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Abstract

During the evolution of southern Brazil from rift to “passive” margin, the offshore Campos (CB), 

Santos (SB), and Pelotas (PB) basins developed highly differing architectures regardless of their 

associated syn-rift origin. Based on 2D seismic refl ection profi les and wells, the three basins have 

been investigated in terms of seismo-stratigraphy and numerical basin analysis. Within the Ba-

rremian-Holocene basin infi ll (130-0 Ma), twelve to fourteen regional seismic horizons have been 

mapped and calibrated with bio-/chronostratigraphic ages from the available wells. They defi ne 

seismo-stratigraphic depositional sequences, which have been classifi ed in terms of accommoda-

tion/sedimentation and bounding stratigraphic surfaces. Qualitative interpretations of the evolution 

of accommodation space and the controlling factors (eustasy, subsidence, sediment supply) have 

been subsequently quantifi ed by applying inverse-basin modeling. This procedure allowed the res-

toration of the basin geometry and paleowater depths during each of the chronostratigraphic layers. 

Furthermore, a comprehensive analysis of the genetic components of total subsidence – thermo-

tectonic, fl exural, and compaction-induced subsidence – provided the temporal interactions and 

individual contribution of each subsidence component to basin formation. The obtained subsidence 

data and sediment supply history, combined with seismo-strati-graphy, represent the input informa-

tion for forward stratigraphic modeling. This method aims to simulate the stratigraphic evolution in 

terms of a wide range of modeling variables that simulate interdependent tectonic and sedimentary 

processes. Sensitivity analysis of modeling parameters revealed the most important controls on 

the basin development, and provided the best-fi t values to construct plausible tectono-stratigraphic 

models to the present-day basin confi guration. This integrated approach allows us to assess the in-

herent model uncertainties from the sequence-stratigraphic interpretation and evaluate the reliability 

of various possible geological scenarios.

The results show that six subsidence/uplift trends (ST1-ST6), each of 7 to 51 m.y. duration,controlled 

the Barremian to Holocene basin development. These trends and their distribution along the shelf-

to-basin transition are directly linked to the syn-rift-to-drift geodynamic evolution of the southeastern 

Brazilian margin. Syn-rift extension triggered high thermo-tectonic subsidence (trend ST1) and con-

trolled the creation of accommodation space in the three basins during the Ba-rremian. However, 

the results show a distinctive crustal evolution of the single basins; Barremian syn-rift continen-

tal extension across the Pelotas Basin involved extensive magmatism and a thick volcanic crust              

affected by post-rift thermal contraction since Early Aptian times (trend ST2).

As continental break-up propagated northward from the PB to the CB, the mechanisms of lithos-

pheric deformation and subsidence patterns changed between the basins. In the SB and CB, minor 

magmatism and brittle deformation during the Early-Middle Barremian (trend ST1) evolved to depth-

dependent continental stretching during the Late Barremian (trend ST2). The thinned continental 
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crust featured laterally constant subsidence rates, generating wide sag-salt depocenters across 

the Santos-Campos margin segment. During the Albian post-rift and Cenomanian-Holocene drift 

evolution (ST3-ST6) changes in the sediment supply and the fl exural loading were due to onshore 

tectono-magmatic events. These key factors were responsible for the differences in architecture 

and hydrocarbon prospectivity between the three basins analyzed. Based on the process/response 

relationship established during modeling, the most important stratigraphic-structural processes on 

the shelf-to-basin sedimentary systems include: (i) tectonic uplift of the source areas triggering      

increased sediment supply with progradation and deep-water turbidite fl ows; (ii) fl exurally-induced 

rebound of the shelf realm facilitates sediment bypass and catastrophic shelf-slope failure; (iii) 

formation of salt basins and salt remobilization, enhancing the instability of the shelf-edge and 

modifying the fl exural loading distribution; (iv) bottom-currents redistributing the deep-marine sedi-

ment infi ll. 

This study on the Brazilian continental margin shows that: (i) changes in subsidence and sediment 

supply on the continental margin varied over 3rd to 2nd order time intervals, and were not subordi-

nate to eustatic sea-level changes; (ii) fl exural and compaction-induced subsidence represent the 

most important controls on accommodation space during the mature drift stage; (iii) structural and 

plate-tectonic reconfi gurations cannot be directly inferred from qualitative sequence stratigraphic 

frameworks of continental margins; (iv) depositional systems are controlled by a wide range of 

interconnected tectonic and sedimentary parameters that go beyond qualitative observations from 

sequence stratigraphy. 

Quantitative modeling of the evolution of continental margins must consider a wide range of va-

riables. Crustal deformation and the geomorphological evolution of the continental margin, as well 

as local-scale sea-level fl uctuations are as important as accommodation space and lithologies. This 

approach provides more accurate interpretation of the ancient tectono-sedimentary systems, which 

represent key contributions to a better understanding of the complex geodynamic and tectono-

stratigraphic evolution of continental margin sedimentary basins.

Abstract                         
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Kurzfassung

Die Entwicklung des südlichen Kontinentalrandes von Brasilien von einem Riftgraben zu einem 

passiven Kontinentalrand zeigt unterschiedliche Verläufe im Campos- (CB), Santos- (SB) und 

Pelotasbecken (PB). Ausnahme ist die anfänglich analog verlaufende Synrift-Phase. In allen drei 

Becken wurden Bohrlochinformationen und refl exionsseismische 2D Transekte unter seismos-

tratigraphischen bzw. sequenzstratigraphischen Gesichtspunkten ausgewertet, ferner wurde eine 

numerische Beckenmodellierung durchgeführt. Für die Beckenfüllung vom Barreme ins Holo-

zän (130-0 Ma) konnten (je nach Becken) zwölf bis vierzehn regional bedeutsame seismische 

Horizonte auskartiert werden, welche mit Hilfe von bio- und chronostratigraphischen Angaben 

angrenzender Bohrungen kalibriert werden konnten. Sie entsprechen seismostratigraphischen 

Ablagerungseinheiten, welche im Hinblick auf Akkommodation, Sedimentation und begrenzende 

stratigraphische Horizonte klassifi ziert wurden. Diese qualitative Interpretation der Becken-          

entwicklung im Hinblick auf die Entwicklung des Akkommodationsraum und der kontrollierenden 

Faktoren wie Eustasie, Subsidenz und Sedimenteintrag wurde in der Folge mit Hilfe von Rück-

wärtsmodellierung quantifi ziert. Diese Methode des „backstrippings“ erlaubt die Bestimmung der 

Beckengeometrie und der Paläowassertiefen für jede chronostratigraphische Einheit. Darüber hi-

naus wurden die Einzelkomponenten der Subsidenz (Thermotektonik, fl exurelle Verbiegung und 

kompaktionsbedingte Versenkung) analysiert. Hieraus konnten die zeitlichen Interaktionen dieser 

Komponenten erkannt werden und deren Beitrag zum Beckenaufbau. Diese Quantifi zierung von  

Subsidenz und Sedimenteintrag liefert in Kombination mit der seismostratigraphischen Interpre-

tation die Eingangsdaten für die anschließende stratigraphische Vorwärtsmodellierung. Dieser 

zweite Modellierschritt dient dazu, die stratigraphische Entwicklung unter Berücksichtigung des 

großen Spektrums an Modellvariablen darzustellen und dabei die Dynamik der tektonischen und 

sedimentären Prozesse zu erkennen. Eine Sensitivitätsanalyse der Modellparameter ermöglichte 

die Identifi zierung und Wichtung der Kontrollfaktoren der Sedimentbeckenentwicklung. Hieraus 

ergeben sich die bestmöglichen Eingabeparameter für ein plausibles tektonostratigraphisches 

Modell, vom Rifting bis zur heutigen Sedimentbeckenkonfi guration. Dieser integrative Ansatz er-

möglicht eine Abschätzung der inhärenten Unsicherheiten des Modells, die in einer „klassischen“ 

sequenzstratigraphischen Interpretation nicht möglich sind  sowie eine Einschätzung über den 

Wahrscheinlichkeitsgrad verschiedener geologischer Szenarien.

Eine Auswertung der Subsidenzdaten zeigt, dass sich die Barreme- bis Holozän-Entwicklung in 

allen drei Becken aus sechs Subsidenz- und Anhebungstrends (ST1-ST6) zusammensetzt. Jeder 

Trend umfasst eine Zeitspanne von 7 bis 51 Mio. Jahren. Diese Trends sowie deren Verbrei-

tung entlang des Schelf-Becken Transektes stehen in direktem Zusammenhang mit der geodyna-

mischen Entwicklung während der Synrift- und Driftphase des südöstlichen Kontinantalrandes von 

Brasilien. Die Synrift-Extension im Barreme verursachte eine hohe thermo-tektonische Subsidenz 
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(ST1) und damit einen vergrößerten Akkommodationsraum, in dem Sedimente abgelagert wurden. 

Allerdings weist die Entwicklung der einzelnen Becken Unterschiede auf. Im Pelotas-Becken war 

die Extension während des Barreme mit ausgedehntem Vulkanismus verbunden. Diese im PB 

dicke vulkanische Kruste beeinfl usste im frühen Apt die thermische Kontraktion im Postrift-Stadium 

(ST2). 

Während der nordwärts voranschreitenden Öffnung des Südatlantiks vom PB ins CB änderten 

sich die Mechanismen der Deformation der Lithosphäre und die Subsidenzmuster, damit auch die 

zeitliche Zuordnung. Die beginnende Riftphase im frühen bis mittleren Barreme ist im Santos- und 

Campos-Becken durch ein sprödes Deformationsverhalten ausgezeichnet, Magmatismus ist nur 

untergeordnet (ST1). Die syn-Riftphase fält ins späte Barreme und ist durch eine tiefenabhängige 

kontinentale Dehnung charakterisiert (ST2). Die ausgedünnte kontinentale Kruste zeigt im Santos- 

und Campos-Becken lateral einheitliche Subsidenzraten; die entstehenden Salzbecken werden 

einem „Sag-Basin“ zugeordnet. Während der Postrift-Entwicklung im Alb und der Driftphase vom 

Cenoman bis heute (ST3-ST6) beeinfl ussten tektono-magmatische Ereignisse im brasilianischen 

Hinterland das Ausmaß des Sedimenteintrags und damit der fl exurellen Krustenbeanspruchung. 

Diese Steuerfaktoren sind für die architekturellen Unterschiede zwischen den Becken verant-

wortlich, aber auch deren unterschiedliche Prospektivität für Kohlenwasserstoffe. Die wichtigsten, 

durch die Modellierung aufgezeigten Process/Response-Beziehungen sind: (i) Heraus-hebung des 

Liefergebietes erzeugt erhöhten Sedimenteintrag und Progradation im Flachwasser, Turbidite im 

Tiefwasser; (ii) „fl exureller Rebound“ des Schelfes begünstigt Sediment-Bypass und katastrophale 

Massenverlagerungen am Schelfabhang; (iii) die Entstehung von Salzbecken und die Remobilisa-

tion des Salzes erhöht die Instabilität des Schelfrandes und modifi ziert die Verbreitung der fl exure-

llen Aufl ast; (iv) Bodenströmungen bewirken eine Umverteilung tiefmariner Sedimentablagerungen.

Weitere wesentliche Ergebnisse dieser Arbeit über den brasilianischen Kontinentalrand sind:               

i) Änderungen der Subsidenzrate und Sedimentzufuhr traten am brasilianischen Kontinentalrand 

in Zyklen von dritter bis zweiter Ordnung auf, die unabhängig von  eustatischen Meeresspiegel-

schwankungen sind; ii) fl exurelle und durch Kompaktion induzierte Subsidenz sind die wichtigsten 

Kontrollfaktoren der Entwicklung des Ablagerungsraumes während der fortgeschrittenen Driftphase 

(mature drift); iii) strukturelle und plattentektonische Rekonfi gurationen lassen sich nicht direkt aus 

qualitativen sequenzstratigraphischen Interpretationen  passiver Kontinentalränder ableiten; iv) die 

Entwicklung von Ablagerungssystemen werden durch eine Vielzahl von miteinander verbundenen 

tektonischen und sedimentären Parametern gesteuert, welche sich nicht allein durch qualitativ-

sequenzstratigraphische Untersuchungen erkennen lassen. 

Quantitative Modelle der Entstehungsgeschichte von Kontinentalrändern müssen ein breites 

Spektrum unterschiedlicher Variablen berücksichtigen. Die Betrachtung von Krustendeforma-
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tion und geomorphologischer Entwicklung eines passiven Kontinentalrandes über die Zeit sowie 

lokaler Meeresspiegelschwankungen sind ebenso wichtig wie Veränderungen des Akkommoda-               

tionsraumes  oder  der  darin  abgelagerten  Lithologien.  Der  hier vorgelegte  Ansatz bietet 

die Möglichkeit einer akkurateren Interpretation tektono-sedimentärer Systeme und liefert einen 

wichtigen Beitrag für ein besseres Verstehen der komplexen geodynamischen und tektonostrati-

graphischen Entwicklung von Sedimentbecken an passiven Kontinentalrändern.

         Kurzfassung
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1. Introduction

1.1 Southern Atlantic extensional sedimentary basins

The evolution of rifted continental margins and extensional sedimentary basins represents a key 

issue in recent academic and industry investigations. The main objectives aim to the prediction 

of the deformation mechanisms leading to continental break-up and the thermal history of the 

lithosphere during the phase of continental divergence. These processes represent key controls 

on the source-to-basin sedimentary systems and the occurrence of hydrocarbon accumulations 

in several extensional margins worldwide, including the South Atlantic, Norwegian, Iberian-                            

Newfoundland and northwest Australian continental margins. 

The southern Brazilian and West African conjugate margins encompass several of the most       

prolifi c oil-bearing basins worldwide (Coward et al., 1999). They were originated during the con-

tinental break-up of Gondwana in the Jurassic to Early Cretaceous (200-130 m.y. ago) and the 

subsequent opening of the South Atlantic Ocean. During the initial phase of continental thinning, 

brittle extension, fault-block tilting and marine water incursions created accommodation space for 

accumulation of continental and transitional sedimentary deposits. Although several hypothesis 

and mechanisms have been proposed to explain the process of continental rupture and the for-

mation of rifted Atlantic-type continental margins (Kendall et al., 2005; Cochran and Karner, 2007; 

Kusznir and Karner, 2007), many questions about the thermal fl ow and modes of deformation 

during continental break-up, the nature of the continent-ocean transition, and the dynamic sedi-

mentary systems controlling the margin architecture, remain uncertain.  

The Campos, Santos and Pelotas basins constitute the rift-basin system in the southern                     

Brazilian continental margin. These marginal sediment depocenters have accumulated a strati-

graphic succession up to 9 km of thickness, including basaltic fl ows and continental to deep-

marine sediments, which record the entire syn-rift to mature drift development of the margin. The 

Campos Basin occupies an area of 115,000 km2, limited to the north by the Vitória-Trindade Chain 

and to the south by the Cabo Frio High separating it from the Santos Basin (Mohriak et al., 1990). 

The larger Santos Basin (350,000 km2) is limited to the south by the Florianópolis High and Flo-

rianópolis Fracture Zone (FFZ), which separate it from the Pelotas Basin. Southward, the Pelotas 

Basin (210,000 km2) extends to the Chuí Lineament and the Polonio High, separating it from the 

Punta del Este Basin on the shelf of northern Uruguay (Bassetto et al., 2000). 

The Campos and Santos basins, two of the most prolifi c sedimentary basins in the Southern       

Atlantic domain, have been subject of intense exploration campaigns and scientifi c investigations 

since the 1970’s. Existing onshore and offshore wells, fi eld mapping and sampling, geotechni-
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cal laboratory experiments, reservoir characterization and remote sensing surveys, all coupled 

with the major advances in 2-D, 3-D and 4-D geophysical models provide immense geological 

databases for oil industry investigations. In cooperation with research institutions and universi-

ties, a large number of scientifi c publications have revealed valuable information on structural and 

magmatic processes leading to continental break-up and the tectono-stratigraphic evolution of ex-

tensional sedimentary basins (e.g. Kumar et al., 1977; Ojeda, 1982; Guardado et al., 1989, 2000; 

Mohriak et al., 1990, 2002, 2008; Chang et al., 1992; Cainelli and Mohriak, 1999; Karner, 2000; 

Bassetto et al., 2000; Cobbold et al., 2001; Meisling et al., 2001; Modica and Brush, 2004). The 

Pelotas Basin, located in the southernmost portion of the Brazilian margin, has been less inves-

tigated due to the unsatisfactory drilling activities and uncertainties on the hydrocarbon systems 

(Coward et al., 1999; Talwani and Abreu, 2000; Gladczenko et al., 1997; Deckelman et al., 2006; 

Rosa, et al., 2006). However, only few published investigations include a genetic analysis of the 

syn-rift to mature drift development integrating qualitative and quantitative data (e.g. Guardado 

et al., 1989; Chang et al., 1992; Karner and Driscoll, 1999; Karner et al., 2003 and Karner and 

Gambôa, 2007, Mohriak et al., 2008). Based on the existing published information, 2D seismic 

and well data supplied by ANP Brazil and TGS-NOPEC, this research aims to the analysis of the 

Barremian-Holocene stratigraphic succession of the Campos, Santos and Pelotas basins and 

compare the evolution of the three basins.

Fig. 1.1 Model of crustal deformation across the conjugate Brazilian and West African rifted margins; modifi ed from 

Aslanian et al. (2009). Four main crustal layers are identifi ed: (I) an anomalous velocity layer only confi rmed on the West 

African realm; (II) stretched continental crust; (III) syn-rift sub-salt continental clastic deposits intercalated with volcanic 

series; (IV) salt, post-rift and drift basin fi ll.

1. Introduction                        
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1.2 Project description and scope of the thesis

The research project is linked to the SAMPLE (South Atlantic Margin Processes and Links 

with onshore Evolution) Priority Program 1375, funded by the German Research Foundation 

(DFG). This multidisciplinary research plan aims to analyze the origin and evolution of the South                           

Atlantic continental margins and clarify a series of open questions related to continental breakup 

and post-breakup continental divergence. The main scientifi c areas of interests involve mantle                     

dynamics and magmatism, lithospheric deformation and thermal evolution during continental  rup-

ture (Iaffaldano and Bunge, 2009; Hirsch et al., 2010; Scheck-Wenderoth et al., 2010), post-rift 

topographic evolution and links to climate and tectonics (Eitel et al., 2006; Franco-Magalhaes, 

et al., 2010), and sedimentary processes and fl uid systems into the basin infi ll (Stollhofen et al., 

2008; Anka et al., 2009; Contreras et al., 2010). These studies and other recent investigations 

(e.g. Huismans and Beamount, 2008; Aslanian et al., 2009) have revealed complex mechanisms 

of lithospheric extension (i.e. depth-dependent stretching, mantle exhumation) and magmatic 

events affecting the composition of the continental crust, the long-term subsidence development 

and thermal history of passive margin sedimentary basins.

This doctoral thesis focuses on the southeastern Brazilian continental margin. 2D seismic                 

refl ection profi les and twenty-one calibration wells provide the stratigraphic confi guration and 

sedimentologic data on the Barremian-Holocene (130-0 Ma) succession deposited along the 

continental shelf to the deep-marine Pelotas, Santos and Campos basins (Fig. 1). Sequence                   

stratigraphy and the integrated approach of inverse-basin and forward stratigraphic modeling      

allowed to quantitatively analyze and simulate the Barremian syn-rift to Holocene drift margin     

development, and estimate the strong infl uence of the geomorphological evolution of the conti-

nental margin, and paleoclimate conditions, on the evolution of sediment depocenters and depo-

sitional systems offshore Brazil. This research includes a coherent tectono-stratigraphic model for 

the specifi c syn-rift deformation styles of the Pelotas and the Santos-Campos margin segments 

and provide insights into the key processes controlling the formation of sag basins and deposition 

of evaporites along the Brazilian and West African conjugate margins in the South Atlantic domain.

1.3 Database

Seismic refl ection profi les

The analyzed regional seismic transects are between 300 and 340 km long each. They extend 

NW-SE perpendicular to continental margin, covering from the continental shelf (150 m of water 

depth) to the oceanic basin (3,500-4,500 m of water depth). The seismic lines from the Santos and 

Pelotas basins were supplied in depth domain, while the line from the Campos Basin was time-

depth converted based on seismic stacking velocities.

     1. Introduction
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Well data

Twenty-one calibration wells penetrated along the continental shelf to upper slope (up to 220 km 

offshore) show offsets between 100 and 30 km from the seismic lines. Nine wells are located in the 

Campos Basin and six in each the Santos and Pelotas basins. The majority of wells reaches the 

Aptian basin fi ll; only fi ve of them penetrates the Hauterivian-Barremian volcanic rift deposits. Well 

information includes checkshot surveys, formation tops, lithofacies data and standard log suites 

(i.e. gamma ray, sonic, density and resistivity). In addition, biostratigraphic data from one well in 

each basin is available.

Fig. 1.2 Study area on the Southeastern Brazilian 

margin, including the Campos, Santos and Pelotas 

basins. Red lines indicate the 2D seismic refl ection 

profi les and red points indicate the location of the cor-

relation wells.

1.4 Thesis outline and objectives

This thesis consists of fi ve chapters, starting with the general introduction and description of the 

analytical and modeling methods, followed by three other chapters which correspond to individual 

papers published or submitted to peer-review scientifi c journals (see Appendix). 
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Chapter 3 includes the sequence stratigraphic interpretation and subsidence analysis of twelve 

to fourteen second-order depositional units (3-50 m.y. duration) established within the Barremian-

Holocene basin fi ll (130-0 Ma). A description of the modeling procedure, key parameters and     

software is included; further information is available in Appendix A. Key objectives of this section 

include: (i) seismic interpretation, mapping of key regional seismic refl ectors and their tie with the 

bio-/chronostratigraphic ages and formation tops from the calibration wells; (ii) classifi cation of 

the the seismo-stratigraphic units in terms of the internal stratal patterns, boundary stratigraphic 

surfaces, lithologies and depositional environments.

Chapter 4 presents a comprehensive quantitative analysis of the subsidence evolution and the 

restoration of the basin architecture and paleowater depths during the Barremian-Holocene             

basin development. Main objectives of this contribution are: (i) quantifi ed rates of total subsidence, 

its genetic components (thermo-tectonic, fl exural and compaction-induced subsidence) and sedi-

ment supply; (ii) structural analysis and interpretation of the seismic geometries as a function of 

accommodation space and sedimentation; (iii) location of the continental-oceanic crust transition 

and its implications for the subsidence distribution and development; (iv) determine the individual 

impact of subsidence, eustasy and sediment supply on the depositional patterns; (v) the implica-

tions of plate-tectonic forces for the confi guration of the margin, including lithospheric deformation, 

changes in sea-fl oor spreading rates and far-fi eld intra-plate deformation.

Based on the seismo-stratigraphic framework, subsidence and sediment supply data derived from 

inverse-basin modeling, Chapter 5 includes the forward stratigraphic modeling of the Barremian-

Holocene sedimentary basin infi ll. This method allows to reproduce the basin development at a 

temporal scale of 2 m.y. duration, and predict the ancient basin conditions. Sensitivity analysis 

of the input data and a set of user-defi ned variables provided best-fi t values of several sedimen-

tary and deformation processes on the basin development and distribution of lithofacies. Key              

objectives include: (ii) quantify physical controls on the precipitation of evaporites and sediment 

dispersal systems, with particular emphasis on rates of subsidence, sediment supply, erosion and 

transport methods; (ii) determine the main tectonic controls on the basin confi guration, including 

syn-rift crust deformation, evolution of sediment source areas and salt deformation; (iii) construct 

a plausible tectono-stratigraphic model with the best-fi t to the present-day tectono-stratigraphic 

confi guration, showing the distribution of lithofacies and porosity; (iv) appraise the most relevant 

controls on the deep-water basin architecture and hydrocarbon potential, including causal mecha-

nisms and occurrence of turbidites, mass transport complexes and bottom-currents.
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Fig. 1.3 Basin analysis workfl ow

1.5 Geological setting

1.5.1 Geodynamic evolution and structural framework

During the Triassic distension phase and rupture of the Pangea mega-continent (250-200 Ma), the 

Gondwana and Laurasia blocks evolved separately (Moulin et al., 2010). Intra-continental exten-

sion of Gondwana was initiated in the Jurassic with a period of major fl ood basalts (Karoo volca-         

nism; Eagles and König, 2008). As a result, Africa and South America formed two separate plates, 

which split apart since the Early Cretaceous (approx. 145-140 Ma). Although kinematics of the 

South Atlantic opening still involve numerous uncertainties, it is widely accepted that rifting ini-

tiated in the south of the Argentinean-African margins, and propagated northward to the Brazilian 
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and West African margins (Rabinowitz and LaBrecque, 1979; Stollhofen et al., 1998; Mohriak et 

al., 2002; Torsvik et al., 2009; Moulin et al., 2010). Existing reconfi gurations of the continental 

divergence history indicate that seafl oor spreading along the Pelotas-Namibia margin started du-     

ring the Hauterivian (133-130 Ma). From the Barremian to Aptian (130-112 Ma) magmatism and 

accretion of oceanic crust continued across the Santos Basin (Meisling et al., 2001; Mohriak et al., 

2002), and reached the Campos Basin by Early Albian times (112-110 Ma; Moulin et al., 2010). 

Based on these margin reconfi gurations and structural analysis, fi ve tectonic stages controlled 

the evolution of the Pelotas, Santos and Campos basins: (1) pre-rift, Jurassic to Valanginian;                               

(2) syn-rift, Hauterivian to late Barremian; (3) syn-rift sag, late Barremian to Late Aptian; (4) post-

rift, early-middle Albian; (5) drift, late Albian to Holocene (Chang et al., 1992; Karner et al., 1997, 

2003; Bassetto et al., 2000). 

During the Barremian-Aptian continental break-up (stages 2 and 3), distinct mechanisms of          

lithosphere deformation along the length of the Pelotas-Campos margin segment took place. 

In the southernmost Brazilian continental margin, the Pelotas Basin is fl oored by Hauterivian-                

Ba-rremian volcanic deposits (seaward dipping refl ectors, SDRs) affected by high-angle exten-

sional faults. The nature of the lower crust remains uncertain, but by analogy with the Namibian 

conjugate margin (Gladczenko, et al., 1998; Bauer et al., 2000; Talwani and Abreu, 2000), it may 

correspond to a high-density igneous crust-mantle interface intruded by the Tristan da Cunha 

plume. North of the Florianópolis Fracture Zone (FFZ), the confi guration of the crust changes. The 

structural confi guration of the lithosphere below the Campos and Santos basins displays two crust  

domains with different deformation styles: the upper crust layer is affected by brittle extension 

below the shelf and gradually thins in direction to the modern continental slope, where extensional 

faulting appears to be absent; the lower crust layer (5-10 km thick) displays major stretching and 

seem to be affected by magmatic intrusions toward the transition to oceanic crust (Aslanian et al., 

2009). These interpretations are consistent with another investigations on syn-rift continental de-

formation (Kusznir and Karner, 2007; Huismans and Beamount, 2008), which indicate that depth-

dependent stretching and exhumation of the lower crust/mantle domain represent the dominant 

processes leading to continental break-up along the Santos-Campos margin segment. 

During the Aptian syn-rift sag phase in the Santos and Campos basins, thermal subsidence widely 

distributed along the shelf-slope transition, and generated restricted sediment depocenters with 

smooth topography and relative uniform paleobathymetries (from 600 m to 950 m of water depth). 

Approximately in the Late Aptian, arid climate conditions and high evaporation rates (Skelton, 

2003) triggered hypersaline conditions in these marginal sag basins. As a result, widespread 

evaporite precipitation occurred along Southern Atlantic conjugate margins, which eventually 

prolonged toward the Equatorial Atlantic domain (Davison, 2007). With the continental break-up 

along the Santos-Campos margin segment in the Late Aptian-Albian, fully oceanic circulation in 
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the Brazilian continental margin occurred. During the Cenomanian-Holocene drift development, 

differential thermal contraction and increasing fl exural sediment loading controlled the creation 

of accommodation space and development of the continental slope, accompanied by intense 

salt remobilization in the Santos and Campos basins. Halokinesis-related structures include salt 

diapirs, listric, inverse and thrust faults, turtle and rollovers structures, which represent potential 

stratigraphic-structural traps for hydrocarbon accumulations.

 1.5.2 Basin infi ll and hydrocarbon prospectivity 

The tectono-stratigraphic evolution and sedimentary infi ll of the Pelotas, Santos and Campos       

basins was initially analyzed based on exploratory 2D seismic refl ection profi les and wells along 

the continental shelf areas to the upper slope (Pereira et al., 1986; Guardado et al., 1989; Mohriak 

et al., 1990; Rangel et al., 1994; Pereira and Feijó, 1994; Fontana, 1996). Due to the large hydro-

carbon reservoirs present in the Barremian-Miocene sedimentary basin infi ll, exploration activities 

migrated toward the deep-marine setting. During this development, economic risk assessments 

demanded technological advances in drilling techniques, acquisition and processing of geophysical 

data. It has made available high-resolution deep seismic, gravity and magnetic profi les, which allow 

to interpret the deep structure of the crust and improve the existing models on lithosphere deforma-

tion and chronostratigraphy of the sedimentary basins offshore Brazil (Bassetto et al., 2000; Karner, 

2000; Karner and Gambôa, 2007; Winter et al., 2007; Moreira et al., 2007; Bueno et al., 2007).

Fig. 1.4 Source to basin dynamic depositional systems, indicating key sedimentary and deformation processes 

affecting the stacking patterns and deep-marine deposition.
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In this study, the analyzed stratigraphic succession comprises the Barremian to Holocene interval 

(130-0 Ma), which includes from the last part of the syn-rift stage to the present-day mature drift-

ing (tectonic stages 2 to 5). The Barremian succession in the Pelotas Basin consists of volcanic 

series (SDRs) and intercalated continental siliciclastic deposits toward the top. The time-equiva-

lent succession in the Santos and Campos comprises continental-transitional sedimentary depo-

sits with sporadic volcanic intervals toward the base. Late Barremian-Early Aptian global anoxic 

conditions (Skelton, 2003) allowed the deposition of lacustrine organic-rich shales and mud-rich                    

carbonates in deep fault-bounded syn-rift depocenters. Up-section, Middle to Late Aptian carbo-

nate and fl uvial-deltaic deposits and evaporites distributed across the Santos and Campos sag 

depocenters. The salt succession shows thicknesses of up to 2-2.5 km and represents a regional 

seal for sub-salt hydrocarbon systems. At the same time, open-marine conditions during the initial 

stage of seafl oor spreading characterized the Pelotas Basin.

After continental break-up in the Middle Aptian (Pelotas Basin) to Albian (Campos, Santos basins), 

the post-rift development was characterized by major carbonate progradation to aggradation. 

During the Cenomanian to Coniacian early drift stage (99.6-89.3 Ma), carbonate platforms were 

drowned during coastal transgression and deposition of marine shales. A period of deep-water 

anoxia in the late Cenomanian-Turonian allowed regional deposition of organic-rich shales and 

marls (Mello and Maxwell, 1990). This succession represents proven hydrocarbon source rocks in 

the Santos Basin (Coward et al., 1999). From the Santonian to the Maastrichtian (85.8-65.5 Ma), 

different depositional patterns characterized each of the basins investigated. In the Santos Basin, 

thick sediment wedges prograded basinward. In the Campos and Pelotas basins, overall coastal 

retrogradation prevailed to the Maastrichtian. The Paleogene and Neogene (65.5-0 Ma) basin 

fi ll refl ects the complex interactions of accommodation space, sediment supply and salt-induced 

deformation. In general, the Campos and Pelotas basins were controlled by overall Paleocene-

Holocene coastal progradation, which was interrupted by short-term periods of retrogradation to 

aggradation. In the Santos Basin, a predominant Paleocene-Oligocene retrogradational pattern 

changed to progradation-aggradation since the Early Miocene. With the continental margin deve-

lopment, differential subsidence (basin tilting) and increasing sediment load triggered intense salt 

remobilization. Salt-related structures (e.g. diapirs, rollover structures) form potential structural-

stratigraphic hydrocarbon traps in the Late Cretaceous-Neogene succession. At the same time, 

salt  welds  and  extensional  faults  formed migration pathways from the sub-salt source rocks 

(i.e. Late Barremian-Aptian lacustrine shales) to post-salt reservoirs, including Albian mixed car-

bonate-clastic successions and Late Cretaceous-Neogene turbidites.

Hydrocarbon propectivity in the Santos and Campos basins extend from the shallow to the ultra-

deep water region and involve a variety of reservoirs above and below the salt, including Neoco-

mian-Barremian fractured basalts near the top of the continental basement, Barremian to Aptian 
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carbonates and fl uvial-deltaic successions, Early Albian carbonates, and Late Albian-Miocene 

turbidites. These intervals have been charged principally from Barremian-Aptian source rocks de-

posited in graben basins with restricted saline lacustrine environments (Mello and Maxwell, 1990). 

Thermal modeling and vitrinite refl ectance analyses indicate that these organic-rich intervals 

reached adequate depths and temperature conditions for oil generation during the Eocene (Guar-

dado et al., 2000). In the Pelotas Basin, comparable hydrocarbon systems have not been found so 

far. The main uncertainties refer to the presence of good-quality and mature source rocks, which 

appear to be absent in the Barremian-Aptian syn-rift succession. Alternative organic-rich intervals 

include Permian lacustrine shales, but they seem overmature. In addition, Cenomanian-Turonian 

and Tertiary marine shales show adequate overburden thicknesses for oil generation, but their 

quality and organic content have not been determined. Nonetheless, exploration activities have 

recently increased due to the occurrence of gas hydrates confi rming the presence of hydrocar-

bons in the Paleogene-Neogene deep-marine succession (Costa and Silva, 2010).

1. Introduction                        
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2. Methods and applicability in the southern Brazilian margin

The initial phase of the project addresses the 2D seismo-stratigraphic interpretation of the three 

seismic sections and the correlation with sedimentologic and stratigraphic data from the calibra-

tion wells. SMT Kingdom 7.5 software package was used to carry out the seismic interpretation, 

well correlation and seismic-well tie. The second phase includes the numerical basin analysis, 

integrating inverse-basin and forward stratigraphic modeling. The models were constructed using 

PHILTM software (Process- and History- Integrated Layers; Bowman and Vail, 1999), which provide 

synthetic chronostratigraphic plots than can be compared with the seismic and well data.

2.1 Sequence stratigraphy

The term ‘sequence’ defi nes a conformable succession of genetically related strata bounded by 

unconformities (Sloss, 1963; Mitchum, 1977). It represents the primary unit of a sequence strati-

graphic model (Payton, 1977). Based on this concept and the interpretation of stratal geometries 

in seismic refl ection profi les, the term ‘seismic stratigraphy’ was introduced by Vail et al. (1977), 

and was directly related with the construction of the global eustatic sea-level chart. The original  

approach of ‘sequence stratigraphy’ considered eustasy as the main controlling factor on the 

stacking patterns into a depositional sequence and the type of its bounding unconformities. 

Since the 1980s, different authors have adopted distinctive approaches to defi ne a depositional 

sequence and the bounding stratigraphic surfaces (Posamentier, et al., 1988; van Wagoner et al., 

1990; Hunt and Tucker, 1992). These investigations considered the effects of the tectonic subsi-

dence on the signature of eustatic sea-level events, and incorporated outcrop and well data. As a 

result, the term ‘relative sea-level’ (or ‘base level’) was introduced to describe the dynamic surface 

of balance between erosion and deposition controlled by the interaction of eustasy and subsi-

dence. The space between the base level and the depositional substratum defi nes the amount of 

acco-mmodation available for sedimentation. Therefore, the interaction between sediment supply 

and accommodation space exert the main control on the direction of the shoreline: either trans-

gression if the shoreline migrates in the basinward direction, or regression if it migrates landward 

(Posamentier and Vail, 1988).

Sequence stratigraphy aims to analyze the stratigraphic record and unconformities in terms of 

the rates of sedimentation and accommodation space (Catuneanu, 2006). This method allows 

to classify a succession of strata based on the stacking patterns and their bounding stratigra-

phic surfaces. Catuneanu et al. (2009) present a synopsis of the most important sequence strati-

graphic models and summarize their scopes, limitations and reliability. The large applicability of 

sequence stratigraphy lies on the variety of disciplines involved (sedimentology, geomorphology, 

structural geology, basin analysis, oceanography) and the different datasets that can be analyzed. 
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Sequence stratigraphy represents one of the most used geophysical-geological tools in basin 

analysis, which can be employed in a variety of sedimentary environments, from continental to 

deep marine settings, and including siliciclastic and carbonate lithologies. The integration with well 

data (lithologies, biostratigraphy, geophysical logs) allows the evaluation of the main controls on 

the sedimentary history and determine the individual infl uence of subsidence/uplift trends, eustasy 

and sediment supply on the stratigraphic record.

Based on interplay of sediment supply and accommodation space available, three main types of 

sediment stacking patterns can occur: (i) retrogradation (transgression), when accommodation 

outpaces sedimentation and the coastline migrates in the landward direction; (ii) aggradation, 

when sedimentation and accommodation are in balance, generating vertical sedimentation and a 

steady position of the coastline, (iii) progradation (regression), when sedimentation outpaces the 

accommodation space and the coastline migrates in the basinward direction (Fig. 2.1). Further-

more, according to the driving factor on a regressive trend (either base level or sediment supply), 

it can be classifi ed in: ‘forced regression’ when the base level falls and the coastline is forced to 

regress irrespective of sediment supply, generating wide exposure and strong erosion of the shelf 

top (sequence boundary type 1; Vail et al., 1984); ‘normal regression’ when the sediment supply 
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surpasses the accommodation available and the coastline regresses, generating only minor expo-

sure and erosion of the shelf top (sequence boundary type 2).

