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RESUMO 

Os reservatórios do pré-sal em depósitos carbonáticos lacustres nas bacias marítimas 

do sudeste brasileiro são responsáveis pela maior parte da produção petrolífera no 

país recentemente. Apesar da ampla literatura detalhando a evolução paleoambiental 

ou integrando uma abordagem quantitativa associada à distribuição 

espacial/estratigráfica, relacionada ao contexto deposicional ou estrutural, existem 

questões ainda a serem exploradas. O objetivo principal, portanto, é avaliar a 

correspondência das estruturas geradas e/ou reativadas durante a evolução tectônica 

e a deposição das camadas do pré-sal na Bacia de Santos, com foco na Formação 

Barra Velha (FBV) e seu sinal isotópico. Assim, o contexto tectono-estratigráfico é 

avaliado com interpretação de seções sísmicas 2D e restauração estrutural. Isso 

permite analisar a dinâmica da evolução tectônica, quantificar e descrever a 

distribuição de falhas. Análises isotópicas são essenciais para fornecer restrições 

críticas sobre o ambiente de formação das rochas-reservatório na região de Iracema, 

no campo de Tupi. Análises de isótopos estáveis de C e O e de Sr radiogênico foram 

feitas em fácies de amostras de carbonatos de furos de sondagem em uma coluna de 

101 m. Elementos maiores (Ca, Mg, Fe, Mn, Sr e Rb) também tiveram suas 

concentrações medidas. Valores de δ13C variam entre + 0,79 e + 3,16‰, com média 

de +2,22‰. O δ18O varia entre - 1,22 e + 3,86‰, com média de +1,18‰. Já o 87Sr/86Sr, 

varia entre 0,7130 na parte superior da seção e 0,7144 na parte inferior, com média 

de 0,7135. Os altos valores de δ13C e δ18O registram principalmente os efeitos 

climáticos responsáveis pelo controle da deposição de sedimentos da FBV e acordam 

com aqueles encontrados na bacia, indicando que os sinais isotópicos podem ter sido 

conservados até certo ponto. Embora ambientes com altas temperaturas e alta 

salinidade tendam a favorecer a precipitação de dolomita e/ou calcita rica em Mg, os 

resultados mostram ausência virtual de dolomita. Outras observações corroboram 

com um baixo grau de alteração, preservando características mais próximas do 

carbonato original, como alto Ca/Mg na maioria das amostras e baixas concentrações 

de Mn e Fe. Altos valores de 87Sr/86Sr podem implicar uma contribuição significativa 

de Sr da erosão continental ou de fontes terrestres, embora possa haver outra origem, 

como a vulcânica. Durante a diagênese, Rb pode ter sido incorporado em fases 

minerais secundárias ou materiais de argila associados. A restauração estrutural 

aponta para a identificação de falhas reativadas durante a deposição carbonática, 



 
 

havendo estruturas nas direções NW-SE, N-S e NE-SW. Resultados indicam que as 

estruturas mapeadas podem ter participado de processos diagenéticos tenros no poço 

amostrado, já que o sistema de falhas pode ter sido responsável pelo transporte 

simultâneo de Rb e Sr e pela promoção da deposição de argilas Mg na área, sem 

sugestão de maior componente hidrotermal.  

 

Palavras-chave: carbonatos do pré-sal; isótopos de carbono e oxigênio; isótopos de 

estrôncio; atividade de falhas; Formação Barra Velha; restauração estrutural. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

ABSTRACT 

Lacustrine carbonate deposits from pre-salt reservoirs in the offshore basins of 

Southeastern Brazil account for most of the oil production in the country in recent 

years. Despite a large number of studies detailing the paleoenvironmental evolution or 

integrating a quantitative approach associated with spatial/stratigraphic distribution 

and related to depositional or structural context, many questions are yet to be explored. 

The main objective, therefore, is to evaluate the correspondence of structures 

generated and/or reactivated during the tectonic evolution and the deposition of the 

pre-salt layers in the Santos Basin, focusing on the Barra Velha Formation (BVF) and 

its isotopic signal. Thus, the tectono-stratigraphic context is evaluated from the 

interpretation of 2D seismic sections and structural restoration. This enables us to 

analyze the dynamics of tectonic evolution, quantify and describe the distribution of 

faults. Isotopic analyses are essential to provide critical constraints on the formation 

environment of the reservoir rocks in the Iracema region, Tupi field. Stable isotope 

analyses of C and O and radiogenic Sr were carried out on carbonate samples from 

sidewall borehole facies in a 101 m column. Major elements (Ca, Mg, Fe, Mn, Sr and 

Rb) also had their concentrations measured. The sample values of δ13C vary between 

+ 0.79 and + 3.16‰, with an average of +2.22‰. The values of δ18O vary between - 

1.22 and + 3.86‰, with an average of +1.18‰. The values of 87Sr/86Sr vary between 

0.7130 at the top of the section and 0.7144 at the bottom, with an average of 0.7135. 

High δ13C and δ18O values mainly record the climatic effects responsible for controlling 

the deposition of sediments from the BVF and are in accord with those found in the 

Santos Basin, indicating that isotopic signals may have been conserved to some 

extent. Even though environments with high temperatures and high salinity tend to 

favor the precipitation of dolomite and/or calcite rich in Mg, results show virtual absence 

of dolomite. Other observations corroborate with a low degree of alteration, preserving 

characteristics closer to the original carbonate, such as high Ca/Mg in most samples 

and low concentrations of Mn and Fe. High 87Sr/86Sr values may implicate a significant 

contribution of Sr from continental erosion or terrestrial sources, although there may 

be another origin, such as volcanic. During diagenesis, Rb could have been 

incorporated into secondary mineral phases or associated clay materials. Structural 

restoration points to identify reactivated faults during carbonate deposition, with 

structures in NW-SE, N-S and NE-SW directions. Results indicate that mapped 



 
 

structures may have participated in weak diagenetic processes in the sampled well, as 

the fault system may have been responsible for transporting Rb and Sr simultaneously 

and promoting deposition of Mg-clays in the area, with no suggestion of greater 

hydrothermal component. 

