (> 106 yrs) burial and exhumation histories of bedrock (Gallagher et al.,
1998) which are a function of interactions between tectonic and climate-erosional
processes. In most cases exhumation, is achieved by erosional denudation, although
in extensional setting, tectonic denudation may also occur. Apatite fission track
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thermochronology is particularly useful in providing critical constraints on the timing
and rates of relatively small amounts of denudation in cratonic settings (Brown et
al., 1994) because it is sensitive to temperatures between 60◦C and 120◦C over time
scales of 1-500 My. In this way, it constrains thermal history models of sedimentary
basins (Gallagher et al., 1998) and it is particularly useful to enhance understanding
of source rock maturity as the temperature range to which the technique is sensitive,
coincides with that of hydrocarbon generation (∼50◦C-130◦C) (Gleadow et al., 1983).
Consequently, it has become a standard procedure in hydrocarbon exploration and
source rock maturation modeling studies.

Apatite fission track thermochronology is one of several temperature-sensitive
radiometric dating methods. It consists of the study of "tracks" created by charged
nuclear particles transiting the crystalline atomic structure of insulating solids
(Gallagher et al., 1998). The decay of 238U by spontaneous nuclear fission releases
enormous energy, mostly carried away as kinetic energy by the two sub-equal halves
of the original uranium nucleus. These massively ionising fragments move very
rapidly, 180◦ away from each other creating a trail of radiation damage (fission track,
Figure 7.5-A) through the crystal lattice of the uranium-bearing material (Amaral
et al., 1997). Fission events occur, as a Poisson process, at a statistically constant
rate and, as with any other conventional isotopic method, it provides a practical
procedure for obtaining temporal information from mineral grains. The AFT method
is predicated on determining the abundance of the parent (number of 238U atoms)
and daughter (number of spontaneous fission tracks) products. While the latter
is obtained by counting the crystal damage along a polished and chemical etched
mineral grain face (Figure 7.5-B, C), the former requires irradiation of the mineral
with low-energy thermal neutron to induce fission in 235U atom (Figure 7.5-D, E). The
number of induced tracks, recorded in an essentially uranium-free detector (muscovite
mica) sealed against the grain polished face (known as the external detector method),
serves as a uranium map showing the distribution and relative abundance of 235U
atom in the mineral (Figure 7.5-F). As the ratio between 235U and 238U is known in
nature (Gallagher et al., 1998), the latter can be calculated. The external detector
method, ζ (Gleadow and Duddy, 1981) used in this study allows for individual apatite
grain age determination and takes into account any operator bias associated with
manual track counting. The standard age equation is written as follows:

t =
1

λd
Ln(λd

ρs

ρi
ρdζg + 1) (7.4)

where:
t = age
λd = decay constant of 238U
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ρs = spontaneous track densities (number of tracks/unit area)
ρi = induced track densities (number of tracks/unit area)
ρd = track density in a dosimeter (the total fluence of neutrons that has passed
through the sample is monitored by measuring the track density in a mica detector
placed in contact with a standard glass of known uranium concentration)
ζ = constant of proportionality, based on the fission decay constant (determined
empirically by comparison with a set of internationally-recognised age standards)
g = geometry factor (to account for the fact that the spontaneous tracks represent
a sample from twice the effective volume than the one represented by the induced
tracks)

The track densities are matched for each grain that is counted so that a separate
age is calculated for each individual mineral grain. The rock sample age is the mean
of 20 to 40 individual single grain ages, which is sufficient to capture the normal
range of counts associated with Poisson variation.

Figure 7.5 External detector Method for AFTA: A. 238U Spontaneous tracks accumulate
over the lifetime of the mineral; B. A polished surface is cut through the mineral grain; C.
Spontaneous tracks are revealed by etching on a polished surface cut through the mineral
grain; D. An external detector of high-quality muscovite mica is placed firmly in contact with
the etched surface; E. The sandwich is irradiated with thermal neutrons inducing fission in
some of the 235U atoms. Some of the induced tracks leave the surface of the mineral grain
and enter the adjacent mica track detector; F. After irradiation the mica is etched to reveal
the induced fission track. Modified from Gallagher et al. (1998).
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Significance of a measured AFT age
The radiation damage along the line of fission tracks is metastable and over

geological time, suffers a process of self-repair (displaced atoms move back to their
original sites) which is known as annealing. Of the many factors that account
for track annealing (e.g. chemical composition, pressure, etc), temperature is the
most important. Laboratory experiments have determined that tracks progressively
shorten with increasing temperature, and to a second extent according to the time
of exposure to that temperature (Gallagher et al., 1998). For geological timescales of
heating, temperatures between 60-110◦C ± 10◦C are sufficient to cause significant
track annealing (partial annealing zone, PAZ). Above ∼110◦C the process of self-
repair becomes complete and all tracks are erased. Only when the temperature falls
below ∼110◦C will all newly formed tracks be retained in the host apatite crystal
lattice. Since all newly created fission tracks have the same length but form at
different times, each track may experience a different portion of a sample’s thermal
history and will therefore have a length indicative of past maximum temperature
(within the PAZ). The track length distribution of a sample therefore provides a
record of thermal history (Figure 7.6). This history can be recovered by using
annealing models that provide quantitative descriptions of track annealing.

Figure 7.6 Track length and thermal history - During stage one new tracks are added.
These tracks plus those added during stage two will be shortened by the higher temperatures,
whilst those added during stage three will only experience low temperatures and therefore
remain long. All the temperature record that occurred before the maximum temperature is
reached, is obliterated. The final distribution will contain tracks from all three stages.

Annealing models consider apatite composition since chemical composition also
influences track annealing rate. This process is referred to as kinetic variability,
and its incorporation is essential for accurate interpretation of apatite fission-track
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data. Three parameters are used to account for apatite composition: ’Dpar’, mean
fission-track etch pit diameter measured parallel to the crystallographic c-axis for
each apatite grain (Carlson et al., 1999); ’Cl’ and ’OH’, atoms per formula units
based on a two-anion unit cell measured using an electron microprobe (Ketcham et
al., 1999). Chlorine-rich apatite retains their tracks at much higher temperatures
than Fluorine-rich apatites. Other less frequently cation substitutions (e.g. Fe, Mn,
Sr, REEs) can also influence annealing behavior (Green et al., 1989; Ketcham et al.,
1999).

Understanding the significance of a fission track age is tied to the mean track
length distribution (MTL). Since tracks are counted on a planar surface the number
of tracks intersecting the surface will be a function of the probability of the track
intersecting the plane of observation. Long unannealed tracks have a greater prob-
ability of intersecting the plane of observation compared to short tracks therefore
samples that have experienced considerable annealing (short MTL) have reduced
track densities that equate to younger ages compared to samples with a long MTL.
A fission track age is therefore an apparent age and is a function of thermal history.

Qualitative Interpretation
Fission tracks are formed and annealed continuously over time, consequently

each track records a different portion of the total thermal history of the sample
(Hegarty et al., 1996; Gallagher et al., 1998; Ketcham, 2005). In other words, if
there were two episodes of elevated temperature (below ∼110◦C), the younger tracks
will retain information about the maximum palaeotemperature of the recent episode
only whereas the older tracks will carry record of both events (Figure 7.6). All
the temperature record that occurred before the maximum temperature is reached,
is obliterated. Therefore, AFTA is more sensitive to cooling from the maximum
temperature than to the style of heating beforehand. If the temperature decreases,
the lengths of all tracks formed prior to the thermal event are frozen, thus the length
of each track can be viewed as a maximum-reading thermometer. This explains why
the measured ages do not generally date specific cooling events.

The above considerations reveal that apparent age and mean track length values
can be very similar for samples with different geological histories (Figure 7.7). It is
therefore necessary to gather the underlying track length distribution to comprehend
what a fission track age means. The histogram profile of the track length distribution
represents a sampling of all tracks formed and annealed during its residence below
the total annealing temperature. In essence, it provides integrated thermal history
information and thus the key to reconstructing the cooling history of the sample
(Gallagher et al., 1998; Ketcham, 2005). The ability to identify more than one
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episode of heating constitutes one of the most powerful characteristics of the AFTA
technique.

Figure 7.7 Forward model showing expected fission track ages and length distributions
from two different thermal histories. Curve (a) shows a simple, linear cooling history. The
apparent age is reduced to ∼75 Ma and the distribution is negatively skewed with a short
mean and large standard deviation. However, no particular event occurred at this apparent
age. Curve (b) shows a two stage cooling history with a rapid cooling stage separating longer
periods of higher and lower temperatures. The apparent age is ∼75 Ma and once again this
does not represent any particular event in the cooling history, but rather an intermediate
between the start of the modelling and the episode of rapid cooling. However, the length
distribution is bimodal representing the two stage character of the thermal history, also
reflected in the larger standard deviation. Modified from Gallagher et al. (1998)

A useful graphic for understanding the meaning of a series of fission track
measurements in a particular region is called the ’Boomerang Plot’ (Figure 7.8), in
which mean track length is plotted against apparent fission track age (Green et al.,
1986; Brown et al., 1994). The characteristic concave-up trend is generated when an
older background event has been overprinted by a younger event and the samples
have experienced different amounts of cooling (i.e. different amounts of denudation).
This pattern is created by an initial decrease in the MTL with progressive decreasing
age to a minimum MTL for intermediate ages, followed by a continuous increase in
MTL for consecutive younger ages (Gallagher et al., 1998). Only those samples for
which the mean length is greater than about 14 µm can be used to interpret a rapid
cooling event (Gallagher et al., 1998). In this way, the boomerang plot can be used
to estimate the timing of the last major cooling episode. The remaining samples
with intermediate ages, have no significance in terms of dating the events themselves.
The bimodal distribution created by the original background age and the age of the
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younger component can be resolved by thermal history modelling.

Figure 7.8 Boomerang Plot - To the right old age samples with long MTL represent an
old component; in the middle, corresponding to the shortest mean lengths, the distribution
will often appear bimodal. This area corresponds to an exhumed PAZ. To the left, young
ages with long MTL indicate a rapid cooling event. Modified from Gallagher et al. (1998).

Quantitative analysis
In geologically stable areas, a near-steady-state geotherm dominates and the

low-temperature thermal history of rocks is essentially controlled by their vertical
position relative to the Earth’s surface (Gallagher et al., 1998). In these settings,
denudation becomes the major controlling cooling process by erosion of the overlying
units and cooling of the underlying succession. As fission track provides information
on both palaeotemperature and timing, it becomes most useful when the basin
has experienced a period of uplift/inversion (Green et al., 1995). AFT does not
disclose the unroofing process that exposed previously deeper buried rocks, but it
does provide useful information on the time when cooling initiates and the rate at
which reduction in temperature takes place.

The use of fission track analysis for thermal history reconstruction requires a
critical understanding of the annealing process. Models of track annealing rate as
a function of temperature and time determine a quantitative thermal history for a
rock by recording cooling through time as it was exhumed from depth (upper several
km of the Earth’s crust). The original studies involved laboratory experiments on
the Durango apatite from Mexico (Green et al., 1986; Laslett et al., 1987; Duddy et
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Figure 7.9 Predicted Thermal annealing Arrhenius-type model derived from Laslett et al.
(1987) from the Durango apatite from Mexico. Extrapolation of experimental laboratory
conditions and timescales to geological timescales produces a partial annealing range between
∼60-110◦C±10◦C. Assuming typical geothermal gradients of ∼20-30◦C/km and allowing
for surface temperatures between ∼10-20◦C, AFT can provides quantitative analysis of the
thermal history of a sample between ∼2-5 km.

al., 1988) (Figure 7.9). Since then, it has been proposed that track length reduction
is composition dependent (e.g. Crowley et al., 1991 for F-apatite). Compositional
variation has been verified on laboratory time scales, and verified on geological
timescales against borehole samples where the thermal histories are independently
known (Ketcham, 2005).

An inverse modeling approach is used to reconstruct the thermal history from the
observed fission track age and length data, based on a quantitative understanding
of track annealing behavior (Figure 7.10). Inverse modelling is achieved by using
a Monte-Carlo type simulation (Gallagher, 1995) where large numbers of possible
forward models (random temperature-time paths) are tried and the resulting fission
track parameters tested against the observed values. Geological available constraints,
such as deposits or unconformities of known age, are used to limit the position of the
defining points in the thermal history. Overall, the accuracy of the reconstruction
will depend upon the quality of the measurements, the relevance of the annealing
model used, and the analytical methods used (Ketcham, 2005).
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Figure 7.10 Green et al. (1986), Laslett et al. (1987), Duddy et al. (1988), Green et
al. (1989) developed a model to calculate the apatite age and track lengths resulting from
a given thermal history. In practice, it is from a fission track age and length distribution
that a sample thermal history wants to reconstitute. Lutz and Omar (1991) proposed a
method that randomly generates thermal histories, and the length and age distributions are
statistically compared to the experimental results. Repeated comparisons may lead to a set
of thermal histories that could have occurred during the sample’s geological history.

With annealing models, thermal histories and therefore palaeotemperatures are
obtained. These palaeotemperatures can then be converted to a long-term denudation
rate by adopting a reasonable geothermal gradient (Brown et al., 1994) using the
following relationship:

D(t) = (T (t) − Ts(t))/(dT/dz) (7.5)

where:
D(t) = denudation at time t
T(t) = temperature at time t
Ts(t) = temperature at the surface
dT/dz = geothermal gradient

The quantitative cooling information contained in the fission tracks thus allows
estimates of the spatial and temporal distribution of onshore denudation to be made.
It is important to note, however, that Equation 7.5 assumes that there is no advective
heat transfer during denudation.
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7.4.2.3 AFTA within the São Francisco Craton

There are no published apatite fission track studies within the São Francisco
Basin. There is only limited work on the Archean-Paleoproterozoic basement at the
NE margin of the São Francisco Craton (Figure 7.11). Amaral et al. (1997) studied
apatite samples from high-grade metamorphic and igneous rocks in three localities
within the northeastern extremity of the São Francisco Craton (Figure 7.11). Of
these, a common thermal history resulted for two locations, yielding a linear cooling
history for the last 240 My (Triassic-present day). Utilising a geothermal gradient
of 15◦C/km an erosion rate of 18 m/My and equivalent 4.3 km of denudation were
calculated for this area since the Triassic. The third location of study is adjacent
to the Tucano Basin, an aulacogen of the South Atlantic Ocean, which revealed a
heating episode at 130-70 Ma.

Figure 7.11 AFT studies within the São Francisco Craton.

Harman et al. (1998) also worked in the northern and northeastern extremity of
the São Francisco Craton and presented thermal models for rocks collected from the
continental margin until ∼600 km further inland (Figure 7.11). The obtained AFT
ages range between 76 and 260 Ma, and despite the proximity to the samples studied
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by Amaral et al. (1997), their thermal models differ significantly. For the inland
samples (Harman et al., 1998), the modeling results indicate an extended residence in
the PAZ, followed by a cooling event occurring at ∼60-80 Ma (i.e. after continental
break-up). Considering two feasible geothermal gradients of 15◦C/km and 30◦C/km,
2 to 5 km of denudation (20-40m/My) starting at 130 Ma, were predicted with most
of this occurring since 60-80 Ma. Harman et al. (1998) highlight the importance of
the second cooling event at 60-80 Ma, which seems to have occurred coincident with
the change in relative plate motion between Africa, Antarctica and South America.
This event induced marginal deformation along the Brazilian and African continental
margins but apparently also produced intracontinental deformation over much of
the interior of NE Brazil being identifiable as far as in the Amazonian Craton. On
the other hand, for the apatites collected within the continental cratonic margin, a
two stage cooling history is indicated with relatively rapid cooling initiated at 130
Ma coincident with the early stages of continental break up, and a younger age of
cooling at 104-83 Ma associated with postbreak-up margin denudation. Considering
the same geothermal gradients described above, estimated denudation range between
3 to 7 km (with erosion rates of 30m/My and 50m/My respectively) since continental
break-up.

7.4.2.4 AFTA within the surrounding belts and basins

Due to the absence of AFT data derived from the São Francisco Basin and the
scarcity of studies in the São Francisco Craton, the responses of the surrounding
belts and basins from an AFT perspective is analysed in order to provide a regional
understanding of the tectonothermal evolution of the area. Information from the
Paraná Basin, and from the complex Brasilia and Ribeira belts are briefly detailed
as follows (Figure 7.12). AFT data from the Parnaíba and Congo basins located to
the north and west of the area of study, are not available in the public domain.

Hackspacher et al. (2004, 2007) focused on the southern margin of the São
Francisco Craton and environs along the Ribeira Belt (Figure 7.12). The AFTA
data revealed a period of accelerated exhumation during the end of the Brasiliano
Orogeny, associated with tangential, transpressional and escape tectonics (625-595
Ma). Cooling rates of ca. 12◦C/My during 610-509 Ma were estimated for some
blocks. After Gondwana accretion and cooling, a long process of stabilisation followed
during the Palaeozoic with low exhumation and cooling rate around 0.25◦C/Ma. The
Mesozoic evolution begins with Triassic structural reactivation and during Jurassic
and Cretaceous times intense tectonic activity together with basic and intermediary
magmatism accompanied continental rupture leading to the generalised uplift of the
area. The Mantiqueira Sierra and Serra do Mar were developed towards the SE,
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representing marginal rift flank uplift (∼120 Ma).

Figure 7.12 AFT studies in the surrounding of the São Francisco Craton.

Gallagher et al. (1994) and Grohmann and Riccomini (2012) measured and
compile thermochronological data from the Ribeira Belt and Borborema Province
that fringe the São Francisco Craton along the continental margin (Figure 7.12).
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Although there is some data dispersion, the fission track data indicate younging in
AFT ages towards the coast with complete annealing (>110-120◦C) at, or subsequent
to, the South Atlantic spreading (ca. 130 to 80 Ma). Older AFT ages are characteristic
of samples located further inland, which are generally positioned at higher altitudes.
This behaviour is inferred to correspond to exhumational cooling along the rift
margins rather than rifting thermal effects, and is equivalent to that observed
in other rift margins around the world. The Gallagher et al. (1994) AFT data
(Figure 7.12), similarly to Hackspacher et al. (2004), suggests more than 3 km of
post break-up denudation on the SE coastal plain, with the more rapid average
denudation rates occurring seaward of the scarp front as a consequence of the large
discontinuity in elevation. Denudation of ∼1 km is calculated for the hinterland
behind the scarp front.

During the Late Cretaceous (90 to 60 Ma), heating dominated and an intense
uplift of the Sudamerican Platform is associated with the presence of mantle plumes
and crustal thinning which led to the intrusion of alkaline magmatism (Hackspacher
et al., 2004, 2007). Gallagher et al. (1994) and Amaral et al. (1997) encountered
AFT ages associated with these Upper Cretaceous intrusions (∼80 Ma) in the Ribeira
and Brasilia belts (Figure 7.12). Specifically Amaral et al. (1997), studied Cretaceous
carbonatite complexes along a NW-trending structure in the Brasilia Belt that divides
the São Francisco Craton from the Paraná Basin. Despite no consistent thermal
history for all samples studied, some present a similar trend from 90 to 60 Ma and a
consistent behaviour during the last 60 My indicating a similar denudation history.
The authors assumed 27◦C/km as a geothermal gradient and concluded that in this
region a slow cooling (95◦C to 85◦C) occurred from 90 to 60 Ma, followed by a rapid
cooling (85◦C to 27◦C) in the last 60 My producing 0.360 km (erosion rate of 12
m/My) and 2.1 km (erosion rate of 36 m/My) of denudation respectively.

Accompanying the generalised uplift suffered in the area (Hackspacher et al.,
2007), constant erosive processes were linked to the final stages of continental rupture
and cooling which proceeded until 40 Ma. During the Miocene, the southern margin
of the São Francisco Craton underwent tectonic rejuvenation, probably linked to
the Andean uplift. It is estimated that the area experienced 3 km of uplift from the
Early Cretaceous to the present day (Hackspacher et al., 2007).

Gallagher et al.(1994) studied late Palaeozoic to Triassic sedimentary rocks of the
Paraná Basin (Figure 7.12), which have a particular heating history. The samples
included the basalt-bearing Serra Geral Formation (depositional age of 137-127 Ma,
Turner et al., 1994) and its Precambrian crystalline basement rocks, neither of which
reveal a thermal history prior to ∼150 Ma. For sedimentary samples from the
Serra Geral Formation, AFT ages are older than the inferred timing of break up
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(ca. 110 Ma) while for the Precambrian basement samples AFT ages are both older
and younger than this event. The age data and the shortened mean track lengths
for these groups reflect a protracted thermal history, the product of exhumational
cooling. The apatites of the Serra Geral basalts and nearby sediments were reset at
the time of the eruption and some subsequently remained at moderately elevated
temperatures (60-80◦C) long enough to reduce the fission track age by up to 60 m.y.
Also within the Paraná Basin, Hegarty et al. (1996) identified two heating/cooling
episodes occurring at 90-80 Ma and 60-10 Ma (Figure 7.12). The compatibility
between samples located as far as 1000 km apart, indicates that whatever mechanism
caused heating (burial or igneous activity), the associated rapid cooling was regional
in its nature. This is confirmed by the scarcity of sediments younger than Cretaceous
age, which suggests that a major erosional event occurred following the eruption
of the Early Cretaceous Serra Geral flood volcanics. Late Cretaceous cooling may
have involved approximately 2 km of denudation, assuming a geothermal gradient of
35◦C/km.