The succession of sediment deposited during any of these particular stages of shoreline shift 

form a ‘system tract’, which represents the basic stratigraphic unit within a depositional sequence. 

Systems tracts are interpreted based on stratal stacking patterns, position within the sequence 

and types of bounding surfaces, and are assigned particular positions along an inferred curve of 

base-level changes at the shoreline (Fig. 2.2).
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Fig. 2.2 Systems tracts and bounding stratigraphic surfaces. The sequence boundaries at the base and top are marked 

by subaerial unconformities (SU) along the shelf top and their correlative conformities (CC) basinward. According to 

the causal factor on the unconformity and rate of erosion of the shelf, sequence boundaries can be classifi ed in type 1     

(SB1, widespread erosion) and type 2 (SB2, minimal erosion). The lower part of the succession in the deep marine setting  

comprises the slope (sf) and basin-fl oor fans (bff) deposited during a major sea-level fall triggering a falling-stage system 

tract (FSST; forced regression). The maximum regressive surface (MRS) forms when progradation shifts to retrograda-

tion, which marks the base of the transgressive system tract (TST). The maximum fl ooding surface (mfs) defi nes the base 

of the highstand system tract (HST), characterized by normal regression to aggradation. A subaerial unconformity type 

2 (SB2) marks the base of the lowstand system tract (LST) of the next depositional sequence. Small arrows indicate the 

dominant internal stratal terminations (Modifi ed from Catuneanu, 2006).

Sequence stratigraphic framework of the Campos, Santos and Pelotas basins

The basal boundary of the sedimentary succession in the Campos, Santos and Pelotas basins is 

defi ned by a high-amplitude refl ector of Barremian age (130 Ma), which represents the top of the 

rheological basement. Beneath this refl ector, seismic geometries indicate a different confi guration 

of the crust between the Pelotas and the Santos-Campos basins: i) in the Pelotas basins seaward 

dipping refl ectors (SDRs) affected by high-angle extensional faults evidence the volcanic nature 

of this margin segment; ii) in the Campos and Santos basins, although great salt thicknesses           

obscure the pre-Barremian refl ector arrangements, it was certainly determined that SDRs are 

limited and the extensional faults show lower angles than in the Pelotas basins.
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Above the Barremian refl ector, the sedimentary basin fi ll show major differences between 

the three basins analyzed: i) in the Campos Basin, Barremian-Holocene thicknesses range                                  

between 1,600 m on the inner shelf and 9,400 m on the lower slope-basin margin; ii) in the Santos                          

Basin, thicknesses range between 800 m and 5,300 m; iii) in the Pelotas Basin, the Barremian 

to Holocene thicknesses range between 1,700 m and 7,500 m. The twelve to fourteen seismic 

refl ectors mapped were tied with biostratigraphic data and formation tops from the calibration 

wells, and integrated with existing paleo-environmental reconstructions (e.g. Koutsoukos, 1987; 

Dias-Brito, 1987; Pereira and Feijó, 1994; Rangel et al., 1994) and the formal chronostratigraphic 

units defi ned in previous studies (Winter et al., 2007; Moreira et al., 2007; Bueno et al., 2007). This 

result in a consistent sequence stratigraphic model for the Barremian-Holocene sedimentary basin 

infi ll, including ages, lithologies and depositional environments for each the Pelotas, Santos and 

Campos basins, which represent the input information for subsequent inverse-basin modeling.

2.2 Inverse-basin modeling

Numerical basin modeling is one of the most effi cient computer-aided tools to reconstruct and             

genetically analyze the sedimentation patterns and unconformities in the stratigraphic record.      

Furthermore, basin modeling allows to predict the stratal geometries and characteristics of the 

basin infi ll beyond the temporal resolution of the input data or between control points. It is widely 

used in the academic and industry community to better understand the evolution of sedimen-

S-unit1

S-unit1

S-unit1

S-unit2

S-unit2

S-unit3

Numerical inverse-basin modeling

Fig. 2.3 Sketch illustrating the fl exural inverse-basin modeling process (‘backstripping’). x-axis, time; y-axis, burial 

depth; stratigraphic units (S-units 1 to 3) show different greyscales; arrows below the stratigraphic columns illustrate 

vectors of tectonic and fl exural subsidence (thick arrow, high subsidence; thin arrow, low subsidence). The principle of 

development of accommodation space is illustrated on the right. Modifi ed from Emmerich et al. (2008).
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tary basins and test the impact of specifi c geological variables on the stratigraphic record and                          

hydrocarbon systems. Although this method can be applied to different tectonic regimes, it has 

been mostly used in extensional settings in order to determine lithosphere stretching rates, ana-

lyze the subsidence history and evaluate the physical factors determining deposition (Nadin and 

Kusznir, 1995, 1996; Roberts et al., 1995, 1997, 1998; Bowman and Vail, 1999; Zühlke et al., 

2004; Kusznir and Karner, 2007; Veselovsky et al., 2008).

The stratigraphic simulator PHILTM (Bowman and Vail, 1999) fully considers the fl exural response 

of the lithosphere to the sediment and water loads (Fig. 3). The model is constrained by the        

chronostratigraphic framework of the Campos, Santos and Pelotas basins derived from seismo-

stratigraphy and calibration wells. The modeling procedure starts with the present basin con-

fi guration and infi ll; then, chronostratigraphic time layers are incrementally removed and the key         

processes controlling accommodation space are quantifi ed in each chronostratigraphic layer,     

until the top of the rheological basement (in our example the top Barremian) is reached.

Subsidence analysis and evolution of accommodation space

Numerical results from inverse-basin modeling provide quantifi ed rates of total subsidence, its 

genetic components (thermo-tectonic, fl exural and compaction-induced subsidence) as well as 

sediment fl ux. The obtained subsidence values depict several trends, refl ecting the temporal and 

lateral variations in the depth of the top basement. Graphic results include cross-sections showing 

the restored basin architecture and paleobathymetry in each chronostratigraphic layer. In order to 

constrain the local-scale subsidence changes and their association with a specifi c basin location, 

four basin segments have been established and separetely analyzed: shelf, upper-middle slope, 

lower slope, and deep basin. Sensitivity analyses of the effective elastic thickness (Te) allow a 

preliminary evaluation on the implications of the fl exural rigidity of the crust for the syn-rift to drift 

basin development. 

Thermo-tectonic subsidence was the dominant control on total subsidence and creation of               

accommodation space from the Barremian syn-rift to the Maastrichtian early drift stage (ST1 to 

ST3). In the Paleogene-Neogene mature drift stage (ST4 to ST6), total subsidence is controlled by 

the fl exural response of the crust as driven by changes in sediment fl ux. The compaction-induced 

subsidence component generally represents 10-15% of total subsidence. The lateral and temporal 

subsidence patterns during the Barremian and Aptian (ST1 and ST2) allowed to approximate the 

location of the transition from continental to oceanic crust (COT), which coincides with a fault zone 

and a bathymetric scarp identifi ed in the seismic profi les of the Campos and Santos basins. Du-

ring the initial post-breakup margin evolution, decreasing subsidence rates characterized all three 

basins (ST3). Thermal readjustment resulted from changes in sea-fl oor spreading rates in the 
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Southern Atlantic. On the other hand, fl exural readjustments resulted from changes in sediment 

loading, which are linked to the geomorphological evolution of the mountain ranges in the hinter-

land (sediment source areas) and syn-sedimentary salt deformation. Based on the depositional 

patterns offshore, the source-basin sedimentary systems have been analyzed and integrated with 

thermochronology data (e.g. Gallagher et al., 1994; Strugale et al., 2007; Franco-Magalhaes, 

2010). Results show the close relationship between  periods of exhumation of the continental 

highlands and progradation of the shelf margin. The mature drift stage is marked by an increase 

in fl exural subsidence and gradual reduction of accommodation space. Eustatic sea-level fl uctua-

tions became an important factor on the sediment stacking patterns and sand volumes delivered 

to the deep-marine setting. The interplay between eustasy and sediment supply controlled the   

occurrence of turbidites, the main producing hydrocarbon reservoirs in both the Campos and 

Santos basins.

2.3 Forward stratigraphic modeling

Different from inverse basin modeling, forward stratigraphic modeling starts with the initial ba-

sin conditions in the Barremian (130 Ma). In this study, forward stratigraphic modeling has been       

applied to simulate the tectono-stratigraphic evolution and quantify physical factors controlling the 

distribution of lithofacies and paleowater depths (e.g. subsidence, sediment fl ux, erosion, trans-

port methods, salt tectonics). It incorporates thermo-tectonic subsidence rates and sediment fl ux 

derived from inverse modeling. 

During the simulation procedure, sensitivity tests of essential input variables (effective elas-

tic thickness, subsidence rates, sediment supply) provided the most suitable values to achieve 

the stratal geometries and lithologies from the seismic and well datasets. The parameters are                          

repeatedly calibrated within a geologically reasonable range, according to the chronostratigraphic 

framework and inverse modeling results. Therefore, the best-fi t model can be achieved by diffe-

rent combinations of input parameters, leading to a limited range of possible geological scenarios. 

Nonetheless, the combination of inverse-basin and forward modeling in this study allows to pro-

gressively adjust the results and recognize the main factors introducing inaccuracies in the fi nal 

model.

 

Stratigraphic simulation and main controls on the basin development

Forward stratigraphic modeling allows to quantify the key structural and sedimentary controls on 

the basin development and construct a consistent model for the tectono-stratigraphic evolution 

and distribution of lithofacies in each the Campos, Santos and Pelotas basins. Using sensitivity 

analysis of crust-related parameters (e.g. effective elastic thickness and fl exural wavelength), it 

is possible to simulate the implications of syn-rift volcanism and depth-dependent stretching for 
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the confi guration of the crust as well as erect a conceptual model for the different crust defor-

mation styles between the Pelotas and the Campos-Santos margin segments. According to this 

hypothesis, these processes appear to have been crucial for the formation of deep lacustrine 

depocenters with deposition of hydrocarbon source rocks and the precipitation of evaporites in the 

Campos and Santos basins. As observed in the seismic and well data, each of the studied basins 

developed highly distinct architectures during the post-rift to drift development. The main control-

ling factors on these particular developments include: (i) the different mechanical behaviour or the 

crust between the Pelotas volcanic-margin segment and the Santos and Campos non-volcanic 

segments; (ii) the evolution of the sediment source areas and drainage systems in the onshore 

domain, triggering major variations in the sediment supply between basins; (iii) the interplay of 

fl exural sediment loading and salt deformation; (iv) sand volumes delivered to deep-marine setting 

and the infl uence of bottom-currents.

 

     2. Methods
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3. Seismic stratigraphy of key segments of the southern Brazilian con-

tinental margin: Campos, Santos and Pelotas basins

3.1 Introduction

Although the Pelotas, Santos and Campos basins shared a comparable rift origin during the Early 

Cretaceous break-up of Gondwana, the stratigraphic signature of syn-rift lithosphere deformation 

and the post-rift geodynamic evolution is highly variable between the three basins. A number of 

studies on the southern Brazilian rifted margin have focused on the tectono-stratigraphic evolution 

of these marginal depocenters and its implications for the hydrocarbon potential (Ojeda, 1982; 

Guardado et al., 1989; Mohriak et al., 1990, 2008; Karner and Driscoll, 1999a; Davison, 1999, 

2007; Bassetto et al., 2000; Karner, 2000; Cobbold et al., 2001; Meisling et al., 2001; Modica and 

Brush, 2004; Bueno et al., 2007; Karner and Gambôa, 2007; Moreira et al., 2007; Winter et al., 

2007). However, most of these investigations are focused on a single basin and its most prolifi c 

sedimentary units, providing precise and high-resolution tectono-stratigraphic analysis, but with 

different temporal and spatial scales between the basins. Besides, the variety of geophysical 

and geological datasets (seismic, gravity and magnetic profi les, stratigraphy and sedimentology 

from wells) are not always homogeneous between the basins, and therefore they neither allow 

direct comparisons nor consistent regional-scale interpretations. The seismo-stratigraphic model 

in this study has been constructed on comparable seismic and well datasets in each basin, which           

facilitate the identifi cation of correlation markers and tie the basin-specifi c stratigraphic record 

into the regional geodynamic framework. Key objectives of the seismo-stratigraphic interpretation 

include: (i) a rigid sequence stratigraphic framework for the continental shelf top to deep basin 

margin; (ii) the relationship between seismic sequences and the basin development; (iii) qualita-

tive analysis of controlling factors on the stratigraphic geometries and unconformities, and their 

subsequent validation by quantitative basin modeling (Chapters 4 and 5).

3.2 Database and methods

3.2.1 Seismic transects and time-depth conversion

Fig. 3.1 shows the 2D seismic and well data supplied by ANP Brazil and TGS-NOPEC for this 

study. Lines from the Santos (320 km long) and Pelotas (340 km) basins were available in depth 

domain. The line from the Campos Basin (300 km) had to be time-depth converted, based on 

seismic stacking velocities.

3.2.2 Well data and correlation

Calibration wells were employed to tie the interpreted seismo-stratigraphic units and sequence 

boundaries with the formation tops and bio-/chronostratigraphic ages. Table 3.1 includes the      
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Barremian-Holocene stages of basin evolution, seismo-stratigraphic units, sedimentary thickness-

es and lithologies from the available wells, and integrated with the formal chronostratigraphic units 

defi ned in previous studies (Fontana, 1996; Winter, et al., 2007; Moreira et al., 2007; Bueno et al., 

2007). In addition, an outline of paleoenvironments based on facies and biostratigraphic data from 

three wells was available (Figs. 3.2, 3.3 and 3.4).

3.2.3 Seismic stratigraphy

Twelve to fourteen seismic refl ectors were traced for each basin, which defi ne depositional units 

of second order (3-50 m.y. duration; Catuneanu, 2006) with specifi c stratal geometries. From their 

stacking patterns, four types of depositional units were recognized: forced regressive (FR), normal 

regressive (NR), retrogradational (RT) and aggradational-progradational (AP) (nomenclature after 

Catuneanu et al., 2009; Neal and Abreu, 2009). Based on the stratigraphic confi guration and data 

resolution, subaerial unconformities and their correlative conformities defi ne sequence boundaries 

type 1 or type 2 (see Section 2.1; Vail et al., 1984; Catuneanu, 2006). Intervals of high salt thick-

nesses and intense halokinesis cause a reduction in the seismic resolution below the Late Aptian 

salt succession. Therefore, the top Barremian-Aptian refl ectors have been interpreted based on 

seismic facies outside salt domains. Uncertain formation tops were interpolated based on check-

shots and synthetic seismograms. The integration of all seismic and well data resulted in a cohe-

rent chronostratigraphic framework, which represents the input information for inverse-basin and 

forward stratigraphic modeling.
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Fig. 3.2 Well-seismic tie in the Pelotas Basin. Location of the well is shown in Fig. 3.5. Total depth (TD) of the well: 4,309 m, in the Barremian 

unit. Information used for well-seismic tie includes: unconformities, biostratigraphic ages, lithologies, GR log and stacking patterns. Seismic 

units SP1-SP14 are described in Tables 3.1 and 3.2.

3.3 Structural framework

The Atlantic Hinge Zone extends sub-parallel to the continental margin between 30-50 km off-

shore in the Pelotas to Campos basins and continues northward to the Brazilian equatorial margin 

(Matos, 2000). This hinge zone was originated during the Hauterivian and late Barremian phase 

of extension (Karner et al., 1997, 2003). To the west of the hinge zone, the continental basement 

is shallow, approximately horizontal and unconformably overlain by up to 2,000 m of Aptian-Albi-

an to Holocene sediments. To the east, the continental basement and the overlying Barremian-
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Holocene sediment wedge dip oceanwards. Sediment thicknesses increase to more than 7,500 m 

toward the oceanic domain with strong differential basin subsidence and tilting of the basement. 

The Barremian-early Aptian succession onlaps the basement topography at the hinge zone in the 

landward direction. In a seaward direction, it dips with angles of 30°-35° in the Santos and Pelotas 

basins and 15° in the Campos Basin. The Albian to Holocene basin fi ll shows lower dips, between 

10° and 15°, in the three analyzed refl ection profi les.

The Barremian-Holocene succession in the Santos and Campos basins show comparable tectono-

stratigraphic features, whereas the Pelotas Basin differs considerably (Figs. 3.5, 3.6 and 3.7). In the 

latter basin, the Barremian-Aptian basin fi ll extends from the continental shelf to the deep marine 

basin, and consists of refl ectors with long lateral continuity only disrupted by high-angle extensional 

faults below the continental shelf. Syn-rift deep half-grabens were not recognized (Fig. 3.8). Aptian 

salt and consequently salt deformation is absent. Within the Paleogene-Neogene succession, local 

tectonic and fl exural readjustments generated high-angle faults. In addition, mud diapirs affect the 

deep-marine succession along the lower slope.

In the Santos and Campos basins, the following structural features are recognized: (i) listric and 

high-angle extensional faults, which affected the continental crust and Barremian-early Aptian vol-

canic series and clastic deposits; (ii) salt domes on the continental slope; (iii) salt-induced listric, 

inverse and thrust faults in the Late Cretaceous and Tertiary supra-salt sediments; (iv) a fault zone 

between the lower slope and abyssal plain. Fault-bounded half-grabens recognized on the shelf 

to upper slope (Fig. 3.8a, b) record the Hauterivian-late Barremian extensional phase leading to 

continental break-up. Unfaulted sub-parallel refl ectors of early-middle Aptian age cap these exten-

sional depocenters and continue toward the central-distal parts of the basin. The salt province of 

the Santos and Campos basins spans approximately 230 km in NW-SE direction and reaches from 

the middle shelf to the lower slope-abyssal plain transition. Salt deformation includes upslope ex-

tensional and downslope compressional structures. On the middle-outer shelf of the Santos Basin, 

salt deposits are between 600-700 m thick and internal refl ectors are barely disturbed (Fig. 3.9b). 

However, on the continental slope, salt deformation triggered highly variable thicknesses and cha-

otic, contorted refl ector packages. In the Campos Basin, salt is approximately 300-400 m thick and 

internally composed of contorted refl ectors. Thickness increases to approximately 2,800 m on the 

lower continental slope, where only few refl ectors can be traced between salt domes. (Fig. 3.9a).

Toward the lower continental slope of the Santos and Campos basins, the distal edge of the salt 

province is marked by a bathymetric scarp, which coincides with a fault zone and an abrupt change 

in the basin topography (Figs. 3.6 and 3.7). This scarp has been tentatively interpreted as the sig-

nature of the transition from continental to oceanic crust (COT), although subsequent quantitative 

basin analysis will clarify the signifi cance of this feature.
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Fig. 3.5 Uninterpreted and interpreted seismic reflection profile of the Pelotas Basin (depth domain). Location in Fig. 1. Vertical exaggeration 

8:1. Dashed lines indicate the location of the available wells. Inset (a) shows high-angle extensional faults crossing SDRs (Neocomian) and 

igneous-clastic (Barremian) series (Fig. 3.8a). SDRs are imaged from the continental shelf to the lower slope; they represent transitional crust 

(also named proto-oceanic crust) accreted during the initial continental rupture in the southern Atlantic margin. The basin geometry is charac-

terized by flexural prograding wedges; salt deposits are absent. Inset (b) shows reflector truncations near the shelf break, which resulted from 

recurrent Tertiary transgressive/regressive depositional trends (Fig. 3.9a). In the lower slope-abyssal plain transition, mud diapirs and listric 

faults disrupt the Paleogene succession. Inset (c) shows the eastern edge of Neocomian-Barremian SDRs near the transition from 

continental/transitional to entirely oceanic crust (Fig. 3.10a).

3.4 Basin fill

Based on stacking patterns and well information, the Barremian-Holocene basin fill in the Santos, 

Campos and Pelotas basins has been divided in 12-14 stratigraphic units (Table 3.1). They form 

coherent seismo-stratigraphic frameworks, which facilitate the reconstruction of basin architecture 

and comparison between the basins. Based on the available biostratigraphic data, depositional 

environments have been interpreted (Figs. 3.2, 3.3 and 3.4). Recent studies (Bueno et al., 2007; 

Moreira et al., 2007; Winter, et al., 2007) provided litho-/chronostratigraphic information used to 

calibrate the stratigraphic units. Ages and regional distribution of the seismo-stratigraphic units 

are shown in Figs. 3.5, 3.6 and 3.7. Additionally, the insets of Figs. 3.8, 3.9 and 3.10 illustrate 

smaller-scale reflector patterns and specific architectural features. Table 3.2 summarizes reflector 
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Fig. 3.6 Uninterpreted and interpreted seismic reflection profile of the Santos Basin (depth domain). Location in Fig. 1. Vertical exaggeration 

8:1. Dashed lines indicate the location of the available wells. Inset (a) shows high-angle extensional faults crossing the continental basement 

(Neocomian) and overlying igneous-volcaniclastic series of Barremian age (Fig. 3.8b). High-angle faults in the Late Cretaceous-Tertiary 

successions suggest reactivation of syn-rift extensional structures. On the continental shelf, salt deposits are nearly horizontal and 

undeformed (salt extensional structural style). Inset (b) shows compressional salt deformation along the continental slope, which generated 

narrow and prominent salt anticlines, which propagate vertically almost to the sea-bottom (Fig. 3.9b). They separate sedimentary depocenters 

and turtle structures (salt compressional structural style); conjugate listric and growth faults are observed in the crest of the salt diapirs. Inset 

(c) shows the eastern limit of SDRs, which coincides with the transition from continental to oceanic crust (COT). Further to the east (between 

270-285 km), an interval of mobile salt deposited on oceanic crust (Fig. 3.10b).
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SDRs

SDRs

geometries, depositional trends and sequence stratigraphic surfaces, i.e., sequence boundaries 

(SB), maximum regressive surfaces (MRS), transgressive ravinement surfaces (TRS) and maxi-

mum flooding surfaces (mfs).

Major differences between the three basins include: (i) In the Pelotas Basin, the Barremian to 

Holocene thicknesses range between 1,700 m and 7,500 m. Available well control reaches the 

Barremian basin fill at a maximum depth of 6,100 m on the continental shelf. Three wells close to 

the seismic line reach only the Lower Tertiary (Imbé/Cidreira Fms.). Information from further two 

wells reaching the Barremian had to be projected into the seismic lines for distances of 1-30 km
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Fig. 3.7 Uninterpreted and interpreted seismic reflection profile of the Campos Basin (depth domain). Location in Fig. 1. Vertical exaggeration 

8:1. Dashed lines indicate the location of the available wells. Inset (a) shows syn-rift asymmetric half-grabens of Barremian-Early Aptian age 

from the continental shelf to the middle slope (Fig. 3.8c). The middle Aptian unconformity (117 Ma) truncates underlying syn-rift reflectors. 

Middle Aptian-early Albian unfaulted and extended reflectors represent fluvial-deltaic and lacustrine deposits (sag basin fill) grading upward 

to evaporites. Salt anticlines intrude the Late Cretaceous-Tertiary successions. Salt-related structures along the shelf-middle slope 

(extensional salt structural style) include basinward dipping rafts, rollover structures and listric faults. Inset (b) shows reverse faults and salt 

thickening on the middle-lower slope (salt compressional structural style; Fig. 3.9c). Inset (c) shows the transition from continental to oceanic 

crust (COT), which marks the distal edge of the sag and salt successions at the foot of the continental slope (Fig. 3.10c).

0

2

4

6

8

2502001501005025 75 125 175 225 27512.5 37.5

0

2

4

6

8

Continental Crust Zone Oceanic Crust Zone

a

b

c

0

2

4

6

8

NW SE

2502001501005025 75 125 175 225 27512.5 37.5

Salt extensional structural style

Salt compressional structural style

Barremian middle Aptian late Aptian 

(base salt)
Maastricht. early

Eocene

early 

Miocene

Santonian
(unconformity)

early 

Oligoc.

early Albian 

(top salt)
middle 

Albian

late 

Oligoc.

middle 

Miocene

late Miocene -

Pliocene

Bathymetric scarp

COT

Barremian? -

Aptian

0

2

4

6

8

D
e
p
th

 i
n
 k

m
D

e
p
th

 i
n
 k

m

Distance along the profile in km

Distance along the profile in km

Fig. 3.4

introducing limited uncertainties in the bio-/lithostratigraphic subdivision of the basin fill. (ii) In the 

Santos Basin, the Barremian to Holocene thicknesses range between 800 m on the inner shelf and 

5,300 m on the lower slope. Available well control reaches the Aptian at a maximum depth of 4,970 

m (Ariri Fm.) on the upper slope. (iii) In the Campos Basin, Barremian to Holocene thicknesses 

range between 1,600 m on the inner shelf and 9,400 m on the lower slope-basin margin. Available 

well control reaches the basement on the shelf, but only the Aptian at a maximum depth of 4,630 m 

(Lagoa Feia Fm.) on the slope.
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Fig. 3.8 Insets of the interpreted seismic reflection profiles on the inner-middle continental shelf of the Pelotas (3.8a), Santos (3.8b) and Campos (3.8c) basins. For 

locations see Figs. 3.5, 3.6 and 3.7 respectively. Seismo-stratigraphic units (bold type) are described in Tables 3.1 and 3.2. Depositional patterns (italic type) and 
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sion; SB1, SB2 sequence boundary type 1 or 2 respectively; mfs maximum flooding surface. Each basin shows a specific syn-rift basin architecture. In the Pelotas 

Basin, high-angle extensional faults die out in the middle Barremian succession. In the Santos Basin, high-angle extensional faults affect the upper Barremian basin 

fill, and in the Campos Basin the early Aptian. In the Pelotas Basin, the middle-late Aptian succession (SP2) represents the transition to the post-rift stage; in the 

Campos and Santos basins, this succession constitutes the sag basin fill (SC2 and SS2). Highly deformed salt and post-salt successions on the Campos shelf 

include listric faults and rafts; in the Santos shelf, the salt succession is barely disturbed and shows nearly horizontal reflectors. In the Pelotas Basin, salt is absent; 

sub-parallel reflectors are only affected by stratigraphic surfaces and crustal flexure. Bottom current channels and contourites (Ct) cut into the Upper Oligocene-

Holocene basin fill (SC8-SC12) of the Campos Basin. In the Pelotas Basin, turbidite channels (Tc) affect the Lower-Middle Miocene basin fill (SP12-SP13). Offset 

and landward migration of the shelf-break is marked with dashed arrows.
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Fig. 3.9 Insets of the interpreted seismic reflection profiles on the continental slope showing the flexural basin fill in the Pelotas 

Basin (3.9a), and the salt diapiric province in the Santos (3.9b) and Campos (3.9c) basins. For locations see Figs. 3.5, 3.6 and 

3.7 respectively. Seismo-stratigraphic units (bold type) are described in Tables 1 and 2. The middle Aptian unconformity (and its 

correlative conformity) is identified in all three seismic profiles (base of units SC2, SS2, SP2). The base of evaporites in the 

Campos Basin is marked by a high-amplitude reflector (late Aptian, 115 Ma). In the Santos Basin, this surface either was not 

possible to recognize due to intense salt doming or is absent. Salt anticlines show internal chaotic facies. Onlap against salt 

diapirs and turtle structures (ts) characterizes the post-rift to drift succession in the Campos and Santos basins. Salt-related 

listric faults (Lf) affect the entire Late Cretaceous-Tertiary basin fill. Salt remobilization and faulting generate salt welds (sw). In 

the Campos Basin, Late Miocene-Pliocene gravity-mass flows, bounded at the base by an erosion surface (se), affect the 

Oligocene-Miocene succession (units SC10-SC11); on the middle-lower slope, turbidite-contourite systems (Ct) are 

recognized. In the Pelotas Basin, salt deformation is absent and only high-angle faults disrupt the seismic reflectors; bottom 

simulating reflectors (BSR) suggest the accumulation of gas hydrates.
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and Campos basins, Miocene gravity mass flows cut into the Oligocene succession and form basin floor fans (Bf). In the Pelotas Basin, the 

transition from continental/proto-oceanic crust to oceanic crust covers a wide distance (approx. 30 km). In the lower continental slope, mud 

diapirs (Md) and listric faults affect the Oligocene-Miocene basin fill. Bottom simulating reflectors (BSR) suggest the occurrence of gas 

hydrates. 
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3.4.1 Barremian to middle Aptian 

The Barremian-middle Aptian syn-rift interval has been defi ned by Karner et al. (1997) and Bate   

et al. (1999) based on ostracod zonations from the Gabon-Angolan margin. Derived from integra-

ted quantitative kinematic-isostatic modeling, Karner and Driscoll (1999b) established a correla-

tion between the West African and southeastern Brazilian margins.

Pelotas Basin

The base of unit SP1 is defi ned by a seismic refl ector at depths of 2,000 m to 9,000 m between the 

continental shelf and basin margin. On the shelf, wedges of seaward-dipping refl ectors (SDRs) are 

truncated by high-angle extensional faults (Fig. 3.8c), which cut into the lower Barremian basin fi ll 

above (~130-128 Ma) and the basement below. Up-section, prograding sigmoidal refl ectors repre-

sent mixed volcanic series and clastic deposits, which extend over the whole Pelotas continental 

margin and reach thicknesses between 250 m and 900 m. On the middle slope, refl ectors become 

sub-horizontal and continuous toward the deep basin margin (Fig. 3.9c). The top of the seismic 

unit SP1 is marked by an early Aptian unconformity (~122 Ma), interpreted as a type 1 sequence 

boundary (SB1), with large subaerial exposure of the shelf to the modern upper slope. According 

to the available well information and to published results (Dias et al., 1994; Bueno et al., 2007), 

this succession is composed of Barremian basalt fl ows (Imbituba Fm.) and late Barremian-Aptian 

continental alluvial deposits (Cassino Fm.), passing basinward to marine shales. In contrast to 

the Santos and Campos basins, there is no evidence available for organic-rich shales in syn-rift 

depocenters of the Pelotas Basin.

Santos Basin

The basal refl ector of unit SS1 extends from a depth of 1,000 m underneath the continental shelf 

to 7,800 m below the basin margin (Fig. 3.6). No wells reaching the pre-Aptian succession were 

available for the study. The lower part of the basin fi ll has been interpreted based on refl ector 

terminations and geometries. On the continental shelf, extensional faulting dies out into middle-

upper Barremian refl ectors; this interval shows a maximum thickness of 500 m on the continental 

shelf and 1,000 m on the continental slope. Toward the lower slope, unit SS1 thins and amalga-

mates with seaward-dipping refl ectors (SDRs)  (Fig. 3.10b).  Above, unfaulted prograding sub-

parallel refl ectors of early Aptian age dip basinward. Internal refl ectors are not well developed, 

but show indications for salt-related deformation. Average thicknesses vary between 300 and 400 

m. A middle Aptian unconformity (117 Ma) and its correlative conformity marks the contact with 

the middle Aptian basin fi ll (unit SS2). This surface has been interpreted as a type 2 sequence               

boundary (SB2). Lithologic data and interpretations from Moreira et al. (2007) indicate that the 

Barremian-lower Aptian succession is composed of alluvial siliciclastics and distal organic-rich 

shales (Piçarras and Itapema Fms.). They pass upward to fi ne-grained lacustrine carbonates 
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(Barra Velha Fm.), which represent favorable source rocks. Intercalated stromatolitic carbonates 

have reservoir quality.

Campos Basin

On the shelf, the early basin fi ll (unit SC1) shows high-amplitude refl ectors dipping basinward, 

truncated by synthetic listric faults (Fig. 3.8a). Half-grabens contain Barremian clastics with maxi-

mum thicknesses of 2,500 m, which correspond to the Itapabona and Atafona Fms. (Table 3.1). 

The lower-middle Barremian succession consists of progradational coarse-grained fl uvial-deltaic 

and alluvial clastics. On the middle-lower continental slope, seismic resolution is often limited be-

cause of the high-impedance of the overlying evaporites; discontinuous refl ectors defi ne several 

depocenters probably bounded by extensional faults. Although sub-salt resolution is limited, there 

is evidence (e.g. erosional truncations) that on the upper-middle slope gravity mass fl ows eroded 

into the syn-rift basin fi ll. On the lower slope, a bathymetric scarp associated with a fault zone 

marks the distal boundary of Barremian refl ectors (Fig. 3.10a). Eastward, seismic geometries are 

chaotic and unclear.

A thin package of sub-parallel refl ectors, up to 150 m thick, caps previous extensional depocenters 

and forms the upper part of unit SC1. This interval represents the upper Barremian-lower Aptian 

succession, which is mainly composed of marls and shales, locally carbonates and intercalated 

fi ne-grained sandstones (Atafona Fm.). Similar to the Santos Basin, the contact between SC1 and 

SC2 is marked by a type 2 sequence boundary of middle Aptian age (117 Ma). Lithologic well data 

show conglomerate sandstones below this boundary and fi ne-grained sandstones above, which 

may indicate subaerial exposure of the inner-middle shelf. They pass upward into organic-rich 

shales and marls deposited in lacustrine environments, which include the most important source 

rocks offshore Brazil (Katz and Mello, 2000). Productive pre-salt reservoirs are intercalated car-

bonates rich in macro-fossils (Coqueiros Fm.; Pereira et al., 1984; Guardado et al., 1989; Davison, 

1999).

3.4.2 Aptian-Albian transition

The Aptian/Albian basin fi ll of the Santos and Campos basins is similar despite the marked              

infl uence of salt diapirs. The Pelotas basin fi ll, however, is distinctly different.

Pelotas Basin

In the Pelotas Basin, well information shows a larger supply of siliciclastics and higher paleowater 

depths than in the basins to the north; these conditions inhibited carbonate deposition during the 

Early-Middle Aptian. Unit SP2 represents a forced regressive wedge capping the early Aptian     
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unconformity and has an average thickness of 800 m (Figs. 3.5 and 3.8c). Internal sub-parallel 

refl ectors dip basinwards and downlap the upper slope. From the middle slope, refl ectors become 

sub-horizontal and show low amplitudes toward the deep basin margin. This interval is time-equi-

valent to the salt succession in the Santos and Campos basins. Although the available wells do 

not reach this unit, located in the depth range of 6-8 km, by correlation with the shelf-interior                

basin (upper Cassino Fm.), fl uvial-alluvial conglomerates, sandstones and intercalated shales 

have been interpreted. Basinward, low-amplitude refl ectors suggest pelagic deposition. The vol-

canic Curumim Fm. (Dias et al., 1994) was not reached by the available wells and could not be 

recognized based on seismic facies. It is assumed to exist only in the northern part of the Pelotas 

Basin, near the Florianópolis High (Bueno et al., 2007).

Santos Basin

On the inner-middle shelf, unit SS2 is characterized by a package of sub-horizontal and parallel 

prograding refl ectors with a total thickness of 300 m. They represent normal regressive fl uvial-

deltaic sandstones grading upward to retrogradational lacustrine calcareous shales. Basinward,      

refl ectors are discontinuous, oblique and contorted showing average thickness of 500-600 m, 

which represent fi ne-grained siliciclastics deposited in deep lacustrine environments. The upper 

part of unit SS2 corresponds to widespread thick evaporites. Along the shelf, seismic refl ectors 

remain almost horizontal, display only minor salt deformation and thicknesses vary between 600-

700 m (Fig. 3.8b). The transition from the underlying clastic basin fi ll to the evaporites (i.e.halite 

with some intervals of anhydrites and dolomite) seems seismically gradational (Fig. 3.9b). On 

the slope, salt domes are internally characterized by chaotic seismic facies and thicknesses are 

highly variable; only few discontinuous refl ectors can be traced at the base of the salt structures. 

In the deep basin margin, an interval of mobile salt is intercalated with low-amplitude refl ectors 

and overlies seaward-dipping refl ectors (SDRs) and oceanic crust (Fig. 3.10b). The facies change 

to the post-salt carbonates is transitional and semi-horizontal along the continental shelf. On the 

slope it is very irregular and defi ned by salt intrusions into the Upper Cretaceous-Tertiary basin fi ll. 

The age of the upper salt succession was inferred from the overlying lower Albian carbonates to 

be pre-110 Ma (Section 3.5.2).

Unit SS3 is characterized by sub-parallel, sigmoidal refl ectors with a total thickness of up to 600 m. 

In its lower part, up to 200 m thick, onlap against the middle-inner shelf indicate Albian retrograda-

tion after salt deposition. In the upper part, up to 400 m thick, refl ectors downlap the inner shelf 

and become parallel toward the top, indicating platform aggradation to progradation. The basin fi ll 

consists of coarse-grained sandstones on the inner shelf and thick carbonates on the middle-outer 

shelf, which represent one of the most productive reservoirs intervals in the Santos Basin (Guarujá 

Fm.). On the slope, unit SS3 shows salt-related deformation. Thicknesses decrease across the 
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middle-lower slope. Only few sub-parallel and sigmoidal refl ectors can be distinguished, which 

onlap against salt diapirs and form turtle structures. In the deep basin margin, discontinuous low-

resolution refl ectors correspond to the deep-water shales and marls of the Itanhaém Fm.

Campos Basin

On the inner-middle shelf, seismic unit SC2 consists of prograding refl ectors partially contorted by 

salt-induced deformation. Toward the outer shelf to upper slope, high-amplitude sub-parallel and 

sigmoidal refl ectors are observed. Directly above the middle Aptian (117 Ma) unconformity, the 

basin fi ll includes fl uvial-deltaic sandstones on the inner shelf, passing laterally and vertically to 

retrogradational lacustrine calcareous shales. Thicknesses range from 200 m on the shelf to 500-

600 m on the slope. Although salt remobilization has obscured the eastern limit of the early-middle 

Aptian basin fi ll, abrupt thinning toward the lower slope is evident in the Campos (as well as the 

Santos) Basin. Up-section, evaporites characterize the upper part of unit SC2.