 

Keywords: pre-salt carbonates; carbon and oxygen isotopes; strontium isotopes; fault 

activity; Barra Velha Formation, structural restoration. 
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1 INTRODUCTION 

 

This dissertation is submitted as a partial requirement to obtain the master’s degree in 

Geology from the Programa de Pós-graduação em Geologia at the Universidade 

Federal de Minas Gerais (UFMG), in the area of concentration “Geologia Econômica 

e Aplicada”. This investigation was conducted under the supervision of Prof. Dr. Tiago 

Amâncio Novo and co-supervisors Profs. Drs. Tobias Maia Rabelo Fonte Boa and 

Humberto Luis Siqueira Reis in Brazil and supported by Prof. Dr. Ross Stevenson 

during the research internship at the Université du Québec à Montréal (UQAM) in 

Canada. This work integrates the project “Inteligência artificial aplicada à exploração 

de petróleo na camada pré-sal” (nº 28184). In collaboration between the Departamento 

de Ciências da Computação (DCC) and the Centro de Pesquisas Professor Manoel 

Teixeira da Costa (CPMTC), the Instituto de Geociências (IGC) and Petrobras S.A., 

the PetrobrasIAGeo project is multidisciplinary in nature and aims to bring a new 

culture to oil and gas exploration, via a feasibility study of models applying AI 

techniques in different areas. Funding was provided by multiple sources. Beyond 

obtaining samples through the PetrobrasIAGeo project and conducting geochemical 

analyses in Canada, this study was financed in part by the Coordenação de 

Aperfeiçoamento de Pessoal de Nível Superior – Brasil (CAPES) – Finance Code 001. 

 

1.1 Objective and geological background 

 

This dissertation aims to correlate geochemical data from the Barra Velha Formation 

(BVF) carbonates with the tectonostructural context that defines their deposition, on a 

local and regional scale. To achieve this, analyses of major elements, stable carbon 

and oxygen isotopes and radiogenic strontium isotopes were conducted. On the 

structural side, seismic sections were interpreted to identify the distribution of faults 

and the separation of horizons for the application of structural restoration. 

Lacustrine carbonate reservoirs are characterized by their significant geological 

complexity, with several unresolved aspects that continue to be actively debated in the 

literature (Terra et al., 2010; Wright and Barnett, 2015; Sabato Ceraldi and Green, 

2016; Herlinger et al., 2017). Following the discovery of large pre-salt reservoirs, there 

has been an increased focus on understanding the environmental conditions that 
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enabled the deposition of lacustrine carbonates in rift basins, where tectonism controls 

structural geometry and subsidence rates (e.g., Wright, 2012; Wright and Barnett, 

2015; Tosca and Wright, 2018; Arienti et al., 2018; Souza et al., 2018; Farias et al., 

2019; Pietzsch et al., 2020). 

Published research primarily focuses on the depositional, diagenetic and geochemical 

facets of the distal pre-salt lacustrine carbonate reservoirs, examining how the primary 

framework constituents and diagenesis influenced the pore system of the Santos Basin 

pre-salt carbonates and presenting petrophysical data related to the porosity and 

permeability of these reservoirs (e.g., Herlinger et al., 2016, 2017; Muniz and Bosence, 

2015; Wright and Barnett, 2015; Pietzsch et al., 2018; Lima and De Ros, 2019). 

Alternatively, other works focus on the geodynamic aspects following the origination 

and deformation the Brazilian and correlated African basins, such as the regional 

tectonic regime (e.g., Karner and Gambôa, 2007; Davison, 2007; Strozyk et al., 2017; 

Kukla et al., 2018). Some studies detail the paleoenvironmental evolution and 

stratigraphic filling of the sag interval (e.g., Sabato Ceraldi and Green, 2016; Saller et 

al., 2016) or have integrated a quantitative approach coupled with spatial and 

stratigraphic distribution and related to the depositional or structural context (e.g., 

Wright and Barnett, 2020; Gomes et al., 2020; Carramal et al., 2022). 

The Iracema region (about 700 km²) in the Tupi (Lula) field, is located in the central 

portion of the Santos Basin, about 230 km off the coast of Rio de Janeiro city (Figure 

1). Petroleum production from pre-salt reservoirs in 2023 corresponded to 76.07% of 

total production, with the Tupi field alone contributing with 25.04% (ANP, 2023). Few 

works have provided structural characterization, tectonostratigraphic evolution and 

paleoenvironmental conditions for the area (e.g., Silva, 2021; Adriano et al., 2022; 

Almeida Carvalho et al., 2022; Carramal et al., 2022; Sommer et al., 2022). Carvalho 

et al. (2024), for example, applied structural restoration in the pre-salt layers, which 

had only been applied to salt and post-salt packages previously. 

The Outer High of the Santos Basin hosts most production fields (e.g., Tupi, Búzios, 

Mero, Sapinhoá, Sépia, Atapu) and pre-salt exploration blocks. NE-SW-trending faults 

shaped the structure of the Outer High prior to evaporitic deposition (Carminatti et al., 

2008). This positive feature of distal location and pronounced elevation provided 

isolation from external clastic sediments in the region (Buckley et al., 2015). It would 
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have impacted depositional thickness and accumulation patterns from the pre-salt 

carbonates to Neogene sediment packages (Gomes et al., 2009).  

 

Figure 1 - Location map of the Santos Basin, offshore SE Brazil (adapted from Basso et al., 2020). 
Santos outer high limits and Santos hinge line were retrieved from Ysaccis et al. (2019) (modified from 
Basso et al., 2022). 

The Outer High presents two individual structures represented by the NE Tupi High, 

which is segmented by a series of synthetic SE faults; and the SE Pão de Açúcar High, 

segmented by antithetic NW faults. Both are separated by a large NW-SE transfer zone 

(Gomes et al., 2009, 2012). The primary NE-SW fracture trend, inherited from 

basement structures (Stanton et al., 2014), bends in the NW portion of the field, forming 

the Iracema High (Silva, 2021) (Figure 2).During rift extension, the Iracema transfer 

zone was generated as the Cabo Frio High remained static (Moulin et al., 2013). The 

direction of the faults changed to NW-SE, forming an S-shaped feature (Magnavita, 

2021) and presenting dextral regional movement (Silva, 2021). In the region, short 

faults contained only in the pre-salt interval may or may not extend to the base of the 

salt and are formed due to the transcurrent movement (Silva, 2021). It is suggested 
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that rifting was active along with all pre-salt deposition, within 3 phases (Lower, Upper 

and Later Rift) that occur at different extensions in the field (Adriano et al., 2022).  