7.5 Results and interpretations

7.5.1 Porosity analysis

Compaction of the Bambuí Group was used to provide a preliminary estimate
of the missing overburden above it. For the porosity calculation (Appendix VII.1;
Figure 7.13) following Wyllie’s equation, a value of 47.5 µs/ft was used for the interval
transit time of limestones (Schlumberger, 1989) considering the almost absence of
porosity in these strata (Tonietto, 2010). In the case of shales, as their interval
transit time can change greatly depending on the degree of consolidation, type of clay,
overpressures and presence of fractures (Schlumberger, 1989), for greater accuracy
its value was read directly from the sonic log in intervals where this lithology is
clean and homogeneous. An average of ∼55 µs/ft was estimated for them. For the
saturating fluid, a value of 189 µs/ft was used for well 1-RF-1-MG and 1-MA-1-MG
(freshwater mud systems), while for well 1-RC-1-GO a value of 220 µs/ft was chosen
in function of saline mud system used (Schlumberger, 1989).

The compaction trend for the two main lithologies encountered in this succession
of the Bambuí Group (carbonates and shales) exhibits a clear shift in relation to
normal compaction trends with depth compiled by Giles et al. (1998) and presented
by Allen and Allen (2005), indicating that the rocks are not at their maximum burial
depth. The behaviour in the porosity trend of the Petrobras wells (Figure 7.14),
suggest that at least 2 km of sediments were eroded prior to deposition of the
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Carboniferous and/or Cretaceous units. The two lithologies give broadly similar
estimates, but shale is taken as the most accurate lithology as porosity is more
directly controlled by mechanical compaction during burial, whereas other lithologies
(e.g. carbonates) can be affected by diagenetic effects that are not necessarily burial
related (Giles et al., 1998; Mavromatidis and Hillis, 2005). Fractures add complexity
as acoustic discontinuities and can cause instabilities along the borehole wall. The
lack of caliper log precluded the identification of enhanced segments of the wellbore
diameter. However, levels with noticeable increase in transit time (e.g. 1-RF-1-MG
and 1-MA-1-MG; Figure 7.14) were not considered for the graphical estimate of
missing stratigraphy. It is important to note that sonic log measures primary porosity
(Schlumberger, 1989) and therefore the secondary porosity observed in segments of
the Sete Lagoas and Lagoa do Jacaré formations (Tonietto, 2010; Chapter III), were
not included in this analysis.

Due to the scarcity of wells available with sonic logs, the detection of a defined
spatial trend of increasing/decreasing missing overburden within the basin was
hindered.
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Figure 7.13 Sonic log and porosity calculation for wells 1-RC-1-GO, 1-RF-1-MG and 1-MA-1-MG.
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Figure 7.14 Porosity values of wells 1-RC-1-GO, 1-RF-1-MG and 1-MA-1-MG and their lithologies compared to normal compaction trends with depth compiled by Giles et al., 1998; Allen and Allen (2005)
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7.5.2 AFTA

7.5.2.1 Qualitative analysis

AFT data along a NW-SE transect along the São Francisco Basin (Appendix
VII.2) is summarised in Table 7.1, which incorporates all of the information required
to calculate and assess the results in the format agreed by international convention
(A. Carter pers. comm.).

As observed in Table 7.1, most of the samples pass the Chi squared (Pχ2) test
(Lutz and Omar, 1991) at the 95% confidence level, indicating each sample represents
a single age population. Sample TM3 with a central age of 480.5±25.4, is the only
one with a Pχ2 <5%. However, the same sample is constrained within the range of
Re% percentage variation (<20%) around the central age. In order to corroborate
that the sample is consistent with one age population, its tracks were recounted
and no single grain age was found to stand out. Moreover, TM3 Dpar data (further
discussed in section 7.5.2) indicate a similar composition to the other analysed
samples. Compositional variation is thus eliminated as a cause of the overdispersion.

Five of the six samples yielded Late Devonian to Carboniferous (Pennsylvanian)
AFT ages between 363 and 300 Ma, while sample (TM3) provided an Early Or-
dovician (480 Ma) AFT age (Table 7.1). These AFT ages are clearly younger than
the Precambrian age of the host rocks. In relation to track length distributions
(Figure 7.15) mean track lengths and standard deviations of all samples cluster
between 12.67 and 13.66 µm and between 1.35 and 1.88 µm, respectively. Track
length distributions are unimodal with a slight tail to shorter lengths. The medium
to long MTLs, moderate standard deviations and track length distributions point to
a simple thermal history of long-term residence in the apatite partial annealing zone
(PAZ) after deposition and a linear cooling afterwards. This implies that currently
exposed Precambrian rocks with stratigraphic ages of 616 Ma (Rodrigues, 2008)
experienced palaeotemperatures > 120◦C during the early Palaeozoic and remained
at low temperature (below 50◦C) since then. No distinctive concave-up pattern is
observed on the Boomerang Plot (Figure 7.16), which may indicate that the region
did not experienced a discrete phase of accelerated denudation. Therefore, the exact
timing of the thermal maximum and onset of cooling cannot be determined without
further quantitative analysis because the measured ages represent varying degrees
of annealing and thus do not necessarily have direct geological significance (e.g.
Figure 7.7)
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Figure 7.15 Mean track length distributions for samples MNW01, TM3, TM2, S84A, MG648b, MG250.
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It is noteworthy that there is no major difference in track length distribution along
the sampled transect. However, the slightly shorter MTL in the central and eastern
portion of the basin may imply that this region experienced temperatures >120◦C
more recently than elsewhere. This behaviour could be explained by rapid cooling as
the result of unroofing of rocks in response to tectonically induced vertical motion in
the Brasilia Belt. Firmer conclusions on the tectonothermal evolution of the different
tectonic domains would require a more substantive AFT dataset. In addition, as
the stratigraphic position of samples within the Três Marias Formation is unknown,
disparate AFT ages could be the result of cooling from different stratigraphic levels
and positions within the PAZ. For example, sample TM3, which has the oldest AFTA
age and the longest MTL, could be considered shallower (stratigraphically younger)
than the remaining samples.

In comparison to other studies whereby a regional age pattern of older apparent
ages towards higher elevation sites is observed (Gallagher et al., 1998), no clear
relationship is noticeable in the sample suites herein (Figure 7.17). Hence, a direct
measurement of geothermal gradient is not possible. Also, the location of some
samples along the external domains of the Brasilia and Araçuaí belts, may have
induced perturbation of isotherms as a result of faulting.

Figure 7.16 Boomerang Plot - Fission track apparent age versus mean track length.
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Figure 7.17 Fission track apparent age versus elevation for the studied samples.

7.5.2.2 Quantitative analysis

Before presenting the outcome of thermal modelling, it is important to highlight
that the results obtained with this procedure are not the definitive thermal evolution
of each sample. Rather they show the general form of the thermal history and in
particular the relative values of the maximum temperatures experienced by each
sample in a certain time frame.

As discussed in Section 7.4.2.2 when interpreting fission track data it is necessary
to consider composition effects as dissimilarity between individual sample cooling
histories may in part be due to kinetic parameters. The samples analysed in this
study where presented with Dpar data and provided values around 1.7 and 2.2
(Table 7.2; Appendix VII.2), indicating all apatite are F-rich and therefore of low
resistance to annealing. In this sense, there is no apparent compositional control on
the samples cooling history.

Sample Average Dpar
TM1 2.65
TM2 1.98
TM3 2.10

MG250 2.12
MG684b 2.22
TMNW01 2.05

S84A 0.53

Table 7.2 Dpar values.

During modelling, the thermal history was initially specified to have four time-
temperature points (forward model) for all the samples. The intention was to keep the
modeling simple to avoid over-interpretation of the data. Thus, it was not desirable
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to build in strict a priori constraints. Boundaries on possible time-temperature
points were specified and stochastic processes were used to select thermal histories
from within these boundaries. The constraints consist of a series of windows (box)
defined on the basis of geological assumptions, through which the time-temperature
histories (paths) will be forced to pass (Figure 7.18 and 7.19). The following geological
information was incorporated in the fission track thermal modeling as independent
controls:

• Maximum deposition occurred at 616 Ma, based on detrital zircon dating
(Rodrigues, 2008 and Pimentel et al., 2011).

• During Carboniferous-Permian times glacial valleys were carved into the Três
Marias Formation and glaciofluvial and glaciolacustrine sediments were de-
posited directly upon the Neoproterozoic rocks in the centre of the basin (Sgarbi
et al., 2001; Campos and Dardenne, 1997; Campos and Dardenne, 1994). This
implies that the present day sandstone outcrops must have been close to the
surface in late Palaeozoic time.

• During the Cretaceous, renewed siliciclastic sedimentation (aeolian, fluvial,
lacustrine, restricted shallow marine; Sgarbi et al., 2001) on top of the Três
Marias Formation indicates that the rocks were near the surface. The most
significant geological event which can be adequately constrained is the eruption
of the basalts of the Mata da Corda Group, which although not precisely
located were the samples of this study were extracted (Figure 7.2), gives an
age of 90-80 Ma for this depositional event (Sgarbi et al., 2001; Gibson et al.,
1994).

• The present-day annual surface temperature in the São Francisco Basin, aver-
ages ∼22 ◦C (Koppën classification, retrieved from http://koeppen-geiger.vu-
wien.ac.at/present.htm).

Because of the sparse sedimentary record only little is known about the early
Palaeozoic, early Mesozoic and Cenozoic subsidence and denudation history of the
basin. In addition, there is no information to constrain the maximum heating of the
samples (e.g. vitrinite reflectance data). Due to the uncertainties listed above, the
temperature beyond sedimentation and present day was allowed to vary in a way to
fulfill both the geological observations and the AFT data described in section 7.5.2.1.
In the case of the early-mid Palaeozoic, time-temperature boxes were extended
from 610 Ma to ∼400 Ma and from ∼30◦C to 170◦C, to allow for the possibility of
total annealing (Figure 7.18 and 7.19). A wider time boundary was placed for the
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remaining thermal evolution with a box extending from 500 Ma until 30 Ma and
∼10◦C to 80◦C (Figure 7.18 and 7.19).

The results of the inverse thermal modeling are presented in Figure 7.18 and 7.19.
Confidence boundaries are shown as envelopes surrounding all temperature-time
paths with acceptable (green) and good (magenta) fits to the data. The inversion
results are also shown as data points. Good points are magenta and acceptable
are green. The best-fit thermal history (black line) defines the estimated summary
parameters and the predicted track length distribution is indicated by an overlaid
green line on the observed length histogram (red). The 95% confidence limits on the
defining points (geological constraints) of the thermal history are also shown. The
observed fission age and fission track length (previously presented in section 7.5.2.1)
is also displayed.

It is noteworthy that all modeled samples fit satisfactorily to the AFT data
obtained using the set parameters. A similar trend for the thermal histories of
all samples of this area is observed. The thermal history represents a concave-up
pattern with a heating period in the early Palaeozoic until ∼480 Ma followed by
a continuous, single-staged cooling. According to this approach all samples stayed
within temperatures of the PAZ during the Cambrian, Ordovician, Silurian, Devonian
and part of the Carboniferous, leaving the PAZ in the course of the Mississippian
and have not been reheated since then. If a greater burial depth is considered as the
only factor inducing palaeotemperatures, then further sedimentation should have
occurred in the basin during early Palaeozoic times.

The model results indicate approximately 60◦C of denudational cooling since ca.
325 Ma continuing to the present day with average cooling rates in the range of
0.18◦C/Ma. Evidently, the AFT central age is less than the time of the maximum
heating and does not relate to the precise onset of cooling, because there is no
identifiable rapid cooling episode (supporting observations obtained in section 7.5.2.1).
In other words, the prolonged higher temperatures had the effect of reducing track
length with apparent age reduction. However, the apparent age is not far off the
cooling episode initiation as indicated by the slight skewed track length distribution
of the samples. Conversely, if the rock had experienced a constant-cooling with
time, each track would have experienced a different, systematically cooler maximum
temperature and as a result the track length distribution would have been markedly
skewed.

An alternative, multi-stage thermal history approach was also tested by forward
modelling (Figure 7.20). This involved a renewed episode of sedimentation during the
Silurian/Devonian, as observed in the surrounding Paraná/Parnaíba basins (Milani
et al., 2007; Vaz et al., 2007), which could have induced re-heating to the underlying
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Três Marias sandstones. In this hypothetical scenario, the temperature-time boxes
were modified to allow thermal path variability. The new approach yielded thermal
histories consistent for all samples and involved fluctuations around or above 60◦C
until ∼300 Ma followed by an exhumation phase. Compared to the single-stage
cooling of the initial approach, this thermal history yields a poorer fit, particularly in
terms of the modeled high standard deviations of the mean track lengths. Without
additional geological evidence for the Palaeozoic sedimentation/denudation history
and considering that the single-stage cooling better fits with the observed standard
deviations of the MTLs, the single-stage model is currently viewed as more realistic
for the evolution of the São Francisco Basin.
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Figure 7.18 Thermal history modelling results 1/3 - samples TMNW01, TM3 and TM2.
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Figure 7.19 Thermal history modelling results 2/3 - samples S84A, MG648b and MG250.
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Figure 7.20 Thermal history modelling results 3/3 - samples MG250 and S84A.

Well-constrained estimates of palaeogeothermal gradient are arduous to attain.
Approximations can be obtained by modeling fission track parameters for samples
collected along a deep vertical borehole or from a steep topographic profile (Brown
et al., 1994; Gallagher et al., 1998). In Brazil, the samples available for fission
track analysis do not fulfill any of these conditions and instead were collected from
surface outcrops in an area of largely invariable topography (Section 7.5.2.1). This
is why a geothermal gradient needs to be assumed to quantify the denudation
histories. For passive geological settings, the thermal gradient is unlikely to have
changed significantly. If this is the case, then an estimate of the present thermal
gradient calculated from bottom-hole temperature measurements and/or regional heat
flow measurements might be appropriate (Gallagher et al., 1998). The conductive
temperature gradient (Allen and Allen, 2005) can be expressed as:

dT/dz = Q/k (7.6)

where:
dT/dz: temperature gradient
Q: heat flow
K: thermal conductivity
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Down-hole temperature from logging runs were absent in the 3 wells available for
this study (dataset provided by ANP), therefore direct calculations of geothermal gra-
dient were precluded. Instead, heat flow published data was taken into consideration
for its analysis. The studies of Alexandrino and Hamza (2008) determined that there
is a systematic increase in temperature gradient and heat flow from the NE portion
of the São Francisco Craton (Bahia state), towards the SW margin (Minas Gerais
State), with values ranging from 40±10 mW/m2 to 64±20 mW/m2 respectively
(further developed in Chapter VIII). According to their maps of distribution of heat
flow in eastern Brazil, the study area in this thesis currently experiences a flux
of 60-65 mW/m2. The Bambuí Group represents the most extensive outcrop unit
throughout the basin, and mostly comprises carbonates and shales. These lithologies
have thermal conductivities that range between 2.5-3.5 W/mK (Alexandrino and
Hamza, 2008 and references therein). Using an average heat flow of 62 mW/m2 and
an average thermal conductivity of 3 W/mK, the resultant geothermal gradient is
approximately of 20◦C/km. Given the uncertainties in the heat flow measurements
described above, for the purpose of discussion a gradient between 15◦C/km and
30◦C/km is used (Appendix VII.3).

Considering these geothermal gradients and the modelled thermal results detailed
above, the calculated denudation ranges between 3-6 km at an average rate of 5-13
m/My for all samples (Appendix VII.3). Period of slightly accelerated denudation
occur mainly after the maximum temperature is attained (approximately end of
Cambrian coinciding with the post Brasiliano-Pan African Orogeny (Valeriano et
al., 2008) until the Devonian. Afterwards slowed denudation rates dominate. The
denudation values obtained here are equivalent to those obtained for cratonic regimes
worldwide (≤ 10 m/My) based on geomorphological evidences (e.g. suspended loads
of rivers, altitude of marine sediments) and AFTA (Edmond et al., 1995; Brown et
al., 1994; Fairbridge and Finkl, 1980). The total amount of denudation is consistent
with the results obtained by compaction analyses presented earlier (Section 7.5.1)
and with the AFTA published by Amaral et al. (1997) and Harman at al. (1998)
in the northeastern extreme of the São Francisco Craton. However, the AFT ages
for the NE craton’s lobe point to a more recent thermal perturbations since most
samples indicate denudation occurring from the Mesozoic onwards.

It is important to note that even with the highest geothermal gradient of 30◦C/km,
several kilometres of denudation are needed to explain the presently exposed rocks
within the craton interior which experienced Cambrian palaeotemperatures > 100◦C.
The kinematics of this intracontinental denudation remains obscure, and whether
this reflects intracratonic structural reactivation, or a more regional control (e.g.
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dynamic topography, Moucha et al., 2008; plume activity, LeMasunier and Landis,
1996). Different mechanisms of sediment removal are speculated as candidates
for the formation of this basin-wide "supra-Proterozoic" unconformity. Isostatic
rebound (flexural uplift) as a response to erosional unloading on a regional scale after
Gondwana amalgamation might have operated during the early Palaeozoic (Craig et
al., 2009). Isostatic rebound associated with removal of ice sheets (Ghienne et al.,
2009) centered on western Africa (North of Gondwana) during the Palaeozoic could
have also contributed. The data analysed in this project, however, do not have the
necessary spatial resolution to test for these hypotheses.

The post Brasiliano-Pan African tectonics does not seem to have played a sig-
nificant role on the thermal evolution of the basin. Particularly during Gondwana
continental break-up and the opening of the South Atlantic Ocean, the modeled
thermal history of the samples is neither in line with a Cretaceous heating phase
(Gallagher et al., 1994; Amaral et al., 1997) nor with an accelerated denudation stage
(Harman et al., 1998). AFTA presented here, suggest that continental break-up
had low impact in the hinterland, as has been described previously by Campos and
Dardenne (1997) for the San Franciscan Basin (further developed in Chapter VIII).
In this sense, the Aptian-Albian reheating caused by the magmatic activity of the
Mata da Corda Group in the Abaeté sub-basin (Sgarbi et al., 2001), must have been
very localised and did not impose an imprint in the studied rocks.

In relation to the present heat flow and the anomaly described by Alexandrino
and Hamza (2008) towards the SW portion of the São Francisco Basin, it can be
said that there is no evidence of recent heating in the rocks of the Três Marias
Formation, and no variations in AFT annealing data along the studied transect has
been observed.

7.6 Summary

The present study represents the first effort to quantify the missing overburden
in the stratigraphic succession of the São Francisco Basin.

Porosity analysis revealed:

• The porosity values versus depth encountered in the three wells that intercept
the succession of the Bambuí Group, exhibits a clear shift in relation to normal
compaction trends for the main lithologies, indicating that the rocks are not
at its maximum burial depth. This behavior suggests that the rocks have
been buried deeper in the past and that at least ∼2 km of sediments were
probably deposited on top of the Bambuí Group before the deposition of
Carboniferous/Cretaceous units. Similar results from different stratigraphic
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units in the same well and also correlative stratigraphic units in different
locations confirms that, at a formational and regional scale, overcompaction
reflects previously greater burial depth.

• The porosity study presented here constitutes an initial approach and only
approximately estimates denudation. The significant consequences that diage-
netic effects might have in the normal compaction trend (e.g. pressure-solution,
cementation) are not taken into account. Enhanced wellbore (e.g. caving) can
also affect sonic log readings. The lack of additional logs to measure these
effects (e.g. caliper, borehole images) constitutes another important limitation.

In relation to the thermal evolution of the basin studied by means of AFTA, the
results show:

• Although all the samples of this study are sedimentary in origin, there are no
significant indications of inherited or provenance-related fission tracks in the
sediments.

• Despite the samples were collected along a transect spanning from the external
domain of the Brasilia Belt towards the Araçuaí Belt (440 km), there are no
variations in AFT annealing data along this NW-SE profile.

• Qualitative and quantitative thermal histories indicate one discrete phase of
cooling, starting at ∼=480 Ma coeval with the end of the Brasiliano Orogeny
(Valeriano et al., 2008). This implies that currently exposed rocks experienced
temperatures in excess of 120◦C in the early Palaeozoic and have been cooling
since then.

• If heating is considered as induced only by progressive sedimentation on top
of the Três Marias Formation then maximum burial should have occurred
during early Palaeozoic times concomitant to the late stages of Gondwana
amalgamation, as annealing was no longer important from Pennsylvanian
(300 Ma) onwards. In this way the sediments of Carboniferous-Permian and
Cretaceous age, although presently eroded, were probably not significant in
thickness originally because the rocks of the Três Marias Formation have been
residing out of the PAZ (≤50-60 ◦C) for most of the Phanerozoic.

• Based on the widespread nature of the identified thermal effect, the most likely
or dominant control for the São Francisco Basin is interpreted to be associated
with erosion. While it is possible that other causes might have played a role in
its thermal history (e.g. passage of fluids through joints, fractures and pore),
they are usually localised and often isolated to specific horizons.
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• The palaeogeothermal gradients could not be defined in this study, and so
the denudation estimates are poorly constrained. Considering a geothermal
gradient between 15◦C/km and 30◦C/km, the model results suggest that the
post collision denudation across a large area of the São Francisco Basin ranged
between 3-6 km at an average rate of 5-13 m/My. The denudation values
obtained here are equivalent to those obtained for cratonic regimes worldwide
(Edmond et al., 1995; Brown et al., 1994; Fairbridge and Finkl, 1980).