The lower boundary of the salt basin fi ll dips in a basinward direction and is defi ned by a high-

amplitude refl ector identifi ed from the inner shelf to lower slope (Figs. 3.8a and 3.9a, late Aptian 

horizon). Sub-parallel to contorted refl ectors represent the lower salt succession (i.e. halite and 

anhydrite), which passes upward to chaotic seismic facies of mixed evaporite-carbonate deposits. 

Toward the middle slope, refl ector geometries are entirely chaotic due to compressional salt de-

formation. Thicknesses vary between 300-400 m on the shelf to 2,800 m on the slope. In the deep 

basin margin, pelagic deposits of Aptian age directly overlie interpreted oceanic crust. The contact 

with the post-salt carbonates is transitional and semi-horizontal on the continental shelf, but very 

irregular on the slope where it is defi ned by salt intrusions into the Albian-Miocene basin fi ll.

Unit SC3 is strongly affected by salt-induced deformation. Sub-parallel refl ectors with few               

onlaps against the inner-middle shelf (Early Albian retrogradation) pass laterally and vertically to 

sigmoidal and contorted layers, which suggest platform aggradation. On the middle-outer shelf, 

basin tilting and increased burial depths of the salt succession created contorted-chaotic refl ec-

tion patterns and extensional listric faults, which reach upward into the Maastrichtian basin fi ll                 

(Fig. 3.8a). On the slope, salt deformation caused thickness variations from 100 m to 700 m. A 

few downlaps of lenticular-shaped bodies in salt-related mini-basins and basal erosional contacts 

suggest turbidite deposition coeval with halokinesis. Toward the oceanic crust, refl ectors show 

very low amplitudes, semi-parallel facies and erosional truncations. Four wells, located between 

the platform and the middle slope, penetrated up to 500 m shallow-marine carbonates of the 

Outeiro Fm. (Macaé Group). This formation contains porosities of approx. 15-20% and includes 

proven  hydrocarbon reservoirs (Coward et al., 1999). Basinward, mud-rich carbonates are inter-

calated with carbonate-clastic gravity mass fl ows, a succession with apparent reservoir potential 

and good-quality seals.
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3.4.3 Albian to Maastrichtian

After extensive carbonate platform development during the Albian, the entire southern Brazilian 

margin experienced long-term drowning. Depositional environments deepened continuously and 

each of the studied basins features a distinctive depositional pattern.

Pelotas Basin

Unit SP3 includes the interval between the Late Aptian and the Coniacian (~115-89 Ma). It is 

bounded at the base by a late Aptian-early Albian unconformity, interpreted as a maximum             

regressive surface (MRS). This succession extends from the inner shelf to the oceanic basin. 

On the shelf-upper slope realm, sub-parallel and sigmoidal refl ectors show onlapping. On the 

middle slope, refl ectors are sub-horizontal, conformable and continuous to the deep basin mar-

gin. This retrogradational wedge features reduced faunal diversities and average thicknesses of 

500 m. The sedimentary successions penetrated by the available wells and lateral change facies                   

suggest that clastic input continued but either decreased or became more widely distributed,        

allowing carbonate precipitation in the Albian. On the shelf top, fl uvial-deltaic clastics (Tramandaí 

Fm.) intercalated with high-energy carbonates (Portobelo Fm.) pass to shales and mud-rich car-

bonates toward the basin (Atlântida Fm.).

The contact with the Coniacian-Santonian seismic unit SP4 is marked by an early Coniacian 

(90 Ma) erosional unconformity, interpreted as a transgressive ravinement surface (TRS). Above, 

seismic refl ectors onlap the inner-middle shelf. Basinward, the refl ectors become parallel, con-

formable and extend continuously to the lower slope and deep basin margin. Thicknesses range 

from 100-200 m on the continental shelf and in the oceanic basin to 700-800 m on the slope. 

The conformable Santonian-Maastrichtian basin fi ll above (unit SP5) shows aggradational parallel     

refl ectors with long lateral continuity to the deep basin margin. Thicknesses vary between 300 m 

on the shelf top to 150 m on the slope to basin margin. Sigmoidal and occasional contorted refl ec-

tors with downlap terminations suggest bypass and turbidite transport toward the slope. Available 

well data show widespread Turonian-Maastrichtian shales and siltstones of the Imbé Fm., inter-

calated on the inner-middle shelf with sandstones (up to 200 m of thickness) of the Cidreira Fm.

Santos Basin

The upper Albian-Maastrichtian basin fi ll has been subdivided in three seismic units: (i) SS4,       

upper Albian-Turonian, (ii) SS5, Coniacian-Santonian, and (iii) SS6, Campanian-Maastrichtian. 

Unit SS4 reaches up to 650 m of thickness on the outer shelf and decreases to 120 m on the 

basin margin. Horizontal, high-amplitude refl ectors extend over the continental platform for about           

125 km, suggesting a shift to coastal retrogradation. On the slope, refl ectors dip with very low     
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angles and are truncated by salt diapirs. An interval of late Cenomanian-Turonian organic-rich 

shales and marls with thicknesses of up to 250 m (Itajaí-Açu Fm.) correlates with similar lithologies 

in the Campos Basin. These organic shales seal both underlying Albian carbonates of the Guarujá 

Fm. and represent proven source rocks for the shallow-water reservoirs of the Tubarão and Merluza 

fi elds (Davison, 1999; Modica and Brush, 2004).

A Turonian-Coniacian (~90-92 Ma) disconformity marks the contact with unit SS5. This level, in-

terpreted as a maximum transgressive surface (mfs), documents an important basinwide deepen-

ing trend. Nonetheless, paleontological data indicates that paleobathymetry remained shallower 

than in the Campos and Pelotas basins. From Coniacian to Maastrichtian (units SS5 and SS6), 

refl ector geometries are very homogeneous and indicate a long-term period of coastal aggrada-

tion to progradation. Horizontal sub-parallel refl ectors on the inner-middle shelf pass to sigmoidal                    

clinoforms with basal downlap toward the outer shelf. Average thicknesses are 1,200 m, although in 

the diapiric province up to 2,500 m occur. These high anomalous thicknesses are related to tectonic 

uplift and erosion of the Serra do Mar and Serra da Mantiqueira in the hinterland (Cobbold et al., 

2001). As a result, large sediment volumes were transported to the continental slope and rise and 

fi lled depocenters between salt diapirs. Sand-rich turbidite fans represent important reservoirs in 

salt-related stratigraphic-structural traps (Cainelli and Mohriak, 1999). The increased sedimentary 

loads contributed to further salt withdrawal.

Campos Basin

The upper Albian to Maastrichtian basin fi ll includes two seismo-stratigraphic units: (i) upper Albian-

Santonian (unit SC4), and (ii) Santonian-Maastrichtian (unit SC5). In general, the Albian and Late 

Cretaceous successions show major variations in thickness from 200 m on the shelf to 3,000 m 

in salt-related depocenters (Fig. 3.7). Unit SC4 consists of sigmoidal and contorted refl ectors with 

few onlap terminations on the inner-middle platform, which evidence the Late Albian transition from 

aggradation to retrogradation. These deposits are truncated by listric faults on the outer shelf to 

the upper slope. Basinward, refl ector geometries are diffi cult to defi ne; the succession becomes 

transparent, major thickness variations and few onlaps against the salt domes are recognized. 

In the deep basin margin, parallel to sub-parallel refl ectors show high amplitudes. During the late 

Cenomanian and Turonian, deep-water anoxia caused the deposition of organic-rich shales and 

marls (Dias-Brito and Azevedo, 1986; Pereira, 1992). A Turonian-Coniacian (90 Ma) disconformity, 

which could be identifi ed in one well, marks the upper boundary of the anoxic shales of the lower 

Ubatuba Fm. This surface represents a depositional hiatus during continued basin deepe-ning as 

indicated by biostratigraphic data (Table 3.1). Well data shows an increase in the proportion of 

sandstones during the Santonian (Tamoios Mb.), and the seismic refl ectors on the inner shelf show 

downlap terminations (upper unit SC4). These features suggest a short-term period of aggradation-
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progradation, which is expected to be confi rmed by subsequent basin modeling. 

The Campanian-Maastrichtian unit SC5 is characterized on the shelf margin by sigmoidal 

and oblique refl ectors with few onlap terminations on the inner shelf (retrogradation) grading                          

laterally and vertically to downlap on the middle-outer parts (progradation). At the top, refl ec-

tors are truncated by a type 1 subaerial unconformity (SB1) of Maastrichtian-late Paleocene age. 

This surface was also recognized in the Santos and Pelotas basins (Table 3.1). On the upper 

slope, discontinuous oblique-contorted refl ectors suggest signifi cant marine erosion and turbidite 

deposition. In the Santonian to Tertiary basin fi ll, potential stratigraphic-structural hydrocarbon 

traps have been encountered on the continental slope. Traps frequently form lenses and turtle 

structures with up-dip pinch-out against salt walls, which can also be found in the Santos Basin                            

(Figs. 3.9a, 3.9b). Pelitic sediments and basin-fl oor fans are characterized by discontinuous re-

fl ectors truncated by frequent erosional surfaces probably triggered by submarine currents. Well 

data confi rm the occurrence of well-sorted sandstones with intercalated impermeable shales and 

marls, which fi ll the depocenters between salt diapirs. The sandstones show lithological and tex-

tural characteristics comparable with major turbidite reservoirs (Carapebus Fm.) described by 

Davison (1999) and Guardado et al. (2000).

3.4.4 Paleogene

The Cretaceous-Paleogene contact is marked by a shelf-wide erosional unconformity. This uncon-

formity correlates with a 2nd order eustatic sea-level fall in the Late Paleocene (approx. 58 Ma, 

Selandian) and serves as an inter-basin marker horizon. It was clearly identifi ed in the available 

wells by a Maastrichtian-late Paleocene erosional hiatus, and by truncation of the Maastrichtian 

refl ectors in seismic. In the three studied basins, three to fi ve stratigraphic units with variable dura-

tions constitute the Paleogene basin fi ll (Table 3.2).

Pelotas Basin

The Paleogene succession is composed of fi ve seismo-stratigraphic units: SP6 to SP10. These 

are bounded by four regional chronostratigraphic horizons: late Paleocene-early Eocene,                   

middle Eocene, late Eocene and Oligocene (Table 3.2). The current database does not allow to 

suffi ciently resolve the lower Paleocene basin fi ll in detail (Fig. 3.2). The entire upper Paleocene-

Oligocene succession (SP6-SP10) is mainly composed of fl uvial-deltaic sandstones and wide-

spread fi ne-grained terrigenous rocks (siltstones and shales) with low porosities and major lateral 

variations in thickness, from 700 m on the shelf to 2,350 m on the slope.

The upper Paleocene-lower Eocene forced regressive succession (unit SP6) is characterized by 

sub-parallel refl ectors dipping in the basinward direction and downlapping the upper slope; this 
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interval is absent on the shelf (Fig. 3.8c). The upper interval consists of onlapping sub-parallel 

and nearly horizontal refl ectors, which cover the slope fans and extend from the shelf to the deep 

basin margin (Figs. 3.9c and 3.10c). The overlying retrogradational unit SP7 consists of parallel 

refl ectors, onlapping against the previously eroded inner-middle shelf parts. A maximum fl ooding 

surface (mfs) marks the transition to aggradational horizontal refl ectors, which characterize the 

upper part of unit SP7, and unit SP8 in the upper Eocene. On the slope sub-parallel refl ectors are 

generally continuous to the deep basin margin. Average thicknesses range from 700 m on the 

shelf to 1,000 m on the slope. An erosional unconformity (~30-33.9 Ma) on the shelf, interpreted 

as a type 2 sequence boundary (SB2), and its correlative conformity basinward mark the contact 

with the Oligocene basin fi ll.

The normal regressive unit SP9 consists of oblique refl ectors, downlapping the erosional uncon-

formity on the upper slope (Fig. 3.8c). Toward the lower slope, refl ectors become sub-parallel 

and dip-angles are reduced. A second erosional unconformity on the shelf top, interpreted as 

maximum regressive surface (MRS) of Early Oligocene age (30 Ma), and its correlative confor-

mity basinward marks the contact with the overlying unit SP10. This unit is sub-divided into two 

intervals by another unconformity of Early-Late Oligocene age (28.45 Ma), which is indicated by 

a high-amplitude sub-horizontal refl ector that represents a maximum fl ooding surface (mfs; Fig. 

3.8c). The lower interval of SP10 consists of sub-parallel refl ectors onlapping the shelf top, which 

indicate coastal retrogradation. The upper interval is characterized by parallel aggrading clino-

forms, truncated at the top by an erosional unconformity of early Miocene (17-20 Ma) age. Beyond 

the shelf break, contorted refl ectors of unit SP10 downlap the upper-middle slope. Extensional 

faults and mud diapirs disrupt low-amplitude horizontal refl ectors on the lower slope, which extend 

to the deep basin margin. In these areas, few refl ectors appear to cross-cut sedimentary strata or 

mimic the sea-bottom. They correspond to bottom simulating refl ectors (BSR), which have been 

associated with gas hydrates in the Tertiary basin fi ll (Fontana, 1989; Castillo et al., 2009). Well 

log analysis suggests the occurrence of Oligocene fi ning-upward sandstones on the upper slope.

Santos Basin

Meisling et al. (2001) and Modica and Brush (2004) described marked differences in the               

Paleogene stratigraphic and structural framework between the northern, central and southern 

parts of the Santos Basin. For our study, a single seismic line from the southern Santos Basin 

was available. Thicknesses of the Paleogene basin fi ll range between 500 to 1,600 m; this inter-

val is, therefore, thinner than in the Campos and Pelotas basins. The lower Paleocene basin fi ll 

(lowest SS7 unit, 60 m thick) was only identifi ed in a single well on the outer shelf (Fig. 3.3). It in-

cludes a forced regressive wedge bounded both at the base and top by erosional unconformities, 

and composed of reworked sandstones and siltstones of the Ponta Aguda and Marambaia Fms.                            
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(Table 3.1). Above, four additional units have been identifi ed: lower Eocene (SS7), upper Eocene 

(SS8), lower Oligocene (SS9) and upper Oligocene (SS10).

The upper Paleocene-lower Eocene unit SS7 comprises a retrogradational package between    

200 m and 600 m thick, which is composed of parallel and horizontal refl ectors with great lateral 

continuity and downlap terminations on the outer shelf-upper slope. Fluvial-deltaic sedimentation 

(Ponta Aguda Fm.) passes laterally to shales and marls intercalated with few turbidite sandstones 

on the slope (Marambaia Fm. and Meresias Mb.; see Moreira et al., 2007). In the basin mar-

gin, parallel, continuous refl ectors with low amplitudes have been interpreted as pelagic deposits    

(Fig. 3.10b). Persistent erosion of the hinterland and high terrigenous input to shelf areas caused 

thickening of the middle-upper Eocene basin fi ll. Unit SS8 consists of parallel, horizontal refl ectors 

with coastal onlap in the lower part and aggrading-prograding clinoforms in the upper part. Thick-

nesses range between 800 m on the shelf margin and 1,200 m on the slope. In the deep basin 

margin, low-amplitude refl ectors are discontinuous and truncated by erosional surfaces.

The contact with the Oligocene unit SS9 appears to be conformable. This unit consists of hori-

zontal, parallel refl ectors onlapping against the middle-outer shelf. Up-section, they extend to the 

inner shelf and comprise a thin aggradational package. The aggradational-progradational upper 

Oligocene unit SS10 consists of sub-parallel refl ectors downlapping the middle-outer shelf and 

truncated at the top by an early Miocene unconformity. On the shelf top, the Oligocene unit shows 

an average thickness of 300 m, which increases up to 600 m on the slope. In this region, refl ec-

tors either onlap against salt domes or cap them and extend continuously to the distal edge of the 

diapiric province. Well data indicate intercalations of shallow-water carbonates, sandstones and 

shales passing laterally to shales and siltstones, which are widely deposited from the upper slope 

to the basin margin. Basinward, turbidite sandstones decrease in thickness, whereas shales and 

siltstones increase and envelope sandstone wedges with favorable reservoir potential. Sigmoidal, 

oblique refl ectors with downlap terminations along the slope (and within the entire Paleogene-

Neogene succession) suggest a complex interaction between contourite drifts and turbidite sys-

tems (Stow et al., 2002). The contourites are characterized by low-amplitude refl ectors downlap-

ping an erosion surface, with mounds of sub-parallel refl ectors in basinward direction (Fig. 3.9b). 

They amalgamate with contorted refl ectors from turbidite fl ows. Gravity mass-fl ows spread into the 

oceanic basin and overstep the distal edge of the diapiric province. They form thin wedges with 

chaotic refl ector arrangement in the easternmost part of the line, which may correspond to basin-

fl oor low-density turbidites (Fig. 3.10b).

Campos Basin

Biostratigraphic data show that lower Paleocene deposits are absent on the shelf margin; it is 
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unclear if they exist downslope. Total thickness of the Paleogene basin fi ll ranges between 500 m 

and 1,900 m. An Eocene-Oligocene unconformity (33.9 Ma) documents a second order eustatic 

sea-level fall, which generated a type 2 sequence boundary (SB2) separating two stratigraphic 

intervals: (i) upper Paleocene-Eocene (unit SC6), and (ii) Oligocene (units SC7 and SC8). On the 

shelf, unit SC6 is approx. 400 m thick, whereas on the slope to basin margin it ranges between 

100 m and 1,400 m. Internal semi-horizontal, sub-parallel refl ectors on the shelf laterally pass to 

contorted refl ectors and downlap terminations on the upper slope. Up-section, onlapping refl ectors 

indicate a retrogradational trend in the middle Eocene, overlain by aggradational-progradational 

deposits (upper part of unit SC6). Well data reveal early and middle Eocene disconformities on the 

continental shelf (Fig. 3.4 and Table 3.1), which represent second order sea-level rises (Hardenbol 

et al., 1998). These events triggered landward migration of depocenters and sediment starva-

tion basinward of the shelf break, evidenced by reduced thicknesses in the slope to deep basin. 

Well data show sandstones with intercalations of carbonates on the inner shelf. On the slope, 

sandstones with shales form internally chaotic wedges between salt structures. Sub-parallel and 

discontinuous refl ectors are interpreted as gravity-transported sediments.

Above the 33.9 Ma unconformity (SB2), the lower Oligocene regressive unit (SC7) consists of 

sub-parallel to sigmoidal refl ectors downlapping the outer shelf to upper slope. The upper Oli-

gocene unit SC8 is characterized by a thin package of onlapping refl ectors on othe inner-middle 

shelf  (retrogradation) capped by aggrading-prograding clinoforms, which extend continuously to       

the shelf break. This pattern is related to a rapid consumption of accommodation space, probably 

due to the continued exhumation of the Serra do Mar and Serra da Mantiqueira in the hinter-

land, and the subsequent deviation of sediment pathways from the Santos to the Campos Basin 

(Modica and Brush, 2004). Thicknesses of the Oligocene vary from 200-500 m on the shelf top 

to 100-1,000 m in inter-diapir depocenters. Only few parts of the upper unit SC8 were recognized 

due to intense subaerial shelf exposure and downslope submarine erosion in the Early Miocene. 

On the deep basin margin, this succession is 300-400 m thick, composed of contorted and sub-

parallel refl ectors, which are disrupted by Miocene mass fl ows (Fig. 3.10a). Well data indicate that 

Oligocene turbidite sandstones are better sorted and cleaner compared to their Eocene counter-

parts. However, both units incorporate important hydrocarbon reservoirs (Coward et al., 1999).

3.4.5 Neogene 

The base of the Neogene succession is marked by eustatic-driven erosional unconformity of    

Early Miocene age (17-20 Ma) in the three basins. This surface has been interpreted as a type 2           

sequence boundary (SB2). Up-section, four seismo-stratigraphic units have been identifi ed within 

the Neogene-Holocene basin fi ll: (i) lower Miocene, (ii) middle Miocene, (iii) upper Miocene, and 

(iv) Pliocene-Holocene.
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Pelotas Basin

Horizontal, parallel refl ectors truncated by amalgamated erosional unconformities near the shelf 

break characterize the Neogene-Holocene basin fi ll. Units SP11-SP13 show offl ap and refl ect 

an overall trend of retrogradation of the shelf break (Fig. 3.8c). Average total thicknesses of the 

Neogene succession vary between 700 m and 2,850 m, and main lithologies include proximal 

deltaic sandstones passing basinward to intercalated shales, siltstones and sandstones. On the 

middle to outer shelf, the lower Miocene unit SP11 consists of downlapping sub-parallel refl ec-

tors capping an early Miocene unconformity. This succession, between 100 m (shelf) and 900 m 

(lower slope) thick, fi lls erosional channels cutting into the underlying unit SP10. In the upper part,           

refl ectors become parallel and onlap against the shelf, bounded at the top by a maximum regre-

ssive surface of erosion (MRS). It was clearly identifi ed near the shelf break, but passes to a co-

rrelative conformity in shelf- and basinward directions. Toward the slope, sub-parallel to contorted 

refl ectors represent a package of sediments approximately 800 m thick. Erosional scours and 

refl ector truncations suggest recurrent periods of turbidite deposition during the whole Miocene. 

High-angle faults identifi ed on the shelf and middle-lower slope disrupt this unit and propagate up-

ward to the Plio-Pleistocene deposits. In the transition to the deep basin margin, mud diapirs and                                 

associated extensional faults are recognized (Fig. 3.10c) and the thicknesses decrease to 100 m. 

Unit SP12 of Middle Miocene age is characterized by horizontal refl ectors onlapping against the 

middle to outer shelf. Along the slope, refl ectors are sub-parallel and show long lateral continuity. 

This pattern extends to the conformable unit SP13, which record a retrogradational trend in the 

upper Miocene succession bounded at the top by an intra-late Miocene maximum fl ooding surface 

(approx. 9 Ma, Tortonian). The uppermost Pliocene-Holocene unit SP14 consists of horizontal 

layers with downlap terminations on the outer shelf to upper slope. In a basinward direction, units 

SP13 and SP14 thicken and internal horizontal to sigmoidal refl ectors show again downlap termi-

nations. In the deep basin margin, low-amplitude horizontal layers represent pelagic sediments.

On the Pelotas middle-lower continental slope (2,000-4,000 m of water depth), two high-amplitude 

refl ectors extend almost parallel to the sea-bottom surface and cut through the stratifi ed Eocene-

Miocene succession (Figs. 3.9a and 3.10a). These have been interpreted as BSR; nearby mud 

diapirs probably represent escape features related to gas migrating toward the sea fl oor. The 

upper refl ector (500-700 m below the sea-bottom) seems to defi ne the gas hydrate stability zone 

(GHSZ), and the lower refl ector (2,000-3,500 m below the sea-bottom) the boundary of the zone 

where gas occurs in pore space (see Clennell, 2000). However, the available well data do not 

validate this interpretation.

Santos Basin

Horizontal, parallel refl ectors with occasional oblique arrangement form the wide continental shelf 
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of Neogene to Holocene age. Total thicknesses increase from 300-400 m on the shelf to more than 

1,300 m in the central basin part. Due to the very small thickness of the lower Miocene unit SS11 

(up to 150 m), seismic geometries are diffi cult to observe. Only few downlaps are recognized; well 

data show mixed clastic-carbonate deposits. The middle Miocene unit SS12 consists of extended 

horizontal and parallel refl ectors with thickness between 100 and 300 m. On the outer shelf, car-

bonate shelf ramps (Iguape Fm.) reach thicknesses of up to 500 m and defi ne an array of retro-

gradational to aggradational horizontal refl ectors. Basinward, the lower-middle Miocene basin fi ll 

shows increasing thicknesses. They accelerated fl exural subsidence, increased slope gradients 

and drove persistent salt-withdrawal as evidenced by up-dip stratal terminations against diapirs. 

Gravity fl ows overstepped the diapiric province and distorted the deep-water Oligocene succession 

(Fig. 3.10b). The top of unit SS12 is marked by an erosional unconformity (9-11 Ma), which remains 

uncertain between a type 2 sequence boundary and a regressive ravinement surface in a wave-

dominated shelf setting (Galloway, 2004). Above, the upper Miocene unit SS13 is characterized 

by horizontal refl ectors, up to 200 m thick on the slope and 800 m on the slope. Frequent downlap 

terminations from the outer shelf to the lower slope indicate turbidite deposition, which seems to 

prevail until recent times (unit SS14). In the deep basin margin, refl ectors show low amplitudes and 

truncation by erosional surfaces. Well data indicate upper Miocene-Pleistocene carbonates on the 

shelf top passing basinward to shales with occasional sandstones intercalated.

Campos Basin

On the Campos shelf margin, internal sub-parallel prograding clinoforms comprise four amalgama-

ted depositional units (SC9 to SC12), which are separated by erosional unconformities or deposi-

tional hiatuses (Table 3.1). Total thicknesses range between 500 m on the shelf and 1,000 m in salt 

fl ow-induced depocenters. The most proximal wells reach the fl uvial-deltaic Barreiras Fm. and São 

Tomé Mb. (Emboré Fm.). They show lateral transitions to the mixed carbonate-clastic Grussaí Mb. 

(Emboré Fm.) on the outer shelf to upper slope. Depocenters between salt domes preserve dis-

connected wedges of basinward dipping divergent and sigmoidal layers. They represent turbidite 

deposits, which either downlap onto the underlying Oligocene basin fi ll (unit SC8), or are truncated 

by salt domes, synthetic and antithetic growth faults. The normal regressive unit SC9 seems to 

become retrogradational in the upper part. This premise is based on a thin interval of fi ning-upward 

sandstones (up to 10 m thick) identifi ed in two of the available wells. However, an erosional uncon-

formity at the top (middle Miocene surface of regressive wave ravinement) hampers an accurate 

interpretation. Basinward, prominent erosional truncation resulted from submarine channels near 

the shelf break (Fig. 3.8a) and deep marine currents in the diapiric province to the abyssal plain 

(Figs. 3.9a, 3.10a). Therefore, its original geometry and thickness remain unclear.

Well data reveal two middle Miocene and late Miocene disconformities, which separate the  
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overlying seismic units SC10 and SC11 (Table 3.1). Sub-parallel and few oblique seismic                                    

refl ectors indicate overall shelf progradation to recent times. Near the shelf break, erosional                                                    

channels truncate the whole Miocene-Holocene succession and indicate long lasting turbidite    

deposition, which seems to prevail until recent times. Across the middle to lower slope, sigmoidal 

and contorted refl ectors downlap on an erosional surface of Late Miocene-Pliocene age (Fig. 3.9a, 

unit SC12). This interval represents reworked shales, siltstones and sandstones covering most of 

the salt domes. They provide a potential top-seal for the underlying turbiditic high-quality reservoir 

sandstones of Oligocene and early Miocene age. Toward the deep basin margin, sub-parallel,  

sigmoidal and locally contorted refl ectors form basin fl oor fans bounded by erosional surfaces 

(Fig. 3.10a). This succession represents large volumes of turbiditic fi nes, probably redistributed 

by bottom currents, which overstepped the salt province and cut into the deep-water Paleogene-

Neogene basin fi ll (stratigraphic units SC7-SC9).

3.5 Discussion

3.5.1 Structural development

The half-grabens on the shelf to upper slope of the Santos and Campos basins were controlled by 

Hauterivian-late Barremian syn-rift extensional faulting (see Fig. 3.8, and Karner et al., 1997). Un-

faulted sub-parallel refl ectors of early-middle Aptian age, capping these depocenters indicate the 

transition from fault-controlled brittle deformation to depth-dependent lithospheric thinning, which 

was triggered by ductile stretching of the lower crust leading to continental break-up (Kusznir and 

Karner, 2007). Therefore, this succession is interpreted as sag basin fi ll, which involved continued 

syn-rift extension without major extensional faulting of the upper crust (Karner, 2000; Karner and 

Gambôa, 2007).

High-angle faults, which extend into the continental basement, affect the lower-middle Barremian 

basin fi ll of the Pelotas Basin; asymmetric half-grabens are absent (Fig. 3.8c). This succession 

extends from the continental shelf to the deep basin margin. Seaward-dipping refl ectors (SDRs) 

indicate a volcanic-margin segment, which experienced crustal thickening during the Barre-      

mian syn-rift stage (see also Talwani and Abreu, 2000 and Blaich et al., 2009). This is in contrast 

to minor volcanism in the Santos and Campos basins. The overlying upper Barremian-Aptian              

succession consists of unfaulted refl ectors dipping basinward. This interval seems to represent 

the onset of post-rift thermal subsidence and fl exural response of the crust because of increasing 

sediment and water loads (Section 4.4.1). No Aptian salt is present in the Pelotas Basin.

The Atlantic Hinge Zone is present in all three basins and also continues northwards (Matos, 

2000). It is due to Hauterivian and late Barremian rift extension (Karner et al., 1997, 2003) and 
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represents the western limit of maximum extension and basin tilting since the Barremian, which 

considerably affected the location of rift-to-drift sediment depocenters. At the hinge zone charac-

teristic geometries occur: in landward direction the Barremian-lower Aptian succession onlaps the 

basement, in seaward direction the refl ectors dip with 30°-35° in the Santos and Pelotas basins, 

and 15° in the Campos Basin. This fl exure of the syn-rift package indicates differential subsidence 

between faulted blocks of continental basement west of the hinge zone and stretched continental 

crust (Campos/Santos basins) or transitional crust (Pelotas Basin) east of the hinge zone.

In the three studied basins, the overlying Albian to Holocene basin fi ll shows dips of 10° to 15°. This 

change in dip resulted from the onset of seafl oor spreading between the early Aptian to early Albian. 

Continental divergence and lithospheric cooling generated basinwide thermal subsidence, typical 

of ‘passive’ continental margins. During the Late Cretaceous, long-term accommodation space in-

creased and resulted in shelf margin retrogradation and aggradation. In the Tertiary, falling eustatic 

sea-level and crustal cooling combined to generate lower accommodation rates. As a result, the 

shelf margin switched to long-term overall progradation.

In the Santos and Campos basins, Aptian evaporites occur between the inner-middle shelf and 

the deep-water continental rise. Compressional and extensional structures are linked to the basal 

detachment surface. Previous studies (Demercian et al., 1993; Cobbold et al., 1995; Mohriak et 

al., 1995, 2008) described several mechanisms of salt deformation in the offshore Brazilian basins. 

This study shows that diapirs, listric faults, inverse faults, rollover structures, pinch-out truncations 

and turtle structures affect the post-salt succession. However, the Santos and Campos basins fea-

ture signifi cant differences in the salt-related structural styles. They resulted from the basin-specifi c 

extension of the salt layer (slightly wider in the Santos Basin) and the asynchronous onset of salt 

remobilization due to the interplay of sediment loading and basin tilting, which will be analyzed by 

forward modeling (Section 5.5.2)

 

3.5.2 Aptian salt deposition

Biostratigraphic data indicate that the evaporite basin fi ll is pre-110-105 Ma in the Campos Basin 

and pre-110 Ma in the Santos Basin: the top of the evaporites has been constrained by a seismic 

refl ector at the base of the overlying Early Albian carbonates. The age of sub-salt fl uvial-deltaic to 

lacustrine deposits could be biostratigraphically dated as late Aptian only in the Campos Basin. The 

salt succession was apparently deposited in a short time span in the latest Aptian (112-115 Ma). 

This estimate is compatible with the ages of post-113.2 Ma and post-116 Ma suggested for the 

Santos Basin evaporites by Davison (2007) and Karner and Gambôa (2007). Mohriak et al. (2008) 

proposed similar ages of approx. 112-115 Ma, while Torsvik et al. (2009) assumed late Aptian (pre-

112 Ma) ages.
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The salt province in the Santos and Campos basins spans approximately 230 km in NW-SE              

direction (Figs. 3.6 and 3.7). In a shelfward direction, the proximal (western) limit is clearly de-

fi ned by onlap against syn-rift sag deposits near the hinge zone. The distal (eastern) boundary of 

the salt province and the geodynamic setting of the underlying succession has been interpreted                 

controversially: (i) syn-rift in origin, overlies continental crust, and the distal edge of the salt prov-

ince is marked by the transition from continental to oceanic crust (COT) (Demercian et al., 1993;         

Bassetto et al., 2000; Karner, 2000; Torsvik et al., 2009); (ii) post-breakup in origin and overlies 

mainly proto-oceanic and oceanic crust (Jackson et al., 2000; Marton et al., 2000; Davison, 2007).

The seismic data of this study show that (i) the sag basin fi ll extends from the hinge line to the inter-

preted COT; (ii) in the Campos Basin the salt succession invariably overlies sag deposits; (iii) in the 

Santos Basin a similar sag-salt arrangement is observed, but an interval of mobile salt overstepped 

the COT and overlies SDRs and entirely oceanic crust (Fig. 3.10b). These features indicate that 

middle-late Aptian sag depocenters evolved to salt basins during the last syn-rift stage. Hypersaline 

conditions in deep lakes of the sag margin resulted from either seepage of seawater through the 

Walvis Ridge-Rio Grande Rise (Nunn and Harris, 2007), intermittent marine incursions over this 

structural barrier (Karner and Gambôa, 2007), or a combination of both processes. Based on the 

available seismic and well data it is not possible to determine the processes controlling salt precipi-

tation. Nevertheless, refl ector geometries in the sag and salt basin fi lls do not show any signature 

of marine incursions (e.g. marine coastal onlap or marine fl ooding surface). Furthermore, the fi rst 

recorded marine fauna appears in the post-rift Early Albian succession.

3.5.3 Seismo-stratigraphy and model resolution

The seismo-stratigraphic interpretation of the Barremian-Holocene succession refl ects specifi c 

depositional patterns during each of the syn-rift, post-rift and drift stages of basin development. 

The stratigraphic signature and timing of continental extension and break-up is highly variable be-

tween the three basins analyzed. The effects of syn-rift lithospheric deformation represent a crucial 

factor to better understand the long-term fl exural evolution of the single basins and the individual 

impact of the sediment loading on depositional patterns, subsidence distribution and salt deforma-

tion. Therefore, although qualititative sequence-stratigraphic models involve key control factors on       

accommodation space, there is a range of processes that may have strong infl uence on the stratal 

patterns and the basin architecture that require a quantitative approach (e.g. fl exural rigidity of the 

crust and fl exural-induced rebound of the shelf). In order to correctly analyze the individual impact 

of eustasy, subsidence and sediment supply on the evolution of accommodation space and shelf-

to-basin depositional systems, is necessary the integration of seismo-stratigraphic interpretations 

with numerical basin analysis (Chapter 4). This method allows to assess inherent model uncertain-

ties from sequence stratigraphy and develop best-fi t plausible quantifi ed models to the present-day 

tectono-stratigraphic basin confi guration.
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4. Inverse-basin modeling

4.1 Introduction

Although the geodynamic evolution of the southern Brazilian margin have been extensively        

documented (Bassetto et al., 2000;  Cobbold et al., 2001;  Modica and Brush, 2004; Mohriak 

et al., 2002, 2008; Torsvik et al., 2009), only few published studies attempt to determine the pa-

tterns and temporal changes in subsidence and sediment supply controlling the present-day basin                                

architectures (e.g. Guardado et al., 1989; Chang et al., 1992; Karner and Driscoll, 1999b; Karner et 

al., 2003 and Karner and Gambôa, 2007). Based on the existing seismo-stratigraphic framework, 

numerical basin modeling has been employed in order to quantitatively analyze the evolution of   

accommodation space in each the Campos, Santos and Pelotas basins, and to constrain the stratal 

geometries previously interpreted.

A number of studies on other continental margins have utilized basin modeling to model lithosphere 

extension and calculate physical controls (tectonism, thermal fl ow, fl exure) on the basin geometry, 

subsidence and depositional settings (Nadin and Kusznir, 1995, 1996; Roberts et al., 1995, 1997, 

1998; Bowman and Vail, 1999; Zühlke et al., 2004; Kusznir and Karner, 2007; Veselovsky et al., 

2008). Inverse-basin modeling as derived from fl exural backstripping is a method used to restore 

the sedimentary basin fi ll, layer by layer, in order to isolate subsidence of the margin due to the 

fl exural sediment loading and tectonism. This method was developed and initially applied for calcu-

lating subsidence history curves using well data by Steckler and Watts (1978), and for estimating 

total tectonic subsidence/uplift along seismic sections by Watts (1988). Thermal contraction of the 

lithosphere is the dominant mechanism affecting the tectonic subsidence following initial rifting and 

lithosphere thinning. Then, Watts et al. (1982) confi rmed that during the post-rift to drift develop-

ment of continental margin basins, the sediment and water loads gradually increase and caused 

lithosphere fl exure (Watts et al., 1982). These conceptual advances resulted from the integration of 

high-resolution seismic and well data and the inclusion of a wider range of input parameters in the 

model, leading to the development of the last generation of two- and three-dimensional numerical 

basin modeling techniques (Fig. 4.1).