 

Figure 2 – Detailed view of the Iracema High. Note subparallel reflectors, with good lateral 
correspondence, for Piçarras, Itapema and Lower Barra Velha Formations, indicating faulting after 
deposition. The Upper Barra Velha Formation divergent pattern, near faults, indicates syn-depositional 
conditions (from Adriano et al., 2022). 

Considering all this structural context of the study area, a different approach is taken 

regarding the influence of structures in the upper part of the BVF. Questions about the 
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generation or reactivation of faults during the deposition of carbonates and the input of 

elements into the composition of these rocks, as well as diagenetic and possibly 

hydrothermal processes, are still being raised. Although there has been an increasingly 

detailed assessment of textures and facies in the region, little has yet been said about 

stable isotopes, beyond the depositional paleoenvironment, and radiogenic isotopes, 

in an attempt to explain their origin. This study aims to enhance the understanding of 

the Tupi field's evolution, extending the analysis to neighboring fields in the Outer High 

and drawing comparisons with the Campos Basin. It enables us to integrate isotopic 

data and discuss whether and how there is alteration by tectonostructural influence. 

 

1.2 Summary of the dissertation 

 

The dissertation is divided into chapters, as follows: 

- Chapter 2: corresponds to the geological settings. Topics from the definition of 

faults, their role during the rifting process in the South Atlantic, along with 

subsidence mechanisms and an overlook on the Santos Basin are presented; 

- Chapter 3: presents materials and methods. There is an explanation and brief 

review of the methods applied before pointing out the materials used; 

- Chapter 4: represents an adapted version of the manuscript for publication. 

Note that this section has its own list of figures and tables; 

- Chapter 5: indicates the conclusions of the dissertation. 

After that, references, appendix and annex follow. 
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2 GEOLOGICAL SETTINGS 

2.1 Structural concepts 

 

Deformation refers to the alteration of an initial geometry into a final form through 

processes such as rigid body translation, rotation, strain (distortion), and changes in 

volume (Hasui and Mioto, 1992). Strain involves a change in shape, with or without a 

change in volume, and indicates that particles within a rock have shifted positions 

relative to one another. When rocks are heated, they tend to undergo a flow and 

accumulate permanent deformation, occasionally leading to significant permanent 

strains (Davis et al., 2011). Stress is a concept frequently used in the context of 

materials with minimal shear resistance, such as rocks. A rock's response to stress is 

contingent upon the magnitude of stress applied or the extent of accumulated strain. It 

is also influenced by factors including anisotropy, temperature, strain rate, pore fluid 

presence, and confining pressure (Ramsay and Huber, 1984).  

Fracture initiation occurs when differential stress surpasses the inherent strength of 

the rock. They represent planar or sub planar discontinuities, typically much narrower 

in one dimension compared to the other two, and arise due to external (e.g., tectonic 

forces) or internal forces (thermal or residual stress). Fractures disrupt continuity in 

terms of displacement and mechanical properties, often resulting in a reduction or loss 

of cohesion. While they are typically described as surfaces, fractures possess some 

degree of thickness when examined at various scales (Fossen, 2010). 

Once a fracture forms, it becomes a zone of weakness within the rock (Tiab and 

Donaldson, 2016). Subsequent stress build-up is more likely to reactivate existing 

fractures at lower stress levels rather than initiating the formation of new fractures. It is 

an energy-intensive process involving the growth and linkage of minor flaws in the rock 

(e.g., Colatina Fracture Zone at the Espírito Santo Basin; Belém, 2014). Reactivation 

of fractures is a critical step for the development of major faults. Without reactivation, 

the crust would be filled with numerous short fractures characterized by minimal 

displacements. The orientation of a preexisting fracture and its frictional properties are 

key factors influencing reactivation, in addition to the existing stress field (Davis et al., 

2011). Fractures and related discontinuities are relatively simple structures, whereas 

faults are more intricate and capable of accommodating significant strain in the upper 

crust. 
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The term "fault" is used variably depending on context. A fundamental definition 

describes a fault as a surface or narrow zone exhibiting visible shear displacement  

(Fossen, 2010). In terms of fault geometry, non-vertical faults indicate whether the 

hanging wall displaced downward (normal fault) or moved upward (reverse fault) 

relative to the footwall. Lateral movement within the horizontal plane characterizes a 

strike-slip fault, classified as sinistral (left-lateral) or dextral (right-lateral) according to 

the direction of displacement (Ramsay and Huber, 1984). When two separate normal 

faults dip toward each other, they create a downthrown block (graben) and, when they 

dip away from each other, it results in an upthrown block (horst). In faulted regions, the 

largest faults (i.e., master faults) are often accompanied by minor faults that dip 

opposite (antithetic) or in the same direction (synthetic) as the master fault (Hasui and 

Mioto, 1992) (Figure 3). 

 

Figure 3 – A horst (a), symmetric graben (b) and asymmetric graben (c), also known as a half-graben. 
Antithetic and synthetic faults are shown (from Fossen, 2010). 
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Extensional faults facilitate the stretching of the Earth's crust or specific stratigraphic 

layers within deformed rock sequences. Field mapping and seismic analysis identify 

both high-angle and low-angle extensional faults. In many extensional settings, these 

two types of faults coexist because most rocks exhibit anisotropy inherited from earlier 

phases of deformation. Thus, steep faults may correspond to reactivated joints or 

strike-slip faults (Fossen, 2010). 

Cross-sections of a rifted portion of the upper crust often display a series of rotated 

fault blocks arranged like dominoes or overturned books on a partially filled bookshelf. 