• It is not clear the kinematic of this intracontinetal denudation. Different
mechanisms of sediment removal are proposed as responsible for the formation
of the basin-wide "supra-Proterozoic" unconformity:

– Isostatic rebound as a response to erosional unloading on a regional scale
after Gondwana amalgamation (flexural uplift);

– Isostatic rebound associated with removal of Palaeozoic ice sheets centered
on western Africa (North of Gondwana) during Upper Ordovician through
Pennsylvanian;

– Dynamic topography related uplift.

Further studies are needed to validate these assumptions.

• The post Brasiliano-Pan African tectonics, and particularly the continental
break-up associated to the opening of the South Atlantic Ocean does not seem
to have played a significant role on the thermal evolution of the basin. Neither
a Cretaceous heating phase nor an accelerated denudation stage is observed as
reported for the Paraná Basin and marginal belts.

• While the current AFT thermal reconstructions provide important progress to
the understanding of the basin evolution it is noted that there are still significant
deficiencies that could be improved in future work. The thermal solution shown
here is rather broad and considered somewhat tenuous owing to the small
number of analysed samples. Complimentary data as vitrinite reflectance data
or equivalents are needed to compare palaeotemperature estimates and test the
possibility that the section may have been thermally affected by further events
during the Phanerozoic. Zircon fission track analysis would also contribute
to the study of the São Francisco Basin as these present higher temperature
stability than apatite and have proven to be particularly useful in regions
where potential hydrocarbon source rocks are now exposed to temperatures
that exceed petroleum generation (Gallagher et al., 1998).
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The greater thickness of overburden originally present in the basin and its latter
exhumation, have significant implications with respect to the thermal maturity of
source rocks, velocity anomalies and porosity predictions of reservoirs in undrilled
areas.
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Chapter 8

Modelling the hydrocarbon generative history

8.1 Introduction

This chapter presents the 1D basin modelling study from the São Francisco Basin,
by employing BasinMod (Platte River and Associates) software. Besides learning and
understanding the basics of basin modelling with respect to hydrocarbon generation,
the objectives of this study include: 1) accomplishing 1-D modelling of one well
(1-RF-1-MG) from the central São Francisco Basin by reconstructing its burial and
thermal history; 2) estimation of critical moment for the Sete Lagoas Formation
within well 1-RF-1-MG according to different evolutionary scenarios in order to gain
knowledge about the timing of hydrocarbon generating.

The chapter is organised in the following manner. Section 8.2 and 8.3 briefly
detail the methodology applied for basin modelling and data issues that conditioned
various aspects of this study. Section 8.4 provides a theoretical background of the
subject and all the aspects related to burial and thermal analysis that need to
be included during modelling. Section 8.5 presents the input data and modelling
parameters used for the analysis of the São Francisco hydrocarbon system. Section
8.6 introduces the evolutionary scenarios chosen for the basin in terms of burial and
thermal history and suggests likely timing for hydrocarbons generation. This section
also includes sensitivity analysis to measure the effect of input variable upon source
rock maturation and presents the petroleum system event chart for the Bambuí
Group. Finally Section 8.7 summarises the results of the chapter.
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8.2 Methodology

8.2.1 Software (simulator)

The hydrocarbon generation history was modelled with BasinMod geohistory
modelling package from Platte River and Associates. It has as primary function to
construct a geological model of stratigraphy versus time (burial history) by analysing
the cumulative subsidence of selected stratigraphic horizons encountered in a well. It
also reconstructs the thermal history in order to evaluate hydrocarbon potential of a
single location (Platte River and Associates, 2009).

The BasinMod modelling method is based on accurate decompaction and subse-
quent backstripping. It works forward in time meaning that the model is simulated
starting with the sedimentation of the oldest strata until the entire sequence of
layers has been deposited and present day is reached (Hantschel and Kauerauf, 2009).
BasinMod 1-D considers one heat flow value (input at the bottom of the sediment
column) transfer by conduction, while heat transfer by convection is not taken into
account.

8.2.2 Workflow

Modelling work was conducted at Royal Holloway University of London, where
the software is licensed for academic purposes. The modules BasinMod2011 and
BasinMod-1D were used for burial/thermal modelling and sensitivity analysis respec-
tively. Training was carried out with IGI (Integrated Geochemical Interpretation Ltd.)
in 2013 in Bideford, Devon and later discussion with the same team of geoscientists
in February 2014, led to improvement of the final results.

8.3 Data issues

In line with the low-density information grid available for this study, with widely
spaced seismic lines and only few exploratory wells, this chapter gives special emphasis
to the evaluation of the source rock and the timing of hydrocarbon generation. The
remaining components of a complete petroleum system like reservoir, seal, traps were
not studied and require further attention in future work. In this way, investigations
of present-day prospects (i.e. determine of whether they have economic value) and if
they are exploitable with available technology, goes beyond the objectives of this
thesis.

Of the three exploratory wells available for this PhD project (Figure 8.1), only
one was chosen for modelling (i.e. 1-RF-1-MG) based on the lack of surface (Chapter
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III, VII) and subsurface (Chapter III) data in the northern portion of the basin.
Moreover 1-RF-1-MG is the relatively closer well to the studied cores (Figure 8.1)
and has the thickest Bambuí Group interval. The units below the Bambuí Group
are only partially penetrated by this well and the continuity of these strata with the
potential source rocks of the Vazante and Canastra groups to the west, is obscured
by intense tectonic deformation (Chapter VI). Therefore only the Bambuí Group
and specifically the Sete Lagoas Formation is assessed for hypothetical hydrocarbon
generation within this chapter.

Figure 8.1 São Francisco Basin - Location of the wells, seismic data and AFT samples
available for this project. Modified from Alkmim and Martins-Neto (2012, 2001) and Sgarbi
et al. (2001).
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Although a great effort was involved in the source rock characterisation, no
information regarding kerogen type and therefore kerogen activation energy could
be obtained (Chapter IV). Thus in this study the geochemical data is limited to
TOC content and a kinetic parameter estimation based in broad sedimentary facies
(section 8.5.1.4; Pepper and Corvi, 1995). In the same way, expulsion models and
determination of whether hydrocarbons retained in the source rock were cracked,
goes beyond the scope of this study.

The lack of seismic lines in depth, and the complex structural setting of the units
along the Brasiliano-Pan African Belts made the application of 2D basin modelling
unviable.

8.4 Theoretical background and previous work

8.4.1 Basin modelling - an overview

Basin modelling helps understanding and reconstructing the geological and ther-
mal evolution of a sedimentary basin, and is used to quantify the history of generation,
migration and accumulation of hydrocarbons on the basis of an absolute geological
time scale (Welte and Yalçin, 1987). Basin modelling enables:

• integration and iterative modelling of geological, geophysical and geochemical
data;

• extrapolation to the deep (undrilled) parts of the basin only accessible by
means of seismic data;

• a three dimensional view of the basin through geological time.

The scope of basin modelling is comprehensive (Welte and Yalçin, 1987). It spans
from a relatively simple reconstruction of source rock maturation and hydrocarbon
generation, to a detailed geochemical and kerogen kinetic conversion at a molecular
scale, to a global understanding of basin evolution considering tectonic events and
their effects on temperature history.

Basin modelling can be undertaken in one (1-D), two (2-D) or three (3-D)
dimension (Hantschel & Kauerauf, 2009). A 1-D model deals with the geological
strata with respect to depth at a single point. It can be rapidly calculated and
readily calibrated using information from a single well. It has the advantage that
by modelling a number of strategically placed 1-D locations within a basin most
maturation and generation situations can be managed. On the other hand, 1-D
modelling does not address mass transfer other than in a vertical direction. To
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model flow (e.g. fluids, energy) within a basin, 2-D (cross sections) or 3-D (volume
elements) models are required (Waples, 1994).

Basin modelling evaluates scenarios of evolution that might not necessarily be
true, particularly in frontier exploration basins where information is scarce, but
if consistent with the geological dataset it will aid in the evaluation of potential
hydrocarbon reserves and will determine more promptly exploration targets by
reconstructing the burial, thermal and maturity history (Hantschel & Kauerauf,
2009). Only a rigorous application in practical exploration however, will provide
the learning sets to validate concepts and calibrate laboratory findings (Welte and
Yalçin, 1987).

8.4.1.1 Petroleum system modelling

Petroleum system modelling belongs to a sub-group of basin models, which
provide understanding and prediction for the full hydrocarbon lifecycle (Hantschel &
Kauerauf, 2009). The analysis encompasses petroleum generation, migration and
accumulation through geologic time and its analysis can be applied from a single
charge or drainage area to an entire basin.

A primary objective of petroleum systems modelling is the evaluation of hydro-
carbon exploration risk factors, related to charge, reservoir quality, trap capabilities
and the temporal relationship between the petroleum system elements (Hantschel &
Kauerauf, 2009). Among those, and when knowledge about the basin is sparse (e.g.
frontier areas), source rock maturity studies are a prime concern. Large uncertainties
in the data may not allow a sophisticated modelling; therefore only basic facts
and simple questions are investigated regarding the stratigraphic, geographic, and
temporal extent of the petroleum system (Magoon and Dow, 1994):

- Have hydrocarbons been generated? This includes resource assessments of yet-to-
find hydrocarbons ;

- When were hydrocarbons generated? Temporal interrelation between hydrocarbon
generation and trap formation;

- Where were hydrocarbons generated? Analysis of their possible relationships to
prospects.

In frontier areas, modelling may be a useful vehicle for speculation.

8.4.1.2 Petroleum system modelling event chart

The petroleum system event chart represents the timing among the elements of
a petroleum system and allows the assessment of the process chain (Magoon and
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Dow, 1994; Hantschel & Kauerauf, 2009). It contains eight different events (Magoon
and Dow, 1994): source rock, reservoir, seal rock, overburden, trap formation,
generation-migration-accumulation, preservation time and critical moment. The
first four represent the essential elements of a petroleum system and their time of
deposition from stratigraphic studies. The next four events record the timing of the
petroleum system processes.

The preservation time of a petroleum system begins once hydrocarbon generation-
migration-accumulation processes are accomplished (Magoon and Dow, 1994). Pro-
cesses such as remigration, degradation and complete destruction of hydrocarbons
may occur during preservation time. If insignificant tectonic activity occurs during
the preservation time, accumulations will continue to exist in their original position;
otherwise remigration can occur and new accumulations can take place in traps
formed after hydrocarbon generation has ceased. An actively forming petroleum
system is without a preservation time.

The critical moment is a point in time that best illustrates the most generation-
migration-accumulation of hydrocarbons. It is the time of maximum depth of burial
of a hydrocarbon source rock and after traps form, the moment of highest probability
of entrapment and preservation of hydrocarbons in a petroleum system (Magoon
and Dow, 1994).

8.4.2 Input data

Before the construction of the model input data, the general analysis of the basin
type and its phases of evolution need to be considered. This includes information
regarding plate tectonics, location of the basin, rifting and tectonic events, deposi-
tional environments, global climates, and palaeo-bathymetries through geological
time (Hantschel & Kauerauf, 2009).

The model input data encompass present day model architecture (i.e. horizons,
facies), age assignment, organic facies, palaeogeometry (i.e. water depth, erosional
events), thermal information and boundary conditions.

8.4.2.1 Stratigraphy, lithology and ages

The sources of the data points for the subsidence curve construction are strati-
graphical boundaries of presumed known age and present-day thickness (Allen and
Allen, 2005; Hantschel & Kauerauf, 2009; Waples, 1994). The stratigraphic data
entry process includes formations and events, such as hiatuses and erosion and can
be entered using well tops and/or thicknesses. The age assignment relates the present
day horizons and layers with their geologic age of deposition and erosion (Hantschel
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& Kauerauf, 2009). These are normally obtained from micropalaeontology and/or
radiometric dating (Waples, 1994).

The amount of section eroded at unconformities is of particular significance
because it may affect the timing of hydrocarbon generation. Detailed knowledge of
erosional episodes is most important when the source rocks were at or near their
maximum burial depth or temperature during the period in question (Waples, 1994).
On the other hand, if the unconformity is exposed to subsequent burial and the
strata reaches greater depths, then the unconformity will have little effect on the
maturity (C. Cornford pers. comm.).

Knowledge of the lithology and rock properties is needed for decompaction and
thermal conductivity calculations. These are entered for stratigraphic units both
present and missing, so that the effects of removed rock can be accounted for in
the system. The definition of lithologies for missing rocks is a difficult task; usually
it is estimated by analogy with other spatially or temporally related stratigraphic
sections (Waples, 1994). The rock properties include, among other parameters, initial
porosity, density and grain size, which conditions petrophysical properties related to
compaction rates, thermal conductivities, and heat capacities.

8.4.3 Geohistory analysis

The primary function of basin modelling is to construct a geological model of
stratigraphy versus time. Geohistory analysis is a quantitative technique used in
the geological analysis of sedimentary basins (Allen and Allen, 2005) that aims at
producing a curve for the subsidence and sediment accumulation rates along time.
This requires three corrections to the present stratigraphic thicknesses:

• Decompaction: to account for the progressive loss of porosity with depth of
burial;

• Palaeobathymetry: to determine the position of the unit at the time of deposi-
tion relative to a datum (e.g. present-day sea level);

• Absolute sea level fluctuations: to account for the changes in the palaeosea
level relative to the present day.

8.4.3.1 Burial history modelling

The burial history model is a limited type of geohistory where sea depth and sea
levels are not used in calculations (Platte River and Associates, 2009). It is not as
realistic as geohistory models but it usually suffices in most situations. Burial history
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model is referred to the reconstruction of the formations burial history based on
their thickness and age. The resulting time/depth plot when combined with thermal
data, allows the modelling of kerogen conversion to hydrocarbons and ultimate, the
time for hydrocarbon generation (Figure 8.2).

Figure 8.2 Schematic diagram for the reconstruction of the burial and thermal histories of
a basin.

8.4.3.2 Porosity loss during basin subsidence

The burial history is only approximately true when compaction effects are taken
into account. Present-day stratigraphic thicknesses are a result of progressive varia-
tions in rock volume due to mechanical compaction, physicochemical changes (e.g.
pressure solution) and cementation through time (Allen and Allen, 2005). Several
factors influence the porosity-depth reduction: lithology, grain size, grain sorting,
grain composition, clay content, temperature and time. Decompaction is performed
to compensate for the loss of porosity from formations during burial; therefore, the
variation of porosity with depth needs to be known. For a given lithology, an expo-
nential relationship (Eq. 8.1), which produces an asymptotic low porosity curve with
increasing depth (Chapter VII) is typical observed for normally pressured sediments
(Allen and Allen, 2005):
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ϕ = ϕ0e
-cy (8.1)

where:
ϕ = porosity at any depth y
ϕ0 = initial or surface porosity
c = compaction exponent coefficient (which depends on lithology and describes the
rate of exponential porosity decrease with depth).

The effective stress acting at grain-grain contacts is the driving force for com-
paction (Allen and Allen, 2005). The thicknesses of sediments are thus reduced by a
predictable amount according to lithology and depth of burial. There are several
mechanical compaction formulations which use the exponential relationship presented
earlier with varying compaction factors. For example, the ’Exponential’ method of
Scatler and Christie (Figure 8.3) is based on empirical knowledge acquired in the
North Sea, which indicates an exponential increase in thickness with shallowing depth
upon compaction; the ’Reciprocal’ method of Falvey and Middleton (Figure 8.3)
assumes porosity change proportionally to the change in sediment load (for further
details on the principles and formulations refer to Platte River and Associates, 2009).

Figure 8.3 Shale compaction curves for the Scatler & Christies and Falvey & Middleton
methods. P=porosity at depth z; P0=initial porosity; k=0.5 for Scatler and Christie’s; k=2.4
for Falvey and Middleton’s. Modified from Allen and Allen (2005).

Since the total lithostatic stress is the result of the effective stress and the
pore fluid pressure (’Terzaghi’s law’ in Allen and Allen, 2005), pore fluids confined
within a formation have the effect of hindering compaction. In other words, for
water-saturated sediments, the overlying layer weight is supported jointly by the
grain-to-grain mechanical strength of the aggregates and the fluid pressure in the
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pores (Equation 8.2). As a result of overpressuring, a strong deviation from the
expected porosity-depth curve can be observed.

α = s− p (8.2)

where:
α = effective stress
p = fluid pressure
s = vertical compressive stress

Coupled fluid flow compaction methods compute porosity as a function of depth
and fluid pressure, and take into account values for the previous depositional layers.
In this way, the decrease of porosity and permeability, the expulsion of the pore fills
in response to overburden load and the evolving pore pressure is considered for the
reduction in the thicknesses of sediments.

Determination of compaction is vital during modelling due to its direct influence
on the thermal conductivity and heat capacity of sediments, which in turn, have a
close relation with the thermal properties of the basin and the maturation level of
the source rock. Dykstra (1987), indicates that the absolute degree of maturity of
the source at present day is not affected by compaction correction but it can notably
influence the calculated time of maturation, generation, and expulsion. Therefore
in a burial history plot, the burial curve corrected for compaction is always deeper
than the uncompacted curve (Figure 8.4). For every curve the beginning and end
points are equal and fixed.

Figure 8.4 Influence of compaction upon maturation - schematic compaction versus non-
compaction curve and their corresponding vitrinite reflectance. Modified from Dykstra
(1987).
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8.4.4 Subsidence history and backstripping

8.4.4.1 Palaeobathymetry and sea level

All depths considered for decompaction are in relation to a present-day datum
(i.e. mean sea level). Consequently it is necessary to apply palaeobathymetric correc-
tions to the decompacted subsidence curve for the difference in height between the
depositional surface and the regional datum. For the same tectonic subsidence rate,
considerably different stratigraphic thicknesses can result depending on the initial
and ensuing palaeobathymetry (Allen and Allen, 2005) mainly in association to the
space for accommodation created and the potential preservation of the units. Infor-
mation on changing palaeobathymetry comes principally from micropalaeontological
studies (i.e. faunal and floral assemblages) and secondarily from sedimentary facies
and distinctive geochemical signatures. Water depth also influences temperatures
at the sediment-water interface (Waples, 1994), which has implication for thermal
calculations.

Eustatic correction, refers to the past variations in the ambient sea level compared
to today’s (Allen and Allen, 2005). However, at present there is no consensus on
a global eustatic curve that could be used to make corrections of decompacted
subsidence data in order to extract the tectonic subsidence (Allen and Allen, 2005).

8.4.4.2 Tectonic subsidence

The total subsidence in a basin is a conjunction of subsidence due to sediment
weight and tectonic activity (Allen and Allen, 2005). The process to determine
the amount of load-induced subsidence and therefore calculate the true tectonic
subsidence is named isostatic backstripping. This method removes the excess weight
of the sediment layers compared to water, fluctuation of sea level and sea depth and,
assuming Airy isostacy, adjusts for isostatic rebound. The effects of load-induced
subsidence is detailed in equation 8.3.

Y = S

(
ρm− ρs

ρm− ρw

)
− ∆SL

(
ρw

ρm− ρw

)
+ (Wd− ∆SL) (8.3)

where:
Y = depth of basement corrected for sediment load
S = total thickness of sediment column corrected for compaction
ρm = average mantle density
ρs = average sediment density
ρw = average water density
∆SL = change in elevation of mean sea level
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Wd = palaeosea depth

The resulting subsidence curve after correction, when compared with theoretical
behaviours, can give a direct insight on the nature of the driving force responsible
for basin formation and development (Allen and Allen, 2005). Foreland basins (i.e.
flexure of the lithosphere) typically involve a convex-up profile due to an accelerating
subsidence through time, while basins created by stretching will have a concave-up
backstripped tectonic subsidence profile, with a rapid, fault-controlled phase of
subsidence followed by a concave-up phase as the lithosphere cools (Xie and Heller,
2009). In the same way, duration and tectonic subsidence rates change substantially
from one subsidence mechanism to another (Figure 8.5) (Allen and Allen, 2005).

Figure 8.5 Tectonic subsidence rates for different basin types. Modified from Allen and
Allen (2005).

8.4.5 Thermal history modelling

Thermal history modelling is used to appraise the temperature history of a
sedimentary basin and to describe the behaviour of individual thermal indicators
(Waples, 1994). It ultimately aims at calculating the timing and extent of hydrocarbon
generation, which is important for two reasons: primarily to infer where hydrocarbons
have accumulated after they left the source rock, we must know the timing at which
they have started to move; second, the later the generation, the less time for
destructive processes that damage hydrocarbon accumulations (i.e. biodegradation,
cracking, seal rupture). Maturity modelling can also estimate the amount and
composition of hydrocarbons generated by predicting gas-oil ratios, but the accuracy
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of such predictions is limited by effective kerogen characterisation (i.e. type and
kinetic parameters).

8.4.5.1 Maturity indicators, thermal calibration

According to Waples (1994), "maturation of thermal indicators refers to thermally
induced changes in a variety of indicators that record the thermal histories of rocks
(such as various biomarkers and vitrinite reflectance); hydrocarbon generation and
cracking, refer to two different processes: the formation and the destruction of oil
and gas". Thermal indicators are needed to validate the correctness of the geologic
model. This process, named "optimisation or calibration", compares the modelled
behaviour of thermal indicators with measured values in the wellbore and tries to
minimise the differences (Waples, 1994). The use of multiple maturity indicators
is always recommended because each one provides a different perspective on the
time-temperature history evolution.

The maturity modelling study must fulfil two objectives in chronological order:
it must first model thermal indicators for basin analysis and deals afterwards with
hydrocarbon generation for system analysis. In this way, the process should starts
with a valid conceptual model of local geology and follows a series of steps:

1. Specify present-day heat flow and thermal conductivities to correctly predict
the observed present-day temperatures.

2. Decide on palaeoheat flows and the magnitudes of depositional and erosional
events to agree with the regional geology and concepts of basin evolution and
to predict the observed values for any available thermal indicators.