Inverse-basin modeling follows a sequence stratigraphic approach that considers changes in         

accommodation space and sedimentation as the two principal controls on sedimentary systems 

(Bowman and Vail, 1999). Total subsidence is the result of three genetic components – thermo-   

tectonic, fl exural and compaction-induced subsidence.  Accommodation space as a function of 

eustatic sea-level fl uctuations and total subsidence is limited by: (i) sea-level (approximately base-

level), and (ii) a lower reference horizon in the subsurface, which limits the rheological uncompacta-

ble basement from the overlying basin fi ll where compaction processes are still active. Numerical 



50

modeling in this study fully considers a 2D model of fl exural response of the lithosphere, which 

gives data of much higher resolution than 1D isostatic backstripping of individual wells. In addition, 

the integrated approach with sequence stratigraphy provides an improved model for subsidence/

uplift and sediment supply with reduced error margins. Key objectives of inverse-basin modeling 

include: i) quantifi ed subsidence/uplift rates in time and space with their genetic components: 

thermo-tectonic, fl exural and compaction-induced subsidence; ii) genetic model of major physical 

controls on the basin fi ll: subsidence, eustatic sea-level and changes in sediment fl ux; iii) com-

parative analysis of the basin development in the Campos, Santos and Pelotas basins; iv) inferred 

plate-tectonic development, e.g., syn-rift lithospheric deformation, changes in sea-fl oor spreading 

rates and far-fi eld intra-plate deformation affecting the southern Brazilian margin.

4.2 Methodology

Inverse-basin modeling in this study aims to restore the basin architecture and quantitatively ana-

lyze the evolution of accommodation space. The model has been performed with the simulation 

program package PHILTM (Process- and History- Integrated Layers; Bowman and Vail, 1999), 

which allows fl exural backstripping of 2D transects through time. The program attempts to break 

each process down into discrete events. Then, the modeled cross-sections are divided into evenly 

spaced locations or cells (see Appendix A). The events that determine the physical state at a loca-

tion are controlled by the conditions existing within the surrounding locations, as well as the avai-

lable sediment supply. The cell spacing is defi ned by the user, and must be an adequate value that 

allows to constrain the lateral variations in stratigraphic and structural events observed in the data.

Inverse-basin modeling starts with the recent basin confi guration and infi ll; the chronostratigraphic 

time layers are incrementally removed, taking full consideration of the fl exural rigidity of the crust. 

Upon the removal of each unit, the underlying layers are decompacted in response to the extrac-

ted sediment load, and the water-level is adjusted. Then, total subsidence, its genetic components 

as well as the sediment fl ux are calculated for each time layer until the top of the rheological base-

ment is reached (in our example the top lower Barremian). The comparison of the obtained basin 

confi guration with the lithofacies and bathymetric data from the wells allows the calibration of the 

paleowater depths, and when necessary the readjustment of the input bathymetries until obtain a 

reasonable restoration. In addition, sensitivity test of the effective elastic thickness (Te) and taper 

limits (extension of the fl exural wavelength affected by the imposed loads) allowed to determine 

the best-fi t values providing the most plausible models and quantitative results.

4.3 Input parameters

The model requires the following input parameters: (i) present-day sedimentary thicknesses 

as derived from the seismo-stratigraphic framework (see Tables 3.1 and 4.1); (ii) lithologies,                 
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Fig. 4.1 Genetic components and principal parameters of accommodation space development considered in 2D inverse basin modeling. 

Modified from Zühlke et al. (2004). (A, left corner) indicates that the current basin state is marked by the time layer 0 (tgs 0; gs – geological 

stage). Abbreviations tgs–1 to tgs-3 indicate consecutively older time layers. Main factors (in italics) comprise: accommodation, sea-level 

changes, subsidence components and sediment flux. (B, right side) shows that in the accommodation-oriented basin flexural analysis, total 

subsidence is leveled to the datum (lower boundary) of accommodation space, and includes the sum of thermo-tectonic, flexural and 

compaction-induced subsidence. In contrast, basement-related subsidence refers exclusively to thermo-tectonic and flexural subsidence. 

(C, right corner) point outs the norm-vectors marking the final total subsidence and accommodation space. This example depicts a configura-

tion where all rates are positive, i.e. subsidence and a eustatic sea-level rise occur. Sediment flux during time layer 0 is significantly increased 

compared to during time layers tgs–3 to tgs-1. As a result of high sediment flux, water depth has decreased although eustatic sea-level has 

risen and thermo-tectonic subsidence has remained constant from time layer tgs–1 to tgs-0. Flexural and compaction-induced subsidence 

have increased from time layer tgs–1 to tgs-0.

densities and porosities for each lithotype considered in the modeling and calibrated by the wells                            

(Table 4.2); (iii) flexural basin variables, including the effective elastic thickness, taper limit and 

mantle density (Table 4.3); (iv) eustatic sea-level; (v) paleobathymetry for each time layer based 

on biostratigraphic and facies data from the calibration well (Table 4.4).

4.3.1 Temporal and spatial resolution 

Twelve to fourteen second order depositional units (3-50 m.y. duration, cf. Catuneanu, 2006) 

define the temporal resolution of the model, which includes time steps between 4.4 and 31.6 m.y. 

(series level in the timescale of Gradstein et al., 2004). Each of the seismic profiles (in depth 

domain) is between 300 km and 340 km long, and cover from the continental shelf to the deep-

water continental rise (Section 3.2). For modeling purposes, each seismic line has been divided 

into 400-450 cells, with a lateral spacing of 650 m in the Santos Basin, and 750 m in the Campos 

and Pelotas basins (Table 4.3). 
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Table 4.1 Average thicknesses of the Early Cretaceous to Holocene sedimentary succession obtained from the previous seismo-stratigraph-

ic analysis. * Intervals affected by strong erosion.

4.3.2 Lithologies and compaction parameters

The sedimentary facies penetrated by the wells have been attributed to eleven siliciclastic 

lithologies, nine carbonate lithologies and evaporites (undifferentiated). Average initial textural                 

porosities, bulk rock densities and compaction rates are listed in Table 4.2. The algorithm for com-

paction considers the decrease in the rock volume as a function of the burial depth, and based on 

existing empirical and experimental approaches (Goldhammer, 1997; Welte et al., 1997; Bowman 

and Vail, 1999). In basin modeling, compaction of carbonates has often been neglected. However, 

Goldhammer (1997) indicate that carbonate muds with a high amount of microporosity expe-

rience signifi cant compaction of approx. 50% of the original volume during the initial burial history          

(150 to 200 m of overburden). In carbonate sands, initial porosities of approx. 40-45% exist, but 

little compaction is assumed to occur up to 200-300 m of burial depths. During deep burial, pro-

cesses like pressure-solution may cause compaction rates of up to 30% (Anderson and Fressen, 

1991; Scholle and Halley, 1985).

Average thickness [m] 
Time layers 

Campos antos Pelotas 

 Shelf  Slope  Basin  Shelf  Slope Basin Shelf Slope  Basin
 

Pliocene-
Holocene

 150  400  500 150  2,000 150  3 00  600 350
 

Late Miocene 450  100* 100*  200  500 250 450  700  500
 

Middle Miocene 400* 100* 100  200* 500* 400  400* 800* 250

 

Early Miocene 150* 250  100  100 350 550  500  1,000  200

 

Late Oligocene 200  300  200  100  300  400  600  400 250

 

 

004

 

006

 

001

 

051

 

002

 

003

 

enecogilO

 

ylraE  

000,1

 

056

 

051

 

enecoE

 

etaL

Middle Eocene 

500  500  300

 

900  800  500

 

400  600 350

 

Early Eocene

 

Paleocene

 

500* 700* 400 350* 350* 300  400* 800* 500

 

Maastrichtian

 

Campanian 
450  800  500  500  300  400 150  100  100

 

Santonian 

Coniacian

 

100  500  200

 

Turonian

 

600  300  200

 

Cenomanian

 

500  600  600

 

800  500  200

 

Albian  400  500  300  500  300  200

 

400  900  600

 

Aptian  400* 2,000  400  900* 2,000  400  300* 1,300  600

 

Barremian 1,500  1,000  200 (?)  800  1,000  300 (?)

 

250  600  600

 

 S
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4.3.3 Crustal fl exural parameters

The fl exural response of the crust is governed by three main parameters: (i) the effective elastic 

thickness (Te); (ii) the plate-end-boundary distance (rheological taper limit); and (iii) the mantle 

density (see Table 4.3). The plate-end-boundary distance defi nes the landward boundary of the 

fl exural wavelength that respond to the imposed sediment and water loads in the basin. This 

parameter is highly dependent on the fl exural rigidity of the crust, which in this study has been 

analyzed as a function of the effective elastic thickness Te (Watts, 2001). According to existing 

investigations on the fl exural rigidity and thermal evolution of the crust (e.g. Ziegler and Cloetingh, 

2004; Lavier and Manatschal, 2006; Leroy et al., 2008), it is expected that variations in the degree 

of volcanism and lithospheric thickness along the Pelotas-to-Campos margin segment (Section 

1.5) have produced temporal and spatial changes in the fl exural rigidity of the crust. These varia-

tions have been determined by sensitivity tests of the effective elastic thickness (Te), providing the 

best-fi t values to reconstruct the basin confi guration and paleobathymetries. 

For each of the basins analyzed, the effective elastic thickness has been tested between 5 km 

and 30 km. After iterative modeling runs and calibrations, a Te value of 12 km has produced the 

Table 4.2 Lithologies, initial porosity and compaction rates considered for inverse basin modeling.

[kg/m
3
] ] 0]

Density 

2650

2650

2650

2650

2650

2750

2750

2750

2450

2300

2000

2800

2800

2800

2800

2800

2800

2900

2330

2150

Initial 
porosity [ 0

0.40

0.30

0.45

0.40

0.50

0.50

0.50

0.50

0.60

0.85

0.92

0.45

0.60

0.70

0.60

0.70

0.60

0.40

0.10

   (?) 0.05

Compact. 
rate [r

0.0001

0.0010

0.0030

0.0020

0.0005

0.0020

0.0030

0.0030

0.0080

0.0090

0.0100

0.0001

0.0010

0.0005

0.0020

0.0040

0.0005
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best-fi t model to the present-day basin confi guration in the Campos and Santos basins. In the 

Pelotas Basin, the best match has been achieved with a Te value of 20 km, which is comparable 

to 25 km on the conjugate Namibian continental margin by Stewart et al. (2000). However, forward 

stratigraphic modeling in Chapter 5 will allow to evaluate the evolution of Te and calibrate inverse-

basin modeling results.

Table 4.3 Crustal fl exural parameters considered for inverse-basin modeling.

Table 4.4 Maximum values of paleobathymetry considered for the inverse-basin modelling. They mark the evolution of paleowater depths in 

the deep basin margin, at distances of 300-340 km from the coastline.

4.3.4 Paleobathymetry and sea-level

The model requires bathymetries at the time of deposition of each chronostratigraphic layer. 

They have been estimated during the sequence stratigraphic analysis according to lithofacies 

and faunal associations from the calibration wells. The most reliable paleobathymetric markers 

are subaerial erosion surfaces identifi ed in both wells logs and seismic lines (erosional refl ector 

truncations), e.g., Early Aptian, Middle Aptian and Late Paleocene (see Table 3.2). In addition to 

our own database, results from other biostratigraphic and paleo-environmental studies have been 

used to reduce the model uncertainties (Koutsoukos, 1984, 1987; Dias-Brito, 1987; Dias-Brito and 

Azevedo, 1986; Pereira and Feijó, 1994; Rangel et al., 1994).
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2nd order eustatic sea-level curve

Modified from Hardenbol et al. (1998)
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Fig. 4.2 Second order eustatic sea-level curve from Hardenbol 

et al. (1998), used as input parameter to forward stratigraphic 

modeling. The sea-level curve has been re-calibrated to the 

geological time scale of Gradstein et al. (2004) based on com-

parable biozones.

The impact of eustatic sea-level fl uctuations on the accommodation space and deep-water sand 

volumes has been analyzed according to the eustatic sea-level curve shown in Figure 4.2. This 

curve incorporates second order changes from the sea-level curve of Hardenbol et al. (1998)       

re-calibrated with the time scale of Gradstein et al. (2004) based on equivalent biozones. Third-

order sea-level changes have not been included because of the lower resolution of the seismo-

stratigraphic data (2nd order depositional units, 3-50 m.y. duration), their less defi ned amplitudes 

and partly disputed eustatic origin.
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Fig. 4.3 Two-dimensional chronostratigraphic plots illustrating the basin architecture and paleowater depths for twelve time layers in the 

Campos, Santos and Pelotas basins. Vertical and horizontal scales are in km. Basin architectures were fairly similar during the Barremian 

syn-rift stage. By the early Albian, shallow water marine environments (900 m of maximum paleowater depths) and salt deformation in the 

Campos and Santos basins contrast with a fl exural monocline basin architecture and deep-water marine environments (up to of 1,800 m 

of paleowater depth) in the Pelotas Basin. During the Late Cretaceous and Tertiary each of these basins evolved separately; they display 

specifi c architectures, paleobathymetry, and sediment fi ll distribution.

4. Inverse-basin modeling                       
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Fig. 4.3 (continuation) Two-dimensional chronostratigraphic plots illustrating the basin architecture and paleowater depths.
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4.4 Subsidence modeling

Two-dimensional inverse-basin modeling provides the following numerical results at each cell 

along the cross-section and for each chronostratigraphic layer: i) rates of total subsidence and 

its three genetic components: thermo-tectonic, fl exural and compaction-induced subsidence;               

ii) decompacted rates of sediment supply; iii) accommodation space in combination with 2nd order 

eustatic sea-level fl uctuations, which can be visualized in the restored cross-sections showing the 

evolution of basin architecture and paleobathymetry (Fig. 4.3).

4.4.1 Subsidence/uplift trends

The Barremian to Holocene subsidence development shows signifi cant temporal and lateral        

differences between the Campos, Santos and Pelotas basins. These differences are not only 

related to the structural framework during the syn-rift and drift stages, but also to the distance 

to continental source areas and the sediment volumes supplied. Figs. 4.4, 4.5 and 4.6 illustrate 

the subsidence evolution in time. Fig. 4.4 highlights in detail the syn-rift to post-rift subsidence         

(ST1 to ST3 trends) and major lateral changes along the transition from continental to oceanic 

crust. Fig. 4.5 illustrates the entire  syn-rift  to drift subsidence  evolution, which comprises six 

major subsidence trends, each of about 7 to 50 m.y. duration (ST1 to ST6). For better comparison, 

the Campos, Santos and Pelotas continental margin segments have been subdivided into the   

following stratigraphic-structural realms: (i) continental shelf, (ii) upper-middle continental slope, 

(iii) lower continental slope, and (iv) oceanic basin margin to abyssal plain. Fig. 4.6 shows the ba-

sinwide subsidence evolution, incorporating subsidence/uplift values representative of the entire 

shelf-basin transition. These are compared with the sediment fl ux in order to visualize the relation 

of total subsidence to fl exural-induced component.

In the three studied basins, there is an initial rapid decrease in subsidence from the Barremian 

(ST1 trend) to middle Aptian (ST2 trend). Along the shelf-slope segments of the Campos Basin, 

subsidence rates diminish from 300-350 m/m.y. to 110-180 m/m.y., whereas in the Santos and 

Pelotas basins this decrease is less abrupt from approximately 100-190 m/m.y. to 60-90 m/m.y. 

(Figs. 4.4 and 4.5). However, lateral subsidence patterns in the Campos and Santos basins are 

fairly similar. Subsidence peaks and lows along the continental shelf (Fig. 4.4, 0-80 km from the 

NW boundary of the profi le) refl ect the extension of rift half-grabens and shoulders (hanging wall, 

foot wall). On the slope, subsidence was distributed more uniformly. Near the transition from the 

lower slope to abyssal plain (Fig. 4.4, 230-240 km from the NW boundary of the profi le), a maxi-

mum in subsidence rates is recognized. In contrast, the Pelotas Basin shows a relatively uniform 

distribution of low subsidence, which suggests that syn-rift faulting culminated earlier, around the 

Hauterivian-early Barremian. Furthermore, coexisting rift volcanism probably compensated the 

vertical fault-displacement and subsidence of hanging-wall blocks.
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Fig. 4.4 Syn-rift to post-rift subsidence evolution along the shelf-basin transition. Three selected time layers include: Barremian (red), Aptian 

(dark green), Albian (light green). On the continental shelf, peaks and lows in Barremian subsidence rates represent fault-bounded subsiding 

depocenters (hanging walls) separated by uplifted blocks (foot walls). In the Santos and Campos basins, Barremian and Aptian relatively 

constant subsidence (100-180 m/m.y.) dominated the upper-middle slope (thinned continental crust). Near the lower slope-abyssal plain 

transition (COT), increased crustal thinning controlled maximum Barremian-Aptian subsidence rates (150-245 m/m.y.). During the Albian 

post-rift stage, thermal cooling triggered more uniform subsidence rates. In the Pelotas Basin, lateral changes in Barremian subsidence 

rates during extensional faulting (uplifted and subsiding blocks) are masked by the thermal effect of abundant volcanism (SDRs). Along the 

continental slope, Barremian subsidence rates gradually decrease in eastward direction, toward the volcanic center. Although Barremian 

subaerial rifting evolved to Aptian-Albian underwater oceanic drifting, subsidence patterns remain similar.

Signifi cant depositional gradients did not exist and differential tectonic and fl exural-induced        

subsidence was largely absent. In both the Campos and Santos sag basins, subsiding depocen-

ters bordering the shelf margin expanded in basinward direction during the Aptian. Deposition              

regionally expanded and capped fault-bounded depressions. In the Pelotas Basin, ST2 extends to 

the late Aptian. This trend is characterized by a subsidence increase along the shelf-upper slope 

realm, which attenuated in the direction of the oceanic volcanic center (Figs. 4.4 and 4.5).

The subsidence development, as well as stratal geometries and depositional environments from 

seismic and well data, indicate that ST2 covers the fi nal syn-rift stage (117-112 Ma) in the Campos 

and Santos basins. In contrast, ST2 in the Pelotas Basin marks the transition from the syn-rift to 

the post-rift stage (approx. 125-115 Ma). This temporal offset in basin development is related to 

the diachronous south-to-north opening of the South Atlantic (Moulin et al., 2010).

From the early Albian (Campos and Santos basins) or late Aptian (Pelotas Basin) to the                  

Maastrichtian, the ST3 trend indicates a long-term subsidence decrease in all three basins.                  

Margin development was now controlled by lithospheric thermal contraction, which represents 

the early drift stage (110-65.5 Ma). In the Maastrichtian, subsidence rates were at their minimum                    

(15-20 m/m.y.) in all the three basins (Figs. 4.6). Only in areas of high sediment loading or salt 
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outflow, slightly higher rates occur (e.g., Santos slope, Fig. 4.5b-c). Despite these sediment flux varia-

tions, each basin shows comparable subsidence patterns. This indicates that flexural-isostatic 

sediment loading was not a major control on the subsidence development.

Fig. 4.5 Diagrams of quantitative subsidence development in the Campos (red line), Santos (blue line) and Pelotas basins (green line). The 

seismic transects have been divided to four segments: continental shelf (a), upper-middle slope (b), lower slope (c) and deep basin margin (d). 

Six main trends (ST1-ST6) controlled the Barremian-Holocene subsidence development. They last from 7 to 51.5 my each and are closely 

related to the syn-rift to drift basin tectonic stages. The first subsidence trend (ST1) is indicated by rapid decrease in subsidence rates; it 

represents the final phase of syn-rift extensional faulting during the Barremian. The early Aptian-early Albian trend (ST2) represents the transition 

to the syn-rift sag stage in the Campos and Santos basins and to the post-rift basin development in the Pelotas Basin. The Albian-Maastrichtian 

trend (ST3) records the stage of sea-floor spreading and lithospheric cooling with increasing age of the crust (phase of regional thermal 

subsidence). During the Tertiary (ST4-ST6), alternating periods of decreasing and increasing subsidence are variable along the shelf-basin 

transition in each basin. These patterns resulted from changes in sediment flux (see Fig. 4.6) and distribution of the flexural-isostatic sediment 

loading.

During the Paleogene and Neogene, subsidence/uplift trends were highly variable along the shelf-

basin transition and between basins (Fig. 4.5). Other than in the Cretaceous, subsidence patterns 

are closely related to variations in sediment flux and resulting accommodation changes (Fig. 4.6), 

which lagged up to one time step behind their triggering changes. In the Campos and Pelotas 

basins, after minimum subsidence in the Maastrichtian, ST4 is marked by a major increase in sub- 
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sidence (up to 55-80 m/m.y.) during the Paleocene and Eocene. This pattern correlates with high 

sediment input and therefore increased fl exural loading. In the Santos Basin, constant subsidence 

rates prevailed as sediment pathways from continental source areas were deviated to the Campos 

Basin (Modica and Brush, 2004) and thus sediment loading decreased. 

During the Oligocene (ST5), the Campos continental shelf and slope areas underwent rapid sub-

sidence due to a peak in sediment supply and fl exural loading. Basinward, sedimentation and 

subsidence rates diminish (Fig. 4.5). In the Santos Basin, moderate subsidence extended along 

the shelf to upper slope. However, on the middle-lower slope and deep basin margin, turbidite 

depocenters developed and triggered differential subsidence. In the Pelotas Basin, the Oligocene 

subsidence rates slightly decreased along the entire section. This pattern is interpreted as the 

result of crustal rebound, with a considerable lag time to the strong Eocene subsidence trend, 

partially counterbalanced by Oligocene sediment supply and fl exural loading.

The sixth subsidence trend (ST6) lasts from the early Miocene until today. In the early Miocene, 

all three margin segments experienced a renewed increase in subsidence. However, from middle 

Miocene to recent times, subsidence of the shelf considerably decreased (10-40 m/m.y.). This 

low subsidence in addition to the Tertiary eustatic sea-level fall caused signifi cant reduction of 

the accommodation space. Second order eustatic sea-level fl uctuations and submarine erosional 

channels (e.g. in the Campos basin) caused intermittent erosion and sediment transport to the 

slope-basin margin and so differential subsidence prevails until recent times. In all three basins, 

this trend is interpreted to represent the mature drift stage.

Fig. 4.6 Barremian-Holocene subsidence development (color line) and sediment fl ux history (black line). Subsidence values are representative of entire 

shelf-basin transition. From Barremian to Maastrichtian (trends ST1 to ST3) decreasing subsidence rates evolved separately from changes in sedi-

ment fl ux. From Paleogene to recent times (ST4 to ST6), increasing and decreasing subsidence rates are associated to variations in sediment supply,         

e.g. Late Eocene-Early Oligocene high sediment fl ux is concomitant with increased subsidence values.

b) Santos Basin

0

5000

10000

15000

20000

25000

a) Campos Basin

0

5000

10000

15000

20000

25000

0

10000

20000

30000

40000

50000

c) Pelotas Basin

020406080100120

-50

0

50

100

150

020406080100120020406080100120

-50

0

50

100

150

-50

0

50

100

150

(m
/m

.y
)

Subsidence - Campos Basin

Age (Ma)

Subsidence - Santos Basin

Subsidence - Pelotas Basin

ST1 - ST6  Subsidence trends

Sediment input

S
e
d
. 
F

lu
x

S
u
b
s
id

e
n
c
e

(m
  

/m
.y

.)
2

ST1 ST3S T4 ST6ST5 ST1 ST3S T4 ST6ST5

ST1 ST3S T4 ST6ST5

S
T

2

(m
/m

.y
)

(m
  

/m
.y

.)
2

(m
/m

.y
)

(m
  

/m
.y

.)
2

Age (Ma) Age (Ma)

Age (Ma)

S
T

2

S
T

2

 4. Inverse-basin modeling



62

Basinwide subsidence rates have been compiled in Table 4.5. Rates listed represent mean values 

of total subsidence and its genetic components: thermo-tectonic, fl exural and compaction-induced 

subsidence representative of the entire shelf-to-basin transition. They allow to constrain regional 

subsidence patterns and to analyze the interactions between individual subsidence components 

(fl exural subsidence) and sediment fl ux (Section 4.4.3).

Table 4.5 Rates of total subsidence and genetic subsidence components: thermo-tectonic (Th-tect), fl exural (Flex), and compaction-induced subsidence 

(Comp) for the Barremian-Holocene basin evolution (130-0 Ma). Subsidence rates are representative of the entire shelf-basin transition (basinwide). Lateral 

variations of total subsidence rates can be observed in Fig. 4.5.

4.4.2 Genetic components of total subsidence

The individual contribution of thermo-tectonic, fl exural and compaction-induced subsidence 

to generate total subsidence is shown in Fig. 4.7. Although thermo-tectonic subsidence values       

progressively decreased after continental break-up, during the Paleogene and Neogene total sub-

sidence increased and features alternating maximum and minimum peaks. It indicates that with 

continental margin development, total subsidence was progressively controlled by the fl exural 

response of the crust as driven by changes in sediment loading, whereas the thermo-tectonic 

component became secondary.

During the Barremian syn-rift fault-controlled extension (ST1), thermo-tectonic subsidence           

accounted for 60% to 75% of total subsidence. At the same time, the fl exural loading slightly 

increased, driving about 20% of total subsidence. The burial of coarse-grained sandstones and 

volcaniclastic series (Itapabona, Piçarras and Imbituba formations of Barremian age) generated 

only minor compaction-induced subsidence (up to 5% of total subsidence). During the Early Ap-

tian (ST2), the Santos Basin experienced a decrease in thermo-tectonic subsidence, and the 
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Fig. 4.7 Evolution of genetic components of total subsidence: ther-

mo-tectonic subsidence (red), fl exural subsidence (yellow) and com-

paction-induced subsidence (blue). The relative amounts of each 

component are representative of the entire shelf-to-basin transition 

(basinwide). During the Barremian syn-rift to Aptian post-rift stages 

(ST1-ST2), thermo-tectonic subsidence represents 60-75% of to-

tal subsidence. In the Late Cretaceous (ST3), the relative amount 

of thermo-tectonic subsidence remained nearly constant until the 

Turonian (93.5 Ma). In the upper ST3, thermo-tectonic subsidence 

increased to 80% of total subsidence. During the Paleogene (ST4-

ST5), the relative amount of thermo-tectonic subsidence decreased 

until it became secondary. Since the Early Eocene (arrow) the com-

bined fl exural and compaction-induced subsidence controlled total 

subsidence. In the Neogene mature drift stage (ST6), thermo-tec-

tonic subsidence reached its minimum (17-25% of total subsidence), 

whereas the fl exural component of total subsidence increased to 

its maximum (60-65% of total subsidence). Compaction-induced 

subsidence generally represents about 10-15% of total subsidence; 

higher relative amounts of 20-25%in the Cenomanian (93.5 Ma) and 

in the Middle Miocene (11.61 Ma) are associated to overburden of 

highly compactible marine shales or high sediment supply respec-

tively (see Fig. 4.6).

proportion of fl exural subsidence in total subsidence increased to 25%. In contrast, in the Pelotas 

and Campos basin the proportions of thermo-tectonic and fl exural subsidence remained constant    

during the Aptian. The compaction-induced subsidence reached about 10% of total subsidence in 

the three basins.

The long-term decrease in total subsidence rates during the Late Cretaceous (ST3) resulted 

from post-rift to early drift cooling of the lithosphere. During this stage, the fl exural component 

remained subordinate, especially from the Santonian to the Campanian (upper ST3) when the 

relative amount of thermo-tectonic subsidence renewed to 70-80% of total subsidence. At the 

end of the Cretaceous, fl exural-induced subsidence constituted 20-25% of total subsidence, and 

compaction-induced subsidence 12-15%. This pattern has been associated to the deposition of 

low-density marine shales and relative small overburden thicknesses.

During the Paleogene and Neogene (ST4-ST6), the thermo-tectonic subsidence rates decreased 

by 30-40%, from 14-23 m/m.y. in the Paleocene to 6-18 m/m.y  in the Late  Miocene (Table 4.6). On 

 4. Inverse-basin modeling
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the other hand, the rates of fl exural subsidence increased between 1.4-3 times during the Paleo-

gene and Neogene, generating an increase of 40-60% in total subsidence, from 18-29 m/m.y. to 

38-78 m/m.y. These patterns refl ect that since the Paleocene total subsidence rates gradually 

became up to 4 times higher than thermo-tectonic subsidence. These changes are crucial for the 

correct analysis of accommodation space and quantifi cation of the fl exural sediment loading.
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Fig. 4.8 Geohistory plots indicating burial depths of the top basement in time (130-0 Ma). They fully account for flexural loading. The 

diagrams include the evolution of total subsidence, thermo-tectonic subsidence and bathymetry in two different locations: continental shelf 

and middle slope for each the Campos, Santos and Pelotas basins. Changes in eustatic sea-level are also indicated. Burial depths on the 

shelf (diagrams in the left side) are calibrated with available wells.
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Geohistory plots illustrate burial depths of top basement in time (Fig. 4.8). The diagrams include 

the evolution of total subsidence, thermo-tectonic subsidence and bathymetry in two different 

locations (i.e. shelf and middle slope). They allow to visualize lateral variations in subsidence and 

basement depths, key factors on the thermal evolution of the potential hydrocarbon source rocks 

intervals (i.e. Barreman-Aptian and Cenomanian-Turonian). As thermo-tectonic subsidence was 

the dominant component during the Barremian syn-rift to Maastrichtian early drift basin stages, 

both  subsidence curves describe a comparable pattern during this time interval.  On the conti-
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nental shelf, burial depths of the basement increased from 0-100 m in the Hauterivian-Barremian 

to around 2,000-2,500 m in the Middle Aptian. In the Campos and Santos basins, this period of 

rapid overburden is followed by a smoother trend of thermo-tectonic subsidence (sag phase), 

which  triggered a gradual increase in Middle-Late Aptian burial depths of the top basement. In 

the Pelotas Basin, the Barremian-Aptian development comprises the smallest increase in burial 

depths during the whole rifted to passive margin development, which indicates that post-rift ther-

mal contraction and increasing sediment loading largely controlled the basin development.

During the Paleocene and Eocene, a fl exural-driven trend of rapid burial occurred, especially in 

the Pelotas Basin during the Late Eocene. Although the top basement signifi cantly subsided to 

approx. 3,500-4,500 m on the shelf and 4,500-6,500 m on the slope, accommodation space was 

progressively consumed and paleowater depths remained nearly constant. Since the Oligocene, 

marked differences in the burial rates exist between the three basins. In the Santos and Pelotas 

basins basement subsidence decelerated, but in the Campos Basin the top basement continued 

to rapidly subside. The Middle Miocene was particularly important for basement subsidence in 

both the Campos and Santos basins; in the Pelotas Basin, the greatest increase in burial depths 

occurred from the Middle Miocene to recent times.

4.4.3 Sediment fl ux and paleobathymetry

Sediment fl ux was obtained by calculating the two-dimensional area of accumulated sediment 

within each time layer. It is expressed in m2/m.y. and involves total clastic input and carbonate 

production. In the Campos and Santos basins, changes in sediment fl ux occurred with ratios of 

1:2 between successive time intervals of Ø10 m.y. duration. In the Pelotas Basin, sediment fl ux 

was about 2.5 times higher, and temporal changes occurred with ratios of 1:3 in successive time 

intervals. These variations depend on the evolution of continental source areas and submarine 

sediment redistribution. During syn-rift extension, half-grabens were the main sink, and adjacent 

fault-bounded uplifted blocks have been interpreted as the main source terrains. High sediment 

input rates (20,000-25,000 m2/m.y.) triggered progradation and aggradation of coarse-grained sil-

iciclastic wedges. In the Aptian, the Pelotas Basin was characterized by a slight increase in the 

sediment fl ux and rising paleowater depths during the post-rift basin development. Conversely, the 

syn-rift sag stage in the Santos and Campos basins was characterized by a decrease in sediment 

supply and relative constant paleowater depths (150-500 m) during the Early and Middle Aptian. 

However, precipitation of evaporites in the Late Aptian triggered a maximum peak in the sedimen-

tation rates and very low paleobathymetric conditions (less than 100 m).

From the Albian post-rift to the Maastrichtian drift stage, sediment supply was highly variable      

between basins. In the Campos Basin, sediment fl ux was roughly constant from Albian to Maas-

trichtian times. In the Santos Basin, two periods of high sediment input are recognized: Ceno-

4. Inverse-basin modeling                       
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manian, and Santonian-Maastrichtian. In the Pelotas Basin, sediment fl ux peaked during the             

Turonian-Coniacian, but declined abruptly between the Santonian and Maastrichtian. Regardless 

of these basin-specifi c changes in sediment supply, all three basins feature a long-term increase in 

paleowater depths during the Late Cretaceous. By the Maastrichtian water depths of shelf margin 

areas reached 400-500 m, and about 1,700-2,100 m toward the lower slope.

From the Paleocene to Early Eocene, sediment fl ux in the Santos and Campos Basin conside-

rably decreased, but increased in the Pelotas Basin. From Middle to Late Eocene, sediment fl ux 

recovered and reached up to 8,000 m2/m.y. in the Campos, 12,000 m2/m.y. in the Santos Basin, 

and maximum values of 30,000 m2/m.y. in the Pelotas Basin. In the Oligocene, increasing sedi-

ment input rates in the Campos Basin contrasts with low values in the Santos and Pelotas basins. 

Neogene sediment fl ux in the Campos and Santos basins fl uctuated between 10,000 m2/m.y and 

17,000 m2/m.y., with maximum values in the Middle Miocene. In the Pelotas Basin, sediment input 

rates increased from 20,000 m2/m.y. in the Early Miocene to 32,000 m2/m.y. in the Late Miocene. 

These basin-specifi c temporal changes in sediment fl ux triggered signifi cant differences between 

basins in Paleogene and Neogene bathymetry (Fig. 4.3).

4.4.4 Controlling factors on the subsidence development

Lithosphere deformation and continental break-up triggered the most important changes in            

thermo-tectonic subsidence during the syn-rift, post-rift and early drift stages of basin development 

(ST1 to ST3). Conversely, during the mature drift stage (ST4 to ST6) total subsidence was prima-

rily generated by the fl exural sediment loading (Fig. 4.7). Therefore, total subsidence trends and 

qualitative interpretations of the Paleogene-Neogene basin fi ll and stratal patterns do no longer 

refl ect changes in thermo-tectonic subsidence. The fl exural-driven increase in accommodation 

space must be considered for basin analysis; otherwise, thermo-tectonic subsidence rates will be 

overestimated, leading to misinterpretations of the rifted margin development and of plate-tectonic 

reconfi gurations in the Atlantic realm. In order to determine the importance of each tectonic evolu-

tion stage (syn-rift, post-rift, drift) in the total amount of Barremian-Holocene subsidence, the indi-

vidual contribution of each subsidence trend and the cumulative proportions are plotted in Fig. 4.9. 

In addition, subsidence/uplift trends during the post-rift to drift subsidence evolution have been 

compared with existing models on the South Atlantic opening and evolution of sea-fl oor spreading 

rates (Cande et al., 1988; Nürnberg and Müller, 1991). It  allows to appraise the effects of changes 

in sea-fl oor spreading rates on the subsidence patterns. These models represent the most com-

plete published reconstructions of the Early Cretaceous to Miocene sea-fl oor spreading history, 

incorporating on- and offshore geological and gravity data, marine magnetic anomalies and also 

SeaSat and GeoSat altimeter information.
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4.4.4.1 Syn-rift continental thinning and transition to oceanic crust

Widespread unfaulted sub-parallel refl ectors and paleobathymetries indicate that syn-rift                   

brittle deformation of the upper crust fi nished before the Middle Aptian in the three basins. These           

observations on the seismic data are largely consistent with the lateral and temporal subsidence          

patterns from Barremian to Albian times (Fig. 4.4). On the continental shelf, maximum and mini-

mum peak subsidence values (from 0 to 80 km along the transects) represent syn-rift half-grabens 

(hanging walls) and shoulders (foot walls) with specifi c subsidence/uplift rates. The rift topography 

and subsidence was more prominent in the Campos and Santos basins where syn-rift exten-

sional faulting prevailed until the Late Barremian-Early Aptian. Basinward, laterally uniform subsi-

dence values refl ect the transition from fault-controlled extension on the shelf to depth-dependent 

lithosphere stretching in the central basin part. These interpretations are consistent with exis-

ting structural-kinematic models on the southern Brazilian and West African conjugate margins                  

(e.g. Karner and Driscoll, 1999b and Karner et al., 2003), and also with observations from the 

Exmouth Plateau in the northwest Australia (Karner and Driscoll, 1999b) and the Newfoundland-

Iberia margin (Crosby et al., 2008), which indicate that after brittle extension, creation of acco-

mmodation space continued by stretching of the lower crust.

Based on wide-angle seismic and gravity data, Contrucci et al. (2004), Moulin et al. (2005), and 

Aslanian et al. (2009) confi rmed that the continental crust along the Congo-Angolan margin also 

thins abruptly below the continental slope. These authors presented clear evidence of a lateral de-

crease in crustal thickness from 30-35 km in the proximal continental margin to 5-10 km below the 

continental slope. It is suggested that two crustal layers with different rheological properties form 

the lithosphere below the pre-salt sag basins; the upper layer affected by brittle extension and 

the lower layer affected by ductile deformation. Karner and Driscoll (1999b) suggest that an intra-

crustal decoupling zone separates these two crust domains. This surface has a ramp-fl at-ramp 

geometry, which extends from below the continental shelf (at Moho depth) across the stretched 

continental crust and encounters the upper crust near the ocean/continent boundary. Then, syn-rift 

sag lithosphere deformation focus on the lower layer, which may represent atypical oceanic crust, 

lower continental crust, intruded continental crust or serpentinized mantle (Moulin et al., 2005). 

This layer is partly exhumed near the transition from continental to oceanic crust (Boillot et al., 

1987; Lavier & Manatschal, 2006). Based on kinematic constraints of the depth-dependent exten-

sional model and the interpreted crustal confi guration of the Brazilian and West African margins, 

Moulin et al. (2005) confi rmed that an intra-crustal decoupling surface may explains the similar 

structuration of both margins.