This arrangement illustrates the complex nature of fault systems in geological 

processes (e.g., Southeastern Brazil). 

 

2.2 Rifting: processes and definitions 

 

A rift forms where segments of the continental crust are pulled apart by tectonic forces 

actively (i.e., controlled by rising mantle plumes that add tensile stress to the domed 

area) or passively (i.e., controlled by far-field stresses related to plate tectonics along 

zones of inherited weakness in the lithosphere) (Fossen, 2010). Rifting is a first-order 

plate tectonic process, primarily described in models of lithospheric stretching (e.g., 

pure shear, McKenzie, 1978; simple shear, Wernicke, 1985). Following studies (e.g., 

Lister et al., 1991; Planke et al., 1994) presented the archetypes “magma-poor” (e.g., 

in Southern Australia; Meeuws et al., 2016) and “magma-rich” (e.g., Pelotas Basin; 

Stica et al., 2014), from which a wide range of margins is proposed due to different 

evolutionary stages. 

However, the traditional classification of tectonic phases in the evolution of 

sedimentary basins in rifted margins (i.e., pre-rift, syn-rift, transitional, and passive 

continental margin; Asmus, 1982; Cainelli and Mohriak, 1998) is no longer sufficient to 

explain recent observations. Improving our comprehension of plate tectonics depends 

on gaining deeper insights into local and regional mechanisms controlling thermal and 

structural processes linked to significant plate tectonic movements (Wildman, 2015). 

As the understanding of the way that deformation is coupled with magmatic, thermal, 

and isostatic processes has evolved, it is widely accepted that rifting is fundamentally 

multiphase (Peron-Pinvidic et al., 2019). The progression from the rupture of the 

continental lithosphere to the formation of new plate boundaries and oceanic domains 
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is currently discussed leading to alternative terminologies in relation to previous 

definitions of rift phases (Peron-Pinvidic et al., 2013, 2019; Neuharth et al., 2022; Brune 

et al., 2023). These include morphological terms (platform, terrace, taper break, 

marginal high), rift domain names (proximal, necking, distal, outer, oceanic, ocean-

continent transition, ocean-continent boundary, zone of exhumed continental mantle) 

and geological processes references (stretching, thinning, exhumation) (Peron-

Pinvidic et al., 2013 and references therein, Figure 4). 

 

Figure 4 – Schematic section of a typical rifted margin illustrating the various terms used (from Peron-
Pinvidic et al., 2013). 

Key themes in rifted margin research are considered high-priority targets (e.g., 

rheology, inheritance, faults, stratigraphy, kinematics, and mantle; Peron-Pinvidic et al., 

2019) since the progressive thinning of the crust and mantle lithosphere is a behavior 

of continental rifts that does not occur in other plate boundary types (Brune et al., 

2017a; Naliboff et al., 2017). Actually, some of the earlier phase definitions have been 

based on changes in layer thickness and its impact on rheology (Lavier and 

Manatschal, 2006; Huismans and Beaumont, 2014), or the position of faults (Corti, 

2012). 
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Five rift phases identified by Neuharth et al. (2022) in terms of active fault network 

properties were correlated with prior works. Phase one is analogous to the early 

“stretching phase” (Peron-Pinvidic et al., 2013; Naliboff et al., 2017; Chenin et al., 

2021), representing distributed lithospheric deformation and coalescence (e.g., 

Trøndelag Platform, Norway; Osmundsen et al., 2002). Phase two indicates the 

growth of a fault system, in which large faults define the borders of a central graben 

(e.g., Malawi and Central Kenya Rifts; Ebinger and Scholz, 2012), associated with the 

“thinning phase” (Lavier and Manatschal, 2006). It relates to the first phase of two-

phase rifting (Agostini et al., 2009; Corti, 2012), whereas the second phase, 

corresponding to a fault system decline of the “hyperextension phase” (Peron-Pinvidic 

et al., 2013) is similar to phase three (e.g., Main Ethiopian Rift; Corti, 2012). Phase 

four is still part of the definition proposed by Peron-Pinvidic et al. (2013), as the rifting 

migration generates distinct margin asymmetry (e.g., Central South Atlantic margins, 

Carminatti et al., 2009). The final phase marks the end of continental rifting, the 

breakup, with the onset of seafloor spreading (e.g., South Atlantic, Heine et al., 2013; 

Red Sea, Stern and Johnson, 2019). 

The conceptual model for the inception and evolution of continental rifts presented by 

Brune et al. (2023) involves several major phases. Rift initiation (e.g., Okavango Rift, 

Kinabo et al., 2007) is facilitated by structures inherited from previous deformation 

episodes, which guide deformation, accommodated by brittle faults, ductile shear 

zones and magmatic dikes. Rift maturation generates sedimentary basins as the slip 

along major faults and ductile thinning of the lower crust cause hanging wall 

subsidence, in narrow (e.g., Tanganyika Rift; Shaban et al., 2021) to wide rifts (e.g., 

Basin and Range; Ricketts et al., 2021). Moreover, sublithospheric mantle rises and 

decompression-driven melts migrate, establishing dikes, sills, and volcanoes. 

Oceanization occurs when a sufficiently thinned crust undergoes intensified magmatic 

emplacement in the rift center, as deformation migrates to the site where the 

continental lithosphere ruptures, initiating the transition to mid-ocean spreading. Post-

rift phase represents a rifted continental margin that tilts due to differing rates of 

deformation in the proximal part and cooling in the distal part. Offshore subsidence 

may result from the deposition of sediments transported by river networks, which 

continue to shape rifted margins until today (e.g., Espírito Santo, Campos and Santos 
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Basins; Japsen et al., 2012; Jelinek et al., 2014; Engelmann de Oliveira et al., 2016; 

Fonte-Boa et al., 2022). 

Key domains in the Atlantic margins occur nearly in the same order, exhibiting 

sedimentary and basement geometries and relative temporal evolution (Peron-Pinvidic 

et al., 2013). Equivalent observations have also been reported from other margins 

(e.g., Nova Scotia margin, Funck et al., 2004; South China Sea, Franke et al., 2011; 

Gulf of Aden, Autin et al., 2010; Great Australian Bight margin; Direen et al., 2007; 

Argentina margin, Blaich et al., 2009; as well as onshore analogues, Manatschal, 2004; 

Mohn et al., 2010). 