3. Undertake modelling of hydrocarbon generation within a source rock and
cracking of oil to gas in source or reservoir rocks.

Because of the Arrhenius equation, which indicates that organic maturation varies
exponentially with respect to temperature and linearly with respect to time, thermal
variations are more significant that stratigraphic changes (Figure 8.6) (Allen and
Allen, 2005).
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Figure 8.6 Organic maturation changes exponentially with respect to temperature and
linearly with respect to time. Modified from Allen and Allen (2005).

It is important to note that the combination of thermal factors and erosion
selected as the final ’best’ model (i.e. which provides the best fit between measured
and calculated data) is rarely a unique solution. It only proves that the model has a
plausible calibration but there may well be other sets of input parameters that give
a similar correlation. Consequently the most geologically reasonable set is preferred.
The ultimately calibration of a model is that it correctly predicts known oil and gas
accumulations and their observed properties (C. Cornford pers. comm.).

The confidence in the results depends on the reliance we have in the input data,
in other words, how well the thermal history is constrained and if it is tested for
internal consistency and reasonableness (Waples, 1994). Otherwise, any further
modelling with a defective set of input data and/or in the absence of measured
data (i.e. present-day temperatures or thermal indicators) should be considered
speculative and may be in error.

8.4.5.2 Geothermal gradient, heat flow

In the thermal geohistory, the depth used in burial history plot is converted to
temperature (Figure 8.2) through geothermal gradients and/or heat flows. The latter
thermal parameters are crucial to modelling the dynamic evolution of a basin and
specifically the thermal maturation of oil-source rocks (Deming and Chapman, 1989).

Geothermal gradient
Subsurface temperatures can be determined directly by using geothermal gradients

(Waples, 1994), by dividing the temperature difference between the surface and the
bottom-hole temperature, by the depth interval between these two measurements:
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gg =
Td− T0

∆d
(8.4)

where:
gg = geothermal gradient (◦C/km)
Td = bottom hole temperature (◦C)
T0 = temperature at the surface (◦C)
∆d = depth (km)

One of the weaknesses related to the geothermal gradient method is related to
the use of linear gradients, which in nature and specifically in actively compacting
sediments normally have nonlinear gradients (Figure 8.7). The other is the fact that
geothermal gradients are effects rather than causes of the thermal condition of a
basin and therefore do not provide the fundaments for developing a conceptual model
(Waples, 1994).

Heat flow
Another way of determining subsurface temperatures is indirectly by employing

the heat flow-conductivity method (Waples, 1994). In the absence of lateral heat
transport, friction, radioactive or igneous heat, temperature in the sub-surface is a
function of the heat flow from the mantle and the conductivity of the rocks. In other
words, heat flow is the amount of heat passing through the crust from the mantle
(estimated as 1330◦C) to the Earth’s surface (i.e. vertical flux). According to the
Fourier’s law (Waples, 1994; Allen and Allen, 2005), "heat flow across a rock unit
represents the product of its thermal conductivity times the geothermal gradient
across the unit":

HF =
δT

δZ
.k (8.5)

where:
HF = heat flow (miliWatts/m2)
δT = temperature (◦C)
δZ = depth (m)
δT/ δZ = thermal gradient (◦C/m)
k = thermal conductivity (W/m◦C)

When applied in 1-D, the heat flow-conductivity method assumes that all heat
transfer is by vertical conduction and that the heat flowing into the base of the rock
column is equal to the heat flowing out of its top (Hantschel & Kauerauf, 2009;
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Figure 8.7). In this case, the thermal conductivity and the temperature gradient are
inversely proportional because the heat flow does not change with depth (Blackwell
and Seele, 1989). However, if convective heat transfer or non-vertical heat transport
heat sources exist, then the heat flow calculated in this way will be deficient.

Figure 8.7 Geothermal gradients. A - constant heat flow based on the differences in
thermal conductivity of the individual sedimentary layers; B - basal heat flow augmented
by differential radioactive heat production for individual sedimentary units. Modified from
Hantschel & Kauerauf (2009).

The surface heat flow on continents is controlled by many phenomena from
which, at the time scale of geological periods, the most important are the last heat
pulses associated with the main geological events, the distribution of heat-producing
elements, and erosion (Sclater et al., 1980). Generally high heat flow values within
young terranes are interpreted as a reflection of transient thermal perturbations
linked to tectonic/magmatic activity. For Archean and Proterozoic terranes instead,
variations in heat flow are linked to differences in crustal heat production or mantle
heat contributions (Neumann et al., 2000). The basement heat flow quantification is
challenging due to the various feedback mechanisms that occur between the basin and
lithosphere processes (Theissen and Rupke, 2010; Allen and Allen, 2005). Specific
thermal effects, as magmatic events require igneous temperature maps to be added.

When considering tectonogenesis, the magnitude of the thermal modification
will depend on the style of tectonism and on the duration and intensity of the
event, but will also vary spatially and temporally (Morgan, 1984). Studies of
the relationship between crustal thickness and heat flow have largely focused on
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extensional settings (e.g. McKenzie, 1978; Jarvis and McKenzie, 1980), as result
being that non-extensional sedimentary basins less well understood.

Two types of heat flow can be considered during modelling (Platte River and
Associates, 2009; Hantschel & Kauerauf, 2009):

• Steady State: The simplest model for heat flow neglects all time dependent
terms. In the absence of radioactivity, the heat flow is constant throughout
the sediments, each time interval of the model is calculated independently of
the prior time interval and the temperature gradient in a layer is higher the
lower the thermal conductivity.

• Transient: transitory/short lived phenomena changes in heat flow are smoothed
out over time upon the heat capacity of the rocks. Heat is absorbed for heating
of the layer, therefore knowledge of the rocks ability to retain heat is also
necessary. The system gradually returns to a new flow equilibrium, when the
new conditions are maintained stable.

Thermal conductivities
Thermal conductivity is the amount of heat passing through a meter of material

with a defined temperature difference (Allen and Allen, 2005). The thermal history
of a sedimentary basin is intrinsically related to the thermal conductivity of its
rocks and their lithologies (Table 8.1; Blackwell and Steele, 1989; Waples, 1994).
Apart from mineralogy, the measured bulk conductivities of rocks are a function
of compaction, anisotropy and temperatures. Shallow wells, where the rocks are
uncompacted, have low thermal conductivity. Strongly fissile rocks (e.g. shales) can
have great variations in their thermal conductivity (i.e. increased in a parallel than
perpendicular to bedding direction).

Simplistically, the bulk thermal conductivity is the mean value between the
contribution from the solid (i.e. rock matrix) and fluid phases (Allen and Allen,
2005). Therefore, pore fluids type also has to be considered particularly where large
volumes of hydrocarbons have accumulated, because their low conductivity (Table
8.1) can result in thermal anomalies. In general terms, thermal conductivities of
sedimentary rocks increase with decreasing porosity (i.e. pore fluids are expelled)
and decrease with increasing temperature (Waples, 1994).
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Lithology or Pore Fluid Thermal conductivity
(W/m◦C)

Shale 1.05-1.45
Sandstone 2.50-4.20
Limestone 2.50-3.10
Dolomite 3.75-6.30

Salt 4.80-6.05
Anhydrite 4.90-5.80

Coal 0.18
Granite 2.50-3.35

Basalt and Andesite 1.45-2.10
water 0.59

Kerosene 1.15
Methane 0.04

Table 8.1 Conductivities of matrix plus pore fluid at 20◦C. Source: Blackwell and Steele
(1989).

8.4.5.3 Radiogenic heat production

Radioactive decay can significantly augment heat flow. This occurs principally
in the upper portion of the continental lithosphere (∼35 km for stable platforms)
because during partial melting certain elements including radiogenic components are
concentrated in the fluid section (Hantschel & Kauerauf, 2009).

Radiogenic heat production on continental crust is related to its age (Neumann et
al., 2000), with older rocks exhausted in radiogenic components based on the half-life
of radiogenic elements. In addition to the basement, sediments contain radioactive
elements like uranium, thorium and potassium. Thus, the surface heat flow can be
higher than the basal value at the bottom of the sedimentary column by the amount
of generated heat (Hantschel & Kauerauf, 2009). The distribution of radiogenic
isotopes in the sediments of the basin is strongly dependent on their source, redox
chemistry and water flow.

8.4.5.4 Surface temperatures

Surface temperatures have been given minor contemplation in thermal maturity
modelling (Waples, 1994). However, the variation in surface or water/sediment
interface temperatures through geological time could have a significant effect on
maturity calculations depending on the duration, intensity of the superficial event
(Visser, 1991; Allen and Allen, 2005), and its timing in relation to source rock
maturation (C. Cornford pers. comm.). In this way, while annual variations do not
have an important impact, glacial advance/retreat could leave an imprint in the
thermal evolution of the basin (Allen and Allen, 2005).
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When estimating the mean annual surface temperature for the areas above sea
level, it is important to consider: a) latitudinal position through time b) global
climatic trends c) altitude or elevation. For areas below sea level, ambient land
temperature have to be decreased by a temperature gradient of 4◦C/100 m for the
uppermost 200 m of water and 2◦C/100 m for deeper waters. A minimum value
of 4◦C is generally used at the sediment-water interface for the open ocean, and a
slightly higher temperature for restricted waters (Waples, 1994).

8.4.6 Boundary conditions

Boundary conditions are defined for pressure, fluid flow and heat through the
entire simulated geologic history (Hantschel and Kauerauf, 2009). In the case of 1D
modelling, only the latter becomes relevant. The usual boundary condition data
for the heat flow analysis are temperature maps for the upper boundary and basal
sediment heat flow maps (estimated from crustal models) for the basal boundary.

8.4.7 Sensitivity analysis

A model’s sensitivity analysis is a comprehensive examination of how its results
are influenced by the assumptions and parameters chosen, and of errors in the data
(Cao and Lerche, 1990). Sensitivity analysis is a tool for informed calibration. It
helps understanding the importance of the parameters in the reconstructions of
thermal and hydrocarbon generation history and the capabilities of the used model
(Cao and Lerche, 1990). 1-D basin modelling can have numerous inputs, thus it is
required to specify to what extent a given output variable has been affected by a
change in a specific input variable.

8.4.8 Previous work in the São Francisco Basin

As in many other aspects of the São Francisco Basin, there is no information in
the public domain regarding the reconstruction of the burial and thermal evolution
of this sedimentary basin. Linked to that, no attempt has been made to quantify
the basin’s hydrocarbon generation history at present.
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8.5 Input data and variables used for modelling of

the São Francisco hydrocarbon system

8.5.1 Input data

8.5.1.1 Stratigraphy and lithology

Depth profile measurements and composition of the formation present in the well
(Figure 8.8) are derived from well log recorded by Petrobras and made available to
this study by the Agência Nacional do Petróleo (ANP).

Figure 8.8 Detail of the stratigraphy, lithology and logs of well 1-RF-1-MG.

The input data in BasinMod is presented in Table 8.2. The lithologies were
determined by specifying percentages of the default set of pure lithologies (e.g. shale,
sandstone, limestone). Their attributes such as, initial porosity, compaction factor,
density and heat capacity were calculated automatically by BasinMod, interpolating
from the relevant pure lithological properties (Platte River and Associates, 2009).
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8.5.1.2 Age

Absolute ages of depositional and erosional events were defined using the chronos-
tratigraphic framework compiled for the basin based on the latest datings available
(Chapter V). The stratigraphy and absolute age of some units of the São Francisco
Basin and specifically the hiatus associated with the unconformities (Chapter VII)
are still uncertain. The scarcity of absolute geochronological age constraints remains
one of the most challenging problems in the reconstruction of its evolution, leading
to intense discussion among the scientific community.

Age extrapolation between formations was a prerequisite to input the model, as
some formations penetrated in the wells under analysis had not been dated at present.
This was the case of the Lagoa do Jacaré Formation to which an age of 631 Ma
was arbitrary assigned (Table 8.3), contemplating the arithmetic mean between the
underlying and overlying formations. The upper Sete Lagoas Formation, although
with a maximum depositional detrital zircon age of 610 Ma, had its value modified to
680 Ma in order to fit the age of overlying formations. In other words, the presence
of an unconformity between the Sete Lagoas and Santa Helena formations has not
been described yet and therefore, older ages should be assigned to units positioned
stratigraphically below younger strata.

Group Formation Chronological
Age [Ma] Author

Age used for
modelling

[Ma]
Unconformity (90-present)

Urucuaia Urucuaia Upper
Cretaceous

Sgarbi et al.
2001 90

Unconformity (616-90?)

Três Marias 616 Not present in
wells

Serra da
Saudade 612 Rodrigues,

2008 612

Lagoa do Jacaré - - 631

Bambuí Santa Helena 650 Rodrigues,
2008 650

610 Rodrigues,
2008 680

Sete Lagoas Unconformity (740-680?)

740 Babinski et
al., 2007 740

Unconformity (880-740?)

Macaúbas Jequitaí 880 Rodrigues,
2008 880

Table 8.3 Chronological age and assumed ages for formations and unconformities.
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8.5.1.3 Estimate of the amounts of section eroded at

unconformities

The chronostratigraphic chart presented in Table 8.3, shows four unconformities
intercepted by well 1-RF-1-MG. These events correspond to the boundary between
the Macaúbas and Bambuí groups, another within the Sete Lagoas Formation, a
further one marking the boundary between the Proterozoic (Bambuí Group) and
the Phanerozoic (Urucuaia Group) and finally another from the Cretaceous to the
present.

The most important unconformity in terms of duration and extension along the
basin, is that affecting the top of the Bambuí sequence (Figure 8.9). In order to
unravel the missing overburden, porosity and thermogeochronological studies were
performed (Chapter VII). The thermal evolution of the basin studied by means
of AFTA, introduced two alternative scenarios (Figure 8.10). Both agree that the
topmost portion of the Bambuí Group was exposed to temperatures in excess of 120◦C
in the early Palaeozoic and suffered progressive cooling during the late Palaeozoic.
If the heating is considered to have been induced by burial and cooling by erosion,
contemplating palaeogeothermal gradients between 15 and 30◦C/km, a range of ∼3
to ∼6 km is estimated previously present on top of the Bambuí Group.

Figure 8.9 Unconformity between the Neoproterozoic (Serra da Saudade Formation) and
the Cretaceous (Areado Group).
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Figure 8.10 Alternative scenarios for thermal evolution of the Três Marías Formation
based on AFTA (Chapter VII).

The remaining unconformities could not be studied with thermogeochronology/sonic-
porosity logs. Of particular importance is the missing stratigraphy within the Sete
Lagoas Formation, which is very relevant to the modelling of the Bambuí Group.
However, the presence of this unconformity has just recently been recognised (Ro-
drigues, 2008; Caxito et al., 2012) and not enough information within the literature
allows its quantification in terms of missing overburden. Therefore, and for the
practical purposes of the modelling, the Sete Lagoas Formation will be considered
as deposited at ∼680 Ma (956-1647 m in well 1-RF-1-MG), leaving its basalmost
part as belonging to the Macaúbas Group (1647-1848 m in well 1-RF-1-MG). It
is important to highlight however, that if source rocks are considered present in
the underlying units (e.g. Macaúbas Group) this information becomes critical and
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further research, probably with the use of zircon fission track, would be necessary to
unravel the complete deposited stratigraphic sequence.

In terms of lithology, to determine the properties of the missing stratigraphy on
top of the Bambuí Group, observations of other spatially and temporally related
stratigraphic sections were carried out. In this way the surrounding Paraná (Milani
et al., 2007), Parnaíba (Vaz et al., 2007) and Congo (Kadima et al., 2011) basin
were inspected. The stratigraphic sequence of those basins indicates predominance
of siliciclastics for the Lower Palaeozoic, especially sandstones. This goes in line
with the extant rocks of the Três Marias Formation immediately below the missing
section, which are formed by arkosic sandstones and siltstones (Gomes, 1988).

8.5.1.4 Source rock

As described in Chapter IV, three tectonostratigraphic units have been cited in
the literature and evaluated in the present work as prospective source rock intervals.
These are 1) the Meso/Neoproterozoic Canastra (Paracatu Fm.) and Vazante (Serra
do Garrote Fm.) groups and 3) the Cryogenian/Ediacaran Bambuí Group (Sete
Lagoas Formation). Of these 3 potential source rocks the one that will be evaluated
in the 1D modelling is the Bambuí Group, and specifically the Sete Lagoas Formation
as this is the only unit intercepted by the wells under consideration.

The lack of access to the cores of well 1-RF-1-MG precluded the analyses of the
content and maturity data of the Sete Lagoas Formation within this location. Even
if a methodology to determine the kerogen enrichment from well log is available in
BasinMod (based on the paper of Passey et al., 1990), this could not be applied
based on the lack of critical logs in the intervals of interest. Instead, the observations
obtained in the Arcos region (Chapter III, IV) were utilised for this purpose and its
characteristics were extrapolated to the location of the well assuming similar source
rock potential (organic content and maturation). Despite the great distance between
these locations (∼400 km) the assumption of lateral homogeneity is a necessary
condition to perform the analysis in the absence of supplementary information. This
line of reasoning is supported in part, by the continuity observed in seismic profiles
(Chapter VI) although the author is aware of lithological variations and thickness
differences. Geochemical analyses of dark grey siltstones at the base of the Bambuí
Group (Sete Lagoas Formation) reported organic carbon content 0.5% in this work,
but up to ∼6% in nearby areas (Iyer et al., 1995) (Chapter IV). The maturation
analyses on the other hand, although not conclusive, indicate that these samples are
probably thermally overmature with a Ro equivalent to 2% (Chapter IV).

Regarding kerogen type, the model of Pepper and Corvi (1995) that offers the
possibility of estimating global kinetics parameters based on broad sedimentary
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facies, was chosen in BasinMod. This method is extremely useful were geochemical
knowledge is limited as it is the case of the exploration frontier São Francisco Basin.
For the Sete Lagoas Formation, an organofacies corresponding to aquatic, marine
carbonates ’type A’ was selected. This includes a collection of kerogens derived from
common organic precursor (i.e. marine algae and bacteria lipids) that were deposited
and exposed to similar early diagenetic conditions. Type A organofacies of Pepper
and Corvi (1995) correlates with Type II (IFP classification) and its temperature
limits for oil and gas generation are detailed in Table 8.4. It is relevant to note
that heating rate (i.e. time) also affects the temperature thresholds at which these
reactions occur; therefore it is often necessary to consider thermal stress, rather than
pure temperature. Kinetic calibrations were not performed due to the limitation of
the dataset available for this project (Chapter IV).

Organofacies
A B C D/E F

Oil Window (◦C)
Top (Range) 95 (40) 105 (40) 120 (20) 120 (40) 145 (30)

Base 135 145 140 160 175
Gas Window (◦C)

Top (Range) 105 (50) 140 (70) 135 (35) 175 (45) 175 (45)
Base 155 210 170 220 220

Table 8.4 Temperature limits of the oil and gas windows for the five organofacies of
Pepper and Corvi (1995). Organofacies A, B and C kerogens are dominated by aquatic,
algal- and bacteria-derived precursor lipids. Organofacies C lipid precursors are waxy
freshwater algae (and bacteria) in lacustrine basins. Organofacies D, E and F occupy
non-marine environments with an input of terrigenous sedimentary organic matter and
bacteria. Reference heating rate of 2◦C/Ma. Activation energies for oil generation increase
systematically in the order A-F. Note: natural heating rates in sedimentary basins can
vary from 0.5◦C/Ma (old passive margin) to 50◦C/Ma (active rift basin) and an order of
magnitude increase (or decrease) in heating rate, increases (or decreases) the temperatures
at which petroleum is generated by ∼15◦C.

8.5.2 Decompaction

Among the options available in BasinMod for decompaction, a mechanical com-
paction method based on a lithology-dependent equation as a function of maximum
burial depth, was selected for the calculation. Even if the effective stress method is
though to be the most appropriate representation of reality, Waples (1994) concluded
that pressure cannot be represented in 1D models, since fluid flow is mostly horizontal
rather than vertical.

Although any of the mechanical compaction formula offered in BasinMod adjust
strictly to the lithologies present in the well, the reciprocal equation of Falvey
and Middleton was chosen based on the better fit with calculated porosities from
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sonic and neutron logs (further developed in Section 8.5). Sonic methodology
for porosity calculation is presented in Chapter VII, and the neutron porosity is
calculated automatically in BasinMod based on the amount of hydrogen detected
in the formation (Schlumberger, 1989). It is important to note that borehole, fluid
and lithological effects were not contemplated in the log readings and therefore the
porosity values obtained here are only estimative and prone to error. For example if
gas is present within the tool’s zone of investigation, the neutron log will read too low
porosity. Also because the tool sees all hydrogen in the formation (including bounding
water), in shaly formations the apparent porosity derived from the neutron response
will be greater than the actual effective porosity of the rock (Schlumberger, 1989).
However, for the purpose of this study, which pretends a basin wide reconnaissance
level investigation, these values were used for guidance.

Apart from mechanical compaction method, BasinMod offers the possibility of
contemplating porosity loss due to physicochemical compaction and cementation
(Platte River and Associates, 2009). As detailed petrographic information (such as
quartz grain size and clay coat fraction) were not available in this study and as the
function is only available for compaction fluid flow, this process was not contemplated
for modelling.