Lithospheric thinning and the occurrence of an intracrustal detachment are key aspects for an 

improved understanding of the subsidence development during continental break-up. This relates 

especially to the transitional area between continental and oceanic crust (COT) where the detach-
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ment cuts the upper crust and serpentinization of the mantle may occur (Reston, 2007). Based 

on the lateral variations of syn-rift subsidence in Fig. 4.4, three main structural settings appear to 

control the syn-rift to post-rift Campos and Santos basin architecture: (i) fault-related extension, 

(ii) depth-dependent extension, and (iii) oceanic crustal accretion. On the middle-lower continen-

tal slope where crustal stretching  primarily occurred, Barremian-Aptian  subsidence values are  

regularly distributed. Subsidence rates increase towards the abyssal plain, with a maximum of       

125-240 m/m.y., at 230-240 km from the NW boundary of the seismic profi le. This subsidence                  

peak coincides with a bathymetric scarp located at the base of the lower slope, where the COT 

probably occurs. In the Santos Basin a 400 m vertical displacement is recognized along a fault 

system in this area (compare with Fig. 3.6). In the Campos Basin the vertical displacement rea-

ches 280 m (Fig. 3.7). The uneven distribution of Barremian-Aptian subsidence along the distal 

portion of the stretched crust may indicates that this bathymetric scarp represents the westward 

dipping ramp of the intra-crustal detachment. As the depth of detachment decreases toward the 

east, subsidence rates increase. This decoupling zone smoothes the rheological contrast between 

continental and oceanic crust at about 340 km offshore (Fig. 4.4a-b, 230-240 km on the seismic 

profi les). As the bathymetric scarp represents the eastern limit of signifi cant continental extension, 

this zone must have been effective prior to continental break-up. This structural barrier seems 

to also form the eastern limit of the late Aptian salt basins. Eastward of the bathymetric scarp, 

subsidence rates diminish, triggered by thermal uplift of the lithosphere near the rifting center and 

subsequent emplacement of heated and less dense oceanic crust.

Southward of the Florianopolis Fracture Zone (FFZ), creation of transitional crust (proto-oceanic 

crust; see Meyers et al., 1996) was initiated in the Neocomian (anomaly M11-M4; Gladczenko 

et al., 1997). At the foot of the Pelotas slope (approx. 340 km offshore; equivalent to 260 km 

from the NW boundary of the seismic profi le), concave seaward-dipping refl ectors (SDRs) of                       

Barremian age disappear and indicate the change from transitional to oceanic crust. Widespread 

thermal subsidence of volcanic series (SDRs) during the Barremian attenuated vertical motions 

of hanging- and foot-wall blocks toward the shelf, generating more laterally uniform subsidence 

values than in the Santos and Campos basins (Fig. 4.4). The transition from Barremian subaerial 

volcanism (SDRs) to Aptian sea-fl oor spreading did not generate signifi cant changes in the lat-

eral subsidence distribution. Consequently, the transition from continental to oceanic crust could 

not be constrained by subsidence analysis, seismic or bathymetric features. The COT has been 

interpreted at the distal boundary of seaward dipping refl ectors (SDRs), which occurs below the 

transition from lower slope to oceanic basin (250-290 km).

The relative proportion of syn-rift subsidence (Barremian to Early Aptian, ST1) in overall Barre-

mian to Holocene basin subsidence varies considerably between the three basins: approximately 

10-15% in the Pelotas Basin, 15-20% in the Santos Basin, and 25-30% in the Campos Basin. In 
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general, the relative proportion of syn-rift subsidence increase northward, concomitant with the 

propagation of continental break-up. During ST2, the relative proportion of Aptian post-rift subsi-

dence reached 10-12% in the Pelotas Basin; this low impact has been associated to the crustal 

thickening during extensive volcanism producing a considerably increase in the fl exural strength of 

the crust and delayed the thermal contraction (see also Ziegler and Cloetingh, 2004; Leroy et al., 

2008). With the northward transition to thinned continental crust, the relative proportion of Aptian 

sag subsidence in total Barremian-Holocene subsidence reached 12-15% in the Santos Basin and 

18-20% in the Campos Basin.
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Fig. 4.9 Barremian to Holocene cumulative total subsidence 

along the Campos, Santos and Pelotas basins. Each line 

marks separately the relative proportion of each subsidence 

trend in Barremian-Holocene total subsidence. In the Cam-

pos Basin, Barremian-Aptian syn-rift subsidence (ST1+ST2; 

red+green line) represents approx. 50% of Barremian-

Holocene total subsidence. In the Santos and Pelotas ba-

sins, syn-rift subsidence was slower, and accounts for 30% 

and 25% of Barremian-Holocene subsidence respectively. 

Most subsidence, and thus accommodation space, was 

achieved during the Albian-Holocene post-rift to drift stages 

(ST3-ST6), between 50% and 70% of Barremian-Holocene 

total subsidence. It is necessary to take into consideration 

that the shelf-to-basin subsidence distribution through time 

was governed by the interactions of thermo-tectonic and 

fl exural subsidence.
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4.4.4.2 Continental divergence 

In the Late Cretaceous early drift stage, decreasing thermo-tectonic subsidence due to lithos-

pheric cooling generated a relatively uniform subsidence signature in the three basins (ST3). 

However, the individual analysis of the genetic components of total subsidence reveals signifi cant 

variations in the proportions of thermo-tectonic and fl exural subsidence between the Pelotas and 

the Santos-Campos basins. The implications of the volcanic (Pelotas) and non-volcanic (Campos, 

Santos) crustal confi guration have been evaluated by sensitivity analyses of Te, and the resul-

tant subsidence patterns. Previous investigations of Burov and Diament (1995) and Kusznir et al. 

(1995) indicate that the fl exural bending of the upper elastic crust increases as the fl exural rigidity 

diminishes. Based on this premise, it is expected that the Campos and Santos basins, fl oored by 

thinned continental crust (Te values of 12 km), are considerably more sensitive to loading than the 

Pelotas Basin fl oored by thick volcanic crust (Te of 20 km). These changes in fl exural rigidity were 

manifested in the proportion of fl exural subsidence during the Late Cretaceous: in both the Santos 

and Campos basins the fl exural subsidence component reached 20-25%, but in the Pelotas Basin 

did not exceed 18% (Fig. 4.7). This distinct impact of the fl exural rigidity of the crust between ba-

sins prevailed until the Early Eocene, approximately 82 m.y. after the continental break-up. Since 

this time, the contribution of the fl exural sediment loading to basin formation was comparable in 

both the volcanic and non-volcanic segments of the southern Brazilian margin. This model of post-

breakup subsidence is compatible with the thermal model of Leroy et al. (2008), which confi rms 

the effects of continental stretching and the fl exural strength of the crust on the long-term fl exural 

response of passive margins. 

Despite the differences in the proportions of thermo-tectonic and fl exural subsidence, the three 

basins display a peak in the thermo-tectonic component during the Santonian (70-80% of to-

tal subsidence). By comparison with models for the opening of the South Atlantic, it was po-                     

ssible to recognize that changes in mid-oceanic seafl oor spreading rates coincide with distinctive 

thermo-tectonic subsidence patterns. Although seafl oor spreading rates are not well constrained             

during the Quiet Cretaceous Magnetic Zone (125-83 Ma), estimates indicate that spreading rates 

reached considerably high values of 75 mm/yr during the initial opening of the South Atlantic, 

between Chron M4 (~130 Ma) and Chron C34 (83.5 Ma) (Rabinowitz and LaBrecque, 1979; 

Cande et al., 1988; Nürnberg and Müller, 1991). Between Chron C34 (83.5 Ma) and Chron C27                       

(~64 Ma) spreading rates decreased from 75 mm/yr to 30 mm/yr. This interval is concomitant with 

a Santonian-Maastrichtian trend of high thermo-tectonic subsidence across the conjugate Bra-

zilian margin (Fig. 4.7). Furthermore, low rates of sea-fl oor spreading appear to have diminished 

ridge-push plate forces toward the continental margin, enabling slightly increasing subsidence 

values toward the continental shelf (Fig. 4.5a). 
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During the Paleogene and Neogene (ST4 to ST6), subsidence changes were primarily                          

controlled by the evolution of continental source areas and the sediment supply rates. Thermo-         

tectonic subsidence was secondary in total subsidence. For this reason, and because of the 

thermal stabilization of the lithosphere around 65 m.y. after continental break-up, it is unlikely 

that changes in spreading rates affected the subsidence development during the Paleogene and 

Neogene. In this stage, the most signifi cant variations in the subsidence patterns occur along the 

continental slope and deep basin margin of the Santos and Campos basins. These temporal and 

lateral changes were associated to salt deformation and remobilization of the sediment infi ll as 

well as submarine volcanic events (Oreiro, 2006). In the Pelotas Basin, where salt deformation 

is absent, the basin architecture was largely controlled by differential thermal subsidence due to 

lithospheric cooling and a more regular distribution of the fl exural sediment loading. Consequently, 

subsidence variations along the slope-to-basin transition are less prominent than in the Cam-

pos and Santos basins. In the three basins, higher rates of compaction-induced subsidence are                                

associated  to  periods  of  rapid  sediment loading, including the Late Eocene and the Middle 

Miocene, when sediment compaction represented 16-20% of total subsidence (Fig. 4.7). 

As shown in Fig. 4.9, the Albian-Holocene margin development (ST3-ST6) in the Pelotas                  

Basin accounts for approximately 70-80% of the total amount of basin subsidence that occurred 

since the Barremian. In the Campos and Santos basins, continental stretching and syn-rift subsi-

dence were more signifi cant (up to 45%); thus, the proportion of subsidence during the drift stage         

represents only 55-60% of Barremian-Holocene subsidence. These variations in the amount of 

subsidence occurreing during each tectonic stage have strong implications for the thermal evolu-

tion of potential source rocks intervals. Our results suggest that syn-rift (Aptian) and early drift     

(Cenomanian) organic-rich successions in the Santos and Campos basins may have reached 

appropriate temperature conditions for hydrocarbon generation earlier than in the Pelotas Basin, 

where most subsidence occurred in the mature drift stage.  

4.5 Evolution of accommodation space

In the following sections, the evolution of accommodation space has been restored and                        

analyzed in terms of quantitative results from inverse-basin modeling and their correspondence 

with seismo-stratigraphic features and stratal patterns. The genetic analysis of sequence strati-

graphic surfaces and relative sea-level incorporates 2nd order eustatic changes and subsidence/

uplift values (Fig. 4.10).
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4.5.1 Barremian syn-rift to Albian post-rift stage

Reconstruction of the tectono-stratigraphic framework and timing of syn-rift faulting in sub-salt ba-

sins is limited by the resolution of the seismic and biostratigraphic data available. The reconstruc-

tion of the Barremian to Aptian stratigraphic boundaries is based on the correlation of changes in 

subsidence, paleobathymetry, eustatic sea-level, stratal geometries and thicknesses. They were 

cross-checked with the results of previous studies (e.g. Karner et al., 1997; Karner and Gambôa, 

2007; Mohriak et al., 2008).

In the Pelotas, Santos and Campos basins, seismic units SP1, SS1 and SC1 record the Barremian 

stage of syn-rift extension (subsidence trend ST1). The volumes of basaltic fl ows and faulting 

show temporal and regional variations from south to north. Extensional faulting prevailed until the 

lower-middle Barremian (~130-128 Ma), coeval with widespread subaerial volcanism (SDRs) in 

the Pelotas Basin. During this stage, fault displacement and thermal contraction of the volcanic 

crust were the main controls on accommodation space. Due to the large volumes of basaltic 

fl ows, all accommodation available progressively fi lled during the Early-Middle Barremian (depo-

sitional unit SP1). At least 1,000-1,200 m of Barremian volcanic series and clastic deposits were                

regionally accumulated. By the Late Barremian, subaerial volcanism diminished and paleowater 

depths gradually increased to 200-250 m along the continental shelf and up to 700 m in the central 

basin part. Lacustrine environments with deposition of organic-rich shales are not recorded from 

the syn-rift depocenters in the Pelotas Basin. Up-section, the early Aptian unconformity (~122 Ma) 

records a eustatic sea-level fall with subaerial exposure of the shelf to upper slope, interpreted as 

a sequence boundary type 1 (SB1; Vail et al., 1984). 

In the Santos Basin, most syn-rift faults terminate in the upper Barremian (~128-125 Ma) and only 

minor traces of volcanism have been identifi ed. The lower part of unit SS1 thins and amalgamates 

with seaward-dipping refl ectors on the lower slope. Up-section, a 150 m-thick package of progra-

ding sub-parallel refl ectors, unfaulted and with long lateral continuity to the lower slope, represents 

the lower part of the sag succession. In the Campos Basin, syn-rift faults extend to the early Aptian 

basin fi ll (~122-120 Ma). Unit SC1 shows highly variable thickness and strong facies changes due 

to the rift topography. Volcanic series were only recognized as part of the Hauterivian continental 

basement. In both the Santos and Campos basins, the Early-Middle Barremian basin fi ll consists 

of coarse-grained alluvial and fl uvial-deltaic regressive deposits. This trend was controlled by high 

sediment supply despite a gradual base level rise during syn-rift subsidence. The Late Barremian-

Early Aptian succession is composed of fl uvial-deltaic sandstones intercalated with stromatolitic 

carbonates, organic-rich shales and marls deposited in restricted lacustrine environments and 

during intercalated periods of progradation and retrogradation. This interval contains the most 

important source rocks offshore Brazil (Katz and Mello, 2000), intercalated with carbonate and 

clastic reservoirs.
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The Middle-Late Aptian succession in the Pelotas Basin records a trend of rapid creation of           

accommodation space and base level rise due to post-rift thermal contraction of the crust (trend 

ST2). Northward, syn-rift lithospheric stretching persisted, and so basin sagging controlled the 

development of the Santos and Campos basins. During the Aptian, sag depocenters gradually 

expanded to approximately 230 km wide, from the middle continental shelf to the transition to 

oceanic crust (Figs. 4.3). Total or partially restricted water circulation, a smooth topography with 

average paleowater depths of 150-500 m characterized these basins in the Early Aptian. The    

transition from fault-controlled deformation of the upper crust to ductile stretching in the lower crust 

layer was marked by decrease in subsidence values and a gradual reduction in accommodation 

space from the continental shelf to the lower slope (Fig. 4.5a-c). Sediment input exceeded the                 

accommodation rates and prograding fl uvial-deltaic sediments capped previous fault-bounded 

syn-rift depocenters. In the deep basin margin subsidence rates are nearly constant (Fig. 4.5d); 

this pattern characterizes the area where major lithospheric stretching occurred. 

A middle Aptian unconformity (117 Ma) on the inner to middle shelf and its marine conformity ba-

sinward truncates the refl ectors and seals prospective clastic-carbonate syn-rift deposits in both 

the Campos and Santos basins. It has been interpreted as a type 2 sequence boundary (SB2) 

(Vail et al., 1984) caused by a second order eustatic sea-level fall (Hardenbol et al., 1998). It                  

correlates with the pre-Chela unconformity on the conjugate West African margin (Karner et al., 

2003). The discrepancy in age of the Aptian regressive trend  between  the  Pelotas (~122 Ma) and 

the Campos/Santos basins (117 Ma) is linked to basin-specifi c transition from syn-rift to post-rift 

subsidence rather than to temporal eustatic changes. During the Middle Aptian, sediment disper-

sion widths increased and paleowater depths gradually rose to approximately 700 m in the central 

part of both the Santos and Campos basins. As a result, fl uvial-deltaic deposits evolved laterally 

and vertically to fi ne-grained deep lacustrine deposits. In the Late Aptian, arid climate conditions 

facilitated the development of hypersaline environments (Skelton, 2003; Lentini et al., 2010) and 

widespread deposition of evaporites. Inverse-basin modeling does not provide conclusive results 

on the origin and water-level conditions of the salt depocenters. The salt depositional setting        

remains undecided between a shallow water-shallow basin, shallow water-deep basin, or a deep 

water-deep basin; these uncertainties are expected to be clarifi ed by forward modeling in Chapter 

5. Nonetheless, the restored basin geometry and bathymetric conditions suggest that salt deposi-

tion started in deep sag basins with a shallow-to-deep water setting between 150 m on the shelf 

and 900 m in the central part.

The post-rift stage comprises the Middle-Late Aptian (122-115 Ma) in the Pelotas Basin and 

the Albian (112-99.6 Ma) in the Campos and Santos basins. In the Pelotas Basin, the lower to                

middle Aptian basin fi ll is represented by a regressive wedge (unit SP2) deposited during a period 

of high sediment supply and low eustatic sea-level. In absence of calibration wells penetrating this 
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unit, by correlation with the shallow-water succession it was interpreted to consist of fl uvial-alluvial 

conglomerates, sandstones and intercalated shales. This unit is bound at the top by a middle Ap-

tian (~115 Ma) maximum regressive surface (MRS), which marks the onset of retrogradation (unit 

SP3) during the post-rift basin development. Along the shelf, retrogradational to aggradational 

mixed carbonate-siliciclastic systems were deposited in water depths of 100-300 m. They graded 

basinward to marine shales with some hemipelagic carbonate intercalations with water depths of 

approx. 1,200-1,400 m (Fig. 4.3). In the Campos and Santos basins, uniform subsidence rates 

and reduced clastic input after salt deposition resulted in a gradual increase of paleobathymetry 

during the Albian. In both basins, the early Albian post-rift stage is recorded by carbonate retro-

gradation, followed by middle-late Albian aggradation-progradation (units SC3, SS3). This period 

was particularly important for the Santos basin development, where a 120-130 km-wide carbonate 

platform was developed. Productive hydrocarbon reservoirs include shallow-marine carbonates of 

the Outeiro Fm. in the Campos Basin and carbonates of the Guarujá Fm. on the middle to outer 

shelf of the Santos Basin (Coward et al., 1999).

4.5.2 Late Cretaceous early drift stage

During the Late Cretaceous, lithospheric thermal contraction and a eustatic sea-level rise caused 

an increase in accommodation space and bathymetry. Although the rates of accommodation     

generally exceeded sediment supply, the sediment volumes delivered for each of the Pelotas, 

Santos and Campos basins were highly variable in time and triggered basin-specifi c depositional 

and subsidence patterns.

From the Cenomanian to the Coniacian, thermal subsidence and rising eustatic sea-level              

controlled the retrogradational pattern in the three basins (units SC4, SS4 and SP3), which in the 

Pelotas Basin persisted until the Maastrichtian. This trend of rapid basin deepening generated 

Turonian to Coniacian (92-90 Ma) disconformities (see Table 3.1). Biostratigraphic analyses and 

subsidence modeling indicate that the paleobathymetry on the Campos and Santos shelf margins 

increased from approx. 200 m in the Albian to 350 m in the Santonian. Toward the distal domain, 

paleowater depths varied from 800 m to 1,800 m in the Campos Basin and up to 1,400 m in the 

Santos Basin. The Pelotas shelf margin was characterized by comparable bathymetry (300-400 

m), although toward the central-distal basin domain water depths reached approx. 2,000 m in the 

Santonian.

Following this overall trend of basin deepening and retrogradation, onshore tectonic uplift severely 

affected the sedimentary systems offshore. The exhumation histories of the topographic highlands 

have been constrained by apatite fi ssion track analysis (e.g. Zanotto, 1993; Gallagher et al., 1994; 

Borba et al., 2002; Tello Saenz et al., 2003, 2005; Ribeiro et al., 2005). Results indicate that the 
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main sediment source areas (including from south to north the Dom Feliciano Belt, Torres Arch, 

Río Grande Arch, Serra do Mar and Serra da Mantiqueira) show  specifi c timing and rates of ex-

humation. Therefore, the sediment volumes delivered offshore were highly variable in time and 

between basins. Although the combination of sequence-stratigraphy and inverse-basin modeling 

allows to establish the relationship between onshore uplift and offshore sedimentation, the chro-

nostratigraphic framework (depositional units with between 4.4 m.y. and 31.6 m.y. duration) does 

not allow to certainly defi ne the effects of shorter-duration tectonic and eustatic events, which will 

be later analyzed by forward stratigraphic modeling.

Almeida and Carneiro (1998), Cobbold et al. (2001), and Ribeiro et al. (2005) indicate that the      

exhumation of the Serra do Mar mountain range started around the Turonian-Coniacian, peaked 

during the Santonian to Maastrichtian, and fi nished in the Paleocene. This event particularly affec-

ted the Santos Basin, where regardless of the eustatic sea-level highstand in the Late Cretaceous, 

high rates of sediment supply triggered wide progradation (units SS5-SS6). Signifi cant sediment 

bypass to the continental slope and rise occurred. By the Maastrichtian, thick deep-water clastic 

wedges had increased sediment loading and subsidence along the upper-middle slope, while the 

shelf top experienced erosion and unloading because of fl exural rebound of the crust (Fig.  4.5). 

In contrast, sediment supply to the Pelotas and Campos basins was nearly constant during the 

Late Cretaceous. This pattern of sediment distribution may be attributed to the inherited topogra-

phy of the Paraiba do Sul drainage system, which by the Santonian-Paleocene diverted most sedi-

ment pathways towards the Santos Basin (Cobbold et al., 2001; Modica and Brush, 2004). Despite 

the long-term decrease in subsidence (trend ST3), the rise in eustatic sea-level created enough 

accommodation space to surpass the sediment supply in both the Pelotas and Campos basins, 

and consequently an overall retrogradational pattern dominated (units SC4-SC5 and SP4-SP5). 

Two short-term periods of aggradation to progradation have been associated to eustatic sea-level 

falls, one in the Santonian and another in Middle-Late Maastrichtian (see Table 3.2). Although 

structural reconfi gurations in the hinterland of the Pelotas Basin are little constrained, fi ne-grained 

clastic sedimentation offshore refl ect long transport distances and tectonic quiescence in the on-

shore domain. A Turonian-Santonian magmatic event (Caldas igneous intrusion; Gallagher et al., 

1994; Cobbold et al., 2001; Meisling et al., 2001) coincided with a slight increase in the sediment 

supply (Fig. 4.6), which accentuated the short-term progradational trend.

Toward the deep-marine setting, the three basins experienced an increase in the fl exural subsi-

dence component and slope gradients. This trend, as well as deep-marine sand volumes reached 

by the calibration wells, channels with basal erosional scours identifi ed in seismics (Fig. 3.9),   

suggest that intermittent turbidite deposition persisted throughout the Late Cretaceous (until                

recent times) in the three basins. The combined effect of the increasing sediment loading and 
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basin tilting due to differential thermal contraction generated intense dipward salt remobilization 

in the Campos and Santos basins since the Albian. Sand-rich gravity mass-fl ows fi lled small inter-

diapir depocenters, while intercalated mud-rich debris fl ows occasionally overstepped the eastern 

salt edge and were deposited on the oceanic abyssal plain (see Fig. 3.10). Turbidite deposits re-     

present highly productive hydrocarbon intervals in both the Campos (Carapebus and Emboré 

Fms.) and the Santos basins (Juréia and Ponta Aguda Fms.; Table 3.1). Intercalated evaporites 

and shales act as the main stratigraphic seals (Campos Basin: Retiro and Ubatuba Fms.; Santos 

Basin: Ariri, Itajaí-Açu and Marambaia Fms.). In the Pelotas Basin, mass-fl ow deposition resulted 

in thick sediment wedges on the continental slope. However, seismic and well log data indicate 

that the mud/sand ratio is considerably higher than in the Campos and Santos basins, and there-

fore the low porosities reduce reservoir quality of these sediments.

4.5.3 Paleogene-Neogene mature drift stage

The lower part of the Paleogene basin fi ll was affected by a rapid decrease in accommoda-

tion space and strong shelfal erosion. This event is evidenced by a eustatic-driven erosional 

unconformity of Late Paleocene age recognized in the three basins (Table 3.2). The removed                                     

fl uvial-deltaic to shallow-marine deposits were transported as gravity-mass fl ows downslope, 

which aggravated fl exural and compaction-induced subsidence in the deeper basin.

After the Late Paleocene forced regressive trend, increasing subsidence rates (lower ST4) 

and rising eustatic sea-level controlled the basin development during until the Early Eocene.                       

Accommodation rates exceeded sediment fl ux, and retrogradation occurred in the three basins. 

From the Middle Eocene to Oligocene, sediment supply increased in all three basins. This trend 

has been associated to intra-plate compression and uplift during the Incaic phase of Andean     

orogeny (40-50 Ma; Cobbold et al., 2001), particularly important in the Santos hinterland (Serra 

do Mar and Serra do Mantiqueira). Although in different degrees, the fl exural sediment loading 

and total subsidence amplifi ed in the three basins (upper ST4). Because of the progressive con-

sumption of shelfal accommodation space during the Eocene and Oligocene, sediment stacking         

patterns became highly sensitive to eustatic sea-level fl uctuations. A late Eocene eustatic sea-

level fall generated a type 2 sequence boundary in both the Campos and Pelotas basins, which 

marks the Eocene-Oligocene contact (between units SC6-SC7, and units SP8-SP9). As for the 

Santos Basin, coastal retrogradation shifted to aggradation-progradation in the Late Eocene (unit 

SS8) in spite of reduced sediment input, but In contrast to the former basins, shelfal erosion did 

not occurred.

In the Campos and Pelotas basins, the Oligocene succession comprises two stratigra-                    

phic units (SC7-SC8 and SP9-SP10 respectively), which defi ne a complete base-level cycle:                                   
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early Oligocene normal regression (NR), middle Oligocene retrogradation (RT), and middle-late 

Oligocene aggradation-progradation (AP) (Table 3.2). This composite succession is bound at 

the top by an early Miocene sequence boundary (SB2). In the Pelotas Basin, decreasing subsi-

dence values along the shelf contrast with the high subsidence rates in the slope to deep basin                         

margin. These lateral changes refl ect shelf sediment unloading and redeposition basinward. Fur-

ther evidence are the dip-oriented channels and erosive scours cutting into the Miocene-Oligocene 

Fig. 4.10 Relative sea-level evolution as a function 

of eustatic sea-level, thermo-tectonic subsidence, 

total subsidence and sediment fl ux. These values 

were calculated in the deepest basin part, between 

360-380 km from the coastline.
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basin fi ll near the shelf break (Fig. 3.8a) and deep-marine erosive surfaces at the base of turbidite 

sandstones penetrated by the available wells along the continental slope (see Fig. 5.2). North-

ward, uplift of the Serra do Mar mountain range persisted throughout the Oligocene and drainage 

pathways eventually shifted from the Santos to the Campos Basin (Modica and Brush, 2004). As 

a result, sediment supply to the Campos increased in the Early Oligocene, and large volumes of 

sediment were transported to the continental slope-deep basin margin. High fl exural subsidence 

in the basinward direction was concurrent with crustal rebound and exposure of the shelf area 

(similar to the Pelotas Basin). Marine shale and intercalated turbidites fi lled salt-bound depocenters 

and buried most of the salt diapirs in the Campos Basin. This trend of increased sediment loading 

coincided with a period of minor salt remobilization, which will be later constrained by forward strati-

graphic modeling. Toward the deep basin margin, shingled-oblique refl ectors indicate that turbidite 

and/or debris fl ows traveled beyond the continental rise and formed basin-fl oor fans. In the Santos 

Basin, reduced sediment supply and a rise in eustatic sea-level caused retrogradation during the 

Early Oligocene (unit SS8). This pattern shifted to aggradation-progradation in the Late Oligocene 

(unit SS9), when a eustatic sea-level fall caused a decrease in accommodation space, and so the 

sediment supply dominated. In contrast to the Campos Basin, the Oligocene in the Santos Basin 

represents a period of decreased sediment loading and gradual basin tilting, which appear to have 

induced downslope salt compression and diapirism. In the both the Campos and Santos basins, 

slope-parallel bottom currents cross-cut turbidite and pelagic deposits, causing deep-marine sedi-

ment remobilization and redistribution of the sediment loading, processes later analyzed by forward 

stratigraphic simulations.

During the Neogene, the accommodation space gradually decresed due to the long-term eustatic 

sea-level fall. Sediment stacking patterns were controlled by changes in the sediment input rates 

overprinted by eustatic sea-level fl uctuations. Intercalated shelfal erosional truncations within the        

Miocene succession refl ect periods of shelf-edge collapse or downslope sediment transport, cau-

sing further fl exural loading basinward, and rebound in the landward direction. As a result, subsi-

dence values were highly variable along the shelf-to-basin transition. Deep-marine erosional sur-

faces mark the base of turbidite and debris fl ows, more frequent within the Plio-Pleistocene basin 

fi ll (Figs. 3.8 and 3.9).

The base of the Miocene basin fi ll is marked by a sequence boundary (SB2), used as a stratigra-

phic marker horizon between the three basins. It resulted from a second order eustatic sea-level fall 

of Burdigalian age (17-20 Ma). On the Santos inner shelf, this surface amalgamates with an earlier, 

eustatic-driven unconformity of late Oligocene age (21-23 Ma). Lower Miocene normal regressive 

(NR) successions change to retrogradational (RT) middle Miocene deposits (units SC9, SS11, 

SP11; Table 3.2). Up-section, three stacked progradational-aggradational units (SC10-SC12) com-

prise the middle Miocene-Holocene succession in the Campos Basin. This interval was controlled 

 4. Inverse-basin modeling



80

by continued high sediment supply and a reduction in accommodation space due to a long-term 

eustatic sea-level fall. A strike-oriented submarine channel close to the shelf break cut into the 

Miocene-Holocene deposits (Fig. 3.8c), generating abundant bypass and redeposition toward the 

continental slope. Miocene sandstones capped remaining depocenters between salt diapirs. This 

resulted in stacked potential reservoirs of Miocene age with underlying Eocene-Oligocene sand-

rich turbidite fans trapped in salt-related depocenters.

In the Santos Basin, sediment input rates slightly increased during the Miocene, although they 

still remain lower than in the Campos and Pelotas basins. Early-middle Miocene retrogradation       

(upper part of unit SS11) shifted to aggradation-progradation (unit SS12) because sediment fl ux 

surpassed the accommodation rates. A eustatic sea-level fall (9-11 Ma) triggered shelfal erosion 

and a renewed normal regression (unit SS13), which shifted to aggradation-progradation since the 

latest Miocene (6 Ma; unit SS14). This aggradational pattern is associated to recurrent collapse 

of the shelf front, with deposition of turbidites and debris fl ows along the slope. Toward the deep 

basin margin, fi ne-grained debris fl ows overstepped the diapiric province and form basin-fl oor fans 

with chaotic patterns, which distorted the Oligocene to Miocene basin fi ll (Fig. 3.10b).

In the Pelotas Basin, lower Miocene normal regressive deposits (unit SP11) are covered by a 

maximum regressive surface (MRS) of middle Miocene age (14-15 Ma, Langhian). Lithologies and 

stratigraphic thicknesses offshore suggest that drainage systems in the vicinity of the Rio Grande 

do Sul state (e.g. Rio de la Plata and Lagoa dos Patos) delivered great volumes of sediment to 

the southeastern Brazilian margin, creating the Rio Grande Fan. The retrogradational units SP12 

and SP13 resulted from a trend of fl exurally-induced subsidence and a second order eustatic sea-

level rise in the Middle Miocene. Up-section, an intra-late Miocene (9 Ma, Tortonian) maximum         

fl ooding surface (mfs) marks a shift to aggradation-progradation (upper part of SP13 and SP14). 

This depositional trend persists until today. 

4.6 First conclusions: seismo-stratigraphy and inverse-basin modeling

The integration of sequence stratigraphy and inverse-basin modeling provides a consistent model 

of controlling factors of accommodation space (subsidence, eustacy and sediment supply) and 

their individual infl uence on shelf development and depositional systems in each the Campos, 

Santos and Pelotas basins. 

On the southern Brazilian margin, subsidence/uplift changes exerted the primary control on 

the evolution of accommodation space and second order depositional sequences. From rifting 

to drifting, the development of the margin can be subdivided into six subsidence trends (ST1-

ST6) of 7-50 m.y. duration. They main controlling factors on the subsidence development and 
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distribution include: i) syn-rift lithosphere deformation; ii) intra-plate balance forces during conti-

nental divergence (e.g. ridge-push stress, continental transpression during the Andean orogeny);                    

iii) changes in sediment supply; iv) salt remobilization. The fl exural rigidity of the crust represents 

a key factor on the crustal response to the sediment and water loads, and therefore must be consi-

dered during basin modeling and reconstruction of paleowater depths. Equating total subsidence 

with thermo-tectonic subsidence and neglecting fl exural (and compactional) response leads to 

strongly erroneous tectonic models.

South to north propagation of continental break-up and lithospheric deformation determined         

lateral changes and temporal offsets in basin development along the Brazilian margin. In the 

three continental shelf basins, the syn-rift basin stage is characterized by decreasing subsidence 

during the Barremian (ST1). Thermo-tectonic subsidence was at this time the main component 

of total subsidence, and consequently controlled the creation of accommodation space. Eustatic 

sea-level changes exerted only a minor control on syn-rift accommodation space. The Pelotas                     

volcanic-margin segment features a thickened and a more rigid crust, which controlled the ra-

pid change from syn-rift continental-transitional to post-rift marine environments and subsidence 

(ST2). The Santos and Campos non-volcanic segments feature a thinned continental crust, which 

generated widespread relatively constant subsidence values (ST2) and the formation of restricted 

marine syn-rift sag and salt basins. 

Based on the lateral and temporal distribution of Barremian-Aptian subsidence in the Santos and 

Campos basins, the bathymetric scarp at the lower slope-abyssal plain is interpreted to be the 

continental-oceanic crust transition (COT) and the eastern boundary of major syn-rift continental 

thinning. Eastward of the bathymetric scarp, thermal uplift near the rift center caused noticeable 

decrease  in  subsidence  rates (260-320 km).  In the Pelotas Basin,  the  transition from proto-

oceanic to oceanic crust is less obvious in the regional subsidence patterns and basin geometry. 

The boundary between both crustal types was constrained by the termination of Barremian sea-

ward-dipping refl ectors near the lower continental slope.

During the Late Cretaceous early drift stage, uniform basinwide subsidence characterized the 

Brazilian margin (ST3). Decreasing thermo-tectonic (and total) subsidence resulted from ther-

mal relaxation of the lithosphere, typical of ‘passive’ continental margin development. Thermal            

readjustment of the crust resulted from changes in sea-fl oor spreading rates in the South Atlantic: 

Santonian-Maastrichtian lower sea-fl oor spreading rates and reduced ridge-push forces coincided 

with a period of increased thermo-tectonic subsidence in all three basins. The tectonic evolution of 

the mountain ranges in the margin hinterland (Serra do Mar, Serra da Mantiqueira, Don Feliciano 

Belt) considerably infl uenced the sedimentation rates offshore. Therefore, source areas develop-

ment needs to be considered in passive margin studies.
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After the Florianópolis High was submerged in the Albian, major eustatic sea-level fl uctuations and 

regional structural events can be traced from the Pelotas to the Campos Basin. Important strati-

graphic markers are: (i) Cenomanian to Turonian eustasy-driven unconformities at the top of the 

Albian carbonate units; (ii) Cenomanian to Coniacian transgression, causing widespread deposi-

tion of pelitic sediments during a period of global anoxia; (iii) late Paleocene eustasy-controlled 

shelf-wide unconformity, overlain by Maastrichtian to Eocene reworked sediments during a forced 

regression.

While thermo-tectonic subsidence rates diminished during the mature drift stage, fl exural and 

compaction-induced subsidence increased and progressively became the dominant control on 

total subsidence (trends ST4-ST6). Periods of maximum and minimum sediment fl ux during the 

Paleogene and Neogene show a good correlation with total subsidence trends. Periods of shelf 

retrogradation and progradation depend primarily on changes in sediment fl ux, fl exural and com-

paction-induced subsidence rather than on changes in thermo-tectonic subsidence and eustatic 

sea-level fl uctuations.

Subsidence, eustatic sea-level fl uctuations and sediment supply are important controlling factors 

of the sedimentary architecture of the Campos, Santos and Pelotas basins. Furthermore, these 

processes and their interactions strongly infl uenced the development of hydrocarbon  systems:     

(i) Barremian to middle Aptian and Cenomanian to Turonian rapid basin subsidence in combination 

with oceanic anoxic conditions resulted in deposition of organic-rich shales; (ii) Late Cretaceous 

high accommodation gain overbalanced by sediment supply caused prograding delta sandstones 

and turbidite reservoirs (units SS5 and SS6) in the Santos Basin; (iii) Eocene to Miocene creation 

of accommodation space (eustasy and fl exural response of the crust) allowed the deposition of 

sand-rich reservoirs in the Campos Basin (units SC6 to SC11); (iv) a Neogene peak of clastic input 

to the southern Santos Basin coincided with abundant unfi lled accommodation space, left over 

from the Paleogene; as a result, thick Miocene successions (units SC11 to SS13) with seal cha-

racteristics formed; concomitantly, Late Cretaceous source rocks came into the oil-window; these 

source rocks are overlain by Eocene-Oligocene potential reservoirs; (v) after the Late Cretaceous, 

abundant accommodation space was available in the Pelotas Basin: this enabled the sedimenta-

tion of thick clastic prograding wedges, which contain sandstones within basin fl oor fans, encased 

in impermeable shales.  The thick Tertiary succession played an important role in the maturity 

development of gas- and oil-generating Upper Cretaceous marine source rocks.
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5. Forward stratigraphic modeling

5.1 Introduction

Forward stratigraphic modeling aims to predict and quantify the physical processes controlling 

the infi ll of sedimentary basins (e.g. subsidence, sediment distribution, transport mechanisms). 