 

2.3 Subsidence mechanisms 

 

According to Ingersoll (2011), depositional surfaces may subside due to the following 

processes (Ingersoll and Busby, 1995 and references therein):  

(1) crustal thinning due to stretching, erosion, and magmatic withdrawal;  

(2) thickening of the mantle lithosphere during cooling, followed by the cessation of 

stretching and/or heating; 

(3) sedimentary and volcanic loading, where local crustal isostasy and/or regional 

lithospheric flexure occur; 

(4) tectonic loading of both crust and lithosphere during overthrusting and/or 

underpulling; 

(5) subcrustal loading, considering lithospheric flexure during underplating of dense 

lithosphere; 

(6) dynamic effects of asthenospheric flow, commonly due to descent or delamination 

of subducted lithosphere;  

(7) crustal densification, due to changes in pressure/temperature conditions and/or 

emplacement of higher-density melts into lower-density crust. 

As proposed by Allen and Allen (2005), the mechanisms for regional subsidence and 

uplift might be grouped according to the fundamental geodynamical processes. For 
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rifts, post-rift, and passive margins, flexural, isostatic, and dynamic mechanisms 

operate differently. 

The sediment infilling a basin acts as a sedimentary load in the rift, amplifying the 

primary driving mechanism. In the post-rift and at passive margins, there is also a 

volcanic load component. Flexure, and therefore subsidence, is caused by the loading 

of the lithosphere, both at the surface and in the subsurface, including the far-field 

effects of in-plane stresses.  

Lithospheric thickness changes (i.e., stretches) in rifts as an isostatic response to 

crustal thinning, along with brittle fault displacements. On the other hand, 

gravitational/salt tectonics are more present in the post-rift and passive margins, even 

with large-scale halokinesis (e.g., Santos Basin). The thickness changes may also be 

brought purely thermally by lithospheric cooling/densification, where rifting is prolonged 

while subsequent phases exhibit thermal contraction/re-equilibration of lithosphere. 

As for the dynamic effects caused by asthenospheric flow, mantle convection and 

plumes, the buoyancy effects of changes in temperature in the mantle result in 

subsidence or uplift. While convection is induced secondarily in the rifts, it is edge-

driven in the post-rift and passive margins. Substantial thermal subsidence in the early 

post-rift characterizes the sag zone, which begins at the beginning of the late syn-rift 

and continues into the post-rift period. Lithospheric mantle thinning in the sag and distal 

zones (Figure 5) results in subsidence, as indicated by the finite-element modeling 

(Huismans and Beaumont, 2008), significant enough to cause the decompression 

melting in upwelling asthenosphere (Allen and Allen, 2005). 
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Figure 5 – Figure summarizing main characteristics of dynamic models classified according to zones 
proximal (P), sag (S), and distal (D) (from Huismans and Beaumont, 2008). γc and γm are crustal and 
lithospheric mantle attenuation factors. Phase 1 crustal extension is distributed, producing limited 
attenuation and subsidence; basins are faulted. Mantle lithosphere extends by focused necking and 
ruptures under D with some attenuation under S. Phase 2 crustal extension migrates to the rift axis, D. 
Additional faulting is confined to basins in D. Mantle lithosphere is advected laterally. Unfaulted “sag” 
basins develop where there is cooling and thermal subsidence in zone S; transient uplift in S may occur 
if mantle lithosphere is further attenuated. Post-rift thermal subsidence correlates with γm(x) and is 
confined to D and S. Incremental strain at the surface accumulated during each of the stages shown in 
A, B, and C indicates early deformed syn-rift sediments and late syn-rift sediments are undeformed. 
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2.4 Scenario of the South Atlantic Ocean opening 

 

The South Atlantic can be divided into four segments: Equatorial, Central (which 

includes the Southeastern Brazilian margin), Austral, and Falkland, bounded from 

north to south by Marathon, Ascension, Rio Grande, and Agulhas-Falkland fracture 

zones (Moulin et al., 2010) (Figure 6). The continental rupture associated with the 

Tristan da Cunha Plume thermal anomaly controlled the formation of the Rio Grande-

Walvis volcanic chain (White and McKenzie, 1989), leading to a broader extent of 

crustal thinning, with a lower stretching rate, and consequent rheological changes 

(Ponte and Asmus, 1976; Zalán and Oliveira, 2005). Magmatic additions at the early 

stages of margin formation may partially deplete the mantle, limiting the presence of 

igneous rocks at later stages (Franke, 2012). 

 

Figure 6 – Regional bathymetric (Amante and Eakins, 2009) map, overlain by a shaded-relief display of 
free-air gravity anomaly, showing the location of Rio Grande Rise and Walvis Ridge and its Tristan-
Gough volcanic track (Guyot Province) in the South Atlantic Ocean (SAO), as well as South Atlantic 
fracture zones (AFFZ: Agulhas-Falkland Fracture Zone; RGFZ: Rio Grande Fracture Zone; RFZ: 
Romanche Fracture Zone) dividing the SAO in Central, Austral and Falkland segments. The Equatorial 
segment belongs to the Equatorial Atlantic. The Rio Grande Rise and Walvis Ridge are located southern 
of the RGFZ. Paraná-Etendeka Magmatic Provinces are shown in red in the South America and African 
continents (from Graça et al., 2019). 
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Previous magmatic and/or tectonic events reduce the static lithospheric strength and 

allow inherited features (e.g., foliations, faults, suture zones, regions of metasomatized 

mantle) to remain weak enough to be repeatedly reactivated (Petersen and Schiffer, 

2016). Plume-related melting of mantle rocks and subsequent magma ascent heat and 

weaken the lithosphere facilitating rift initiation (Courtillot et al., 1999; Buck, 2006). In 

the disassembly of Western Gondwana, the main suture zone between the 

Neoproterozoic terranes of the basement (Heilbron et al., 2008) followed the trend of 

the Ribeira Belt, becoming the primary weakness zone where the South Atlantic Ocean 

formed (Almeida et al., 2013), still contested for its exact timing (Torsvik et al., 2009). 