8.5.3 Backstripping (tectonic subsidence)

8.5.3.1 Palaeobathymetry and sea level

The estimation of water depth for a given stratigraphic horizon is difficult mainly
for Proterozoic strata were the typical sources for bathymetric information derived
from benthic microfossils and other faunal and floral assemblages are not applicable.
Instead, sedimentary facies and distinctive geochemical signatures need to be used
despite the low constrains these source may provide. It is important to highlight
that sedimentary facies are not particularly diagnostic of a unique depth but instead,
the product of supply and process (Allen and Allen, 2005). Therefore, these tend
to back-up the palaeontological observations in Phanerozoic marine sediments. The
impact of poorly constrained water depth can, however be reduced, if sections that
are mostly composed of shallow marine deposits are analysed because this reduces
the absolute magnitude of water depth uncertainties (Xie and Heller, 2009).

As described in Chapter II, the Bambuí Group is composed of three shallowing
upwards megacycles (Martins and Lemos, 2007). Each megacycle is interpreted as
initiated with a regional marine transgression associated with basin subsidence (Misi
et al., 2007). This is the case of the fine-grained sediments of the basal Sete Lagoas,
Serra de Santa Helena and Serra da Saudade formations, understood as deep pelitic
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marine facies. The Serra da Saudade possesses glauconite, which is an authigenic
mineral that tends to develop between 30 and 2000 m, and more specifically between
150 and 250 m (Immenhauser et al., 2009). The remaining formations including the
top Sete Lagoas and Lagoa do Jacaré represent mainly shallow water carbonates. The
Sete Lagoas Formation specifically, registers an extensive subaerial exposure marked
by tepee structures, moulds of sulphate nodules, dissolution breccias, laminated and
columnar stromatolites (Gymnosolenide; Dardenne, 1978; Chapter III). The Lagoa
do Jacaré, on the other hand, represents a shoal complex with large oolitic bars
(F. Alkmim, pers. comm.) intercalated with siltstones and marls and interpreted
as deposited in a shallow platformal environment dominated by storms and tidal
currents (Martins and Lemos, 2007; Vieira et al., 2007; Chapter III).

Considering an epicontinental, epeiric-neritic sea (i.e. semi-enclosed basin in
the interior of continental lithosphere) for the deposition of the Bambuí Group
(Zalán and Silva, 2007), and accepting the considerable limitations inherited from
physical record to palaeo-bathimetry determinations (Immenhauser et al., 2009), a
simplified water-depth scale based on lithofacies is adopted. In this way, nonmarine
is considered to be 0 m above sea level and assigned for the top of the Sete Lagoas
Formation, inner shelf (or inner neritic) is ≤50 m and allocated to the Lagoa do
Jacaré Formation and the remaining Sete Lagoas Formation, outer shelf (or outer
neritic) is ≥150 m and designated for the Serra de Santa Helena and Serra da Saudade
formations (Figure 8.11).

Specifically the topmost unit of the Bambuí Group (Três Marias Formation) has
been interpreted as deposited in a shelf environment with tidal to supratidal facies
(Martins and Lemos 2007; Chapter VII) and therefore is interpreted as deposited in
the domain of the inner shelf (<50 m). During the early Palaeozoic, observations
of spatially and temporally related stratigraphic sections in the surrounding basins
(i.e. Paraná, Parnaíba and Congo) indicate shallow water settings (deltaic, storm
dominated platform deposits) and continental sediments (fluvial, lacustrine, aeolian,
continental glacial deposits) (Milani et al., 2007; Vaz et al., 2007; Kadima et al.,
2011). During late Palaeozoic, extensive ice sheet cover extended from the highlands
of W Africa and reached the Paraná, Parnaíba and São Francisco basins (Zalán and
Silva, 2007) and were succeeded in time by aeolian deposits (Campos and Dardenne,
1994). Finally the Areado/Mata da Corda/Urucuia groups are dominated by fluvial,
aeolian and lacustrine deposits. Thin levels of silexite composed of radiolarius are also
intercalated between aeolian sediments, indicating brief oceanic incursions. However,
for most of the units, fresh water fish fossils, ostracods, and pollen have also been
described indicating a dominant continental affinity (Chaves Sgarbi, 2000).



Input data and variables used for basin modelling 364

Figure 8.11 Interpreted bathymetry used for modelling.

In terms of eustasy, as there is no consensus on a global eustatic curve (Allen
and Allen, 2005), in order to eliminate the past variations in the ambient sea level
compared to today’s, the present day elevation of the onshore basin was left as zero.

8.5.3.2 Tectonic subsidence signature

As described in Chapter II and imaged in Chapter VI, the Brasiliano-Pan African
event that took place at the end of the Neoproterozoic (Martins-Neto, 2009), left as
an imprint an important zone of deformation that affected the margins of the São
Francisco Basin. The Bambuí Group was deposited within this context (Alkmim
et al., 2006; Martins-Neto, 2009) but the scarcity of absolute geochronological
age in addition to the important unconformity that caps this unit, has made the
understanding of the tectonic setting during deposition very difficult. In order to
evaluate the type of tectonic subsidence that ruled the deposition of the Bambuí
Group, its decompacted and backstripped subsidence curve was compared to those
of previously cited potential origins in the literature: foreland (Martins-Neto et al.,
2001; Martins-Neto, 2009) and intracratonic basins (Zalán and Silva, 2007).

Figure 8.12 presents the backstripped tectonic subsidence profile of well 1-RF-
1-MG. It indicates a gently negative exponential subsidence profile with a long
period (∼100 Myr) of very slow tectonic subsidence (rates of 10-15m/Myr) attaining
less than 1 km in line to those reported for cratonic basins (Xie and Heller, 2009;
Armitage and Allen, 2010; Allen and Armitage, 2011; Figure 8.13). Although such
slow rate of subsidence could be induced by inaccurate ages of some formations
(section 8.5.1.2), values equivalent to those described for foreland basins in the
order of 200 to 500 m/My (Figure 8.14) would be difficult to reach. This behaviour
endorses the observations reported in Chapter VI, where the seismic interpretation
of the geometric characteristics of the Bambuí Group, supports sedimentation free of
compressive tectonic influence.
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Figure 8.12 Tectonic subsidence of well 1-RF-1-MG.

Figure 8.13 Tectonic subsidence curves of intracratonic basins - 1) Illinois Basin; 2)
Michigan Basin; 3) Williston Basin; 4) Williston Basin; 5) Northeast German Basin; 6)
Southwest Ordos Basin; 7) Paris Basin; 8) Parana Basin. Modified from Xie and Heller
(2009).

Figure 8.14 Tectonic subsidence curves of foreland basins - 1) Eastern Avalonia, Anglo-
Brabant fold belts; 2) Southern Alberta Basin; 3) San Rafael Swell, Utah; 4) Pyrenean
foreland Basin, Gombrèn; 5) Swiss Molasse Basin; 6) Hoback Basin, Wyoming; 7) Green
River Basin, Wyoming; 8) Magallanes Basin. Modified from Xie and Heller (2009).
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It is important to highlight that periods of marked acceleration and deceleration
of subsidence rate can be superimposed on the longer-term subsidence curve of
intracratonic basins (Armitage and Allen, 2010) and consequently, it would be
impossible to fit the entire subsidence history of a long-lived cratonic basin by one
model curve. These periods are attributed to the action of secondary mechanisms
affecting basin evolution like densification of the underlying lithosphere due to phase
changes, response of magmatism and/or plume activity and dynamic response to
mantle convection (dynamic topography) among others. The subsidence history of
the Bambuí Group may probably had been ruled by an amalgam of different forcing
mechanism rather than one, creating a more complex subsidence profile.

8.5.4 Thermal history

8.5.4.1 Geothermal gradient

As indicated in section 8.4.5.2, the present geothermal gradient can be estimated
using bottom-hole temperature (BHT) from logging runs. The dataset provided by
the ANP lack such measurements and therefore precluded direct calculations. Instead,
published data was taken into consideration for its analysis. Alexandrino and Hamza
(2008) determined an average of 20-22◦C/km based on a handful of temperature logs
obtained within the basin using bottom hole temperature (Figure 8.15).

Figure 8.15 Geothermal gradient. A - distribution of temperature in borehole in the São
Francisco Craton. Note that the temperature axis displays only relative values. The inclined
line in lower inset indicates distributions of temperatures for a gradient value of 20◦C/km;
B - Geothermal gradient for the São Francisco Basin and surroundings. Modified from
Alexandrino and Hamza (2008).
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It is important to note that the gradients observed in Figure 8.15 are linear,
which may be associated with the shallow nature of the wells under consideration.

8.5.4.2 Heat flow

Since the geothermal gradient has important limitations to determine the thermal
condition of a basin (Section 8.4.5.2), present and past heat flow values were explored.

Present thermal state of the sedimentary basin
A reasoned starting point for a thermal history analysis is determining the

present thermal state of the sedimentary basin, as this is the only time when it may
be determined by direct measurement of temperatures and thermal conductivities
(Deming and Chapman, 1989). The studies of Alexandrino and Hamza (2008)
constitute the first attempt to quantitative determine the thermal structure of the
crust in the eastern parts of Brazil. It includes results of earlier measurements, as
well as newly acquired data (Alexandrino and Hamza, 2008). Their results in terms
of heat flow values are presented in Figure 8.16.

Figure 8.16 Heat flow for the São Francisco Basin and surroundings. Modified from
Hamza and Alexandrino (2008).

Average values of 60±20 mW/m2 have been estimated for the São Francisco Basin
contemplating matrix thermal conductivities of 3 W/mK in average. The latter were
determined based on careful examination of the geologic and petrological complexities
of the area (Alexandrino and Hamza, 2008). However the authors highlight that a



Input data and variables used for basin modelling 368

number of rock types have not yet been sampled adequately, and a strong averaging
procedure may ignores intra-formational variations in thermal conductivity.

In BasinMod a series of thermal matrix conductivities from published material
(Section 8.4.5) were evaluated for the individual formations penetrated by the well
under consideration, as no public information exists in this respect (e.g. laboratory
measurements from core/cuttings, in situ measurements). The values chosen are
detailed in Table 8.2 and their average coincide with that presented by Alexandrino
and Hamza (2008) for the São Francisco Basin. It is important to note that reliable
information concerning matrix thermal conductivity in mudstones and shales, which
make up ∼58% of well 1-RF-1-MG, is scarce (Gallager et al., 1997; Midttømme and
Roaldset, 1999). Published data on their thermal conductivities generally do not
specify saturation condition of the experiments and/or specific mineralogy. Also,
heterogeneity of most sedimentary rocks introduces uncertainty in the estimation of
the thermal conductivity of rock volumes (Gallagher et al., 1997). Other methods
reported in the literature for matrix conductivity determinations (e.g. well log
measurements, conversion of seismic reflection travel time to thermal resistance,
inversion of temperature logs; Blackwell and Steele, 1989; Hartmann and Clauser,
2005; Fuchs and Förster, 2014) were not attempted due to the limitation of the
dataset provided for this project and the scope of the PhD.

The conductivity of the missing stratigraphy on the other hand, has been assigned
according to the lithology chosen for the eroded section (i.e. sandstones; Section
8.5.1). It is important to highlight, however, that variation of this value plays a
fundamental role in the resulting maturity of the organic matter theoretically present
within the Sete Lagoas Formation. Figure 8.17 represents three hypothetical scenarios
for the missing Palaeozoic stratigraphy with a range of lithologies and therefore
distinct matrix thermal conductivities to illustrate its effects.

As can be seen in Figure 8.17-A and B, the presence of coal and carbonaceous
shales, which are characterised by remarkably low thermal conductivities in the
range of 0.2-1.0 W/mK (Nunn and Lin, 2002), have a natural insulating effect. The
thermally resistive blanket causes elevated temperatures throughout the underlying
stratigraphic section greatly accelerating the generation of hydrocarbons in the basin.
This scenario has been proposed for the Michigan Basin where almost all Palaeozoic
strata display elevated levels of organic maturity that cannot be explained by burial
depths, geothermal gradients, and heat flow (Cercone and Pollack, 1990). In the
Michigan Basin a significant amount of Carboniferous-Permian overburden has been
removed from the region, which is inferred, composed of carbonaceous mudstones
and coal seams, characterised by low thermal conductivity.
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Figure 8.17 Effects of thermal conductivity on organic maturity for well 1-RF-1-MG
contemplating an identical overburden thickness formed by A- coal; B- carbonaceous shales;
C- halite. Note the differences in hydrocarbon generation timing between the three scenarios
despite a typical continental basal heat flow of 60 mW/m2 for all cases.
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Figure 8.17-C, on the other hand, presents an extremely high conductive lithology
formed by evaporites. Salt has a thermal conductivity two to four times greater than
that of other sedimentary rocks, with values as high as 5 to 6 W/mK (Magri et al.,
2008). Thus, it will act as a conduit for heat transport both vertically and horizontally.
This explains positive thermal anomalies encountered above salt structures (i.e. salt
domes), which increase chemical reaction rates of organic matter maturation (Lerche
and Lowrie, 1992).

For the structure of the lithosphere, the following thicknesses (Assumpção et al.,
2013) and matrix thermal conductivities (C. Cornford pers. comm.) were assigned
(Table 8.5):

Layer Present
Thickness

Matrix thermal
conductivity

Matrix Heat
Capacity

Heat
generation

m [mcal/cm.sec.◦C] KJ/m3◦C [µW/m3]
Upper crust 10000 8.4 2500 2.8
Lower crust 30000 7.2 2800 0.3
Lower lithosphere 160000 5.971 3000 0.1

Table 8.5 Thermal data used for the modelling of the lithosphere.

Heat flow increase in the SW São Francisco Basin
The studies of Alexandrino and Hamza (2008) determined a systematic increase

in heat flow towards the SW margin of the São Francisco Basin (Figure 8.16)
and a close agreement in crustal temperatures between the São Francisco and
Paraná basins, despite differences in their geologic evolutionary histories. The
same authors, discarded distortions related to circulation of meteoric waters and
non-homogeneous distribution of radiogenic heat production, concluding that the
intra-cratonic variations may originate from deep-seated tectonic processes. Previous
observations in the area (Molina and Ussami, 1999; Thompson et al., 1998; Gibson
et al., 1997) addressed the heat flow increase as indicative of the presence of an
upwelling plume related to the proximity of the Vitória-Trindade volcanic chain.
This assumption is based on the penecontemporaneous presence of strongly alkalic,
potassic, magmatism over a region of ∼600 km radius, and extensive uplift and
erosion throughout southern Brazil and Paraguay (Amaral et al., 1997; Gallagher
& Brown, 1997). The observation is also supported by the presence of low-velocity
anomalies obtained from seismic tomography (Figure 8.18) and higher seismicity,
which could be linked to stress concentration in the upper crust related to the impact
of warm material from the plume (Rocha et al., 2011).

Not only is the nature of this anomaly a matter of discussion among scientists
but also its precise age remains unknown. For Rodriguez Pinto et al. (2010) it might
be Early Cretaceous age based on the presence of tholeiitic dike intrusions with
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carbonatitic components associated with the onset of the lithosphere extension and
break-up of the western Gondwana. Those workers do not rule out the possibility of
even older ages stating that a long history of magmatic rejuvenation of the former
São Francisco-Congo Craton may provide an explanation on how a ∼220-km thick
cratonic lithosphere became ruptured under plate tectonic forces. Thompson et
al. (1998), inferred that the Trindade-Vitória mantle plume impacted at ∼85 Ma
beneath the Brasilia Belt and its tail passed amagmatically beneath the São Francisco
lithosphere between ∼85 and 52 Ma as the South American plate drifted westward
creating a linear positive geoid anomaly. Alexandrino and Hamza (2008), on the
other hand, based their estimation in the influence of heat flow in the rheology of
crustal layers. As the mechanical strength of the São Francisco in its southwestern
portion is lower than its northeastern counterpart, they argue that the lack of severe
deformation and survival of the São Francisco Craton as a unique piece for a long
geological period of time might suggest that this thermal effect is relatively young in
age.

Figure 8.18 Trindade Plume. A - Model proposed by Gibson et al. (1997), relating the
origin of the Upper Cretaceous intrusions with the initial impact of the Trindade Plume;
B - P-wave tomography of the area. Note the hatched red line sketches the Lithosphere-
Asthenosphere Boundary. Modified from Rocha et al. (2011).

Past thermal state of the sedimentary basin
In order to describe the past thermal state of the São Francisco Basin, a review of

its main tectonic events is presented. As described in Chapter II, the São Francisco
Basin has undergone 4 major geotectonic processes: two periods of extension during
the Palaeo/Mesoproterozoic and early Neoproterozoic, one of generalised compression
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at the end of the Neoproterozoic and a renewed stage of extension during the
Cretaceous (Martins-Neto, 2009). Of these, only the ones occurred from the late-
Cryogenian/Ediacaran will be considered for 1D modelling purposes as the remaining
events pre-date the deposition of the potential source rock of the Sete Lagoas
Formation and are too old to have conditioned the thermal field during or after its
deposition.

Mesozoic
The most recent tectonic disturbance suffered by the basin is associated with

the rifting responsible for the opening of the South Atlantic Ocean, estimated as
occurred at ∼100 Ma (Eagles, 2007). The onset of seafloor spreading lasted around
40 My propagating from the south to the north. Such process involved substantial
intracontinental deformation in both margins and variable amounts of stretching
(Davison, 1997), leading to the formation of aulacogens and generalised onshore
extension.

The timing of crustal extension in the São Francisco Basin and initiation of
subsidence dates back to Lower Cretaceous (Sgarbi et al., 2001). Reactivation of
Precambrian structures took place preferentially in the western part of the São
Francisco Basin. The Abaeté sub-basin (Figure 8.1), located to the S of the Paracatu
high, was created by isostatic response to the loading exerted by the continental
flood basalts of São Bento Group in the Paraná Basin (∼137-127 Ma; Campos and
Dardenne, 1997), which preceded the Gondwana break-up. In the Upper Cretaceous
another extensive pulse affected the area creating an angular unconformity locally,
and depositing the alkaline-kamafugitic magmatism of Mata da Corda Group (ca. 85
Ma; Sgarbi et al., 2001) along NW-SE Precambrian discontinuities. During the same
event another sub-basin, called Urucuaia was created towards the N of the Paracatu
high (∼16◦S) extending up to the São Francisco Arch (∼10◦S). On a small scale,
the distribution of stresses within the São Francisco Basin reflects the unzipping
effect of the American-African continental margins during the opening of the South
Atlantic Ocean, with greater extension in its southern region and smaller towards the
N (Campos and Dardenne, 1997). The greater calculated stretching factor (β), based
on fault throws and the thickness of the Cretaceous sediments, has been estimated
as 1.3 for the Abaeté sub-basin. In the Urucuaia sub-basin the lack of expressive
faults associated with the extensional event, may indicate that the subsidence was
induced by a slight flexure due to crustal stretching.

Rifting basins are classified as hyperthermal from a heat flow perspective (Allen
and Allen, 2005). Their typical values range between 140-60 mW/m2, with mean
values of 90-110 mW/m2 and geothermal gradient of 50-100 ◦C/km. There are
assorted influencing parameters that can alter these values (e.g. regional groundwater
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circulation, shallow magmatic activity, sediment blanketing, erosion, etc; Sclater
et al., 1980; Jarvis and McKenzie, 1980; Morgan, 1984; Figure 8.19). However the
main conditioning is the stretching factor (Figure 8.20) and therefore the associated
asthenospheric uplift, which modify the geothermal gradient.

Figure 8.19 Qualitative surface heat flow histories following a variety of thermal pertur-
bations. A - initial high heat flow, no erosion or sedimentation; B - initial high heat flow,
erosion for 200 My; C - initial high heat flow, sedimentation for 300 My; D - initial low
heat flow, no erosion for 50 My. The scale for the heat flow axis depends on the intensity of
the initial disturbance. The time axis in appropriate for an equilibrium lithosphere thickness
on the order of 150 Km. Modified from Morgan (1984).

For the extreme case of the evolution of a rift system into a passive continental
margin when new oceanic lithosphere is created and stretching is ≥4, the cooling
history is well defined (Mckenzie 1978). On the other hand, for lower stretching
factors in the continental lithosphere, the heat flow quantification and its cooling
history are more complex (Morgan, 1984). The lateral influence of the geological
events is critical as the spatial distribution of the heat flow is a key variable for
thermal modelling. According to Morgan (1984) and Waples (1994) the thermal
effects of rifts extend only for a short distance and the essentially non-volcanic
sections of the system, do not have high heat flow.
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Figure 8.20 Heat flux as a function of the stretch factor using the uniform stretching
model (after McKenzie, 1978). Note that after ca. 50 My, the heat fluxes are similar for all
values of stretch factor. Modified from Allen and Allen (2005).