The method allows to visualize the predicted depositional history (forwards in time) and carry 

out sensitivity tests of selected modeling parameters. The combination of inverse-basin and for-

ward modeling has been applied in a number of academic and industry investigations to quantify             

mechanisms and timing of lithosphere deformation, estimate the distribution and controlling fac-

tors on the thermal and subsidence evolution (e.g. Kusznir et al., 1995; Roberts et al., 1997; 

Karner et al., 2003) and analyze the tectonic and sedimentary controls on depositional systems 

(e.g. Bowman and Vail, 1999; Leyrer et al., 1999; Scheibner et al., 2003; Burgess et al., 2006, 

2008; Emmerich et al., 2008; Hasler et al., 2008; Veselovsky et al., 2008).

In this study, two-dimensional forward modeling simulates the Barremian syn-rift to Holocene 

drift development of the Pelotas, Santos and Campos basins (Fig. 5.1). The modeling procedure         

includes the quantifi cation of inter-dependent sedimentary processes (rates of sedimentation, 

sea-level, erosion) and deformation processes (subsidence, fl exural rigidity of the crust, salt tec-

tonics), which provide a better understanding of the structural-sedimentary interactions that con-

trolled the basin architecture through time. The results are compared with the seismo-stratigraphic 

framework, depositional geometries and numerical results from inverse-basin modeling  (Fig. 5.3). 

This integrated approach allows to assess inherent model uncertainties from the sequence-strati-

graphic interpretation, and develop best-fi t plausible quantifi ed models to the tectono-stratigraphic 

basin evolution.

The simulation software PHILTM (Bowman and Vail, 1999) includes algorithms for calculation of key 

deformation and sedimentary processes on rifted margins: thermo-tectonic subsidence, fl exural 

rigidity of the crust, sediment supply, sediment transport, among others. The models presented 

in this study have multiple links to reservoir and seal facies characterization, with emphasis on 

gravitational mass fl ows, sand volumes exported to the deep-marine setting and quantifi cation 

of lithophysical parameters (porosity and compaction). The main objectives of this Chapter are: 

(i) modeling of the fl exural rigidity of the crust and its effects on the syn-rift deformation style 

and long-term fl exural response (ii) physical controls on the lithofacies arrangement and paleo-

water depths, with particular emphasis on subsidence/uplift rates, sediment fl ux and gravitational 

sediment fl ows; (iii) modeling of the sag-salt basin formation and quantifi cation of key controlling 

parameters; (iv) reproduce the formation of salt structures and their implications for the basin     

architecture and distribution of lithofacies.
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Fig. 5.1 Seismo-stratigraphy of the Campos (a), Santos (b) and Pelotas basins (c) with locations of seismic lines and wells (d). W1-W3 

correlations are shown in Fig. 5.2. See Figs. 11-12 for insets (A) to (K). Twelve to fourteen seismo-stratigraphic units (SC1-SC14) are 

calibrated to well data including biostratigraphic ages (Chapter 3).
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 5. Forward stratigraphic modeling

5.2 Geological framework

The mechanisms of syn-rift lithosphere deformation along the Brazilian continental margin, and 

the resultant different types of crust along the Pelotas volcanic and the Santos-Campos non-

volcanic margin segments, had strong implications for the style of deformation and sediment 

dispersal systems during the Barremian and Aptian. Above, the Barremian-Holocene basin infi ll 

was divided into twelve to fourteen seismo-stratigraphic units, which have been classifi ed and 

analyzed in terms of stratal patterns and accommodation changes in Chapters 3 and 4. In this 

Section, Table 5.1 summarizes the main depositional patterns, unconformities, chronostratigraphy 

and lithologies. 

The northward propagation of continental break-up during the Early Cretaceous resulted in an 

asynchronous post-rift development, from the Middle Aptian in the Pelotas Basin to the Early 

Albian in the Campos Basin. This stage was crucial for the formation of Aptian shallow-marine 

environments in the Pelotas Basin, while restricted marine sag depocenters fi lled by organic-rich 

lacustrine sediments and evaporites characterized the Santos and Campos basins. During the 

Albian, aggradation-progradation of carbonate platforms record the post-rift to early drift margin 

development. With the continued Southern Atlantic oceanic expansion, paleowater depths rapidly 

increased and fi ne-grained clastic marine successions dominated the Cenomanian-Turonian ba-

sin fi ll. Since the Coniacian, the interplay of subsidence, eustasy and sediment supply triggered 

distinctive depositional patterns and stratigraphic sequences in each basin. Maastrichtian-Neo-

gene tectono-magmatic events in the hinterland and salt deformation in the Santos and Campos 

basins (Demercian et al., 1993; Cobbold et al., 2001) had a strong infl uence on the subsidence 

distribution, shelf-to-basin sediment dispersal systems and the occurrence of turbidites and mass 

transport complexes (MTCs).

5.3 Method and input parameters

5.3.1 General outline and workfl ow

Based on the chronostratigraphic information and inverse-basin modeling results (i.e. subsidence 

and sediment supply rates), forward modeling provides basin architectural models with the best-fi t 

to the tectono-stratigraphic confi guration observed in the seismic and well data. The stratigra-

phic simulator PHILTM (Bowman and Vail, 1999) incorporates a comprehensive set of parame-

ters, which according to their impact in the fi nal model can be categorized in: (i) essential input 

parameters, including time and spatial dimensions, initial bathymetry, eustatic sea-level, fl exural                     

variables, subsidence/uplift rates, sediment supply and lithologic variables (Sections 5.3.2 and 

5.3.3); (ii) sedimentary parameters, including a set of user-defi ned variables that allow to fi ne-tune 

the fi nal model (Table 5.3). 
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The modeling procedure includes sensitivity tests of specific parameters, and calibration of both the 

final model and the database (Fig. 5.3). The complexity in dealing with salt tectonics was managed 

by the incorporation of local-scale subsidence/uplift variations and quantifying  the lateral and tempo-

ral changes in the thickness of the salt layer as the overburden thickness increases. This approach 

allowed to mimic salt flow and restore the salt basin geometry.

5.3.2 Model dimensions and essential modeling parameters

5.3.2.1 Temporal and spatial resolution

Similar to the inverse-basin modeling, the sections were divided into 400-450 cells with a lateral   

spacing of 650 m in the Santos Basin, and 750 m in the Campos and Pelotas basins. This practice 

allows direct comparisons between input and output values from both modeling techniques. 

Forward stratigraphic modeling uses equal time increments to analyze the basin conditions and 

record the corresponding stratal line. The Barremian-Holocene (130-0 Ma) stratigraphic record was 

modelled with a 2 m.y. time step, providing a model with a higher temporal resolution  when compared 

with previous sequence-stratigraphy and inverse-basin modeling.

Table 5.1 Seismo-stratigraphic units obtained from previous sequence stratigraphic analysis (Contreras et al., 2010). Ages, depositional trends, 

sequence stratigraphic surfaces and formal lithostratigraphy of the Campos, Santos and Pelotas basins.
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5.3.2.2 Initial bathymetric profi le

Forward modeling starts with the Barremian basin topography, which represents the top of the   

rheological basement in the model. The reconstruction of the initial paleobathymetric profi le is 

based on lithologies and inferred depositional environments from seven calibration wells pe-        

netrating the Barremian basin fi ll. In addition, the litho-chronostratigraphic framework from recent 

publications (Bueno et al., 2007; Moreira et al., 2007; Winter et al., 2007), and the Barremian basin 

confi guration derived from inverse-basin modeling were also considered for calibration purposes.

Fig. 5.3 Workfl ow of the integrated numerical basin analysis. For seismic and well data see Fig. 5.1. The workfl ow comprises iterative cali-
bration and sensitivity analysis of input parameters in order to achieve the best-fi t model to the present-day basin confi guration.

Seismo-stratigraphy

Results
- Chronostratigraphic and structural basin configuration 
- 2nd order seismo-stratigraphic units (depositional
  patterns and unconformities)
- Bio-/chronostratigraphic ages
- Bathymetry and paleoenvironments

- 2D seismic reflection profiles, 
in depth domain
- Well information (well log, lithologies, 

formation tops, biostratigraphy)

Inverse basin modeling

Results
- Rates of total subsidence and
  genetic components: thermo-tectonic,
  flexural and compaction-induced subsidence
- Sediment flux
- Accommodation space evolution
- Cross-sections displaying the stratigraphic and 
  bathymetric evolution

Calibration
- Visual comparison with seismic units and
present-day basin configuration
- Correlation with bathymetric markers

 

(sequence boundaries, unconformities)

Database

Methods: flexural backstripping 

Methods: sequence stratigraphy, well data correlation

Forward stratigraphic modeling

Methods: computer simulations
                calibration of inverse modeling results
Results
- Simulation of basin development
- Quantified rates of key physical controls on the 
  stratigraphic record
- Cross-sections illustrating the best-fit models for 
   lithofacies, lithophysical parameters and bathymetry

 

  in time

Calibration
- Visual and depths comparison with architec-
  ture and bathymetries from inverse modeling
- Subsidence rates and sediment flux
- Sensitivity analysis of key modeling variables
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The fi rst modeling runs to determine the Barremian bathymetric profi le included subsidence 

and eustatic sea-level. It allowed to simulate the required accommodation space for the lower             

Barremian basin fi ll as inferred from seismic and well data. Subsequently, sediment supply rates 

(see Section 5.3.3.2) were included in order to reproduce the thicknesses and distribution of litho-

facies of the lower Barremian succession. The predicted bathymetric conditions along the Santos 

and Campos segments show water depths of 200-300 m in Early Barremian fault-bounded de-

pocenters located below the modern shelf. Toward the central basin part (80-230 km along the 

sections) depositional gradients stayed below 1° and water depths gradually reached 350 m. In 

the easternmost region (modern abyssal plain), paleowater depths decreased to 100-150 m. On 

the Pelotas shelf segment, Early Barremian fault-bounded depocenters reached maximum water 

depths of 200 m. Along the central and distal basin parts (modern slope and abyssal plain), paleo-

water depths gradually increased to 350-400 m at depositional gradients of approximately 1.5°.

5.3.2.3 Eustatic sea-level 

Based on the good match between the restored bathymetric conditions and the paleo-environ-

mental conditions inferred from the sedimentological and biostratigraphic data, the eustatic sea-

level curve of Hardenbol et al. (1998), re-calibrated with the time scale of Gradstein et al. (2004), 

was also incorporated in forward modeling. This approach enables a direct comparison of the 

predicted accommodation changes in forward modeling with the restored basin confi guration from 

inverse-basin modeling and depositional trends from the sequence-stratigraphy. 

5.3.2.4 Subsidence and fl exural variables

As described in Chapter 4, six main trends of subsidence/uplift (ST1-ST6) controlled the Barre-

mian-Holocene margin development. These trends depict signifi cant lateral and temporal varia-

tions in time and between basins, which depend on the interaction of three genetic components 

of total subsidence: thermo-tectonic, fl exural and compaction-induced subsidence (see Section 

4.4.2). Forward modeling incorporates the thermo-tectonic subsidence/uplift rates derived from                                                     

previous subsidence analysis (Table 4.5). Considering the structural complexities of the studied 

area, especially in the Campos and Santos basins, a realistic model required thermo-tectonic 

subsidence rates each 5 km. Areas strongly affected by salt fl ow required subsidence values over                   

0.5-1 km of lateral spacing.

The fl exural model is governed by three main parameters: (i) the effective elastic thickness (Te); 

(ii) the plate-end-boundary distance (rheological taper limit); and (iii) the mantle density (Section 

4.3.3). The effective elastic thickness is a parameter that refl ects the fl exural response of the litho-

sphere to loading (fl exural rigidity of the crust). Forward stratigraphic modeling allows to test the 

Te values used in inverse-modeling (20 km in the Pelotas Basin; 12 km the Campos and Santos 

 5. Forward stratigraphic modeling



90

basins) and determine its changes over time and across the margin. The latter two parameters 

correspond to fi xed values derived from inverse-basin modeling, taper limit (100 km) and mantle 

density (3350 g/Km3; Table 4.3).

Table 5.2 Rates of total subsidence and its genetic components (thermo-tectonic, fl exural and compaction-induced subsidence) after for-

ward simulations. Six main subsidence trends (ST1-ST6) describe the Barremian-Holocene (130-0 Ma) subsidence development in each of 

the Campos, Santos and Pelotas basins. Subsidence rates represent average values representative of the entire shelf-to-basin transition; in 

order to obtain a btter approach, they can be complemented with local scale subsidence rates shown in Fig. 5.6. 

By comparison with Table 4.5 it is possible to recognize the effects of temporal changes in Te on the Barremian-Albian subsidence values.

5. Forward stratigraphic modeling                     

5.3.3 Sedimentary parameters

5.3.3.1 Lithologies, textural variables and compaction

Compaction-induced subsidence is calculated for each time layer according to the changes in 

rock volume during the overburden history. As for the inverse-basin modeling, forward strati-

graphic modeling considers eleven siliciclastic lithotypes, nine carbonate types, and evaporites,                

obtained from the calibration wells. Each of these lithologies features specifi c empirical para-

meters (i.e. initial porosities, densities and compaction coeffi cient), which control the porosity loss 

and compaction rates (Table 4.2).

5.3.3.2 Sedimentation rates, erosion and transport

Decompacted sediment supply rates derived from inverse-basin modeling represent the sediment 

input values for forward modeling. Sediment supply rates are expressed in m2/m.y. and refl ect the 

2D cross-sectional area fi lled by sediment within each time layer. Based on the input data, forward 

modeling reproduces the deposition/erosion systems, transport and sedimentation in order to 

match the stratigraphic basin confi guration. The results indicate basinwide changes in the rates of 

Campos Basin Santos Basin  Pelotas Basin 

Th-
Tect 

Flex  Comp Total 
Th-
Tect 

Flex  Comp Total 
Th-
Tect 

Flex  Comp 

Subsidence

Trends [m.y.]

      [m/m.y.] 

Series Total 

ST6 L. Miocene 

23-0  E. Miocene 

ST5 L. Oligoc. 

33.9-23 E. Oligoc. 

ST4  L. Eocene 

65.5-33.9 E. Eocene 

ST3  Maastricht. 

110-65.5  A lbian 

ST2 

117-110 
Aptian 

ST1 

130-117 
Barremian 
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Sedimentary Parameters Empirical 
Range 1

Campos 
Basin 2

Santos 
Basin 2

Pelotas 
Basin 2

Siliciclastic Deposition     
Supply [m2 01-0 ].y.m/ 4 5x103 - 17x103 5x103 - 18x103 4x103 - 33x103

 05-02 04-03 04-01 001-0 ]%[ tropsnart noitcarT
 03-01 05-51 04-5 001-0 ]%[ noitcarf dnaS

Suspension Width of the mixing layer [m] 1-200  5-10  5-10  5-10  
Suspension Dispersion distance [km] 5-100  25  25  30  
Siliciclastic Depositional Environments     

 - - - 10000.0-100.0 ]°[ tneidarg laivulF
 1000.0 1000.0 1000.0 0.0 ]°[ tneidarg nialp latsaoC

 500.0-100.0 500.0-100.0 500.0-100.0 100.0-10.0 ]°[ tneidarg ecaferohS
 90.0-10.0 50.0-20.0 70.0-20.0 10.0-1.0 ]°[ tneidarg tnorf lanoitisopeD

  09-04  081-001  041-08  002-0 ]mk[ htdiw nialp latsaoC
  5  8  7  5-1 ]mk[ htdiw revolloR

  082-02  072-04  003-05  02-01 ]m[ kaerb palffo eht fo htpeD
 - - -  01-0 ]m[ thgieh dnalsi reirraB
 - - - 51-0 ]m[ htdiw dnalsi reirraB

Carbonate Production     
  noogaL flehS    

  04 - 5  06 - 5  07 - 5  001 - 5 ].y.m/m[ etar htworg mumixaM
  011 - 52  07 - 01  08 - 01  52 - 2 ]m[ htworg mumixam fo htpeD

  03  03  03  04 - 5 ]m[ noitcnuf htped eht fo htdiW
Shelf Margin     

  041 - 021 522 - 081  002 - 071  001 - 1 etar htworg mumixaM
  07 - 06  08 - 07  08 - 07  02 - 1 htworg mumixam eht fo htpeD

  02  02  02  04 - 5 ]m[ noitcnuf htped eht fo htdiW
Width of the distance function [km] 0.1 - 5  10  10  10  
Slope     

  091  072  052  005 - 01 etar htworg mumixaM
Depth of the maximum growth [m] 2 - 25  40  40  40  

  05 - 1 ]mk[ ecnatsid noisnepsuS 50  50  50  
  04 - 3 ]m[ htped noisnepsus mumixaM 150  150  150  

Carbonate Depositional Environments     
 - 10000.0 10000.0 10000.0 - 0.0 ]°[ tneidarg ahkbaS

6000.0 - 1000.0 ]°[ tneidarg talf ladiT 0.001 0.001 0.001 
  01  01  01  51 - 0 ]m[ egnar ladiT
 500.0 700.0 700.0 100.0 - 1.0 ]°[ tneidarg feer-kcaB

  001 - 04 051 - 05  051 - 05  02 - 1 ]m[ tserc nigram flehS
 510.0 20.0 20.0 1.1 - 10.0 ]°[ tneidarg epols-eroF

  3  5  4  3 - 5.0 ]mk[ htdiw revolloR
Pelagic Deposition     
Maximum production rate [m/m.y] 1 - 40 10 - 45  2 - 40  6 - 40  

  4  4  4  5.4 - 3 ]m[ htpeD noitasnepmoC eticlaC
  005  005  005  0002 - 005 ]m[ htdiw noitulossiD

Siliciclastic damping limit [m/m.y] 1 - 150  60  80  40  
Production time increment [m/m.y] 0.001 - 0.025  0.021  0.021  0.021  
Gravity-Flow Deposition     

 022 - 08 022 - 08 022 - 001 004 - 001 ]m[ feiler cirtemyhtab muminiM
 02 02 02 03 - 0 ]m[ htped dlohserht naf-epolS

 200.0 1100.0 5100.0 1000.0 - 100.0 ]°[ tneidarg naf roolf-nisaB
 100.0 100.0 100.0 100.0 - 30.0 ]°[ tneidarg naf-epolS

Relative-water-level trigger-factor [m/m.y] 0 - (-25) -1 -1 -4 
 6.0 9.0 8.0 ?-0 ] [ rotcaf emulov etidibruT

Erosion     
 Shoreface erosion rate [m/m.y.] 0 - 150x106  50 - 70x106  50 - 70x106  50 - 80x106

 0051 - 005 0001 - 005 0001 - 005 005 - 0 ].y.m/m[ etar noisore ecafruS 
 - - - 00001 - 0 ].y.m/m[ etar noisore lennahC
 - - - 0001 - 0 ]m[ htped lennahC
 - - - 1 - 10.0 ]°[ tneidarg nigram lennahC
 - - - 001 - 1 ]mk[ gnicaps lennahC

 000,8-000,5 000,5 000,5 - ]m[ stnerruc eniraM

Table 5.3 List of sedimentary parameters adjusted during forward stratigraphic simulations. The values used in this study have been determined 
by sensitivity tests until the best-fit models to the present-day basin configuration were achieved. These are compared with geologically reason-
able ranges published in Bowman and Vail (1999).
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sedimentation instead of local-scale changes, which can be extremely variable between different 

basin segments and trough time (e.g. the shelf edge vs. intra-slope salt troughs). Both the input 

and the resultant best-fi t sedimentation rates are plotted in Fig. 5.5. The good match between both 

models, usually with less than 10% variation except for evaporite deposition (Late Aptian) and pe-

riods of basement tectonic reactivations (Maastrichtian), indicates the high degree of plausibility in 

the sedimentation rates achieved by the combination of inverse and forward modeling.

A signifi cant contribution of forward modeling in this study involves the individual quantifi cation 

of siliciclastic infl ux, carbonate sediment as well as in situ carbonate production rates. Siliciclas-

tic deposition primarily depends on the sediment supply rates included in the model and their 

distribution. Carbonate deposition will depend on the carbonate production rates (controlled by       

bathymetry and silciclastic supply) and their subsequent redistribution. The algorithm for erosion 

considers shoreface erosion, channel incision, surface bevelling and submarine redistribution 

by marine  currents (Appendix A). Each of these interfaces is controlled by a set of variables                    

(Table 5.3) that defi ne the minimum differential relief to activate erosion and the maximum volume 

of sediment to be added to the clastic supply. The deposition algorithms reproduce both coastal 

and gravitational sedimentation for both siliciclastic and carbonate sediment, considering four 

transport methods: traction, suspension, gravity-fl ow and slumping. Sediment traction and sus-

pension principally depend on the lithologies, bathymetric profi le, lateral dimensions and energy 

conditions. Gravity-fl ow sedimentation will depend on the stability conditions of the basin fl oor, 

sediment compaction, and changes in the relative sea-level (Bowman and Vail, 1999).

5.4 Modeling restrictions

Forward stratigraphic modeling in this study includes the following restrictions: i) the results          

depend on the original seismostratigraphic interpretation as calibrated by wells; ii) best-fi t mo-

dels are not necessarily unique models, but may be achieved with different combinations of input                   

parameters within geologically reasonable ranges of values; iii) sedimentation rates depend on 

the resolution of biostratigraphic data and their tie to absolute ages in chronostratigraphic charts; 

iv) lateral salt remobilization has been simulated as a function of vertical salt fl ow and changes 

in salt thickness through time; vi) detailed studies of diagenesis, which may affect porosity/depth 

curves, and thus compaction rates, have not been available.

5.5 Forward modeling results

Forward stratigraphic simulations of the Barremian-Holocene basin fi ll demonstrates how the fi nal 

basin model is sensitive to multiple uncertain sedimentary and deformation variables, such as 

lithotypes, sediment volumes injected into the basin, transport effi ciency and halokinesis-induced 

redistribution. Sensitivity tests indicate that modeling parameters must be evaluated within a range 

5. Forward stratigraphic modeling                     
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of possibilities and by considering maximum, minimum and best-fi t values, rather than specifi c 

and unique values. Iterative modeling runs and observation of the model response provided the 

best approximations to the effective elastic thickness (Fig. 5.4), sediment supply (Fig. 5.5) and 

subsidence/uplift rates (Fig. 5.6, Table 5.2). Additional sensitivity analyses of sedimentary pa-

rameters (Table 5.3) allowed to fi ne-tune the model and determine the most important sediment-

related factors between several uncertain parameters controlling the basin development and dis-

tribution of lithofacies. Chronostratigraphic cross-sections were generated for each the Pelotas,                    

Santos and Campos basins (Figs. 5.7, 5.8 and 5.9 respectively). Four key time layers (top Aptian, 

top Maastrichtian, top Eocene, and present-day) have been chosen to visualize and discuss the                    

architectures, distribution of lithofacies and porosity evolution between the three basins.

Spatial and temporal variations in Te as well as the interactions of thermo-tectonic and fl exural 

subsidence confi rmed the strong infl uence of continental extension on the distinct syn-rift confi gu-

ration between the Pelotas and the Santos-Campos margin segments (Fig. 5.10; Section 5.6.1). 

Forward modeling results confi rmed that syn-rift crustal thinning and the consequent decrease in 

the fl exural strength of the crust were crucial factors for the formation of sag and salt depocen-

ters (Section 5.6.2). During the post-rift to mature drift stages, continental basement reactivations 

and salt-induced  sediment  remobilization  affected  the  long-term  fl exural  response  of  the 

crust, triggering signifi cant departures from the theoretical ‘thermal curve’ of passive margins as 

predicted in the McKenzie model (1978). Our results, combined with existing investigations on 

the tectonic evolution of the Brazilian continental margin (e.g. Zalán and Oliveira, 2005) provide 

a better understanding of the basin-specifi c sediment supply histories and the source-to-basin 

depositional systems. Furthermore, since forward modeling simulates the interactions between 

tectonic subsidence, eustatic sea-level and sedimentation rates, it is possible to test the relation-

ship between these causal mechanisms and the occurrence of either turbidites or mass transport 

complexes (i.e. debris fl ows, block slides and slumps; classifi cation of Moscardelli and Wood, 

2008), widely recognized in the three basins analyzed (Figs. 5.11 and 5.12).

5.5.1 Barremian to Aptian syn-rift stage

Brazilian Margin (general)

During the Barremian syn-rift stage, thermo-tectonic subsidence exerted the main control on total 

subsidence and creation of accommodation space (subsidence trend ST1; Fig. 5.6). However, 

magma-dominated continental extension in the Pelotas Basin evolved northward to fault-domina-

ted and ductile continental extension in the Santos and Campos basins. These mechanisms and 

the resultant variations in the fl exural rigidity of the crust contribute to generate half-graben basins 

with specifi c geometries and varying subsidence patterns in each basin.
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Fig. 5.4 Evolution of the effective elastic thickness (Te) of the lithopshere from forward stratigraphic modeling for the Brazil-
ian continetal margin (Barremian to recent). Changes in Te result from syn-rift mantle upwelling, accretion of oceanic crust 
and long-term cooling (Section 5.6.1).
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Pelotas Basin (specifi c)

During the Early-Middle Barremian syn-rift stage, the effective elastic thickness of the volcanic-

type transitional crust increased by about 12% (from 17 to 19 km). As the crust became more rigid, 

the fl exural loading effect and fault displacement diminished (later discussed in Section 5.6.1.) 

High-angle extensional faults die out into Barremian volcanic wedges (SDRs) and the fl exural 

component accounted for only 14-17% of total subsidence (Fig. 5.6). The accommodation space 

available was progressively consumed by widespread volcanic series and high clastic  supply 

in the Late Barremian. As a result, paleowater depths were fairly constant (100-200 m) during 

the whole Barremian. As the volcanic and tectonic activity diminished, alluvial to fl uvial-deltaic                     

deposits dominated the Early-Middle Aptian basin infi ll (Cassino Fm.). With the onset of sea-

fl oor spreading in the Middle Aptian (~120-118 Ma), thermal lithospheric contraction controlled the 

subsidence trend ST2. As expected, the subsidence distribution was laterally irregular, with the 

higher subsidence values in the central basin part (75-80 m/m.y.), between the basement-sup-

ported continental shelf and the thermally-uplifted spreading center. During the post-rift stage, the 

shelf realm experienced recurrent erosion due to relative sea-level fl uctuations. One particularly                        

important event was a eustatic fall in the Middle Aptian (122 Ma), which caused retrogradation of 

the coastline over approximately 50 km and the erosion of 150-200 m of sediment from the shelf 

top. As the relative sea-level increased in the Late Aptian-Early Albian, coastal retrogradation and 

sediment bypass with debris fl ows occurred. Fault-bounded structural highs were drowned, and 

consequently the rates of erosion and sediment supply diminished by around 15% (Fig. 5.5). By 

the Early Albian, paleowater depths in the central basin had reached 650-700 m (Fig. 5.7).

Santos and Campos basins (specifi c)

Along the Santos-Campos margin segments, Te values gradually decreased during the                      

Barremian-Aptian syn-rift stage (Fig. 5.4). As the crust became less rigid, the response to the 

sediment loading amplifi ed, and so the fl exural component reached 18-30% of total subsidence 

(Fig. 5.6). It also enhanced fault-displacement and rotation of hanging-wall blocks, resulting in 

half-graben basins with subsidence rates of 115-350 m/m.y. The Early Barremian unit (lower syn-

rift sequence; Carminatti et al., 2008) consists of volcanic series covered by alluvial and fl uvial-del-

taic coarse-grained prograding wedges deposited in low bathymetries (100-150 m). Up-section, 

the Middle Barremian-Early Aptian unit (upper syn-rift sequence) involve cycles of fl uvial-deltaic 

Fig. 5.6 Total subsidence (line) and its genetic components, thermo-tectonic (dark gray), fl exural (light gray) and compaction-induced (white) 

subsidence, separated for shelf, slope and deep basin areas. Six main subsidence trends (ST1-ST6) controlled the Barremian-Holocene 

basin development in each of the Campos, Santos and Pelotas basins. From ST1 to ST3 (Barremian to Maastrichtian), thermo-tectonic 

subsidence was the dominant component on total subsidence with comparable trends in the three basins. Since the Early Eocene (48.6 Ma, 

middle ST4) fl exural subsidence from sediment and water loading represented the dominant control on total subsidence Subsidence trends 

were highly variable along the Brazilian margin.

5. Forward stratigraphic modeling                     
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Fig. 5.7 Forward stratigraphic model of the Pelotas Basin. 

Synthetic cross-sections show the predicted distribution of lithofacies and 

evolution of porosity. Location of the section is given in Fig. 1. After 

basinwide Barremian magmatism (130?-122 Ma), open-marine deposi- 

tional systems developed since the Middle Aptian. No salt depocenters 

existed. Lithospheric cooling and increasing flexural loading exerted the 

main control on the basin architecture and infill. The evolution of porosity 

indicates good reservoir quality in Coniacian-Paleogene stratigraphic 

lenses with porosities of 15-20%, sealed by marine shales. Potential 

source rocks intervals (Cenomanian-Turonian marine shales) reached 

adequate overburden thickness for oil-generation in the Late Eocene.
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Fig. 5.8 Forward stratigraphic model of the Santos Basin. 

Synthetic cross-sections showing the predicted distribution of lithofacies 

and evolution of porosity. Location of the section is given in Fig. 1. Late 

Aptian (~115-112 Ma) deposition of evaporites was controlled by four main 

parameters: thermal-type regional sag subsidence, shallow-to-deep 

marine water depths, recurrent influx of marine brines, low clastic supply. 

Syn-sedimentary salt deformation (minor upslope extension, downslope 

compression) started around the Late Albian. Predicted porosities suggest 

turbidite sandstones of Coniacian-Paleocene, and Early Miocene age 

along the lower slope (slope fans) with average porosities of 25-35%, 

time-equivalent intervals to shallow-marine proven reservoirs. Middle 

Barremian-Middle Aptian continental-transitional prograding wedges 

below the salt succession preserve porosities between 20-25%.
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Fig. 5.9 Forward stratigraphic model of the Campos Basin. 

Synthetic cross-sections show the predicted distribution of lithofacies and 

evolution of porosity. Location of the section is given in Fig. 1. Late Aptian 

(~115-112 Ma) deposition of evaporites was controlled by four main 

parameters: thermal-type regional sag subsidence, shallow-to-deep 

marine water depths, recurrent influx of marine brines, low clastic supply. 

Syn-sedimentary salt deformation (upslope extension, downslope 

compression) started around the Middle Albian. Predicted porosities 

suggest turbidite sandstones of Coniacian-Maastrichtian, Middle-Late 

Eocene, and Early-Middle Miocene age along the middle-lower slope 

(slope fans) with average porosities of 20-40%, time-equivalent intervals 

to shallow-marine proven reservoirs. Middle Barremian-Middle Aptian 

continental-transitional prograding wedges below the salt succession 

preserve porosities between 15-20%.
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progradation-aggradation followed by retrogradation of lacustrine mud-rich carbonates and aggra-

dational limestones at the top (Coqueiros and Barra Velha Fms.). The transitional siliciclastic units 

show thicknesses of around 400-450 m and predicted porosities of 15-20% (Figs. 5.8 and 5.9); in-

tercalated carbonate-dominated intervals show average thicknesses of 100-120 m and porosities 

between 1-5%. They were deposited in water depths of 350-400 m, which gradually decreased 

upward to 50-100 m during the next fl uvial-deltaic progradational trend. Near the adjacent horst 

structures, a lower siliciclastic supply and bathymetries between 30-150 m enabled carbonate pro-

duction rates of 105 m/m.y. in the Campos Basin and 90 m/m.y. in the Santos Basin. These struc-

tural highs formed local-scale rimmed platforms composed of high-energy carbonates, mainly 

coquinas and microbialites with present-day porosities between 10-14%. Toward the central basin 

part, subsidence rates diminished by approximately 50% (75-120 m/m.y.). This pattern refl ects 

the lateral transition from brittle extension to thermally-controlled basin sagging. During the Early 

to Middle Aptian, paleowater depths gradually increased to 500-550 m along the modern upper-

middle slope, and up to 950 m toward the lower slope-oceanic basin. The basin infi ll included 

reworked fl uvial and bioclastic deposits intercalated with mud-rich hemipelagic carbonates.

Syn-rift sag stage and late Aptian evaporites (specifi c)

During the sag basin development, the effective elastic thickness of the crust reached minimum 

values of 6-8 km. Extensional faulting ceased, uplift and erosion of foot-wall blocks attenuated, 

and in consequence the sediment fl ux diminished by about 30%. By Middle-Late Aptian times, 

both the Campos and Santos shelf segments had experienced a decrease in thermo-tectonic 

subsidence by approximately 35% (trend ST2). However, along the continental slope subsidence 

values remained nearly constant (85-120 m/m.y.); this basin area was controlled by thermal-sag 

subsidence and the fl exural response of the crust to widespread transitional clastic deposits. Due 

to reduction in the fl exural rigidity, the fl exural subsidence component enhanced up to 30% of 

total subsidence (Fig. 5.6). Prograding fl uvial-deltaic systems on the inner-middle shelf laterally 

graded to fi ne-grained lacustrine sediments and carbonates toward the central basin (present-

day upper-middle slope). During a second order eustatic sea-level fall in the Middle Aptian                                            

(117 Ma) approximately 220-250 m of the lower Aptian unit was removed from both the Campos 

and Santos shelves and redeposited basinward. As the eustatic sea-level rose in the Late Aptian 

(116-115 Ma), the erosional hiatus was covered by retrogradational-aggradational fi ning-upward 

fl uvial-lacustrine deposits and intercalated limestones. In the central basin part, reworked sand-

stones grading upward to siltstones and hemipelagic carbonates were deposited in bathyal en-

vironments with 900-950 m of water depth. Although the sag basin development was fairly similar 

in both basins, the Santos continental shelf was broader and tectonically more stable than the 

Campos shelf segment. This distinct development appears to be associated to the larger exten-

sion of the São Paulo Plateau in the Santos Basin and the occurrence of thermal anomalies due 

to an aborted rift segment (see Mohriak et al., 2010; Scotchman et al., 2010).
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By Late Aptian times, sag depocenters had expanded to around 160 km wide (to the modern 

lower slope) and were characterized by smooth topography. This setting coincided with semi-arid 

and dry climate conditions during the Aptian (Moore et al., 1995; Skelton, 2003), enabling the 

precipitation of evaporites in the latest Aptian (112-115 Ma; Karner and Gambôa 2007; Contreras 

et al., 2010). Based on the quantitative results described above, a simplifi ed model for the salt 

basin formation was erected based on four key parameters: (1) pre-salt sag depocenters with                           

subsidence rates of 85-120 m/m.y.; (2) pre-salt paleowater depths between 100-250 m on the 

shelf and 900-950 m in the central basin part; (3) siliciclastic supply below 200 m2/m.y, which may 

be taken as an indication of minor water fl ux from rivers due to dry climate; (4) marine water infl ux 

triggering an appropriate water-level and high salinities. Based on these model conditions (later 

discussed in Section 5.6.2), rates of salt precipitation reached 560 mm/yr in the Santos Basin 

and 610 mm/yr in the Campos Basin. The resultant salt thicknesses were 520-1,200 m along the 

modern continental shelf and 1,900-2,200 m towards the central basin part (Figs. 5.8 and 5.9).

5.5.2 Middle Aptian to Late Albian post-rift stage

Brazilian margin (general)

With the onset of post-rift thermal cooling and contraction of the lithosphere, the fl exural rigidity 

of the crust started to increase. By the Late Albian, Te values had reached 21 km in the Pelotas 

margin segment and 12-13 km in the Santos-Campos segment. Despite these differences in the 

fl exural strength of the crust, the three basins analyzed followed a comparable post-rift subsi-

dence pattern: Albian to Maastrichtian subsidence rates gradually decreased (trend ST3) following 

the thermal curve of McKenzie’s model (1978). This subsidence development, combined with the 

rising eustatic sea-level signal created appropriate basin conditions for the development of wide 

carbonate platforms in the Albian. Geodynamic reconfi gurations indicate that this development 

coincided with the connection of the Central and South Atlantic Ocean (Torsvik et al., 2009; Moulin 

et al., 2010) and a change to humid-tropical climate conditions (Skelton et al., 2003; Ford and 

Golonka, 2003), facilitating marginal organism associations and carbonate build-up.

Pelotas Basin (specifi c)

The post-rift stage in the Pelotas Basin is indicated by increased subsidence values along the 

entire shelf-to-basin transition (60-75 m/m.y.; trend ST2). Coastal retrogradation with an impor-

tant component of aggradation controlled the Late Aptian-Early Albian shelf development. Due to 

the low basin relief, coarse-grained alluvial to deltaic deposits were deposited on the shelf realm  

(Cassino Fm.), while siltstones and hemipelagic shales dominated the central and distal basin 

parts. As the bathymetry increased in the Middle Albian, lacustrine to shallow-marine mixed silici-

clastic-carbonate deposits occurred (Tramandaí and Portobelo Fms.). On the outer shelf, massive 

bioclastic limestones reached average production rates of 130-140 m/m.y. By the Middle Albian, 
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a rimmed carbonate ramp had prograded over 120 km, to the location of the recent upper slope. 

During this development, paleowater depths near the shelf margin gradually rose from 90-100 m in 

the Early Albian to 300 m in the Late Albian. Basinward, a gentle slope with depositional gradients 

of 3°-4° was formed and paleowater depths increased to 1,500 m. In this area (120-340 km on the 

section), marine shales and calcilutites were intercalated with sporadic gravitational debris fl ows 

(Atlântida Fm.).