The emplacement of the Paraná-Etendeka Large Igneous Province (LIP) (ca. ~136-

131 Ma, Stewart et al., 1996; Kirstein et al., 2001) in both South American and African 

counterparts most likely triggered or aided the opening. Magmatic rocks are well 

exposed and associated with dike swarms such as the NW Ponta Grossa (ca. 131-129 

Ma; Renne et al., 1996), the NNE Florianópolis (ca. 129 Ma; Deckart et al., 1998) and 

the NE Santos-Rio de Janeiro (ca. 133-127 Ma; Vieira, 2009) (ages based on K-Ar/Ar-

Ar method) in SE Brazil (Almeida, 1986) and Hentis Bay-Outjo in NW Namibia (Renne 

et al., 1992; Turner et al., 1994; Hawkesworth et al., 2000). The South American 

Magmatic Province (SAMP) (Szatmari and Milani, 2016) provides evidence of igneous 

activity in the South Atlantic during the Lower Cretaceous. Basaltic volcanism likely 

began when the deepest faults reached the anomalously hot subcontinental 

lithospheric mantle, triggering widespread melting. 

Rifting initiation along the central segment of the South Atlantic is of Berriasian age 

(Karner and Driscoll, 1999; França et al., 2007; Moreira et al., 2007; Winter et al., 

2007), indicated by faulted and rotated blocks, with half-grabens enclosing thick 

sedimentary successions in their depocenters (Milani et al., 2007). Normal faults are 

oriented preferentially parallel to the southeastern Brazilian coast, defining the regional 

trend seen in the offshore basins (e.g., Espírito Santo, Campos, Santos; Ojeda, 1982; 

Chang et al., 1992). The transfer zones that segment these faults nucleated the major 

transform faults of the seafloor, with evidence of transtensional deformation (Tetzner 

and Almeida, 2003; Milani et al., 2007; Stanton and Schmitt, 2007). The kinematics of 

the opening points to an NNE-SSW to N-S-trending rift (Aslanian et al., 2009; Moulin 

et al., 2010; Heine et al., 2013). Also, to a left-lateral strike-slip reactivation of NE-SW-

trending continental-scale fault zones (Szatmari and Milani, 2016) (Figure 7).  
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Figure 7 – Plate tectonic reconstruction at 132 Ma, with Africa fixed in present-day coordinates. Initial 
extension directions along the margin rotate from NW–SE in Gabon/Sergipe–Alagoas segment to W–E 
in Pelotas/Walvis Basin segment with increasing distance from stage pole location. Flowlines between 
Patagonian blocks in southern South America and southern austral Africa indicate and initial SW–NE 
directed motions between these plates (from Heine et al., 2013, abbreviations in there). 
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Topographic manifestations of continental rifting include basin subsidence and rift 

shoulder uplift (Weissel and Karner, 1989). The reorganization of preexisting drainage 

patterns (e.g., Paraíba do Sul River; Zalán and Oliveira, 2005) during the uplift of 

onshore features (e.g., Serra do Mar and Serra da Mantiqueira; Almeida and Carneiro, 

1998), facilitates complete denudation of topographic highs and uninterrupted 

sedimentation in topographic lows (Vieira et al., 1994; Mohriak, 2003; França et al., 

2007). This mass redistribution affects the thermal state and stress of the lithosphere, 

promoting strain localization (Maniatis et al., 2009). Onshore NNW-SSE fracture zones 

(e.g., Alegre, Calegari et al., 2016; Colatina, Belém, 2014) and NW-SE to WNW-ESE 

lineaments (e.g., Paranapanema, Fulfaro, 1974; Tietê, Riccomini, 1995) have 

influenced the emplacement of dike swarms (e.g., NNW-SSE Vitória-Colatina, Novais 

et al., 2004; Valente et al., 2009) and granitic intrusions (Santiago et al., 2020). The 

fracture zones extend offshore along the same trend and control the tectonostructural 

framework of the Northern Campos and Espírito Santo Basins (Figure 8; Calegari et 

al., 2016; Costa et al., 2024). Meanwhile, the lineaments switch to a N70E direction 

and directly affect the pre-salt layer in the Santos Basin (Lúcio et al., 2011).  

 

Figure 8 – Lineaments/Fracture Zones onshore (Calegari et al., (2016), Lourenço et al., (2016) and 
Pedrosa-Soares et al., (2008)) and offshore (Vincentelli et al., 2016) (from Costa, 2022). 
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2.5 Santos Basin 

 

The Santos Basin covers an area of ~350.000 km2  in Southeastern Brazil with plenty 

of structural features (e.g., synthetic untilted step-fault blocks, hinges with asymmetric 

compensation grabens, homoclinal and growth faults with rollover structures, diapirs; 

Ojeda, 1982). The direction of extension is suggested to follow a main WNW-ESE 

orientation, based on seismic, structural, and potential field data (Macedo, 1989; 

Chang et al., 1992; Karner, 2000; Meisling et al., 2001). 

The northern limit corresponds to the Cabo Frio High, a sedimentation barrier between 

the Santos and Campos basins (Mohriak et al., 1990b; Oreiro et al., 2008). It is an 

elevated portion of the basement that extends across through the continental platform 

and the São Paulo Plateau, related to tectonomagmatic events (Santonian to Eocene) 

(Mohriak and Paula, 2005). Main aspect corresponds to a transfer zone expressed by 

high angle faults or flower structures that displaces blocks from the Albian carbonate 

platform, characterizing a change in the stratigraphic and structural pattern of the 

Eastern Brazilian margin (Mohriak et al., 1995). The Florianópolis High designates the 

southern limit to the Pelotas Basin (Mohriak et al., 2010). This structure is a shallow 

basement anticline along the Florianópolis Platform, whereas the fracture zone 

consists of a ridge jump that contributed to the lithospheric mantle exhumation in that 

region (Gomes et al., 2008; Zalán et al., 2011). Both highs lie at the termination of 

major oceanic lineaments (Cainelli and Mohriak, 1998). 