BasinMod offers a rifting heat flow option that is a simplification of the Jarvis
and McKenzie (1980) finite rifting model (Figure 8.21). This assumes the duration
parameter of the finite extension during which lithospheric stretching accelerates
exponentially and a sudden increase in heat flux to a maximum takes place (for the
thermal decay equation refer to Platte River and Associates, 2009). The requirements
for the calculation of rifting heat flow in BasinMod are stretching factor (β) and the
thickness of lithosphere immediately after stretching. It is important to note that
the latter is not known and the present thickness might well be thicker than during
Late Cretaceous time. The cratonisation of the São Francisco on the other hand, is
understood to predate the Phanerozoic (end of Transamazonian cycle, 1.9-1.8 Ga
ago; Teixeira and Figueiredo, 1991) and therefore a thickened lithosphere probably
predated this extensional event. Therefore using the published stretching factor of
β=1.3 (Campos and Dardenne, 1997) and the present day lithosphere thickness of
∼200 km (Rodrigues Pinto et al., 2010), a lithospheric thickness of ∼150 km after
stretching was calculated.
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Figure 8.21 Heat flow development through time. A - instantaneous rifting calculated with
the analytical Jarvis and McKenzie solution, characterised by a sudden increase in heat
flux to a maximum (rift phase) and followed by exponential decay (post-rift phase). 50%
of the decrease in heat flow takes place in the first 20 million years and the final thermal
equilibrium is reached approximately in 100 Ma; B - stretching occurs over a long period of
time during which heat is dissipated. The peak heat flow is less at the end of the rifting, or
stretching phase and the subsequent thermal decay curve associated with subsidence is closer
to linear than exponential. Modified from Platte River and Associates (2009).

Neoproterozoic
As explained previously in section 8.5.3.2, there are two hypotheses for the

tectonic setting during the deposition of the Bambuí Group. As demonstrated
with the backstripped tectonic subsidence profile and also using regional seismic
interpretation (Chapter VI), an intracratonic context for its initial stages of deposition
is preferred than a foreland scenario. However, a brief bibliographic review of these
two types of basin from a thermal evolution perspective is addressed as follows:

• Intracratonic basins remain poorly understood geodynamically (Allen and
Armitage, 2012) and linked to that there are uncertainties related to their
thermal evolution. Such long-lived basins (200-500 m.y.) can encompass a
wide range of heat flows values (Woodcock, 2004) probably as a product of
their particular evolution along time and the amalgam of different tectonic
mechanism that could have taken action. An early phase of stretching can
be recognised in some cratonic basins (e.g. West Siberian Basin; Armitage
and Allen, 2010), while others typically involve various rift reactivations over
several hundred million years (e.g. Canadian Williston Basin, the Michigan
and Illinois Basins in the USA, and the Cooper Eromanga Basing in central
Australia) whose thermal history records cycles of heating and cooling (Osadetz
et al., 2002; Middleton 1980; Woodcock, 2004).
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An initial stretching during early-mid Neoproterozoic is described for the
São Francisco Basin (Martins-Neto, 2009) previous to the deposition of the
Bambuí Group. If the model of Allen and Armitage (2012) is considered,
then a primary mechanism for subsidence could have been stretching of a
relatively thick continental lithosphere (200 km) at a low strain rate (G=10-16

s-1) and very small extensions stretch factors (β<1.6), followed by cooling.
If the strain rate is low, the upwelling mantle will cool during its ascension
and as a result the geotherm will be less elevated than in the instantaneous
strain rate (Figure 8.21). On the other hand, the thermal time constant τ
(τ=yL

2/π*k; yL= thickness of the lithosphere, k= thermal diffusivity, Allen
and Allen, 2005) which measures the time decay of the thermal perturbation
is principally influenced by the thickness of the lithosphere. Therefore for
thickened cratonic lithosphere, several hundred million years are expected for
the re-establishment of a normal thermal gradient (Hyndman and Lewis, 1999;
Sclater et al., 1980; Morgan, 1984).

• Compressional events, where significant crustal thickening occurs, have im-
portant implications in the evolution of heat flow. The thermal regime varies
due to the diverse heat transfer processes that can occur in these areas of
high relief, complex structure and rapid erosion (Morgan, 1984). Increase in
heat flow has been described as a consequence of thickening of radiogenic heat
producing layer, magmatic intrusion from crustal partial melting due to shear
heating, quick uplifting and erosion, hydrothermal activity and gravity-driven
groundwater flow (Hu et al., 2000). Nevertheless, most peripheral foreland
basins have low heat flow and cool basement and therefore tend to deform by
thin-skinned tectonics (Woodcock, 2004). This type of basins have a life span
of 10-50 My (Woodcock, 2004) and are classified as hypothermal from a heat
flow perfective (Allen and Allen, 2005). Their typical values range between
40-90 mW/m2, with mean values of 50-60 mW/m2 and geothermal gradient of
22-24 ◦C/km.

Whether intracratonic or foreland, the deposition of the Bambuí was in concor-
dance with a hypothermal heat flow scenario (Allen and Allen, 2005). In view of
the complex mechanisms that could have acted during these particular evolutionary
stages of the basin, the general lack of information available for its reconstruction,
and the limitations of the software used for modelling, a transient heat flow was
chosen to represent this particular period of basin evolution (further developed in
Section 8.6).
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8.5.4.3 Radiogenic heat production

Alexandrino and Hamza (2008) modelled the radiogenic heat production for low
crustal levels and estimated a rapid decrease of heat production with depth. The
values detailed in (Table 8.5) have been assigned to the layers of the lithosphere after
Alexandrino and Hamza (2008) and Vila et al. (2010, and references therein).

Radiogenic studies (Roque and Ribeiro, 1997) carried out within the São Francisco
Basin in drilling cuttings recovered from well 1-RF-1-MG and from outcrop samples,
determined that the radioactive heat generation for the Bambuí Group is minor
representing less than 1% of the heat flow measured in the São Francisco Craton.
BasinMod uses an empirical relationship between the gamma ray (GR) log, which is
proportionate to the heat generation of U, Th and K, and porosity (i.e. considers
the solid thickness of the rock) to calculate radiogenic heat generation (Equation 8.6).

A(µW/m3) = 0.0158[GR(API) − 0.8]/(1 − φ) (8.6)

where:
A = heat generation
GR = gamma ray readings measures in API units
φ = porosity

The values obtained are listed in Table 8.2. It is important to note that the
GR readings are not only a function of the K, Th, and U concentration but also
depend on borehole conditions (i.e. hole size and mud weight). Corrections to the
GR reading however could not be performed because the dataset provided by the
ANP lacked such information. Also, GR measurements were not recorded for the
topmost Urucuaia Formation. The values obtained here are in the order of 1% of
heat flow measured at surface, coinciding with those reported by Roque and Ribeiro
(1997).

8.5.4.4 Surface temperatures

The present-day annual surface temperature in the São Francisco Basin, av-
erages ∼22 ◦C (tropical savanna climate; Koppën classification, retrieved from
http://koeppen-geiger.vu-wien.ac.at/present.htm). The past surface temperatures
during the Phanerozoic and Proterozoic were estimated from the palaeolatitude of
the craton and the average global temperature (Veevers, 2004; Torsvik & Cocks 2011;
Scotese, 2009; Scotese, 2002; Figure 8.22).
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Figure 8.22 Variation on the average global temperature from the Proterozoic to the
present-day. Modified from Scotese (2002).

From the Holocene to the beginning of the Mesozoic the basin was constrained
between the Equator and 45◦S latitude, and except for the Early Triassic, it has been
always placed between 0◦ and 30◦S latitude (Figure 8.23; Veevers, 2004). Therefore,
despite the existence of periods of global low mean average temperature (Scotese,
2002), the area was not reached by glacial activity. It is to point out that as
the accuracy of the palaeo-latitude estimates decrease rapidly with geologic age,
the position of the craton during the Palaeozoic is speculative (Torsvik & Cocks,
2011). As can be seen in Figure 8.24, the South Pole was located within central
Gondwana from early Palaeozoic to Mid-Permian and therefore the area of interest
was affected by two ice ages: the short but sharp Hirnantian glaciation at the end
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of the Ordovician and a second event lasting sporadically for more than 25 Ma
during the Late Carboniferous and early Permian. Gondwana rotated and drifted
slightly as Palaeozoic time progressed, but the South Pole lay under this central
sector of the continent, migrating from the present northwestern Africa towards
Antarctica (Torsvik & Cocks, 2011). This interpretation is endorsed in the São
Francisco Basin by the presence of glacial deposits and palaeovalleys of Carboniferous
age (Santa Fe Group) developed over the Três Marias Formation (Campos, Dardenne,
1997). For the rest of the Palaeozoic, on the other hand, the lack of deposits makes
corroborations impossible.

For the Neoproterozoic, Scotese (2009) position the Congo-São Francisco Craton
at equatorial positions around 750 Ma reaching 30◦S latitude at 600 Ma (Figure 8.25).
It is important to highlight here that, despite the Cryogenian being well renowned
for its three extensive glacial events (i.e. Sturtian, Marinoan, Gaskiers; Hoffman
and Li, 2009 and references therein; Chapter II), there are no indications of their
activity in the domains of the basin. The Jequitaí diamictites, which possess a
maximum depositional age of 880 Ma (Rodrigues, 2008), represents the only register
of glaciogenic activity in the area. However, the timing of its occurrence is beyond the
one contemplated for the modelling. The resulting interpreted surface temperature
for the São Francisco Basin is presented in (Figure 8.26).

Figure 8.23 Palaeogeographic configuration of the area of study from the Early Triassic to
the Holocene, with detail of the São Francisco Craton position along time. Modified from
Veevers (2004).
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Figure 8.24 Palaeogeographic configuration of the area of study from the Cambrian to
the Permian, with detail of the São Francisco Craton position along time. Modified from
Torsvik & Cocks (2011).
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Figure 8.25 Latitude for the São Francisco-Congo Craton during Cryogenian-Ediacaran.
Note: the African continent is detailed for reference. Modified from Scotese (2009).

Figure 8.26 Surface temperature used for modelling - During the Neoproterozoic Era a con-
stant low mean temperature of 12◦C was chosen; Arbitrary 0◦C were specified for the glacial
events that affected the area during the early Palaeozoic; Throughout the Mesozoic/Cenozoic,
an average global temperature of 22◦C was designated due to the equatorial latitude of the
basin.

8.5.4.5 Thermal calibration

The first stage during calibration is referred to the assessment of present-day
heat flow and thermal conductivities to correctly predict the observed present-day
temperatures (Section 8.4.5.1). This is generally achieved by comparing the calculated
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depth profile with measured data. The most common method used in this sense are
wire-log (BHT) and drill steam test (DST) temperatures (C. Cornford pers. comm.).
Neither of these was made available to this study. Hence during modelling the
attainment of published present-day heat flow and geothermal gradient (Alexandrino
and Hamza, 2008) was attempted.

In terms of palaeoheat flows, some thermal calibrants were used to compare with
calculated output data (i.e. equivalent vitrinite reflectance, biomarkers, TAI/AAI,
pyrolysis, AFTA; Chapter IV and VII). These measurements although not specifically
obtained within the well under analysis, are taken as valid due to the lack of further
in-situ calibrants. In general terms and despite uncertainties, the results of organic
geochemistry point to overmaturity (i.e. temperatures in excess of ∼170◦C) for the
base of the Sete Lagoas Formation (Chapter IV). AFTA on the other hand (Chapter
VII), albeit not applied to the formations present in the well under examination,
indicate palaeotemperatures ≥110◦C for the top of the Bambuí Group and therefore
for the underlying Sete Lagoas Formation suggest even higher temperatures.

The ultimate calibration of a model is that it correctly predicts known oil and
gas accumulations (C. Cornford pers. comm.). In terms of hydrocarbon generation,
natural gas is encountered in different parts of the basin (Duarte, 2008; Dignart,
2013) which has proven to have a thermogenic origin and therefore the source/s may
have been exposed to temperatures in the order of 105-220◦C (Pepper and Corvi,
1995) to induce gas generation.

8.6 Hydrocarbon generation 1D modelling - Results

and interpretations

8.6.1 Modelling scenarios

Based on previous descriptions of the nature of the burial events that have affected
the area under study, three broad scenarios have been raised:

Scenario A (Figure 8.27) - contemplating only the preserved stratigraphic
sequence in the well under analysis (i.e. Bambuí Group)
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Figure 8.27 Burial for scenario A - stratigraphy present in well 1-RF-1-MG.

Scenario B (Figure 8.28) - in addition to the Bambuí Group subsidence, a
continued deposition during early Palaeozoic time is contemplated in order to ac-
count for the missing stratigraphy calculated in Chapter VII (Figure 8.10-A). This
hypothesis evaluates an extension of the Bambuí sequence deposition up to the
Cambrian-Early Ordovician, in association to the duration of the Brasiliano-Pan
African event (Alkmim et al., 2006) and envisaging a greater and more energetic
contribution derived from the erosion of the adjacent belts. In this scenario, two
alternatives are primarily proposed on the basis of an estimated palaeogeothermal
gradient of 30◦C/km and 15◦C/km (B-I and B-III respectively; Table 8.6). An
intermediate version contemplating the basin’s present day geothermal gradient of
20◦C/km (B-II), is also assessed (Table 8.6). During the Ordovician a period of
quiescence is interpreted related to the stabilisation of Gondwana. Erosion is assumed
to take place at ∼450 Ma (Late Ordovician) for the three alternatives as an isostatic
re-equilibration of the craton.
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Figure 8.28 Burial for scenario B - thickness (x’) calculated according to AFTA (Table 8.6)

Max
temp
past
[◦C]

Age
max
temp
[Ma]

temp
present
[◦C]

Temp
dif [◦C]

geothermal
gradient
[◦C/km]

[km]

Scenario B - 15 (B-III) 6
based on simplest x’ 105 492.5 22 83 20 (B-II) 4.5
thermal evolution 30 (B-I) 3

Table 8.6 Scenario B - overburden calculation based on AFTA thermal modelling (Chapter
VII).

Scenario C (Figure 8.29) - considering a more complex subsidence and denuda-
tion history during the Phanerozoic, based on comparisons with the surrounding
intracratonic Paraná and Parnaíba basins and with the AFT thermal modelling
presented in Chapter VII (Figure 8.10-B). In this case, apart from the continued
deposition in the aftermath of the Bambuí Group (i.e. similar to scenario B), a later
subsidence during Silurian-Devonian times (Milani et al., 2007; Vaz et al., 2007) is
proposed. In like manner to scenario B, the thicknesses of the missing stratigraphy
were calculated from the AFT thermal evolution using three palaeogeothermal gra-
dients (30◦C/km (C-I), 20◦C/km (C-II) and 15◦C/km (C-III); Table 8.7). Uplift
and erosion occurs at ∼450 Ma (Late Ordovician) and subsequently in the Late
Devonian (∼350 Ma) during the course of the Hercinian Orogeny (Milani et al.,
2007). During the Cretaceous and associated with the generalised extension of the
American plate, renewed deposition is assessed. Although Cretaceous strata only
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attains ∼20 m in the well under consideration, remnants in nearby areas attest to a
more extensive sequence up to 500 m thick (Sgarbi et al., 2001). Therefore this value
is hypothetically supposed as previously present in the location of well 1-RF-1-MG
but affected by erosion afterwards. No further deposition after the Cretaceous is
considered following observations that point to incipient mechanical compaction for
the youngest rocks of the stratigraphic record (Campos and Dardenne, 1994).

Figure 8.29 Burial for scenario C - thicknesses (x’, x”, x”’, x””) calculated according to
AFTA (Table 8.7).

Max
temp
past
[◦C]

Age
max
temp
[Ma]

Temp
present
[◦C]

Temp
dif [◦C]

Geothermal
gradient
[◦C/km]

[km]

15 (C-III) 6.5
x’ 117.5 560 22 95.5 20 (C-II) 5

30 (C-I) 3
15 (C-III) 3

Scenario C - x” 60 460 22 38 20 (C-II) 2
complex 30 (C-I) 1
thermal 15 (C-III) 4
evolution x” ’ 75 350 22 53 20 (C-II) 3

30 (C-I) 2

x”” constant value for all cases (i.e. value not
calculated from AFTA) 0.5

Table 8.7 Scenario C - overburden calculation based on AFTA thermal modelling (Chapter
VII).
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It is important to note that the three scenarios presented earlier agree with the
Bambuí being close to surface during the Santa Fe Group deposition (Carboniferous-
Permian) and later during the Cretaceous when the Areado/Mata da Corda/Urucuaia
groups were deposited (Campos and Dardenne 1994, 1997; Sgarbi et al., 2001).

Regarding heat flow, in each of the scenarios previously explained (i.e. A, B and
C), different evolution pathways have been modelled with the intention to reproduce
feasible thermal events:

Transient heat flow - the simplest thermal history hypothesis is that basal heat
flow evolved in a transient way through time, resulting in a sustained background
thermal state. To test this hypothesis, the basement heat flow is considered in the
thermal modelling, including details of its thickness (i.e. upper/lower crust and lower
lithosphere), matrix thermal conductivity and matrix thermal capacity (thermal
inertia). Radiogenic heat generation is considered for both, the lithosphere and
the sediments penetrated in the well (section 8.5.4.3). This scenario is thought to
represent the effects of an intracratonic/foreland stage during/after the Bambuí
deposition (Section 8.5.4.2, past heat flow).

Rifting heat flow - explores the consequences of variable heat flow with respect
to time in accordance to the extensional event occurred in the basin during the
Cretaceous, which formed the Abaeté and Urucuaia sub-basins. The heat flow is
increased primarily based on the stretch factor calculated for this basin (Campos
and Dardenne, 1997). Secondarily a greater and arbitrary heat flow is contemplated
to address the observations of Hamza and Alexandrino (2008) and the potential
presence of a plume in the SW margin of the basin (Section 8.5.4.2). In this heat
flow scenario, the only input beyond beta factor is the radiogenic heat generation of
the sediments penetrated in the well (Section 8.5.4.3).

It is important to note that, several parameters described in section 8.5.1 (input
data), such as the bathymetry, surface temperature and compaction method, were not
modified during the modelling process. In addition the effects of convection/advection
and shearing heating were not contemplated in the 1D modelling.

8.6.2 Results of the modelling

Scenarios A, results (Figure 8.30) - The simplest subsidence scenario shows
that for both chosen heat flow settings (i.e. transient and rifting-β1.3 heat flow;
Figure 8.30-A and B), the potential source rock of the Sete Lagoas Formation remains
in the early maturity oil window. This could be considered as indicative of missing
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stratigraphy in the basin if the source rock is indeed constrained within the Bambuí
Group. In addition, the compaction calibration also indicate mismatch between the
modelled and measured porosity (Figure 8.31), pointing to insufficient mechanical
loading. The only thermal context in which an incipient gas generation phase is
attained for the base of the Sete Lagoas Formation, is that corresponding to the
imprint effect of an important asthenospheric uplift during the Cretaceous (rifting-
β2.5; (Figure 8.30-C). To achieve this maturity stage, the heat flow needs to be
increase up to ∼120-140◦C (Figure 8.32), similarly to values measured in the Eastern
African Rift within the spreading centre (Allen and Allen, 2005). However, the
modelled temperature profile appears greatly increased if compared with measured
present-day geothermal gradient (Figure 8.31).
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Figure 8.30 Scenario A results - A) contemplating transient heat flow; B) contemplating a
rifting heat flow equivalent to a stretching factor of β=1.3; C) contemplating a rifting heat
flow equivalent to a stretching factor of β=2.5; SL: Sete Lagoas Formation; SH: Serra de
Santa Helena Formation; LJ: Lagoa do Jacaré Formation; SS: Serra da Saudade Formation.
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Figure 8.31 Scenario A results - porosity and temperatures. Note present-day geothermal
gradient = t1-t0/well depth.

Figure 8.32 Scenario A results - transient heat flow; rifting heat flow associated to a
stretching factor of β=1.3; rifting heat flow associated to a stretching factor of β=2.5.
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Scenarios B, results (Figure 8.33) - The second burial scenario, involving a
continued subsidence and deposition during the late Neoproterozoic-early Palaeozoic,
provides a more promising scenario for hydrocarbon generation within the Sete
Lagoas Formation. For well 1-RF-1-MG, the transient heat flow simulation indicate
that with either 6 km (B-transient-III; Figure 8.33-C) or 4.5 km (B-transient-II;
Figure 8.33-B) of sediments deposited on top of the Bambuí Group, the potential
source rock enters the main gas generation phase at 520 Ma (mid-Cambrian) and 490
Ma (late-Cambrian) respectively. In the case of contemplating a thinner overburden
(B-transient-I; Figure 8.33-A), only mid oil maturity window is attained. In terms of
compaction calibration (Figure 8.34), the three burial thicknesses contemplated here
(B-I/II/III), provide modelled porosities that are constrained within the measured
neutron and sonic porosities. The obtained geothermal gradient is also in line
with that published by Alexandrino and Hamza (2008) with values of 20◦C/km
(Figure 8.34). The effect of extension during Cretaceous time on the other hand
(B-riftingβ1.3-I/II/III; Figure 8.33-A’, B’ and C’), is not sufficient to produce any
significant increase in maturation as the potential source rock remains within the same
maturity window attained previous to 110 My. Figure 8.35 displays the evolution of
heat flow for transient versus rifting settings.
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Figure 8.33 Scenario B results - A) transient heat flow and a geothermal gradient of 30◦C/km; A’) rifting heat flow β=1.3 and a geothermal gradient of 30◦C/km; B) transient heat flow and a geothermal gradient
of 20◦C/km; B’) rifting heat flow β=1.3 and a geothermal gradient of 20◦C/km; C) transient heat flow and a geothermal gradient of 15◦C/km; C’) rifting heat flow β=1.3 and a geothermal gradient of 15◦C/km.
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Figure 8.34 Scenario B results - porosity and temperatures contemplating 3 km (I), 4.5
km (II) and 6 km (III) of overburden. Note geothermal gradient = t1-t0/well depth.

Figure 8.35 Scenario B results - transient heat flow (contemplating 3 km (I), 4.5 km (II)
and 6 km (III) of overburden) and rifting heat flow associated to a stretching factor of
β=1.3.