Santos and Campos basins (specifi c)

Based on the best-fi t subsidence and paleowater depths model, the transition from syn-rift 

lithospheric stretching to seafl oor spreading appears a gradual process during the Early Albian                 

(112-108 Ma). After Late Aptian salt precipitation, paleobathymetry ranged from 30-40 m on the in-

ner shelf to 180-200 m toward the central basin part. On the continental shelf, an abrupt decrease 

in subsidence values during the Early to Middle Albian (trend ST2) is compatible with the develop-

ment of a stable carbonate platform. With the retrogradation of the coastline and the shift to humid 

climatic conditions in the Albian, coastal sediment reworking and erosion intensifi ed; as a result, 

in both the Santos and Campos basins the sediment fl ux increased by about 10-15%. Fluvial-

deltaic coarse-grained deposits on the inner shelf (Florianópolis and Goitacás Fms. respectively)                

laterally graded to shallow-marine fi ne-grained siliciclastics and high-energy carbonate banks.             

Average carbonate production rates varied between 105-115 m/m.y. in the middle-outer shelf and 

190-225 m/m.y. on the rimmed shelf edge (Guarujá Fm. in the Santos Basin; Quissamã, Outeiro 

Fms. in the Campos Basin). By the Middle Albian, a carbonate ramp with depositional gradients 

below 1° had prograded over 90-110 km in both the Campos and Santos basins. On the Campos 

shelf segment, bathymetries stayed between 260-280 m and enabled carbonate build-up until the 

Late Albian-Cenomanian (98-99 Ma). In contrast, Middle-Late Albian (~104 Ma) bathymetries on 

the Santos shelf area increased up to 300-330 m, and carbonate ramps were drowned. Forward 

modeling suggests that these distinctive basin conditions resulted from the smoother and wider 

Santos shelf segment, combined with slightly lower rates of carbonate production.

Along the central basin part, differential thermal contraction with the distance from the sprea-       

ding center caused laterally variable subsidence values, 45-50 m/m.y. in the deep basin increa-

sing to 95-115 m/m.y. on the upper slope. Sporadic turbidite fl ows were associated to falls in the 

relative sea-level (112 and 106 Ma) cutting into Early-Middle Albian shallow-water deposits. The 

basin topography and distribution of the sediment loading was a crucial factor on the onset of salt 

remobilization. A 120 km-wide Santos shelf segment laterally changing to slope gradients of 1°-2° 

resulted in a fairly homogeneous distribution of the basin fi ll and minor salt remobilization before the 

Late Albian (102-100 Ma). In the Campos Basin, a narrower shelf segment (80 km-wide) and recu-

rrent events of gravitational sediment transport (debris fl ows and occasional turbidites) generated 
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differential sediment loading and slope depositional gradients of 3°-4°, which resulted in gravity-

gliding salt remobilization since the Middle Albian (108-106 Ma). In both the Campos and Santos 

basins, the continental to oceanic crust transition (COT) was characterized by thermally-induced 

uplift over a 50-km wide zone on the lower slope (see Fig. 4.4). This area coincides with a bathy-

metric scarp located at around 340 km from the modern coastline (Fig. 5.1). This feature appears 

to represent the signature of the distal continental edge, where mantle/lower crust exhumation 

occur during the syn-rift sag stage (Aslanian et al., 2009).

5.5.3 Late Cretaceous early drift stage

Brazilian Margin (general)

The decrease in thermo-tectonic subsidence during the Cenomanian-Maastrichtian early drift 

stage (99.6-65.5 Ma; trend ST3) was controlled by lithospheric thermal contraction. Nonetheless, 

a Late Cretaceous eustatic sea-level rise caused a increase in accommodation space and paleo-

bathymetry. This trend of water deepening and transgression generated Turonian to Coniacian 

(92-90 Ma) disconformities in the three basins. As the continental margin depocenters expanded, 

the thermal contraction of the lithosphere and the concomitant increase in the fl exural rigidity 

resulted in basin tilting, coupled with fl exural rebound and erosion of the shelf areas. Episodic 

exhumation of continental source areas triggered signifi cant changes in the sediment supply and 

deep-water sand volumes, especially in the Santos Basin.

Pelotas Basin (specifi c)

The Cenomanian to Campanian (99.6-82 Ma) retrogradational pattern was interrupted since the 

Late Turonian (88-82 Ma) by short-term aggradational to progradational trends (1-2 m.y. duration). 

These shifts occurred during a period of slight but persistent fl exural rebound of the shelf, which 

is manifested in the temporally decreasing subsidence rates, from 40 m/m.y. in the Turonian to        

25 m/m.y. in the Santonian (Fig. 5.6). As a result, the bathymetry of the shelf margin reduced to 

50-70 m, and so sedimentation patterns became more sensitive to fl uctuations in the eustatic 

sea-level and sediment supply. Two of the most noticeable aggradational-progradational pulses 

occurred during eustatic sea-level falls in the Late Turonian (89-88 Ma) and Santonian (85-84 Ma). 

From the Campanian to the Maastrichtian (84-65.5 Ma), shelfal subsidence renewed (35 m/m.y.), 

sediment supply diminished, and coastal retrogradation was re-established. The shallow-water 

basin fi ll is therefore characterized by retrogradational fi ne-grained sandstones, siltstones and 

shales (Cidreira Fm.) affected by intermittent periods of sediment reworking and bypass. The con-

tinental slope and deep basin margin were characterized by a continuous decrease in subsidence 

rates from the Cenomanian (55-60 m/m.y.) to the Maastrichtian (20-28 m/m.y.). Due to the relative 

low density of the deep-marine shales-dominated succession, the fl exural component accounted 
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for only 18-22% of total subsidence and the slope gradient did not exceed 5°-7°. Recurrent debris 

fl ows and occasional sand-poor turbidites were connected to the eustatic-driven progradational 

trends. By Maastrichtian-Paleocene times, the shelf margin featured water depths of 300-400 m, 

whereas the oceanic domain reached 2,500-2,600 m.

Santos Basin (specifi c)

After Cenomanian-Middle Turonian coastal retrogradation, the Coniacian-Maastrichtian shelf     

development was controlled by a trend of high siliciclastic supply, with a total sand content of 

60-65%. Amalgamated coarse-grained fl uvial-deltaic deposits (Santos Fm.) laterally graded to 

siltstones of prodelta facies near the shelf edge (Juréia Fm.). This progradational trend occurred 

during a period of tectonic uplift of the Serra do Mar in the Santos hinterland, which have been 

constrained by apatite fi ssion track analysis in previous studies (later described in Section 5.6.3). 

With the rapid increase in the sediment loading and compaction of the underlying Cenomanian-

Coniacian shales-dominated succession, the shelf experienced a subsidence increase of 18-20% 

during the Campanian to Maastrichtian. Nevertheless, accommodation drastically reduced and 

the progradational front repeatedly collapsed, generating sand-rich turbidites fl ows (Ilhabela Mb.). 

Eustatic sea-level falls generated occasional debris fl ows, particularly important in the Early Cam-

panian (82-80 Ma) and Early Maastrichtian (70-68 Ma). Forward modeling suggests that laterally 

constant and increased Santonian-Maastrichtian stratigraphic thicknesses (1,200 m) along the 

shelf-upper slope realm generated a uniform lithostratigraphic pressure fi eld with minor differen-

tial sedimentary loading (vertical subsidence) which precluded upslope salt extension. However,        

toward the middle-lower slope, the basin topography reached 9°-10° of inclination, triggering 

downdip salt compression with the formation of diapirs, thrust faults and inverse faults. In the deep 

basin margin, hemipelagic shales intercalated with reworked debris fl ows were deposited in water 

depths of between 1,900-2,100 m, similar to the Campos deep basin setting.

Campos Basin (specifi c)

The Cenomanian to Maastrichtian overall retrogradational pattern was controlled by a long-lasting 

rise in eustatic sea-level, which counteracted the reduction in accommodation space due to the 

Late Cretaceous decrease in subsidence values. The sediment supply was relatively constant, 

with an average sand content of 45-50%. Fluvial-deltaic sandstones and siltstones on the inner-

middle shelf laterally graded to reworked fi ne-grained prodelta and shallow-marine deposits on 

the shelf edge. In order to reproduce the deep-water stratigraphic thicknesses observed in the 

seismic and well data, Maastrichtian-Paleocene sediment supply rates required an increase of 

110% in comparison with the input rates derived from inverse-basin modeling (Fig. 5.5). This trend 

suggests an extrabasinal tectonic factor affecting the basin development, probably associated 
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to the uplift of the Serra do Mar and the thermal effect of the Trindade mantle plume (Zalán and 

Oliveira, 2005). Gravitational sediment fl ows, principally turbidites, were associated to collapse 

events of the progradational front during falls in eustatic sea-level, for instance in the Late Turo-

nian (89-88 Ma), Santonian-Campanian (84-83 Ma) and Late Campanian (76-75 Ma). Although 

the duration of these events was below the temporal resolution of the seismo-stratigraphic frame-

work, forward stratigraphic simulations allowed to evaluate their effects on the basin development. 

Assuming that large sand volumes (6,000-6,500 m2/m.y.) were exported to the deep-marine se-

tting, a rapid increase in the fl exural loading from Santonian to Maastrichtian times produced the 

best match with the basin confi guration and sand thicknesses penetrated by the calibration wells                         

(Fig. 5.2). This tectonically-induced sediment supply peak had two main effects on the fi nal model: 

(i) subsidence rates were 30-35% higher than the input data derived from inverse-basin modeling;               

(ii) downslope salt remobilization intensifed, providing a plausible model for halokinesis-driven 

sediment redistribution and deformation of the basin fl oor topography. 

5.5.4 Paleogene mature drift stage

Brazilian Margin (general)

The Maastrichtian-Paleocene boundary is marked by a eustatic-driven erosive unconformity     

(58-56 Ma), which can be used as a regional correlation marker (Table 5.1). During this event, 

approximately 320-340 m of Upper Maastrichtian-Lower Paleocene (68-58 Ma) sediment were re-

moved from the Pelotas and Santos shelf segments and re-deposited basinwards; in the Campos 

Basin the average eroded thicknesses were about 260-280 m. The correlative forced regressive 

packages include turbidites, debris fl ows, and in the Pelotas Basin block slides.

During the Paleogene to Neogene mature drift stage (trends ST4 to ST6), tectonic reactivation 

of basement blocks continued to cause major variations in the rates of clastic supply and sand 

volumes exported to the deep-marine setting. With the increase in the sediment and water loads, 

the fl exural subsidence component became the dominant control on total subsidence since the 

Middle Eocene, while the thermo-tectonic component became secondary (see percentages in                  

Fig. 5.6). Forward stratigraphic simulations allowed to determine the most signifi cant deforma-

tion and stratigraphic controls on the Paleogene-Neogene sedimentation/erosion patterns, which 

in  order of importance include: (i) exhumation of sediment source areas affecting the sediment 

supply and distribution of the sediment loading offshore; (ii) eustatic sea-level fl uctuations with 

changes in the rates of accommodation and coastal erosion; (iii) instability conditions of the shelf 

margin and eventual catastrophic sediment-failure; (iv) salt remobilization affecting the basin to-

pography and distribution of deep-water depocenters. 
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Pelotas Basin (specifi c)

The fl exural response of the crust to the imposed sediment and water loads exerted the main 

control on the basinwide subsidence increase from the Paleocene (25-50 m/m.y.) to the Late 

Eocene (55-88 m/m.y.). Incision channels and Maastrichtian-Paleocene coarse-grained                                          

regressive sandstones were covered by fi ning-upward deltaic to shallow-marine fi ne-grained 

sandstones intercalated with siltstones and shales (Cidreira Fm.). This retrogradational trend, 

controlled by a rise in the relative sea-level and low sedimentation rates, led to a lack in sediment 

cohesion and little compaction. Recurrent sediment bypass and collapse events of the shelf-edge 

during the Early Eocene resulted in a steep depositional front with approximately 15° declivity. 

In the Middle-Late Eocene the sediment supply increased by about 80% (with a sand fraction of 

40-45%), which led to wide fl uvial-deltaic progradation and to rebuild of the shelf. This trend has 

been associated to a volcanic event in the Eastern Paraguay Province indicated by Peyve (2010). 

A 2nd order eustatic sea-level fall in the Middle Eocene (48 Ma) and another in the Late Eocene 

(37-34 Ma) represent two events of major shelfal erosion linked to debris fl ows downslope. During 

the Oligocene,  alternating  periods  of  retrogradation  (34-30 Ma;  26-24 Ma)  and  prograda-

tion (30-26 Ma)  induced  sediment  bypass and instability conditions of the shelf  edge-upper                               

slope realm. Intercalated transgressive shales decollements (condensed surfaces toward the 

outer shelf), depo-sited during trangressive pulses, enabled recurrent events of shelf-edge failure. 

Due to the large gravity-driven sediment volumes in basinward direction (5,000-6,000 m2/m.y.), 

the highest sedimentation rates and fl exural loading occurred on the middle-lower slope. Seismic 

facies show packages of contorted refl ectors with basal scours, which refl ect landslides and ero-

sive debris fl ows. Intercalated high-amplitude, sub-horizontal and less deformed layers have been 

interpreted as occasional turbidite fl ows (Fig. 5.12g).

Santos Basin (specifi c)

During the Paleogene, the Santos shelf segment underwent intermittent fl exural-induced uplift, 

erosion and unloading. This pattern is indicated by Paleocene to Oligocene decreasing subsi-

dence values (trend ST4) and sediment reworking along the shelf. During the Late Paleocene 

and Early Eocene, the sediment supply reduced by 50% and the sand fraction varied around                

45-50%. As a result of this change, and the rising eustatic sea-level, the preceding progradational              

pattern shifted to retrogradation with a minor component of aggradation. In the Middle Eocene, the 

sediment supply increased and fl uvial-deltaic to shallow-marine progradational to aggradational 

deposits reached the upper slope. This succession was partly removed during eustatic sea-level 

falls in the Middle Eocene (50-48 Ma) and the Middle-Late Eocene (42-40 Ma). This latter eustatic 

event was particularly important since it was associated to collapse of the progradational front. 

Large sediment volumes were transported basinward by turbidite and debris fl ows during the whole 

Eocene, generating a rapid increase in the sediment loading. Average subsidence values reached 
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35-55 m/m.y., and the slope gradient increased up to 13°-14°. Toward the  lower  slope, salt  dia-

pirs  intruded the Paleogene succession, generating local-scale depressions trapping occasional 

turbidite fl ows and salt-induced sediment slumps (Fig. 5.11f). Forward modeling  results indicate  

that a relative constant sediment fl ux during the Paleocene and Eocene was coeval with a gradual 

increase in slope gradients facilitating upslope salt extension. On the other hand, maximum peaks 

in sedimentation (e.g. in the Coniacian-Maastrichtian) tend to restrict salt extension, although it 

may reinforce downslope salt compression and vertical fl ow. In the Early Oligocene, sediment   

supply dropped again and retrogradation to aggradation occurred. Deltaic sandstones and silt-

stones (Ponta Aguda Fm.) back-stepped until the Late Oligocene, when a trend of high sediment 

supply (28-23 Ma) led to the restoration of a wide and fl at progradational front. The shallow-water 

succession consists of fi ne-grained fl uvial-deltaics laterally grading to mixed siliciclastic-carbonate 

facies (Iguape Fm.) with carbonate production rates of 50-55 m/m.y. Basinward, sediment bypass 

and shelf-edge failure generated clastic-carbonate turbidites and sporadic debris fl ows. 

Campos Basin (specifi c)

Between the Paleocene to Late Eocene, the Campos Basin experienced an increase in subsi-

dence along the entire shelf-to-basin transition, from 15-30 m/m.y. to 30-70 m/m.y. (trend ST4). 

This trend was thermally-controlled by lithospheric contraction of the crust coupled with the fl exu-

ral sediment loading and major salt remobilization along the slope to deep basin margin. After 

intense sediment erosion and reworking of Maastrichtian-Early Paleocene fl uvial-deltaic depo-

sits, a retrogradational-aggradational succession, with an average sand content of 35%, was de-

posited during the Early Eocene (Emborê Fm., São Tomé Mb.). As the coastline back-stepped, 

traction-driven siliciclastics diminished toward the outer shelf, allowing carbonate build-up with 

average production rates of 60-70 m/m.y. (Grussaí Mb.). Basinward, sand- to silt-rich turbidites 

were trapped in salt-induced topographic barriers, encased by marine shales and occasional  de-

bris fl ows (Ubatuba Fm.). In the Early Oligocene, the sediment supply increased by approximately 

60%, causing progradation of sand-dominated (45-50%) fl uvial-deltaic deposits (São Tomé Mb.). 

This trend of rapid sedimentation and shelf widening led to insuffi cient sediment cohesion and 

bypass, producing recurrent events of shelf-edge collapse during the Early Oligocene (32-29 Ma). 

In the Late Oligocene, the shelf segment became fairly stable, fl at and featured bathymetric condi-

tions of 150-180 m. This setting allowed carbonate build-up toward the outer shelf (Siri Mb.) with 

average production rates of 80-85 m/m.y. during a retrogradational-aggradational trend. These 

variations in the depositional patterns, coupled with sediment collapse events of the shelf-edge 

and abrupt changes in the sediment loading along the slope, generated laterally and temporal-

ly variable subsidence rates during the Oligocene (from 15 m/m.y. to 65 m/m.y). Similar to the             

Santos Basin, hemipelagic shales and mud-dominated debris fl ows overstepped the diapiric pro-

vince and cut into the oceanic basin fi ll (Fig. 5.12). 
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5.5.5 Neogene mature drift stage

Brazilian margin (general)

The Neogene represents a stage of sediment infi ll and reduction in bathymetry. The subsi-

dence distribution along the three modeled seismic sections refl ects uplift of the southeastern                      

Brazilian continental shelf and progressive tilting basinward, with the highest rates of sedimenta-

tion and subsidence on the lower continental slope. Depositional trends were mainly controlled by 

changes in sediment supply, occasionally overprinted by eustatic sea-level fl uctuations triggering 

sediment bypass and unloading. Gravitational sediment fl ows, and their interactions with slope-

parallel marine currents were the main factors infl uencing deep-marine sedimentary systems,                              

and also affected the distribution of the sediment loading.

Pelotas Basin (specifi c)

The subsidence values along the Pelotas shelf segment diminished from 55 m/m.y. in the Early 

Miocene to 35 m/m.y. in the recent times. In contrast, fl exurally-driven increasing subsidence 

rates in the slope to deep basin margin varied between 75-90 m/m.y. In order to reproduce the 

shelf-to-slope confi guration in the model, recurrent episodes of catastrophic shelf-edge failure 

had to occur during the Early Miocene (24-16 Ma). During this time, low bathymetric conditions 

(water depths below 150 m) and high clastic supply with a total sand fraction of 20-25% existed. A 

eustatic sea-level fall in the Early Miocene (23-22 Ma) removed about 180-200 m of fl uvial-deltaic 

sand-dominated deposits, transported as shelf-block slides and debris fl ows to the upper-middle 

slope (Fig. 5.12g). In the following, a short-term eustatic sea-level rise in the Middle Miocene en-

hanced the available accommodation space, and consequently the shelf sediment failure ceased. 

The Middle-Late Miocene unit (14-10 Ma) refl ects a trend of retrogradation to aggradation of fi ne-

grained sandstones and siltstones. From the Pliocene to the Holocene, the sediment supply has 

gradually increased by about 25% triggering progradation. Due to the continuous reduction in the 

shelfal accommodation space, large sediment volumes were directly exported to the deep-marine 

setting, probably associated to episodic shelf-edge failures. The upper slope realm progressively 

became sharp and steep (approx. 20°). The deep-water sedimentary systems were controlled 

by suspension-driven pelagic shales intercalated with shelf-fed debris fl ows. These gravitatio-

nal fl ows were associated to repeated eustatic sea-level falls, particularly important in the Late 

Pliocene (3-2 Ma). With the increase in the sediment loading and rapid overburden downslope, 

Paleogene-Neogene gas hydrate accumulations, probably associated to contourites and pelagic 

shales, generated cross-stratal fl uid migration features (chimneys and pockmarks), mud diapirs 

and sediment failure on the lower slope (Fig. 5.12h).
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Santos and Campos basins (specifi c)

Although the Campos and Santos basins exhibit distinctive architectures, the controlling factors on 

accommodation space and sediment distribution were comparable during the Neogene. Similar to 

the Pelotas Basin, fl exure-induced uplift and sediment bypass were dominant processes on the 

Miocene to Holocene shelf development. During the eustatic sea-level fall in the Early Miocene, 

average thicknesses of 120-140 m (Campos Basin) and 150-170 m (Santos Basin) of deltaic to 

shallow-marine sand-dominated successions were removed and re-deposited as turbidites and 

minor debris fl ows along the slope. The uppermost Early Miocene unit refl ects a short-term pe-

riod of retrogradation. In the Middle Miocene, the sediment supply increased by 15-30%, with 

an average  sand  fraction  of  50-60%  in  both  basins. During  this  trend,  progradation  to  

aggradation occurred, and the exceeding sediment volumes were redeposited as turbidites down 

slope. Increasing fl exural loading and syn-sedimentary salt remobilization triggered major lateral 

changes in subsidence along the slope, between 48 m/m.y. and 80 m/m.y. A eustatic sea-level fall 

in the Late Miocene (11-8 Ma) caused strong erosion of deltaic to shallow-marine sand-rich de-

posits, generating a shelf-wide unconformity. Salt-bounded mini-basins show complex lithofacies 

associations affected by the interplay of turbidites, debris fl ows, halokinesis-related slumps and 

contourite channel-drift systems (Fig. 5.11). Basinward, low-density debris fl ows overstepped the 

continental slope and cut into hemipelagic oceanic deposits, forming amalgamated basin-fl oor 

fans intercalated with pelagic shales at about 4,000 m of water depth (Fig. 5.12j, 5.12k).

5.6 Discussion

Forward stratigraphic modeling provides insights in to the individual contribution of subsidence, 

eustasy and sediment supply on the basin development beyond the available temporal seismo-

stratigraphic resolution. A wide range of possible controls on stratal patterns was quantifi ed, in-

cluding both sediment-related and deformation parameters, such as the fl exural rigidity of the 

crust, salt precipitation rates, shelf width and stability conditions, causal mechanisms and types 

of gravitational sediment fl ows, sand volumes exported to the deep-marine setting, sediment-

transport effi ciency and salt remobilization effects. Sensitivity analysis provides feasible geological 

scenarios and basin conditions, which can be evalutated until the numerical modeling data match 

the features observed in nature. Although many interpretations and predictions can be made upon 

the modeling data, the following discussion involves the most relevant subjects on the evolution 

of rifted continental margins and the key factors controlling the great hydrocarbon potential of 

southeastern offshore Brazil.
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5.6.1 Syn-rift crust deformation (Barremian-Middle Aptian, 130-115 Ma)

Although the Pelotas, Santos and Campos basins shared a comparable rift origin during the 

Early Cretaceous break-up of Gondwana, distinctive mechanisms of continental extension 

along the Brazilian margins caused signifi cant differences in the fl exural rigidity of the crust, fault                     

geometry and confi guration of syn-rift depocenters between basins. Sensitivity analysis of the          

effective elastic thickness (Te) and subsidence rates have been applied to reconstruct the Ba-

rremian-Aptian tectono-stratigraphic evolution of the Pelotas and the Santos-Campos margin seg-

ments (Fig. 5.10). In the absence of heat fl ow data, changes in the thermal stage of the lithosphere 

and their implications for the mechanical behaviour of fault blocks can be only considered in terms 

of the best-fi t of the subsidence values determined during modeling. Although the interpretations 

on the occurrence of an intra-crustal detachment (Karner et al., 2003) and lower crustal deforma-

tion reconcile the subsidence patterns and stratigraphy data, they are not conclusive and need to 

be adjusted by deep refraction, gravity or magnetic data.

Recent studies on magma-rich continental margins indicate that voluminous volcanism acco-

mpanied by intrusions increase the crustal density and preclude low-angle detachment faults and 

decoupling (Rosenbaum et al., 2008). Accordingly, sensitivity tests of the effective elastic thick-

ness in the Pelotas volcanic segment indicate an increase in the crustal thickness and the fl exural 

rigidity, which preclude fault displacement and block rotation. The section analyzed in this study 

as well as wide-angle profi les from the Namibian conjugate margin (Gladczenko et al., 1998; 

Bauer et al., 2000) display foot-wall and hanging-wall blocks with minor displacement along high-

angle extensional faults, which die out in the Barremian volcanic wedges (Fig. 5.10a, b). Based 

on refraction, refl ection and gravity data, Gladczenko et al. (1998), Hinz et al. (1999) and Bauer 

et al. (2000) recognized a high-density lower crust intruded by abundant basaltic dikes. These 

magmatic intrusions seem to reduce the extensional stress and contribute to accommodate the 

amounts of lithosphere extension without ductile deformation of the lower crust layer. These in-

terpretations are compatible with recent deep-crust geophysical studies on the magma-assisted 

active continental rift of the Gulf of Aden in Somalia (Kendall et al., 2005; Corti, 2009). In these 

models, abundant basaltic fl ows emanated from fi ssures in the lower crust, generating an upper  

crustal layer affected by low far-fi eld plate stresses, and underlain by a heavily intruded and 

thinned lower crust-mantle interface. 

Based on the best-fi t confi guration to the Barremian basin architecturel, and the predicted fl exu-

ral crustal evolution, continental extension along the Pelotas Basin appears to have been main-

ly controlled by mantle upwelling and extrusion of basaltic fl ows. The continental-transitional                    

lithosphere reached around 17-19 km of thickness and was affected by high-angle extensional 

faults during the Barremian. Cooling and stabilization of the volcanic wedges in the landward direc-

tion exerted the main control on syn-rift subsidence. Nonetheless, submarine volcanic extrusions 
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and crustal extension continued to the Middle Aptian continental break-up (~120-118 Ma). With the 

onset of seafl oor spreading, thermal contraction triggered a gradual increase in the fl exural rigidity 

(Te values of 19-21 km). Middle-Late Aptian open-marine water circulation and clastic transitional 

to carbonate deposits prograded and capped syn-rift fault-bounded depocenters (Fig. 5.10c, d).                                  

This tectono-stratigraphic setting appears to have precluded the formation of Barremian-Aptian 

restricted marine depocenters with accummulation of organic-rich shales.

Investigations on the Campos-Santos basins (Karner et al., 2003; Aslanian et al., 2009; Unternehr 

et al., 2010), the analogous divergent margins of Norway, northwest Australia and Iberian-New-

foundland (Kusznir et al., 2005; Kusznir and Karner, 2007; Reston et al., 2007) as well as on 

the active rift of the Red Sea (Cochran and Karner, 2007) suggest that depth-dependent lithos-

pheric stretching and mantle exhumation are the dominant processes on lithosphere extension 

on magma-poor rifted margins. During the Late Barremian-Late Aptian decrease of the effective                   

elastic thickness, the fl exural response to the sediment loading amplifi ed. As a result, Aptian sub-

sidence values increased by 20-24% with respect to previous inverse-basin modeling data, which 

considered a constant Te value (compare Tables 4.5 and 5.2). Therefore, temporal variations in 

the fl exural rigidity of the crust must be considered on the restoration of the rifted margin depocen-

ters and paleowater depths.

In the Early Barremian, hanging-wall subsidence and foot-wall uplift was controlled by high-         

angle normal faults (Figs. 5.10a and 5.10e). This stage of brittle deformation was accompanied by       

erosion of the uplifted blocks and sediment transport to the adjacent subsiding blocks. As margin 

extension continued, the fl exural rigidity of the crust was attenuated (8-10 km), and the rheological 

properties changed. The angle of the normal faults progressively decreased and evolved to listric 

faults that sole into a fl at intra-crustal detachment separating the brittle upper crust from the plastic 

lower crust layer (Figs. 5.10f-g). This setting facilitated episodic tectonic reactivations with rota-

tional displacement of hanging-wall blocks and continued uplift and erosion of the foot-wall blocks. 

The eroded material formed clastic wedges (“triangle zones”) on the hanging-wall blocks, enhan-

cing the fl exural loading to approximately 30% of total subsidence (Table 5.2). Fault-offset and til-

ting of the depressed blocks were coupled to a fl exural-driven push-upward effect and further uplift 

of foot-wall blocks. Modeling results calibrated with the stratigraphic data, suggest that brittle ex-

tension occurred until the Late Barremian in the Santos Basin and the Early Aptian in the Campos 

Basin. Subsequently, high rates of thermo-tectonic subsidence and the continued decrease in the 

fl exural rigidity until the end of the Aptian refl ect the stage  of basin sagging. The interplay between 

lithospheric stretching (generating subsidence) and heat advection (generating uplift) triggered 

relatively constant subsidence rates along a 120 km-wide part of the transect, which extend from 

the outer shelf to the modern lower slope (cf. Continental Slope Domain by Aslanian et al., 2009). 

The resultant smooth basin topography  and relatively  uniform paleobathymetries coincided with 
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Fig. 5.10 Model of syn-rift lithosphere deformation based on numerical modeling results. Crustal thickening and high flexural rigidity due to 
transient magmatism (SDRs), probably associated to intrusions in the lower crust, enabled high-angle extensional faults (α1>α2) in the Pelotas 
volcanic-type margin segment (a, b). The following thermal contraction of volcanic deposits and remnant extensional faulting led to continental 
break-up in the Middle Aptian (c, d). Extensional faulting and minor volcanism characterized the initial Barremian syn-rift phase in the Santos-
Campos margin segment (e); Late Barremian-Aptian depth-dependent stretching triggered significant continental thinning and a reduction in the 
flexural strength of the crust (f, g). Flexure-induced subsidence (black arrows) was a key factor on the progressive block rotation and formation 
of low-angle listric faults (α2>α3>α4); subsiding hanging-wall blocks caused further uplift of the contiguous foot-wall blocks (white arrows). 
Widespread thermal type sag subsidence due to major continental thinning, combined with adequate arid climate condition caused precipitation 
of evaporites in the Late Aptian (h).
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dry climate conditions and high evaporation rates, allowing widespread precipitation of salt during 

the latest Aptian (115-112 Ma), just prior to the continental break-up (Fig. 5.10h).

5.6.2 Salt deposition in the Campos and Santos basins (Late Aptian, 115-112 Ma)

One of the main issues of the Southern Atlantic development includes the sag basin forma-

tion and deposition of evaporites. Different geodynamic and tectonic models (e.g. Marton et al., 

2000; Karner et al., 2003; Davison, 2007; Karner and Gambôa, 2007) have been proposed to                      

reconstruct the tectonic regime and basin conditions controlling the precipitation of very thick 

deposits of evaporites across the Brazilian and West African conjugate margins. In this study, 

forward mo-deling allowed to quantitatively analyze key controls on accommodation space and 

simulate the salt basin conditions based on four major parameters: 1) subsidence; 2) pre-salt 

water depths; 3) siliciclastic infl ux; 4) marine water infl ow. The resultant salt thicknesses reach                                  

1,900-2,200 m in the central basin part (Figs. 5.8 and 5.9). The predicted precipitation rates  varied  

between 56 x 104 m/m.y. (560 mm/yr)  in the Santos  Basin and 61 x 104 m/m.y. (610 mm/yr) in 

the Campos Basin. These values are comparable with estimates of 400-700 mm/yr by Nunn and 

Harris (2007), based on stratigraphic and geochemical modeling of the South Atlantic salt basins.

1) The salt succession has been considered the upper part of the sag basin fi ll, deposited shortly 

prior to continental break-up (Karner and Gambôa, 2007; Mohriak et al., 2008; Torsvik et al., 2009; 

Contreras et al., 2010). In agreement with current models of lithospheric thinning and continental 

break-up (Karner and Gambôa, 2007; Kusznir and Karner, 2007; Huismans and Beaumont, 2008), 

depth-dependent stretching in our model spans 13 m.y. (125-112 Ma). This stage was controlled 

by low Te values (6-10 km) and thermal sag subsidence, with rates between 85 m/m.y. on the shelf 

and 120 m/m.y. along the slope, the area where major continental stretching occurred.

2) The sag pre-salt basin contained lacustrine to bathyal environments. Paleowater depths of 

100-250 m on the continental shelf gradually increased to 600 m on the modern upper slope, and 

950 m near the transition to oceanic crust. This paleobathymetric profi le is compatible with water 

depths of 500-650 m near the Atlantic hinge by Karner et al. (2003). Therefore, salt precipita-

tion along the Brazilian margin started in a shallow- to deep-water setting in a deep basin, which 

featured a gradual decrease in paleowater depths as the accommodation space was consumed 

during the precipitation of salt.

3) The predicted sediment lithofacies calibrated by the available wells on the continental shelf-

middle slope indicate extensive pre-salt carbonate deposits with a very low siliciclastic input during 

the Early-Middle Aptian (Davison, 2007; Contreras et al., 2010). The best-fi t model was achieved 

using siliciclastic input rates of 150 m2/m.y., largely consistent with a minor river delivery due to the 
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arid climate conditions in the Aptian (Skelton, 2003; Karner and Gambôa, 2007).

4) Because depositional salt thicknesses (approximately up to 2.5 km) greatly exceed the pre-salt 

accommodation space available (max. 0.95 km), and thermo-tectonic subsidence alone can not 

compensate the consumption of the accommodation space during the precipitation of salt, a ma-

rine water infl ow was required to reproduce the very thick salt deposits. Considering the pre-salt 

basin dimensions (230-240 km large and 100 to 950 deep) and the assumed time span for salt 

precipitation (115-112 Ma), the water infl ow was set to 80 x106 m2/m.y. It represents a source of 

marine-type brine necessary to keep up adequate water depths of 100-150 m and saturation con-

ditions. Forward modeling in this study does not provide conclusive data on marine water sources. 

However, considering the basin dimensions, it is very unlikely that seepage of seawater through 

the Rio Grande barrier alone (Nunn and Harris, 2007) provided suffi cient water volumes to main-

tain the rates of salt precipitation, although it could represent a brine source. On the other hand, 

seismic facies and biostratigraphic content in this study do not provide any indication for marine 

incursions over the Rio Grande barrier during the Aptian. Based on the forward modeling results 

and published crustal reconfi gurations of the syn-rift Southern Atlantic system (e.g. Gladczenko 

et al., 1997; Fairhead and Wilson, 2005; Mohriak et al., 2010), an alternative water source for the 

salt basin may have been associated to structurally-controlled seaways across the Walvis Ridge-

Rio Grande Rise. Fairhead and Wilson (2005), based on free air gravity and GPS data, suggested 

that these wrench zones were genetically associated to periods of stress release of the Southern 

Atlantic plate, which in the Santos-Campos margin segment initiated in Early Aptian times. These 

local-scale seaways would have kept restricted marine water circulation and marine-type brines 

for the salt basin, allowing open-marine faunal associations later in the Albian, when total brea-

ching of the Walvis-Rio Grande Ridge system appear to have occurred (Torsvik, et al., 2009).

5.6.3 Post-rift to drift sedimentary evolution (Albian to recent times, 112-0 Ma)

After widespread salt precipitation, the maximum bathymetries in both the Campos and Santos 

basins did not exceed 200 m. Despite the transition to the post-rift development generated a 

decrease in subsidence, paleowater depths and accommodation space rapidly increased due 

to the connection of the Southern and Central Atlantic in the Albian (Moulin et al., 2010). During 

the post-breakup margin evolution, shifting proportions of thermo-tectonic, fl exural and compac-

tion-induced subsidence were crucial for the basin development. After the long-term decrease in      

thermo-tectonic subsidence during the ‘passive margin stage’ in the Late Cretaceous, the subsi-

dence development was primarily controlled by changes in the fl exural sediment loading since the 

Early Eocene (48.6 Ma).

As shown in Fig. 5.5, sediment supply was highly variable in time and between basins. Positive 

changes of up to 70% may occur over time intervals of 4-6 m.y., generating abrupt rises in the 
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fl exural loading by 15-20% after lag times of 6-12 m.y. (e.g. the Eocene in the Pelotas Basin, 

the Coniacian-Paleocene in the Santos Basin, and the Oligocene-Early Miocene in the Campos 

Basin). The comparison of the sedimentation history offshore with onshore structural reconfi gura-

tions and fi ssion-track geochronology reveal that positive changes in sediment supply coincide 

with tectonic reactivations of the sediment source areas in the hinterland (Gallagher et al., 1994, 

1995; Almeida and Carneiro, 1998; Cobbold et al., 2001; Tello Saenz et al., 2003, 2005; Ribeiro 

et al., 2005; Strugale et al., 2007; Franco-Magalhaes et al., 2010). These events were related to 

the effects of the Trindade mantle plume and the Andean orogeny during the Late Cretaceous to   

Neogene geodynamic evolution of South America. Fission-track data analyses indicate varying 

timing and rates of denudation between the orogenic belts and basement blocks in the southwest 

(Don Feliciano Belt, Rio Grande Shield) and the northeast area of the Brazilian continental margin 

(Serra do Mar, Serra da Mantiqueira, Ponta Grossa Arch).

Existing fi ssion-track data analysis on the Dom Feliciano Belt (Borba et al., 2002) and tecto-

no-magmatic reconfi gurations of the southernmost Brazilian continental margin (Peyve, 2010) 

indicate overall tectonic quiescence after the Jurassic/Cretaceous Serra Geral volcanic event. 

These interpretations are compatible with relative constant Late Cretaceous sediment supply in 

the Pelotas Basin. Conversely, a peak in sediment supply in the Santos Basin illustrates well the 

2.5 km-uplift of the Serra do Mar in the Coniacian (86 ± 4 Ma; Vignol-Lelarge, et al., 1994). Ther-

mochronological data of Franco-Magalhaes et al. (2010) indicate that exhumation of the Serra do 

Mar and emplacement of alkaline bodies during the Maastrichtian to Paleocene (e.g. Poços de 

Caldas-Cabo Frio Lineament) were related to the Trindade mantle plume. Furthermore, tectonic 

reconfi gurations of Cobbold et al. (2007) indicate that periods of tectonic uplift may have been 

linked to intra-plate compression of the South American plate during the Peruvian phase of An-

dean orogeny (90-75 Ma). Although this event was less noticeable in shelfal depositional patterns 

in the Campos Basin, the calculated sediment supply rates and sand volumes exported to deep-

marine setting refl ect an extrabasinal tectonic factor controlling the Late Cretaceous-Paleocene 

high sedimentation rates (compare with Fetter et al., 2009). However, this trend was masked by a 

post-depositional gravity-gliding salt fl ow and major sediment remobilization basinward.