The western limit confines the basin to the oceanic domain and is represented by the 

coastal mountain ranges (Serra do Mar and Serra da Mantiqueira), uplifted during the 

reactivation of ancient basement faults in the Upper Cretaceous (Macedo, 1989). 

Parallel to the coastline, the (Santos) Cretaceous Hinge Line (Alves, 2002) separates 

the thick sedimentary Cretaceous deposits to the east from the thin Cenozoic 

sediments wedge that lie directly onto the shallow basement to the west. 

The uplift promoted notable erosion and siliciclastic degradation into the basin 

(Macedo, 1987, 1989; Almeida and Carneiro, 1998), accommodated in the space 

created during Paleocene – Eocene subsidence (Moreira and Carminatti, 2004). The 

ocean-continent boundary has been suggested near the outer edge of the evaporites 

(Chang et al., 1992) or inferred from the termination of fracture zone trends and on 

changing directions of gravity anomaly trends (Karner, 2000). 
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The Cabo Frio Fault (Modica and Brush, 2004; Mohriak and Paula, 2005) presents NE-

SW direction with antithetic displacement and has migrated offshore throughout its 

evolution into the deeper SE basin (Guerra and Underhill, 2012). In that direction, the 

Santos Outer High appears as a large structural high in the distal central part of the 

basin, following the same trend (Gomes et al., 2009). It consists of a series of 

segmented faulted blocks and rift shoulders uplifted and eroded in the Barremian 

where a transition from the initial volcanoclastic to a carbonate deposition in the Aptian 

occurs (Buckley et al., 2015). During rift extension, the Iracema transfer zone was 

generated as the Cabo Frio High remained static (Moulin et al., 2013).  

The São Paulo Plateau (Kowsmann et al., 1982; Asmus, 1984) is an E-W-trending, 

shallow, stretched continental uplift controlled by basement structures (Mascle and 

Renard, 1976). It stands for the eastern boundary of the basin, where the hyperextend 

domain probably contains exhumed mantle and thick crustal blocks, while the eastern 

end would show normal thickness oceanic crust (Moreira et al., 2007; Zalán et al., 

2011). To the south, the São Paulo Ridge, a volcanic chain within the submarine 

basement (Kumar and Gamboa, 1979; Alves, 1981) extends in the same direction. 

Moulin et al. (2013) proposed a kinematic reconstruction where the Santos Basin and 

São Paulo Plateau formed a system that underwent oblique rifting. The existence of 

transtensional and strike-slip structures, an en-echelon pattern of faults and dykes 

onshore (Tetzner and Almeida, 2003) and offshore (Souza et al., 2007; Oreiro et al., 

2008) and of the basin's depocenters (Karner, 2000; Meisling et al., 2001), points to an 

oblique rifting in this segment of the margin. 

Lithospheric inherited NE-SW onshore features control deformation in the proximal 

domain, following a continental-type structural pattern, where a series of NE-SW to 

NNE-SSW-trending normal faults occur along with magnetic basement blocks with an 

E-W-trending inflexion (Stanton et al., 2014). The necking domain undergoes a 

structural change due to the NW-SE-trending transfer zones, characterized by oblique 

magnetic basement highs and lows (E-W and NW-SE) (e.g., Northern Santos Basin; 

Meisling et al., 2001). The South Atlantic Fracture is adjacent to the distal domain, 

where subparallel lineaments and transfer zones progressively inflect towards 'new' 

ENE and E-W trends as they approach the ocean-continent crust transition, where the 

influence of preexisting structures appears to diminish (Chang et al., 1992; Cainelli and 

Mohriak, 1998; Mohriak, 2004) (Figure 9).
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Figure 9 – (a) Interpreted and (b) uninterpreted depth-converted conjugate Santos–Benguela transect through the central portion of the Atlantic. Sections include 
post-rift deformation, also present in the present-day seismic records. Note that this margin is extremely asymmetric. (a) The wide margin, in the Brazilian side, 
shows landward-dipping normal faults, which change polarity to basinward faults after passing by a proximal dome defined by deep reflector bands buried below 
Early-Late Barremian and Late Barremian to Early Albian sediments. This feature is interpreted to be an extensional core complex with exhumed lower crust in 
its core. To its east, the upper crustal structure is defined by eastward-verging rotated blocks, with syn-rift sediments progressively younging oceanward, 
separated by basement hinges. In the African side, the Benguela margin is extremely narrow, but shows a similar arrangement of oceanward-younging internal 
compartments (from Araujo et al., 2023). 
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Figure 10 – Chronostratigraphic chart – Santos Basin (from Moreira et al., 2007).
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The Santos Basin consists of four unconformity-bounded tectono-sedimentary 

megasequences (Ponte and Asmus, 1978; Chang et al., 1992): (i) continental (Late 

Jurassic – Early Cretaceous rift stage with fluvio-lacustrine sediments), (ii) transitional 

(Aptian evaporites), (iii) restricted-marine (Albian carbonates) and (iv) open-marine 

(Cenomanian to Present) sequences. While Pereira and Feijó (1994) described Rift, 

Transitional and Passive Margin phases, Moreira et al. (2007) proposed Rift, Post-rift 

and Drift sequences and Chang et al. (2008) presented Rift (Syn-rift I and II), Sag (Syn-

rift III) and passive margin (Post-rift) phases (Figure 10). 

The Precambrian granite-gneisses and metasediments of the Ribeira Belt outcrop in 

the São Paulo region and consist of the crystalline basement (Heilbron et al., 2000; 

Trouw et al., 2000; Moreira et al., 2007). The sedimentary section was deposited on a 

discontinuous crust formed by a mosaic of small blocks, possibly reaching the upper 

mantle (Hasui et al., 1975; Ferreira, 1982; Macedo, 1989). 