Scenarios C, results (Figure 8.36) - The third scenario, shows a more complex
relation between subsidence, sedimentation and denudation. Of the three considered
overburdens, only the one calculated with a palaeogeothermal gradient of 15◦C/km
(C-transient/riftingβ1.3-III; Figure 8.36-C and C’), which contemplates initially
6.5 km of deposited strata would lead to gaseous hydrocarbons generation. The
remaining settings (C-transient/riftingβ1.3-I/II; Figure 8.36-A, A’, B and B’) stay
around the mid to late oil generation window. Apparently the input of sediments
in repeated opportunities has the effect of decreasing the palaeogeothermal profile
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of the basin retarding the rate of organic maturation. Most likely, it is not the
quantity but the rate of deposition that influences the most and causes the heat
flow to be depressed. The hypothetical source rock in well 1-RF-1-MG scenario
C-transient/riftingβ1.3-III (Figure 8.36-C and C’) will attains this stage (∼560 Ma)
slightly earlier in time if compared to scenario B (∼515 Ma; Figure 8.33-C and C’).
This is in part induced by the burial setting inferred from AFTA but it may also
be associated to a more abrupt denudation, which has direct implications in the
geothermal gradient and consequently the heat flow in the area. In a similar way
to scenario B (Figure 8.34), the calculated geothermal gradient and porosity match
those measured at present day (Figure 8.37). Considering the extension and heating
associated with the opening of the South Atlantic Ocean (C-riftingβ1.3-I/II/III;
Figure 8.36-A’, B’ and C’), a thicker Cretaceous sequence than the one penetrated in
well 1-RF-1-MG at present-day, it is still not sufficient to increase the maturation of
the source rock. Figure 8.38 displays the evolution of heat flow for transient versus
rifting settings.
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Figure 8.36 Scenario C results - A) transient heat flow and a geothermal gradient of 30◦C/km; A’) rifting heat flow β=1.3 and a geothermal gradient of 30◦C/km; B) transient heat flow and a geothermal gradient
of 20◦C/km; B’) rifting heat flow β=1.3 and a geothermal gradient of 20◦C/km; C) transient heat flow and a geothermal gradient of 15◦C/km; C’) rifting heat flow β=1.3 and a geothermal gradient of 15◦C/km.
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Figure 8.37 Scenario C results - porosity and temperatures contemplating 3 km (I), 4.5
km (II) and 6 km (III) of overburden. Note geothermal gradient = t1-t0/well depth.

Figure 8.38 Scenario C results - transient heat flow (contemplating 3 km (I), 4.5 km (II)
and 6 km (III) of overburden) and rifting heat flow associated to a stretching factor of
β=1.3.

In all scenarios, the effects of surface temperature on heat flow (Figure 8.32, 8.35
and 8.38) do not interfere greatly with hydrocarbon generation, because the latter
predates the occurrence of Palaeozoic glaciations.

8.6.3 Sensitivity analysis

In order to specify to what extent maturity was affected by the modelled input
variables, sensitivity analysis was incorporated in BasinMod. The quantitative
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relationship between an input and an output variable is model dependent. Scenario
B-transient-I (Figure 8.33-B), which contemplates a single deposition/erosion during
the Palaeozoic and a transient heat flow, was chosen for this purpose.

The percentage change in vitrinite reflectance, which describes the maturation
and generation history of the basin, is evaluated according to the percentage change
in a number of input variables. The input variables available for sensitivity analysis
in BasiMod 1-D and relevant to this analysis are heat flow, total organic carbon,
compaction, surface temperature, thermal conduction and erosion. Among those,
clearly the eroded thickness has the strongest influences on the output variable
(Figure 8.39). For example, a 50% change in erosion produce a 45% increase in
vitrinite maturation and therefore generated hydrocarbons. Thermal conductivity
has the second most influential effect over vitrinite reflectance. A 50% increase
in thermal conductivity of the rocks overlying the source rock will decrease the
maturity of the organic matter in a 30% (Figure 8.39). This was clearly addressed
and exemplified in section 8.5.4.2, where the less conductive rocks create an insulating
effect accelerating maturation and the more conductive lithologies produces otherwise
(Figure 8.17). Surface temperature and compaction have relatively slight effects on
the output variable (Figure 8.39).

A restrictive condition of this analysis is based on the assumption that while
evaluating an input variable, all other input variables are kept constant or have
negligible effect on the output variable (Cao and Lerche, 1990). But in practice this
assumption does not always hold. This is the case, for example, between erosion and
heat flow. The removal of material by erosion can trigger isostatic rebound, which
will cause relative elevation of the geotherms in the upper lithosphere and promote
further erosion and increase in thermal flux. Erosion can ultimately prolong the
thermal relaxation of the lithosphere (Morgan, 1984; Deming and Chapman, 1989;
(Hu et al., 2000).

Considering the hypothesis that further source rocks exist in the deeper, unex-
plored central part of the basin (i.e. same well but at greater depths), and considering
a similar transient heat flow scenario, it becomes clear that the key parameters to
unravel the timing of their hydrocarbon generation is related to the unconformities
present in the subsurface. Studies on this respect would become critical if further
modelling is planned for older units.
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Figure 8.39 Sensitivity analysis diagram for burial scenario B-transient-I

8.6.4 Petroleum system modelling event chart

Despite the effort undertaken in this project to unravel some components of
the petroleum system of the São Francisco Basin, essential elements and processes
are still unknown. The event chart in Figure 8.40, represents the best present-day
understanding of its petroleum system. A primary concern addressed here, is the
temporal relationship between hydrocarbon generation and trap formation. As
pointed in section 8.6.2, generation irrespective of burial modelling scenario, range
from late Ediacaran to late Cambrian. The most recent tectonic disturbances of the
basin, on the other hand, can be traced back to late Proterozoic times (∼750-550 Ma;
Martins-Neto, 2009 and references therein), when periods of large-scale over-thrust
affected its margins (Alkmim et al., 2006). Thus, as the traps were already in place
by the time of hydrocarbon generation, the apparent preservation time extends from
the early Palaeozoic to the present-day.

Considering that the craton survived as a fairly stable tectonic unit after the
termination of the Brasiliano-Pan African Orogeny, formed accumulations will theo-
retically continue to exist in their original position at present-day. However, due to
the extensive swath of time involved (∼500 Ma), it is very possible that processes
such as remigration and degradation took place. The present distribution of gas
seepage and gas shows in exploration wells (Chapter I) may attest to this respect.
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Figure 8.40 Event chart showing the relationship between elements of the São Francisco
Basin petroleum system. Note that the question mark indicates unknown processes or events.

8.7 Summary

• There are serious limitations in the dataset of the São Francisco Basin. In other
words, a limited set of input data (e.g. imprecise ages, lack of information
regarding eroded thicknesses at unconformities) together with the absence of
measured data (e.g. present-day temperatures or thermal indicators), evidence
that the burial and thermal history of the São Francisco Basin are poorly
constrained. Thus the modelling performed in this project should be considered
speculative and may be in error. On the other hand, modelling in the specific
situations of this frontier basin, where there are still serious limitations in
the understanding of its petroleum system and where no modelling has been
implemented before, becomes extremely necessary and valuable.

• The backstripped subsidence of the basin during the deposition of the Bambuí
Group displays a characteristic concave-up profile and subsidence rates in the
order of 10-20m/My, which point to an intracratonic setting during deposition.
Yet, the scarcity of absolute geochronological age constraints remains one of
the most challenging problems in the reconstruction of the São Francisco Basin.
Future refinement in this sense could modify the tectonic subsidence output
substantially.

• Burial and specifically compaction calibration was performed based on cal-
culated porosity data from well logs. Good agreement is observed for burial
scenarios (B and C), which contemplate greater overburden on top of the
Bambuí Group than the one observed at present-day (scenario A). Still, any
interpretation of neutron/sonic log porosity values were undertaken with re-



Summary 399

alisation of the uncertainties involved due to the lack of borehole, mud and
lithology corrections. In addition, cementation, which is known to occur in
some of the units of the Bambuí Group (Tonietto, 2010; Nobre Lopes, 1995),
was not contemplated in the modelling in part due to the limitations of the
software to represent so in 1D.

• In-situ thermal calibrants for the well under consideration were not available.
Instead, an apparent over-maturity of the Sete Lagoas Formation in the south-
ernmost part of the basin, together with the presence of gaseous thermogenic
hydrocarbon in the basin were taken as representative of the conditions reg-
nant at the well location. The published present day geothermal gradient and
heat flow (Alexandrino and Hamza, 2008) were also considered as a way of
calibrating the present-day thermal state of the basin.

• Sensitivity analysis for transient heat flow indicates that the maturation of
the potential source rock of the Sete Lagoas Formation is principally linked
to the amount of overburden that existed after the deposition of the Bambuí
Group and its later removal by erosion. The differences in maturation degree
presented for scenario A and B/C are directly related to the thinner strati-
graphic column involved in the former. Greater subsidence together with more
space of accommodation and thicker stratigraphic thickness, allow the deeper
sedimentary units to be exposed to greater temperatures. The later removal of
this material by erosion causes relative elevation of the geotherms in the upper
lithosphere and promotes an increase in thermal flux.

• Sensitivity analysis for transient heat flow indicates that secondarily and in a
minor degree the matrix thermal conductivity of the rocks also influences the
maturation of the source rock. For areas that did not experience large-scale
thermal events like the São Francisco Basin, thermal conductivity may play
a fundamental role in the determination of its internal temperature. Section
8.5.4.2 demonstrates that, for the early Palaeozoic missing stratigraphy, a
variation in lithology and therefore thermal conductivity can greatly affect the
timing of hydrocarbon generation. In this project, thermal conductivity had
to be estimated without constraints from specific measurements. Therefore,
further studies on this respect are essential for accurate hydrocarbon generation
modelling.

• The oldest possible gas generation derived from the Sete Lagoas Formation in
well 1-RF-1-MG, is late Ediacaran (scenario C-III). Alternatively, for scenario
B, which supposes a simpler overburden history, the gas generation timing
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starts during Cambrian (scenario B-II/III). As the traps were probably in place
by the time of hydrocarbon generation, the apparent preservation time of this
petroleum system spans since early Palaeozoic.

• It is difficult to determine which of these two burial scenarios (B or C) is more
realistic for the evolution of the basin. Both satisfy the scarce observations
collected for the basin and the gas generation, if indeed the source rock is
within the Sete Lagoas Formation. In terms of overburden, the lesser thick
(i.e. scenario B-II/C-II) is preferred since it requires a less dramatic uplift and
erosional event for its removal.

• The extensional event of Cretaceous age linked to the openning of the South
Atlantic Ocean appears insignificant as a precondition for hydrocarbon gen-
eration in the São Francisco Basin. The reported stretching factor (β 1.3,
Campos and Dardenne, 1997) and maximum sedimentation thickness (Sgarbi
et al., 2001) are not sufficient to increase the maturity window in any case.
The tested setting to force gaseous hydrocarbons generation (scenario A-rifting
β2.5) requires a heat flow equivalent to those reported for active rifting cases,
within short distances (i.e. few kilometres) from a spreading centre. Geological
evidences (i.e. localised igneous activity, minor reactivation of pre-existent
structures) however argue against it. The potential presence of a plume may
have altered (increased) the heat flow in the area but the precise timing of its
occurrence and heating effects are is still matter of debate.

• Modelling of the other two available wells in this project (1-RC-1-GO and
1-MA-1-MG) was not performed due to the lack of information of the missing
overburden in the northern part of the basin. Specifically for well 1-RC-1-
GO, which is located in the outskirts of the Brasilia Belt, the presence of
topographic loading caused by the progressive advance of thrust sheets could
have had a significant impact on its thermal regime. Because heat conduction
is slow compared to the frequency of thrusting and the magnitude of the
associated subsidence and sedimentation (Kominz and Bond, 1986), accurate
mathematical modelling of these effects is extremely complex. In addition, the
relative rate at which erosion and uplift takes place, which is generally poorly
constrained, also complicates the modelling further. Basinmod 1D does not
offer the possibility of addressing these problematic.

• There are compromises to be made in taking reality and representing it in a
form suitable for modelling. An imperfect knowledge of many processes, lack of
data control and computer limitations constrain its application to exploration.
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Therefore models are only crude approximations of the sequence of events that
occurred in the basin (Waples, 1994).
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Chapter 9

Discussion and concluding remarks

9.1 Introduction

Many aspects of the São Francisco Basin have been explored during this thesis,
at different levels of detail and depths of investigation. As each chapter contains
a focused summary section where the main findings of the topic are described and
examined, this chapter attempts to provide a more integrated discussion and an
overall synthesis of the results (Section 9.2). Concluding remarks and suggestions
for future research are detailed in Section 9.3 and 9.4 respectively.

9.2 Discussion

This thesis has involved the study of the central southern São Francisco Basin using
a wide range of techniques. In order to determine source rock presence, fieldwork
reconnaissance, source rock characterisation and geochronology were applied to
three specific stratigraphic intervals, namely the Canastra, Vazante and Bambuí
groups. In the interest of gaining understanding about the basin’s evolution from
the Meso/Neoproterozoic through to the Phanerozoic, seismic interpretation of
regional reflection lines together with thermogeochronology applied to the topmost
stratigraphic unit of the Bambuí Group, were used. In order to reconstruct the burial
and thermal history that the basin might have experienced during its evolution, 1D
basin modelling was implemented combining most of the information obtained in
the preceding sessions.

In this section, regional scale observations such as geotectonic setting and their
relationship to source rock deposition are summarised, before expanding onto the
implications that the timing of hydrocarbon generation might have had for a basin
exploration perspective.
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9.2.1 Geotectonic setting and source rock development

The break-up of the supercontinent Rodinia took place during the earlier part
of the Neoproterozoic (Scotese, 2009). Associated extension in the São Francisco
Basin is recorded along its western and eastern margin, in a range of time span-
ning approximately from Stenian to Tonian times (Dardenne, 2000; Alkmim and
Martins- Neto, 2012; Figure 9.1). Similarly, the late Neoproterozoic-early Cambrian
Brasiliano/Pan-African orogeny that resulted from the amalgamation of different
terrains, are not synchronous but occurred in a period of time constrained between
the Cryogenian to Cambrian (Valeriano et al., 2008; Pedrosa-Soares et al., 2008).
During these two stages of continental evolution, the Canastra-Macaúbas, Bambuí
and possibly the Vazante groups were deposited within the São Francisco Basin and
its margins (Chapter II; Figure 9.1).

Based on the Re-Os isochron obtained here (Chapter V), the Paracatu For-
mation of the Canastra Group was deposited at or around the Mesoproterozoic-
Neoproterozoic boundary (1002±45 Ma). This supports tectonostratigraphic models
of a passive margin sequence, deposited along the SW margin of the São Francisco-
Congo palaeocontinent (Pimentel et al., 2001, 2011; Rodrigues et al., 2010). The
dates place the Canastra Group as possible correlative with the Paranoá Group (Mat-
teini et al., 2012; Pimentel et al., 2001), although the range of maximum depositional
to diagenetic ages is still too wide. Age-equivalency to the Lapa deposits from the
Vazante Group may be established based on similar initial Os isotope composition for
seawater at the time of deposition (∼0.30-0.25) reflecting dominant unradiogenic Os
input to seawater. In a passive margin setting, it is thought that the slope turbidites
and basinal shales of the Paracatu Formation (TOC maxima of 2.12 wt%; Chapter
IV), may have represented an effective hydrocarbon source rock over an extensive
area of the platform. Yet, in its present configuration on the Brasilia Belt the intense
deformation precluded its study in seismic lines (Chapter VI) and it is uncertain if
the same facies analysed from core would have been deposited in the domain of the
craton, beneath the Bambuí Group.

The depositional setting of the Vazante Group is less certain. Intense deformation
in the outcrop area in the SE segment of the Brasilia Belt raises major doubts about
its internal stratigraphy and lateral correlations (Chapter II). Recent radiometric
dating provide a contradictory range of ages of its internal units, with values spanning
from ∼1350 Ma (Geboy, 2006) to ∼935 Ma (Rodrigues, 2008) and which get older
towards the upper part of the stratigraphic column. Efforts in this project were
focus on improving the current chronostratigraphy and testing the organic richness
of the Serra do Garrote Formation. While the latter was confirmed with TOC values



Discussion 412

reaching up to 2.15 wt% (Chapter IV), hydrothermal fluid flow seems to have altered
the original Re and/or Os isotopic relations within the organic rich strata, precluding
the determination of its depositional age (Chapter V). The TOC values obtained
here for the Lapa and Serra do Garrote formations, together with those published
earlier by Geboy, (2006), Olcott, (2005) and Brody (2007) indicate that the Vazante
Group may well resemble the most prolific hydrocarbon source of the basin. However
an understanding of the architecture and facies distribution of the rocks deposited on
this carbonate platform, together with the diagenetic history of the strata, remains
a major challenge for future work.

The tectonic setting during the deposition of the lower/middle Bambuí Group, has
been evaluated in this project with the use of regional seismic data and secondarily by
analysing its tectonic subsidence. Whilst seismic investigation reveals that the strata
architecture is homogeneous throughout the basin, with minor variations in lateral
thickness and parallel relationship with the underlying unconformity (Chapter VI),
the backstripping results point to characteristic concave-up profile and subsidence
rates in the order of 10-20 m/My (Chapter VIII). Thus, both techniques indicate
that an intracratonic-sag type basin would be most likely setting for the initial stages
of the Bambuí Group deposition. The scarcity of absolute geochronological age
constraints remains one of the most challenging problems in the reconstruction of
the group. The goal of achieving a reliable depositional age for the Sete Lagoas
Formation was precluded due to low Re concentrations (Chapter V). Therefore,
future refinement of its chronostratigraphy will not only substantially improve our
understanding of tectonic subsidence but will also allow the distribution and nature
of its sedimentary facies to be understood in terms of geological processes operating
at a specific time.

In an intracratonic configuration wide areas of the platform could be prospective.
This scenario of epeiric seas with low depositional energy, which resembles that of
the lower Atar Group of the Taoudenni shelf (Lüning et al., 2009), has been cited in
the literature as a favourable setting for source rock formation (Craig et al., 2009,
2013). Moreover if a stratified shelfal sea existed, as indicated by biomarker studies
presented here (Chapter V) and supported by Little (2009), water stagnation could
have promoted euxinic conditions for organic preservation. Geochemical studies
for the Sete Lagoas Formation in the southwestern extreme of the basin, however,
point to the lean nature of the unit in terms of organic carbon content (Chapter V),
despite its macroscopic and microscopic evidence of microbial activity (Chapter III).
It is uncertain if the present day organic-leanness is a product of its original lack of
organic mater preservation or if it is instead the result of extended maturity of the
rocks.
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In association with the distribution of potential source rocks of the lower/middle
Bambuí Group, glacial activity might have played an interesting conditioning role.
As discerned earlier on by Lüning et al. (2000) in Phanerozoic examples and later
by Craig et al. (2009), Bechstadt et al. (2009) and Le Heron & Craig (2012) on
Proterozoic terrains, topography developed by glacial activity has a direct impact on
petroleum systems. In the São Francisco Basin, the relief generated by the Jequitaí
glaciation within the basin’s domain and imaged in seismic sections (Chapter VI)
seems to match descriptions for other Neoproterozoic glacially influenced areas (Le
Heron et al., 2013; Van der Vegt et al., 2012). If transgressive deposits of the late
Macaúbas/early Bambuí groups were subsequently deposited in these depressions, as
indicated by negative excursion of δ13C for the base of the Sete Lagoas Formation
(Alvarenga et al., 2007; Kuchenbecker, 2011), sub-basins with restricted circulation
could have created favourable conditions for source rock facies.

The scenario summarised above closely resembles the depositional environment
of the prolific early Silurian source rocks formed in northern Africa (Lüning et al.,
2000), which were deposited upon the complex sculpted topography produced by
subglacial abrasion and meltwater from the Hirnantian ice age. If the Sete Lagoas
Formation was deposited upon such a topography, factors as the unpredictable
organic content (Chapter IV) and associated Rhenium complexation (Chapter V)
might well be explained by the location of the core under analysis. The lack of
diamictites underlying the carbonates of the Sete Lagoas Formation in well LMR1009
(Chapter III) opposed to other cores of the region (F. Pimenta pers. comm.) and in
some outcrops (Martins-Ferreira, 2013) could indicate deposition on a palaeohigh.
This interpretation can only be tentative, however, because the location of the well
used here is not imaged in seismic sections, neither core material from the imaged
palaeovalleys was available. Nevertheless, considering that post-glacial shales in
North Africa have charged major oil and gas fields (Lüning et al., 2000), and that
enrichment of up to ∼6 wt% TOC has been reported in other parts of the basin for
the Sete Lagoas Formation (Iyer et al., 1995), further sampling in different positions
of the platform is required to validate this hypothesis.

9.2.2 Timing of hydrocarbon generation and present-day gas

occurrence

It is likely that a foreland basin succeeded the deposition of the lower/middle
Bambuí Group as reported for many other Gondwanan basins associated to the effects
of the Pan-African/Brasiliano Orogeny (Craig et al., 2009). Evidence for this tectonic
configuration in the São Francisco Basin includes the replacement of carbonates
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by the siliciclastic Serra da Saudade-Três Marías sequence (Chiavegatto, 1998)
indicating progression of the thrust front, to generalised compressional tectonism
observable in seismic sections and by thermogeochronology results presented here.
The latter indicate that the sandstones of the Três Marias Formation were exposed
to temperatures in excess of 120◦C in the early Palaeozoic (∼480 Ma; Chapter VII).
If heating is attributed solely to progressive sedimentation, 3 to 6 km of rocks might
be missing on top of the Bambuí Group, which could have been deposited upon
flexural subsidence of the basin and subsequent erosion of the adjacent belts. The
thermal model also suggests one discrete phase of cooling, starting at the end of
the Brasiliano Orogeny (Valeriano et al., 2008) and subsisting at least until 300 Ma,
when glacial sediments of the Santa Fe Group were deposited on top of the Bambuí
Group (Sgarbi et al., 2001; Campos and Dardenne, 1994).