 

The thicknesses of the Paleogene-Neogene succession in the Pelotas Basin could not be repro-

duced by the decompacted sediment input rates derived from inverse-basin modeling. Sediment 

volumes by about 10% larger than the input rates (Fig. 5.5) were necessary to match the strati-

graphic thicknesses of the Middle-Late Eocene and the Middle-Late Miocene successions. By 

comparison with existing tectono-stratigraphic reconfi gurations, these pulses may be connected 

to the transpressional regime during the Quechuan and Incaic phase of the Andean orogeny           

(Cobbold et al., 2007) and alkaline intrusions in the province of eastern Uruguay indicated by 

Peyve (2010). However, the predominant fi ne-grained siliciclastic input suggest large transporta-

tion distances from the source terrains, in contrast to the Santos and Campos basins.
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After the Coniacian-Paleocene dynamic continental uplift, the Santos Basin was barely affected by 

tectonic reactivations in the hinterland. The Eocene and Oligocene, represent a stage of levelling 

and reorganization of the drainage pathways (Almeida and Carneiro, 1998; Modica and Brush, 

2004), indicated by a steady supply of medium- to fi ne-grained siliciclastics and gradual shelfal 

progradation. In the Campos Basin, Oligocene sedimentation rates amplifi ed by about 50% and 

the sand input volumes reached 60-65%. This trend is largely consistent with the capture and 

deviation of the Paraiba do Sul drainage system from the Santos to the Campos Basin in the 

Early Oligocene (Modica and Brush, 2004). During the Miocene, intra-plate compression linked to 

the Quechuan phase of Andean orogeny (25-0 Ma) produced a relative high infl ux of medium- to 

coarse-grained sand (40-60%) for both the Campos and Santos basins.

5.6.4 Deep-water depositional systems and implications for hydrocarbon 
         prospectivity

The Santos and Campos basins represent two of the most prolifi c sedimentary basins of the 

Southern Atlantic conjugate margins. Producing reservoirs are present from the continental 

shelf to the lower slope (water depths of 2,500-3,000 m) and involve a variety of lithologies and 

ages: (i) Barremian-Aptian mixed siliciclastic and carbonates, (ii) Albian carbonates, and (iii) Late             

Cretaceous to Neogene sand-rich turbidites, the most important petroleum reservoirs offshore 

Brazil (Bruhn, et al., 2003). Several publications based on 2D as well as 3D seismics and well data 

provide depositional settings and lithofacies analyses of deep-marine reservoirs (Peres, 1993; 

Bruhn and Walker, 1995; Machado Jr. et al., 2004; Fontanelli et al., 2009). Most of these studies 

center on sand-rich turbidite levee-channel systems and basin-fl oor fans fed by a main canyon on 

the shelf edge-upper slope realm. Only few published investigations (e.g. Machado et al., 2004; 

Duarte and Viana, 2007; Fetter et al., 2009) involve a comprehensive examination of the broad 

depositional scenario and elements controlling the deep-marine sedimentary systems of the Cam-

pos and Santos basins. Moreover, the implications of mass transport complexes and contourites 

for the distribution of lithofacies and hydrocarbon prospectivity remain unclear (Viana et al., 2007), 

mainly in the Pelotas Basin due to the lack of proven hydrocarbon accumulations. Although 2D 

forward stratigraphic modeling in this study can not resolve the large variety of depositional ele-

ments controlling the Albian to Holocene deep-water sedimentary systems, its combination with 

seismo-stratigraphy allowed to estimate the location and extension of the deep-marine deposits 

identifi ed in seismic and well data, including turbidite channel-levee systems and lobes, contourite 

channel-drift systems, debris fl ows, slumps and block slides (Figs. 5.11 and 5.12).

Table 5.4 summarizes the most important periods of downslope sedimentation, types of fl ow and 

genetic controls during the divergent margin phase. Tectonic reactivations in the hinterland are 

typically manifested by an increase in the sand volumes and turbidites, which occasionally ex-

5. Forward stratigraphic modeling                     



117

tend for 200-250 km basinward, while the proportion of debris fl ows tend to decrease (e.g. Late 

Cretaceous in the Santos Basin, Oligocene in the Campos Basin, Eocene in the Pelotas Basin). 

In contrast, periods of structural inactivity are related to minor turbidite deposition restricted to the 

upper slope (e.g. Eocene in the Campos Basin and Oligocene in the Santos and Pelotas basins). 

Mass transport complexes, including debris fl ows and landslides are genetically related to strati-

graphic controls (i.e. relative sea-level, coastal plain and shoreface gradient), called ‘downstream 

factors’ in the sequence stratigraphic model of Catuneanu (2006). However, the process/response           

relationship in the model indicates that downstream controls typically modify the sediment cohe-

sion and instability conditions of the shelf realm, triggering intrabasinal structural deformation, 

such as shelf-to-slope sediment failure, abrupt changes in slope gradients and sediment-driven 

salt withdrawal. In addition, modeling results and seismic facies indicate that bottom-currents and 

the formation of contourites were particularly important in the distribution of deep-marine litho-

facies since the Paleogene, triggering signifi cant departures from the stratigraphic thicknesses 

and sedimentation rates calculated in the model. 

Campos Basin

During the Albian and Cenomanian, turbidites mainly composed of fi ne- to medium-grained sand-

stones (25-30%) and a fraction of bioclastic fragments (15-20%) were deposited along the outer 

shelf to the modern middle slope (Namorado Fm.). They form basinward-dipping rafts limited by 

salt-related listric faults below the shelf edge-upper slope. Intra-slope salt troughs contain low-

amplitude to transparent packages of pelagic shales up to 200-300 m thick, embedding high-

amplitude lenticular turbidite wedges with maximum thicknesses of 100 m. The predicted porosi-

ties range between 20-25% on the outer shelf and 15-18% on the slope, suggesting that good 

reservoirs conditions extend from the in situ shallow-water Albian carbonates to the middle slope. 

Santonian-Maastrichtian turbidites are distributed to the lower slope (Carapebus Fm.). The pre-

dicted average sand content of 50% and porosities of 10-20% increase into the Maastrichtian 

interval to 60% and 15-25% respectively. Intercalated debris fl ows caused partial erosion and 

redistribution of the turbidite tops, generating local-scale decreases in porosities to 5-10%. Low-

amplitude refl ectors with long-lateral continuity correspond to suspension-driven pelagic shales, 

which represent good quality seals between 100-200 m of thickness.

During the Paleogene forced-regression system, deltaic-fed sand-dominated turbidites with          

porosities of 15-20% were confi ned to the upper-middle slope due to salt-induced topographic 

obstacles. They form stratigraphic lenses with maximum thicknesses of 80-100 m encased by 

pelagic shales and occasional debris fl ows at the top. Toward the lower slope, bottom-currents 

caused intense sediment redistribution and lithofacies heterogeneities. The predicted deep-ma-

rine facies indicate up to 200 m-thick and 2 km-wide sand-rich intervals with uncertain porosities, 
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which  correspond to contourites drifts identifi ed in the seismic profi le (Fig. 5.11a). The Eocene-

Oligocene basin fi ll contains the most complex deep-marine facies assemblage in the Campos 

Basin, controlled by the interaction of debris fl ows, turbidites and contourites. Eocene turbidite 

channel-levee systems (Fig. 5.11b) show thickness of 80-120 m and porosities of 10-15%. These 

intervals are encased in silt- to mud-rich debris fl ows or hemipelagic shales with highly variable 

seal quality. Toward the lower slope, turbidites are fairly absent, while the proportion of debris 

fl ows and contourites increases. In the Oligocene, deep-marine sand volumes transported by   

turbidite currents increased by around 40%. Predicted sediment lithofacies (calibrated by two of 

the available wells) show Lower Oligocene siliciclastic-carbonate turbidites with porosities of 15-

18% on the upper-middle slope, grading into mud-rich debris fl ows and contourite channel-drifts 

on the lower slope. In turn, Upper Oligocene sand-rich turbidites were widely distributed on the 

lower slope and display enhanced reservoir quality (average porosities of 25-30%) in comparison 

with the Eocene counterparts. Although individual thicknesses of the Oligocene turbidites usually 

did not exceed 100 m, salt deformation generated amalgamated wedges with total thicknesses of 

up to 300 m and pinch-outs against intra-diapir salt troughs. Halokinesis-related slumps and debris 

fl ows caused local-scale facies heterogenities and porosities of 5-10% in Oligocene turbidites.

A major strike-oriented channel located at the shelf break cut into the upper Oligocene-Holocene 

succession (see Fig. 5.1). On the upper slope, the Miocene-Holocene basin fi ll is mainly                     

composed of amalgamated mass transport complexes of 1,000 m of total thickness, which gra-

dually thin out on the lower slope over 150 km. Medium- to low-amplitude wavy refl ectors and 

intercalated erosional surfaces refl ect internal debris fl ows systems with basal scours (Fig. 5.11c). 

Sand-rich Early Miocene intervals were deeply eroded from the upper-middle slope and redeposit-

ed basinward. However, stratigraphic simulations and well data indicate that remnant thin turbidite 

lobes and reworked sandstones deposited in erosive scours represent high-quality reservoirs with 

porosities of 18-20% and maximum thickness of 60-70 m.

Santos Basin

During the Albian to Turonian, deep-water sedimentation was controlled by widespread deposi-

tion of marine shales and hemipelagic carbonates with intercalated debris fl ows. The predicted 

Albian turbidite fl ows are composed of bioclastics and medium- to coarse-grained sandstones 

forming stratigraphic lenses with maximum thickness of 10-15 m along the modern upper-middle 

slope. Up-section, the Santonian-Maastrichtian basin fi ll includes the largest sand-rich turbidite 

volumes in the Santos Basin. Seismic facies indicate channel-levee turbidite systems confi ned to 

salt- and fault-bounded depocenters and intercalated with debris fl ows (Fig. 5.11d). The turbidites 

are characterized by high-amplitude parallel refl ectors forming packages of 180-220 m with po-

rosities between 12% and 35%. The lower porosity values generally occur adjacent to the diapirs 

fl anks mainly due to halokinesis-related slumps. During the Paleocene to Early Eocene, the sand 
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Fig. 5.11 Deep-water seismic features and depositional systems in the Campos and Santos basins. Location given in Fig. 1, insets A-F. 
(A) Campos Basin, lower slope: Eocene turbidite channel;  (B) Campos Basin, lower slope to basin margin: Oligocene turbidite fans cut by 
salt-induced faults and contourite channels-drift systems; (C) Campos Basin, middle to lower slope: Late Miocene-Holocene mass transport 
complexes (debris fl ows and slumps) eroding the Early-Middle Miocene basin fi ll; (D) Santos Basin, middle-lower slope: Late Cretaceous 
turbidites intercalated with debris fl ows; (E) Santos Basin, upper-middle slope: Eocene to Miocene stacked mass transport complexes, 
bottom-current channels and turbidite levee-channel deposits; (F) Santos Basin, lower slope: stacked turbidites and debris fl ows cross-cut 
by contourites.
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Fig. 5.12 Deep-water seismic features and depositional systems in the Pelotas, Santos and Campos basins. Location given  in Fig. 1 insets 
G-K. (G) Pelotas Basin, middle slope: Paleocene to Late Miocene amalgamated mass transport complexes from shelf margin and slope 
collapse, with mud volcanoes and gas chimneys; (H) Pelotas Basin, lower slope to basin margin: gas-leakage features, including chimneys 
and pockmarks associated to mud diapirs; (I) Campos Basin, basin margin, (J) Santos Basin lower slope to basin margin, and (K) Pelotas 
Basin, basin margin: erosive mass transport complexes and pelagic deposits.
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volumes exported to deep-marine setting reduced considerably. Gravitational sedimentation was 

largely controlled by recurrent debris fl ows and contourites on the upper slope. Turbidites were 

rare, showing maximum thicknesses of 20-30 m and uncertain porosity values. The best quality 

intervals correspond to the Paleocene forced regression wedges on the outer shelf-upper slope, 

which show poorly-sorted sandstones with maximum thickness of 80-90 m and porosities between 

15-18%. Up-section, the Middle-Late Eocene deep-marine sand-dominated intervals penetrated 

by the calibration wells show well-sorted turbidites with average porosities of 24-26%. They are 

characterized by high-amplitude, sub-parallel to parallel refl ectors cut by debris fl ows with ero-

sional bases (Fig. 5.11e). Toward the lower slope, low-amplitude to transparent refl ector packages 

indicate high proportions of marine shales and debris fl ows. Contourite deposits were diffi cult to 

distinguish due to the reduced sand content. During the Oligocene, eustatic-driven debris fl ows 

and hemipelagic shales dominated the deep-marine basin fi ll of the Santos Basin (Fig. 5.11f). 

Occasional turbidite fl ows formed stratigraphic lenses with maximum thicknesses of 100-120 m, 

which are mainly present into the Late Oligocene and Early Miocene units. The predicted poro-

sity values range between 10% and 35%. The lower values are associated to contourite drifts and 

halokinesis-driven slumps cutting into the sand-dominated turbidites.

Pelotas Basin

The Middle-Late Aptian post-rift succession is mainly composed of fi ning-upward siliciclastic         

deposits with porosities of 3-8% on the shelf and 3-10% along the slope. The Albian carbonate unit 

includes mixed silisiclastic-carbonate deposits with average porosities of 5-12% on the inner shelf 

increasing to 10-15% toward the shelf edge-upper slope. Basinward, the predominant lithotypes 

include mud-rich carbonates with maximum porosities of 5%. The deep-water Late Cretaceous to 

Eocene basin fi ll is mainly composed of hemipelagic shales and mud-rich debris fl ows. Turbidites 

occurred principally in the Campanian and the Late Paleocene successions, which display maxi-

mum thicknesses of 70-90 m, a relative low sand content (25-30%) and porosities ranging from 

5% to 20% in the available wells (Fig. 5.2). Intercalated progradational and retrogradational trends 

during the Oligocene generated instability conditions, for instance shelf-edge sediment  failure and 

block slides on the upper-middle slope. The predicted porosities reach maximum values of 15%, 

but due to the lack of calibration wells their reservoir potential could not be assessed. Toward the 

lower slope, gas chimneys and pockmarks appear to be associated to the release of gas hydrates 

(Rosa et al., 2006) during the rapid overburden of Eocene-Early Miocene marine shales and 

contourites. These features triggered instability conditions of the lower slope and deep-marine 

sediment remobilization with deposition of debris fl ows in the oceanic basin during the Neogene.
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Age  satoleP sotnaS sopmaC

Control
Type of flow and 

extension
Control

Type of flow and 
extension

Control
Type of flow and 

extension

Late-Middle 
Miocene

E
Bc, Sc 
Bc, St 

Debris; ls 
Contourites, ls 
Debris, 

contourites; dbm 

E
Bc 
St 

Debris; ls 
Contourites, ls 
Debris; dbm 

E Debris; ls 

Early Miocene
E

Bc, Sc

Debris, ls 

Contourites, ls 
Turbidites, ms

E

Bc 
St

Debris; ls 

Contourites, ls 
Debris; dbm

T, Sc 

E

Block slides; ms 

Debris; ls

       

Late Oligoc.

E Turbidites; ls 
Debris, ms 
Contourites, ls

E
Bc

Debris; ls 
Contourites, ls

T, Sc Block slides; ms 
Debris; ls

Early Oligoc.
E
Sc

Debris; ls 
Turbidites; ms 

Contourites; ls

E
Bc

Debris; ls 
Contourites, ls

E Debris, ls

       

Late Eocene

E

T
Bc

Debris; ms 

Turbidites; ls 
Contourites; ls

E

T

Debris; ls 

Turbidites; ls

E Debris; ls

Middle Eocene
T

Bc

Turbidites; ls 
Debris; ls 
Contourites; ls

E
T

Debris; ls 
Turbidites; ls

E Debris; ls

Early Eocene
T Turbidites; ls E

T
Debris; ls 
Turbidites; ls

       

Paleocene
T
E

Turbidites; ls T
E

Turbidites; ls 
Debris; ms

E Debris; ms

       

Maastrichtian- 
Coniacian

T Turbidites; ls 
Debris; ms

T, Sc 
E

Turbidites; ls 
Debris; ls 

E Debris; ls

       
Turonian-
Cenomanian

E Debris; ms E Debris; ls E Debris; ls

       

Albian
E Debris; ms 

Turbidites; ms
E Debris; ms 

Turbidites; ms
E Debris, ms

Table 5.4 Summary of deep-marine sediment flows indicating the stratigraphic and structural controls predicted by 

forward stratigraphic modeling (T: tectonism; E: eustasy; Bc: bottom-currents; Sc: sediment collapse) and the 

extension into the basin calibrated with the seismic and well data (us: upper slope; ms: middle slope, ls: lower slope; 

dbm: deep basin margin).
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6. Final conclusions

The integrated basin analysis, including sequence-stratigraphy, inverse-basin and forward         

stratigraphic modeling provided tectono-stratigraphic plausible models and quantitative chrono-

logical information for the Barremian syn-rift to Holocene mature drift evolution of the Pelotas, 

Santos and Campos basins. The predicted depositional trends, distribution of lithofacies and                            

paleowater depths were calibrated with the seismic geometries, sedimentologic and biostrati-

graphic data from wells. This approach allowed to determine the main deformation and sedimen-

tary pro-cesses on the rifted margin development of southeastern Brazil, and to recognize the key 

factors on the model deviations.

The mechanisms of lithosphere deformation during the south-to-north break-up of Gondwana in 

the Early Cretaceous had major implications in the long-term fl exural evolution and architecture of 

the marginal sediment depocenters. In the Pelotas Basin, Barremian syn-rift extensive volcanism 

caused an increase of the fl exural rigidity of the crust, restricted fault-displacement and precluded 

the formation of deep syn-rift depocenters. Along the Santos-Campos basins, minor volcanism 

and depth-dependent stretching led to a signifi cant decrease in the fl exural rigidity of the crust. 

This tectonic regime was crucial for the formation of listric faults and deep lacustrine depocenters: 

periods of fault reactivation were characterized by deposition of transgressive mud-rich carbon-

ates and shales; periods of tectonic quiescence were characterized by erosion of the uplifted 

blocks and deposition of sand-dominated progradational successions. Fault-bounded structural 

highs featured appropriate bathymetric conditions for massive bioclastic limestones, which in-

clude  major syn-rift  reservoirs  in  both the  Santos and Campos  basins. During the Aptian  sag  

stage,  wide and smooth-relief depocenters, underlain  by extremely stretched continental crust, 

were characterizd by  laterally constant subsidence rates (85-120 m/m.y) and bathymetries be-

tween 100 m and 950 m. The proposed model for salt basin formation considers that sag basins 

were connected to a brine-source of marine-type. Increasing salinities and arid climate conditions 

during the Aptian allowed the deposition of up to 2,200 m of evaporites in a time span of 3 m.y.  

(115-112 Ma).

The post-breakup development in each the Pelotas, Santos and Campos basins was largely     

controlled by differential thermal contraction of the crust and tectono-magmatic events in the 

hinterland, which strongly affected the deposition patterns offshore. Periods of exhumation and             

erosion of the sediment source areas are directly related to high rates of sediment supply, trends of 

shelf progradation and sand-rich turbidites. Maximum peaks in the sediment supply and increases 

in the sediment loading restricted upslope salt extension. However, gravitational sediment fl ows, 

and larger deep-marine sand volumes, enhanced downslope salt compression and formation of 

diapirs. These variations in the deformation patterns resulted in a temporal disconnection between 
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the upslope and downslope salt remobilization. In the Santos Basin, downslope salt compression 

and  diapirism  during the Campanian-Maastrichtian and  Late Oligocene-Middle Miocene was 

coeval with minor salt remobilization upslope; in the Campos Basin this mechanical detachment of 

the salt layer occurred during the Paleocene, Middle Eocene and Early Miocene. Syn-sedimentary 

salt deformation may enhance the reservoir potential by the amalgamation of sand-rich wedges in 

salt troughs and the creation of stratigraphic traps by pinch-outs against salt diapirs. On the other 

hand, the reservoir architecture and traps may be degraded by halokinesis-induced slumps and 

redistribution of sand-rich slope and basin-fl oor fans deposited above salt structures.

Gravitational sediment fl ows and the occurrence of either turbidites or mass transport complexes 

primarily depend on the sediment input, the lithotypes delivered from the shelf and the causal         

mechanisms (i.e. tectonism, sea-level, catastrophic sediment collapse). Forward modeling indicate 

that turbidite fl ows are associated to periods of tectonic uplift of the sediment source areas and             

periods of strong continental and coastal erosion. Eustatic-sea-level fl uctuations are not a typical 

causal mechanism of turbidites; however, depending on the shelf stability conditions, depositional           

gra-dient and lithotypes, a rapid sea-level fall may induce the collapse of the sand-rich prograda-

tional front triggering block slides and/or turbidite fl ows. Modeling results and the interpretations in 

this study are largely consistent with the classifi cation of mass transport complexes by Moscardelli 

and Wood (2008). Debris fl ows are mainly associated to relative sea-level falls and periods of mud-

rich clastic sedimentation (attached MTCs). Transgressive decollement surfaces and updip salt 

extension may cause instability of the shelf edge-upper slope realm, resulting in catastrophic debris 

fl ows or block slides usually restricted to the upper-middle slope (detached MTCs). In addition, 

gas hydrates release and bottom-currents appears to induce debris fl ows along the lower slope to      

basin margin. Slumps are usually associated to salt diapirs and sediment remobilization toward 

their fl anks. The hydrocarbon prospectivity of mass transport complexes is generally reduced by 

lateral discontinuous sand bodies, which in most cases show low porosities and permeabilities.

Hydrocarbon potential and salt deformation effects

The predicted tectono-stratigraphic development reveals signifi cant differences in the conditions 

for hydrocarbon generation and trapping between the Pelotas, Santos and Campos basins. The 

syn-rift succession along the southern Brazilian margin thins in southward direction, which resul-

ted in the absence of late Barremian-Aptian lacustrine source rocks in the Pelotas Basin. None-

theless, Cenomanian-Turonian marine shales appear to have reached adequate conditions for                     

hydrocarbon generation since the Late Eocene (Fig. 6.1a.) However, the increased stratigraphic 

thickness of the Miocene succession toward the slope led to gas-window conditions and  probably 

overmaturation (Fig. 6.1b). This assumption is consistent with the interpreted concentrations of gas 
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hydrates and gas release features identifi ed in the seismic data and in previous studies on the 

Pelotas Basin (e.g. Rosa et al., 2006; Santa Ana et al., 2008). The development of gas hydrates 

accumulations as alternative energy resources is limited by insuffi cient information about in situ 

conditions and eventual recovery rates (no drilling in deep and ultra-deep waters). Toward the 

continental shelf, smaller stratigraphic thicknesses may allow suitable overburden depths for oil 

generation. However, the intense erosional events of the shallow-marine sand-dominated succe-

ssions during the Paleogene and Neogene represents a limiting factor on the presence of reser-

voirs and good-quality traps, which appear only to occur in Paleogene lenticular-shaped bodies of 

sandstones along the upper-middle slope. The thick Neogene basin fi ll, mainly composed of silt-

stones and shales, provides potential seals for deeper reservoirs. In the Santos and Campos ba-

sins, it is possible to visualize the strong infl uence of salt remobilization on the lithostatic pressure 

and maturation of both late Barremian-Aptian and Cenomanian-Turonian source rocks intervals.

Salt-induced deformation started in the Albian post-rift stage with horizontal extension on the shelf 

margin and compression downslope. As previously mentioned, the deformation styles and rates 

of salt remobilization depend on the interactions between sediment loading and gravity-induced 

gliding of the salt layer. Salt structures in the Santos and Campos basins (i.e., diapirs, listric and 

growth faults, up-dip pinch-outs, salt welds) played a decisive role on the distribution of reservoir  

facies and depocenters as well as on the fl uid migration pathways and heat fl ow. 

In the Santos Basin, Upper Cretaceous to Neogene producing reservoirs confi rm hydrocarbon 

generation from Early Cretaceous and Late Cretaceous source rocks (see Katz and Mello, 2000; 

Carminatti et al., 2008). On the one hand, the high thermal conductivity of the salt dissipates the 

heat fl ow effi ciently, causing therefore a delay in the maturation of both Late Barremian-Middle 

Aptian and Cenomanian-Turonian source rocks (compare with Mello et al., 1995). On the other 

hand, salt fl ow redistributed sedimentary loads and modifi ed lithostratigraphic pressure fi elds of 

the sub-salt succession; thicknesses and related thermal anomalies are much more complicated 

in areas affected by salt tectonics than in areas where the salt is still in place. Due to the high 

degree of pressure dissipated during the deformation of the salt layer, mechanical compaction 

and textural porosity decrease in potential syn-rift reservoirs were also delayed. As shown in Fig. 

6.1d, areas of salt withdrawal with formation of diapirs allow the sub-salt successions to remain 

within the oil-window for a longer time. In contrast, in areas of salt escape (inter-diapir troughs) the 

overburden thicknesses and lithostatic pressure increase, which can eventually led the underlying 

source rocks intervals into the gas-window or overmature conditions (Fig. 6.1c). Apart from the 

effect on hydrocarbon generation in sub- and post-salt source rocks, salt deformation plays a key 

role in the formation of traps and hydrocarbon migration ways. Although oil generation was possi-

ble since the Eocene and from comparable source rocks intervals in both the Santos and Campos 
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basins, hydrocarbon reserves in the post-salt succession of the Santos Basin are considerably 

smaller than in the Campos Basin (see Coward et al., 1999). It is proposed that a predominant 

compressional salt deformation style in the Santos Basin restricted the creation of pathways from 

syn-rift shales to the Late Cretaceous-Neogene succession. Thus, the salt succession appears 

to represent a good-quality regional top-seal for sub-salt reservoirs, which are highly prolific as 

confirmed by recent discoveries (Tupi, Jupiter and Carioca/Sugar Loaf; Carminatti et al., 2008).         

Fig. 6.1 Burial depth history for the Barremian-Holocene stratigraphic succession in each the Pelotas, Santos and Campos basins. Two 

locations on the middle slope have been chosen to compare the basin-specific overburden evolution and the implications for the matura-

tion of both potential source rocks intervals ( ), late Barremian-Middle Aptian syn-rift lacustrine and Cenomanian-Turonian marine shales.
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The predicted Barremian-Holocene burial history for the Campos Basin indicates that potential 

source rocks intervals in the distal part of syn-rift sag depocenters (modern continental slope) may 

be overmatured (Fig. 6.1e). Despite this unfavorable scenario, the possibility of hydrocarbon ge-

neration and migration during adequate overburden conditions in the Late Cretaceous (or secon-

dary hydrocarbon generation in the Paleogene) has not been confi rmed so far. However, the time-

equivalent organic-rich intervals deposited in syn-rift depressions below the continental shelf have 

proven to contain excellent generating source rocks (Berman, 2008). Different than in the Santos 

Basin, Cenomanian-Turonian marine shales in the Campos Basin do not represent proven source 

rock intervals despite the favorable TOC levels (1-4%: Davison, 1999). Widespread salt-induced 

deformation has altered their original distribution and affected the potential maturation, also due to 

local differences in overburden.  The restored basin architecture and stratigraphic thickness show 

that burial depths for oil generation from Cenomanian-Turonian marine shales have been suffi cient 

only in salt-related depocenters and since the Middle Miocene (Fig. 6.1f). Due to the presence of 

sand-rich turbidite deposits, these areas are prospective for exploration, although insuffi cient time 

for hydrocarbon generation represents an important constraint. 

The combination of qualitative and quantitative analytical methods, based on the integration of 

seismic and well data, has demonstrated to be a consistent approach to interpret the signature of 

processes of lithospheric deformation leading to formation of continental margins, the implications 

of these processes on the long-term fl exural behaviour of the crust and the evolution of acco-

mmodation space for sedimentation. Numerical basin modeling allows to investigate geological 

hypotheses by adjusting the parameters and observing the model response. The reliability of multi-

ple possible geological scenarios can be tested, and the best-fi t reasonable geological frameworks 

matching the data can be analyzed. This information is valuable for the prediction of the ancient 

tectonic and sedimentary systems controlling the continental margin topography, basin formation, 

paleo-environments, onshore-offshore sediment pathways, sediment volumes input the marine se-

tting, mechanism of transport and deep-marine sediment redistribution, all of them key aspects on 

the preservation of the natural geological cycles as well as on the impact of exploration and produc-

tion of natural resources.
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Initial depositional profile

Cells locations 650 m

Water level

Adjust water level

Adjust subsidence

Base level

Progradation

Sediment-filled cells

Creation of accommodation space 

Sedimentation and adjustment of the depositional profile

The computational workflow for each time-step and cell in forward modeling includes the following steps:
(1) The initial profile is adjusted for tectonic and water level specifications, and the intersection with sea-level is 
located. (2) As the forward simulation starts, a first package of sediment is deposited and the flexural response 
of the crust to the initial water and sediment load is calculated. (3) The compaction-induced depth change of the 
first stratigraphic layer is adjusted as a function of depth and sediment type. (4) The profile is modified by erosion 
where it lies above the base level. (5) The depositional profile progrades in basinward direction until the traction 
load portion of sediment supply is exhausted. (6) The carbonate factory produces sediment as a function of the 
bathymetry, position on the margin and distribution of siliciclastic input. The excess productivity is redistributed 
and subsequently added to the pelagic fraction. (7) Newly deposited sediment is removed from slopes steeper 
than the stability level. (8) The removed sediment portion is transported basinward by sliding, slumping or 
turbidite currents and deposited.

Appendix A

Flexural loading algorithm

√
3

12D (1-n )2

h= E

h: flexural loading

D: flexural rigidity

E: Young’s modulus (constant 0.25)

n: Poisson’s ratio

The flexural loading of the margin is projected to 
the limit of the flexural wavelength (Table 4.3). The 
flexural rigidity of the crust (D) is separately calcu-
lated as a function of the water, sediment amd 
mantle density (see Bowman and Vail, 1999).

Compaction algorithm

φo
φ (Z)= 1 + (Z x rc)

φ: porosity

Z: depth in meters

rc: compaction coefficient (see Table 4.2)

φo: Initial porosity

Before deposition of a new layer, PHIL calculates 
the mean depth for the underlying intervals and 
determines the porosity. As the next stratigraphic 
unit is deposited, the thicknesses decrease as 
required for the loss of porosity due to the 
imposed loads (see Bowman and Vail, 1999).
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The carbonate productivity function is 

controlled by the width of production, 

depth of maximum production and 

maximum production rate. 

The top of the tidal range marks the 

upper boundary of carbonate produc-

tion (Bowman and Vail, 1999).

 

These parameter values are shown in 

Table 5.3. 

Geometry of carbonate platform established by traction processes
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Stable substrate

Offlap break

Sea-level fall
Shoreface

Depositional front

Gravitational sedimentation

coastal onlap

Basin-floor fan

Slope fan
Slumps

Erosional profile and controlling variables (Bowman and Vail, 1999). 

Shoreface erosion and marine currents were particularly important in modeling of the Brazilian 

rifted margin.

Conditions to produce gravity-flow sedimentation (Modified from Bowman and Vail, 1999).

(i) relative sea-level fall below the offlap break to generate slope and basin-floor fans.

(ii) no accommodation space available on stable substrate triggers sediment slumps.

                     Appendix A





 
 

Appendix B 

Sensitivity analysis provided the best-fit parameter values to achieve the stratal architectures 

and distribution of lithofacies. The following Tables display the temporal adjustments 

consecutively implemented at specific time intervals during the modeling procedure. Original 

input values and ranges can be visualized in Table 5.3. 

 

B1. Pelotas Basin 

Chronostratigraphic 

layer [Ma] 

Parameters Best-fit values 

122 Sand (%) 45 

 Pelagic max. production rate (m/m.y.) 30 

116 Carbonate sedimentation On 

 Traction transport (%) 30 

 Pelagic max. production rate (m/m.y.) 10 

110 Sand (%) 10 

 Pelagic max. production rate (m/m.y.) 30 

104  Carbonate sedimentation Off 

 Pelagic max. production rate (m/m.y.) 10 

 Sand (%) 35 

 Traction transport (%) 20 

100  Pelagic max. production rate (m/m.y.) 6 

84 Traction transport (%) 25 

 Pelagic max. production rate (m/m.y.) 12 

 Sand (%) 15 

 Marine currents 6000 

68 Traction transport (%) 50 

 Marine currents 10000 

48 Pelagic max. production rate (m/m.y.) 30 

32 Pelagic max. production rate (m/m.y.) 15 

 Depositional front gradient siliciclastics 0.08 

24 Carbonate sedimentation On 

 Sand (%) 45 

 Depositional front gradient siliciclastics 0.09 

16 Traction transport (%) 15 

   

Based on the essential input parameters, i.e. subsidence rates, eustatic sea-level, effective elastic 

thickness (Fig. 5.4) and sediment supply rates (Fig. 5.5), the tectono-stratigraphic configuration of the 

Pelotas Basin was achieved by adjusting three main sediment-related parameters, the shelf front and 

marine currents. Variations in the percentage of sandstones are related to tectonic events with uplift and 

exposure of source terrains delivering higher sand volumes into the basin; on the other hand, reductions in 

the sand volumes can be interpreted as periods of tectonic quiescence, changes in the drainage pathways 

or lower erosion rates (associated to climate conditions). Changes in depositional gradients were needed in 

order to counteract catastrophic events of shelf-edge failure and maintain realistic adequate basin 

conditions for logical modeling outputs.  
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B2. Santos Basin 

 

Chronostratigraphic 

layer [Ma] 

Parameters Best-fit values 

122 Sand (%) 45 

 Pelagic max. production rate (m/m.y.) 40 

 Traction transport (%) Off 

 Carbonate sedimentation On 

116 Evaporites On 

 Sand (%) 5 

 Pelagic max. production rate (m/m.y.) 10 

110 Evaporites Off 

 Pelagic max. production rate (m/m.y.) 30 

 Depositional front gradient siliciclastics 0.09 

 Depositional front gradient carbonates 0.045 

106 Carbonate sedimentation Off 

 Pelagic max. production rate (m/m.y.) 20 

 Sand (%) 25 

98 Sand (%) 15 

84 Sand (%) 55 

 Pelagic max. production rate (m/m.y.) 45 

66 Sand (%)   30 

 Depositional front gradient siliciclastics 0.05 

 Pelagic max. production rate (m/m.y.) 10 

34 Carbonate sedimentation On 

 Sand (%) 15 

 Pelagic max. production rate (m/m.y.) 10 

 Marine currents 10000 

22 Pelagic max. production rate (m/m.y.) 45 

16 Pelagic max. production rate (m/m.y.) 10 

 

  The tectono-stratigraphic configuration of the Santos Basin was achieved by adjusting four 

main sediment-related parameters, the declivity of the shelf front in both siliciclastics and 

carbonate systems, and the effect of marine currents. Comparable to the Pelotas Basin, 

variations in the percentage of sandstones are related to tectonic events, whereas reductions 

may imply tectonic quiescence, changes in the drainage pathways or lower erosion rates 

(associated to climate conditions). Frequent changes in maximum rates of pelagic sedimentation 

reflect the strong impact of deep-marine currents on sediment bypass and redistribution, 

simulated as a function of pelagic accumulation and marine currents. Changes in depositional 

gradients were needed in order to counteract catastrophic events of shelf-edge failure and 

maintain realistic adequate basin conditions. 
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B3. Campos Basin 

 

Chronostratigraphic 

layer [Ma] 

Parameters Best-fit values 

122 Sand (%) 45 

 Traction transport (%) 40 

 Depositional front gradient siliciclastics   0.08 

 Carbonate sedimentation On 

116 Evaporites On 

 Pelagic max. production rate (m/m.y.) 10 

110 Evaporites Off 

 Pelagic max. production rate (m/m.y.) 30 

102 Carbonate sedimentation Off 

 Sand (%) 15 

 Pelagic max. production rate (m/m.y.) 20 

 Depositional front gradient siliciclastics 0.03 

84 Depositional front gradient siliciclastics 0.06 

 Pelagic max. production rate (m/m.y.) 40 

66 Sand (%) 30 

 Pelagic max. production rate (m/m.y.) 10 

48 Sand (%) 25 

 Carbonate sedimentation On 

34 Sand (%) 45 

 Traction transport (%) 20 

 Pelagic max. production rate (m/m.y.) 30 

22 Pelagic max. production rate (m/m.y.) 45 

 Depositional front gradient siliciclastics 0.07 

14 Pelagic max. production rate (m/m.y.) 30 

   

 

The tectono-stratigraphic configuration of the Campos Basin was achieved by adjusting four 

main sediment-related parameters, the declivity of the shelf front and the effect of marine 

currents. Variations in the percentage of sandstones are related to tectonic events with uplift and 

exposure of source terrains delivering higher sand volumes into the basin; on the other hand, 

reductions in the sand volumes can be interpreted as periods of tectonic quiescence, changes in 

the drainage pathways or lower erosion rates (associated to climate conditions). Changes in 

depositional gradients were needed in order to counteract catastrophic events of shelf-edge 

failure and maintain realistic adequate basin conditions.  
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