Basin modelling demonstrates that if any of the lower/middle Bambuí units had
source potential, the timing of generation would be directly linked to the amount of
missing overburden and its matrix thermal conductivity. A much thicker stratigraphic
column (∼4.5 km) consisting of sediments equivalents to the Três Marías Formation
(i.e. sandstones) would have exposed the basal portion of the Bambuí Group to
temperatures equivalent to those needed for gas generation (Peters and Cassa, 1994)
at ∼560-490 Ma (Chapter VIII). This coincides with the latest stage of Brasiliano-Pan
African activity, and thus a favourable scenario for structural trapping is envisaged
here for its petroleum system. Use of thermogeochronology (Chapter VII) dismisses
the hypothesis of Mesozoic heating during the opening of the southern Atlantic
Ocean, as reported in the surrounding basins (e.g. Paraná and Parnaíba basins,
Zalán and Romeiro Silva, 2007; M. Daly pers. comm.).

Despite no remaining potential for further hydrocarbon generation for the Canas-
tra and Vazante groups at the present day, it is not implausible that between
deposition (∼1300-1000 Ma; Chapter V) and prior to the last tectono-metamorphic
event recognised in the Brasília Belt (ca. 600 Ma; Pimentel et al., 1999; Chapter
II), these rocks expelled hydrocarbons. The data available are insufficient to deter-
mine the precise timing of generation/migration, as the intense deformation during
the Brasiliano-Pan African events and the subsequent erosion has obliterated true
stratigraphic thicknesses and has made good seismic imaging difficult (Chapter VI).

The results and observations detailed earlier, require an apparent long time of
retention for the basin to be sourcing thermogenic gas at present-day (Chapter I).
The data available in this project and that accessible in the public domain do not
allow firm conclusions to be drawn in this respect. In the first instance, it is not
known if commercial accumulations are indeed preserved in the basin. Although
thermogenic gas is reported at different locations, despite intense drilling since 2009,
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no such volumes have been reported so far (ANP; Chapter I). Secondarily, the
data collected in this project are not adequate to estimate source rock volumetrics
and the associated hydrocarbon production potential. If the quantities generated
were sufficient and those persisted up to present day, some mechanism of effective
entrapment would need to be claimed to account for such extreme long retention.
As reported for other Precambrian basins where Neoproterozoic-early Palaeozoic
hydrocarbon generation took place (Oman and Siberia; Lüning et al., 2009; Ghori et
al., 2009), tectonic stability and highly effective super-seals appear as facilitating the
preservation of these early generated oils. The São Francisco Basin apparently fulfil
the former criteria, with tectonic quiescence for most of its Phanerozoic evolution
but lacks indications of evaporites at the present day. It cannot be excluded that
evaporites were originally present but have subsequently been eroded. If these
conductive deposits existed, the timing of generation might have also been affected.
Thus, the generated hydrocarbons could have been trapped for a period of time
but were probably lost afterwards. If, on the other hand, the thick alternations of
carbonates and shales of the Bambuí Group are considered, good candidates for
intraformational seals could be claimed as responsible for the remnant? hydrocarbons
observed today. Conduits for fluid migration are apparently represented by major
thrust planes (Chapter III), although gas seeps are also reported for undeformed
portions of the basin (Chapter I), which might correspond to local pools in association
with stratigraphic/structural traps.

Some progress has been made in this project with regard to the identification
and characterisation of source rocks. Advances with respect to their organic content,
quality, maturity and radiometric dating were achieved. Observations were also
collected with regards to basin evolution through the assessment of basin architecture
and by analysing possible thermal settings during intervals currently lacking a
sedimentary record. Finally, an approximate age for hydrocarbon generation has
been assessed with the use of 1-D basin modelling. The type, amount, and quality of
data available for this study however, limits the confidence of some interpretation.
Yet this study represents one of the first integrative approaches for the evaluation of
the prospective generative potential of the basin.

9.3 Concluding Remarks

In this section the principal conclusions of this PhD thesis are summarised.
Subsection 9.3.1 presents a brief synopsis of the geological setting of the basin and
its petroleum system and subsection 9.3.2 provides concluding observations from
fieldwork. Subsection 9.3.3 and 9.3.4 detail the conclusions derived from source
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rock characterisation with geochemical, palynological and radiometric techniques.
Subsection 9.3.5 lists the findings derived from the 2D regional seismic interpretation
of the São Francisco Basin. Subsection 9.3.6 presents the conclusions related to the
Post-Bambuí history studied by means of porosity analysis and thermogeochronology.
Finally, Subsection 9.3.7 presents the conclusions from basin modelling.

9.3.1 Geological background and petroleum system

• The poly-historic São Francisco Basin is developed over the São Francisco
Craton and its infill strata spans more than 1 Gy, reflecting the build-up and
rifting of Rodinia and later the amalgamation of the Gondwana supercontinent
(Alkmim and Martins-Neto, 2012). Of particular interest in this thesis, is the
Neoproterozoic, an important evolution stage in Earth history where important
changes in the atmosphere and biosphere occurred (Craig et al., 2013).

• Three units, the Canastra, Vazante and Bambuí groups were deposited during
the final stages of the Proterozoic within the São Francisco Basin and its
outskirts (Alkmim and Martins-Neto, 2012). All of these strata have importance
from a petroleum perspective because seeps and gas shows in recent drilled
wells indicate that an active hydrocarbon system may exist. Current public
information, however, neither allows definition of the specific source of these
hydrocarbons nor permits the assessment of its timing of generation.

9.3.2 Insights from fieldwork

• Fieldwork demonstrates that the Canastra Group (Paracatu Formation), the
Vazante Group (Serra do Garrote, Morro do Calcário and Lapa formations)
and the Bambuí Group (Sete Lagoas, Serra da Saudade and Lagoa do Jacaré
formations) are poorly preserved at the surface due to intense weathering and
vegetation coverage. Levels not cored and only studied from altered outcrop
samples, are unlikely to provide useful information about their original source
rock potential.

• The information collected from cores indicates that the carbonates of the
Sete Lagoas Formation possess macroscopic and microscopic indications of
microbial activity. Basal levels of the same unit richer in shales, however, are
also considered as potentially rich in organic matter. The cored slates of the
Serra do Garrote, Lapa and Paracatu formations on the other hand, contain
graphitic material and abundant pyrite.
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• Gamma ray measurements prove to be unhelpful for source rock recognition
in the field. Limitations are intrinsically related to the degree and depth of
weathering of the rocks and the presence of extensive detritic-lateritic coverage
that could lead to a significant source of error in the readings.

• Soil sampling along the João Pinheiro thrust in the inner part of the basin,
together with gamma ray measurements apparently indicate the control of this
structure for hydrocarbon seepage. Thermogenic gas content was observed
in the vicinities of the main faults together with an increase in radiogenic
responses primarily of potassium, and secondarily of uranium and thorium.
The potassium increase could be linked to greater quantities of illitic and
kaolinitic clays normally present were hydrocarbon seepage occurs (Curto et
al., 2012) and/or to soil pH variations (Souza Filho et al., 2008) caused by
hydrocarbon degradation, which could also influence in uranium precipitation.
In view of the recent exploration interest in the basin, these gamma ray
responses could represent a first tool to delineate areas for further studies
related to accumulation/migration of hydrocarbons.

9.3.3 Source rock characterisation

• Rocks collected from outcrops, irrespective of lithology, formation and location,
contain very low quantities of preserved organic matter. Higher TOC values
from outcrop samples were only associated with the presence of pyrobitumen in
rocks of the Vazante Group (Serra do Poço Verde/Morro do Calcário Formation),
which gives clues as to potential reservoirs and/or migration pathways yet not
about the original source.

• Subsurface data indicate that both the Vazante and Canastra groups have
good to very good potential as source rocks. The Serra do Garrote and Lapa
formations possess a maxima of 2.15 wt% and 1.92 wt% TOC respectively.
The Paracatu Formation has the highest average content of all studied units
and a maxima of 2.12 wt%. The Sete Lagoas Formation, on the other hand,
was found to possess at present day and in the studied location, a poor source
rock character due to the measured low TOC values (≤0.5 wt%).

• Organic petrography of samples belonging to the Bambuí, Vazante and Canastra
groups revealed that only the Sete Lagoas apparently yields fossil material
at micrometric scale. The observed acritarchs are simple spheroids with poor
preservation, low diversity and abundance. Biostratigraphy is impossible
because these acritarchs, tentatively interpreted as the genera Leiosphaeridia,
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are long ranging and of limited geochronological significance (Willman, 2007).
It is possible that further microfossils, if originally present, were susceptible to
destruction by diagenesis/thermal maturation. For the Vazante and Canastra
groups in particular, it is speculated that low-grade metamorphism has probably
altered the structural integrity of microfossils leaving only melanogen (inert
kerogen) upon maceration and consequently barren organic matter for further
hydrocarbon generation.

• At a molecular scale, biomarker analysis confirmed that the majority of the
organic matter in these Meso/Neoproterozoic sediments (Vazante, Canastra and
Bambuí) is of prokaryotic and eukaryotic origin, including bacterial, sponge and
probably multicellular eukaryotes (algae). In relation to biomarkers palaeoen-
vironmental indicators, deposition in a marine setting with dysoxic to anoxic
waters is inferred for all units under consideration.

• Maceral colour evaluated through means of thermal alteration index (TAI) and
acritarch alteration index (AAI) for the cored samples of the base of the Sete
Lagoas Formation, are indicative of stages equivalent to gas generation window
with temperatures ranging from 150 to 200◦C. Pyrolysis of the same unit point to
poor source rock generative potential (S1+S2 <0.25), probably associated with
the advanced thermal maturity to which the rock was exposed (Tmax=596◦C).
However, due to the low preservation of the kerogen constituents, in addition
to the low bitumen expelled during pyrolysis, doubts remain in relation to
their precise maturation degree. Low HI and OI values precluded organic type
classification.

• Maturity assessment was not performed for the Canastra and Vazante groups
because their rocks are metamorphosed to green-schist facies (Soares Monteiro
et al., 2006; Almeida, 2009) and therefore are overmature at present-day.

9.3.4 Source rock dating

• New Re-Os geochronology for the Paracatu Formation yields a depositional age
of 1002±45 Ma, which is in agreement, within uncertainty, of U-Pb geochronol-
ogy obtained previously for this Group (detrital zircons ca. 1040 Ma; Rodrigues
et al., 2010).

• Based on the Re-Os data, the Canastra Group was deposited at or around the
Meso/Neoproterozoic boundary, endorsing tectonostratigraphic models of a
passive margin sequence developed along the SW margin of the São Francisco-
Congo palaeocontinent (Rodrigues et al., 2010; Pimentel et al., 2001, 2011).
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The initial osmium isotope composition for seawater at the time of deposition of
the Paracatu Formation (0.25) is similar to that preserved in the Lapa deposits
(Azmy et al., 2008), indicating that the dominant input of Os to seawater was
unradiogenic. It also adds an additional datapoint to the Precambrian Os
isotope seawater composition. Together with available data (Kendall et al.,
2009) it indicates that the change in global patterns of oxidative weathering
was of little importance, at least until the Tonian.

• The Serra do Garrote Formation shows a large scatter about the Re-Os regres-
sion line (Model 3, 1304±210, MSWD=96) together with a negative initial
Os isotope composition (-1.0±1.4) suggestive of disturbances to the Re-Os
systematics. The imprecise age of the Serra do Garrote is speculated to result
from hydrothermal fluid flow based on the proximity of well VZCF001 to
ore bodies along the Vazante Shear Zone and on petrologic evidence on thin
sections (coarse pyrite aggregates, quartz veinlets and pervasive faulting and
fracturing).

• The lack of Re in the carbonate of the Sete Lagoas could be intrinsically
associated with the low TOC observed for the unit (Chapter IV). Re and Os
are organophilic (Kendall et al., 2004; Selby & Creaser, 2003; Kendall et al.,
2009), thus if the sediments lacked enough organic matter, it is likely that
hydrogenous Os was not incorporated into the sediments.

9.3.5 Tectonostratigraphic evolution: a seismic reflection study

• Stratigraphic and structural details of the craton’s Meso/Neoproterozoic sedi-
mentary cover were described for the different domains of the São Francisco
Basin using 2D regional seismic reflection data. Three principal sedimentary
sequences, capped by regional unconformities are identified for the different
domains of the São Francisco Basin. These are interpreted to correspond to
one extensional event, two of generalised subsidence and a later of compression
for the evolution of the Proterozoic basin.

• The extension is represented by the Espinhaço II/Paranoá sequence, which
displays seawards thickening and inferred fault-bounded depocentres towards
the margins of the craton. Its capping unconformity generates a domed
architecture onto which onlap of the subsequence Canastra/Macaúbas Group is
partially observed. To the SE basin margin, localised glacial activity generated
incisions along its profile imprinting a rugged aspect to this surface.
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• The overlying Canastra/Macaúbas sequence, even if associated with a renewed
extensional event along the Araçuaí and Brasília belts (Pedrosa-Soares et al.,
2008; Valeriano et al., 2008), seems to have received only the thermal subsidence
effects in the cratonic portion of the basin. This conjecture is based on the
lack of evident faulting and on the lateral continuity of reflectors, which denote
deposition without major tectonic influence. The unconformity on top of this
sequence indicates subtle compression and later erosion in the central domain
of the basin where angular truncations are preserved. Elsewhere, it appears as
a disconformity.

• The basal/middle Bambuí Group also records uniform subsidence, at least
in the undeformed domain of the basin. Parallelism with the underlying
unconformity and constant thickness suggest that a foreland setting could not
explain, at least on its own, the geometries preserved in the cratonic domain.
It is suggested however, that the imaged succession was later affected by the
Brasiliano-Pan African compressional event. The whole sequence was tilted to
the W due to the load imposed by the thrust sheet pile of the Brasília Belt.
In this way, the Bambuí sequence develops eastwards thinning imposed by
preferential erosion to the E. The top Bambuí Group, even if not properly
imaged, indicate an important erosional event affecting the whole extent of the
basin. Deeper (and older) sections are apparently exposed towards the south,
where only the basalmost formations of the Bambuí Group were preserved.

• Based on the Brasiliano-Pan African tectonic imprint, the basin can be sepa-
rated into 3 domains, which are comparable with those described by Alkmim
and Martins-Neto (2001). These are:

– The western domain, dominated by thin skinned tectonic affects the
Canastra/Vazante and Bambuí groups along a master detachment that
extends for ∼100 km across the basin. Reactivation of early extensional
faults is also observed, which induced folding of the detachment. The
sequence of tectonism is interpreted as primarily by thin-skinned and later
evolving to thick-skinned deformation style.

– The central domain, where the strata lie undeformed.

– The eastern domain, where km-scale open anticlines with associated
synclines involve the basement and the entire stratigraphic sequence
(thick-skinned tectonics).
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9.3.6 Post-Bambuí basin history: insights from porosity and

thermogeochronology

• Efforts to quantify the missing overburden in the stratigraphic succession of
the São Francisco Basin revealed missing overburden on top of the Bambuí
Group. Porosity data from wells 1-RF-1-MG, 1-RC-1-GO and 1-MA-1-MG,
which intercept the Bambuí Group, exhibit a clear shift in relation to normal
compaction trends for the main lithologies encountered, suggesting that the
rocks are not at its maximum burial depth.

• Thermal evolution of the basin studied by means of apatite fission track analysis
(AFTA) on sandstones of the top of the Bambuí Group (Três Marias Formation),
indicate one discrete phase of cooling, starting at ∼480 Ma. This implies that
currently exposed rocks experienced temperatures in excess of 120◦C in the
early Palaeozoic, coeval with the end of the Brasiliano Orogeny (Valeriano et
al., 2008) and have been cooling since then.

• If heating is considered as induced only by progressive sedimentation then max-
imum burial should have occurred concomitant to the late stages of Gondwana
amalgamation, as annealing was no longer important from Pennsylvanian (300
Ma) onwards.

• The strata of Carboniferous-Permian and Cretaceous age, although presently
eroded, were probably not significant in thickness originally because the rocks
of the Três Marias Formation have been residing out of the partial annealing
zone (≤50-60◦C) for most of the Phanerozoic. In the same way, the post
Brasiliano-Pan African tectonism does not seem to have played a significant
role on the thermal evolution of the basin, including stages related to Gondwana
continental breakup and the opening of the South Atlantic Ocean.

• Based on the widespread nature of the identified thermal effect, the most likely
or dominant control for cooling on the São Francisco Basin is interpreted to be
associated with erosion. Denudation estimates considering geothermal gradient
between 15◦C/km and 30◦C/km, results in the removal of 3-6 km of rocks at
an average rate of 5-13 m/My.

9.3.7 Modelling the hydrocarbon generative history

• The backstripped tectonic subsidence profile of well 1-RF-1-MG indicates a
long period (∼100 My) of very slow tectonic subsidence (rates of 10-15 m/My)
attaining less than 1 km and a gently negative exponential subsidence curves
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which is consistent with rates reported for cratonic basins (Xie and Heller,
2009; Armitage and Allen, 2010; Allen and Armitage, 2012).

• 1-D basin modelling was applied to well 1-RF-1MG located in the undeformed
domain of the basin. Burial calibration was performed based on calculated
porosity data from well logs. Good agreement is observed for burial scenarios
that contemplate greater overburden on top of the Bambuí Group. In-situ
thermal calibration for the well under consideration are not available. Instead,
an apparent over-maturity of the Sete Lagoas Formation in the southern
most part of the basin, together with the presence of gaseous thermogenic
hydrocarbon were taken as representative of the conditions regnant at the
well location. The published present day geothermal gradient and heat flow
(Alexandrino and Hamza, 2008) were also considered as a way of calibrating
the present-day thermal state of the basin.

• Sensitivity analysis for transient heat flow indicates that the maturation of the
potential source rock of the Sete Lagoas Formation is principally linked to the
amount of overburden that existed after the deposition of the Bambuí and its
later removal by erosion. Greater subsidence and a thicker overburden, allow
the deeper sedimentary units to be exposed to greater temperatures. The later
removal of this material by erosion causes relative elevation of the geotherms
in the upper lithosphere and promotes an increase in thermal flux.

• Matrix thermal conductivity of the rocks also influences the maturation of
the source rock. Specifically in the case of the missing overburden, basin
modelling indicate that if rocks with low thermal conductivities are considered,
their natural insulating effect will cause elevated temperatures throughout
the underlying stratigraphic section greatly accelerating the generation of
hydrocarbons in the basin. Otherwise, an extremely high conductive lithology
will act as a conduit for heat transport retarding chemical reactions.

• For the different scenarios analysed in this project, the oldest possible gas
generation derived from the Sete Lagoas Formation, in well 1-RF-1-MG, is late
Ediacaran-Cambrian in age. As the traps were probably in place by the time
of hydrocarbon generation, the apparent preservation time of this petroleum
system spans since early Palaeozoic.

• The extensional event of Cretaceous age appears insignificant as a precondition
for hydrocarbon generation in the São Francisco Basin. The heat flow associated
with the reported stretching factor and maximum sedimentation thickness,
were not sufficient to increase the maturity window in any case. The potential
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presence of a plume in the vicinity of the basin (Alexandrino and Hamza,
2008) may have altered the heat flow in the area but the precise timing of its
occurrence and heating effects are is still matter of debate.

9.4 Suggestions for future research

There is still much speculation about the petroleum system of the São Francisco
Basin. The sampling opportunities for source rock evaluation at present are geo-
graphically and stratigraphically limited because only a small portion of the onshore
São Francisco Basin is deeply drilled and has been available for this study.

Further studies are necessary in terms of source rock assessment, which should
sample rocks in different locations, depths and stratigraphic positions. This will
allow identification and areal distribution-maturation of candidate source rocks.
Future Re-Os work on the Bambuí Group has the potential to greatly enhance
our understanding of the Sete Lagoas Formation and its role as a Neoproterozoic
post-glacial unit. Hydrocarbon sampling will permit stable isotopes to be applied to
the analysis of gases to obtain the likely δ13C of the source rock kerogen, the maturity
of the source rock when the gas was generated and the extent of biodegradation.

Also, a much better understanding of the tectonic context for their deposition is
recommended because the arrangement of depositional sequences and systems tracts
responds to different phases in the basin evolution. The discrete phases of basin infill
have not been exhaustively studied yet and are necessary for an effective geological
model for play assessment (Allen and Allen, 2005).

Implementation of accurate seismic velocity (i.e. VSP, sonic velocities) will help
to improve the depth conversion of the seismic data and gain knowledge about the
physical properties of the lithology. Further AFTA analysis on the topmost unit
of the Bambuí Group will enable maturity mapping and analysis of the timing of
generation for candidate source horizons.

Much of this proposed future work is reliant on material being provided from
further exploration programs of oil companies and its later availability for research
purposes by the ANP (Agência Nacional do Petróleo). The author looks forward
the prospect of any future research in the basin that may shed further light on its
petroleum system. Ultimately, it is expected that whilst new studies may modify
and possibly overtun some interpretations, key observations will stand the test of
the time.
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