The rift phase (Hauterivian – Aptian) comprises the sediments deposited during the 

Gondwana rifting process. NE-SW synthetic normal faults, with antithetic secondary 

systems occur with a series of half-grabens with different stretching rates 

accommodated by NW-SE transfer faults (Cainelli and Mohriak, 1999b; Moreira et al., 

2007; Zalán et al., 2011). Three main magmatic events affected the offshore basin, at 

pre-rift (130 Ma), rifting (130 - 121 Ma) and post-rift phases (Fodor et al., 1984; Pereira 

and Feijó, 1994; Moreira et al., 2007, based on Ar/Ar method).  

The economic basement is characterized by Neocomian tholeiitic basaltic flows of the 

Camboriú Formation related to the beginning of the structural development of the rifting 

of the South American and African plates (Chang et al., 2008). This phase is structurally 

characterized by horsts and grabens controlled by NE-SW structures, normal and 

regional faults (Zalán et al., 2011). Stress confinement occurred in the portion of the 

crust that underwent thinning, causing crustal faulting. Strain hardening conditions 

seemingly predominated when deformation was mostly elastic, reaching rupture under 

relatively high differential stresses. It led to the formation of edge faults, where thermal 

plumes did not exist; or uplifted zones, in regions with thermal anomalies (Chang et 

al., 1992; Karner and Driscoll, 1999). Strain softening processes and formation of fault 

systems marked by a second hinge line were a consequence of the decrease in shear 

strength, which conditioned the rupture of the partially thinned lithosphere, with 

deformation mostly in the upper crustal portions (Chang et al., 2008). 
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The Piçarras Formation sediments of alluvial fans (conglomerates, polymictic 

sandstones with basalt, quartz, and feldspar fragments) were deposited in the proximal 

portions. Sandstones, siltstones, and dark shales with high organic carbon of talc-

stevensitic composition comprise the most distal rocks of lacustrine environment, from 

the initial stage until the maximum activity of the formation of the mid-grabens. Its upper 

boundary is marked by the Intra-Barremian unconformity (Moreira et al., 2007). 

Above this, the Itapema Formation was deposited in the final stage of the asymmetric 

graben formation when the main faults ceased almost completely (Moreira et al., 

2007). Fluctuations of the water level due to the influence of waves and currents 

(Castro and Azambuja, 1981) implicates on tempestites to shoreface deposits 

composed mainly of bivalve bioclastic rudstones and grainstones taphonomically 

distinct (Chinelatto et al., 2020). As this unit corresponds to the Coqueiros Formation 

(Campos Basin). Carvalho et al., 2000 describes that detrital coquina was deposited 

by alluvial fans, composed of polymictic conglomerates, lithic to feldspathic 

sandstones, siltstones, and red shales, whereas pure coquina is represented by 

lacustrine deposits of bivalve and ostracod coquinas, locally interbedded with 

siliciclastic facies. 

The post-rift phase is a transitional phase between the rift and drift sequences, known 

as the Alagoas Stage (Buckley et al., 2015). The Barra Velha Formation (BVF) is 

marked by the Pre-Alagoas unconformity and extends to the base of the salt, 

transitioning from the clastic-carbonate sedimentary sequence to an evaporitic 

environment (Moreira et al., 2007; Chang et al., 2008; Carminatti et al., 2009). Wright 

and Barnett (2015) divided the BVF into two sequences: the Eoaptian Upper Rift, 

corresponding to the lower portion of the formation, deposited from the platform break; 

and the Neoaptian Sag, representing the upper section (Figure 11). The Intra-Alagoas 

unconformity separates the older sequence, composed of limestones, stromatolites 

and laminites in the proximal portions and shales in the distal portions, from the 

younger sequence, where limestones interbedded with shales are predominant. The 

proximal portions of the BVF consist of alluvial fans of sandstones and conglomerates 

(Moreira et al., 2007). 
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Figure 11 – Simplified conceptual model illustrating the general geology and hydrology of the pre-salt 
rift system. Small blue arrows show infiltration to and recharge of the aquifers; long black arrows indicate 
infiltration of groundwater to the lake basin. Thick red arrows underneath represent geothermal heat, 
which is assumed to decrease from rift to post-rift phase. Hachured areas propose the presence of 
aquifers relative to the lake basin, flowing mainly through fractured crystalline basement. A) Idealization 
of the rift phase environment, corresponding to the time of deposition of the Jiquiá sequence, where a 
deeper lake formed, which could eventually be subjected to water-column stratification. B) Idealization 
of the post-rift phase environment, at the time of deposition of the Alagoas (Barra Velha) sequence, 
where a shallower, endorheic lake with a large areal coverage evolved. Illustrations are not to scale 
(from Pietzsch et al., 2018). 

The sag phase represented the evolution of the strain softening process into 

lithospheric rifting, with the development of a broad, laterally continuous, sag-like 

depression, characterized by a transitional environment from continental to shallow 

marine (Chang et al., 2008). Although a period of tectonic quiescence is used to 
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describe the sag phase, the more distal parts of the rift remained locally active, 

generating normal faulting activities (Karner and Gamboa, 2007). The reactivation of 

the pre-existing faults propagates to the base of the evaporites, indicating that 

extensional deformation happened until the Upper Aptian (Faria et al., 2017).  

A series of interconnected lake basins were developed in an extensive system of half-

grabens and their periodic isolation originated fluvio-deltaic and lacustrine carbonates 

with little to no influence from marine water (Braccini et al., 1997; Harris, 2000; Gomes 

et al., 2009). Marine incursions crossed the São Paulo Ridge from the south at times 

and the increased evaporation rate relative to the water influx (Mio et al., 2005) resulted 

in the deposition of thick and widespread neoaptian evaporite deposits of the Ariri 

Formation (Moreira et al., 2007; Mohriak et al., 2012). Rocks deposited during this 

stage are characteristic of shallow-water environments or hypersaline epicontinental 

sea conditioned by the prevalent dry climate (Dias, 2005; Chang et al., 2008). 

Although the high mobility of halite would turn the estimated time of evaporites 

accumulation rate imprecise, the presence of more soluble salts (e.g., tachyhydrite, 

carnallite) (Moreira et al., 2007) allowed an estimation of 600 m.y. for the deposition of 

about 2 km of thick evaporitic package (Dias, 2008). This anomalously high subsidence 

rate, even considering the isostatic effect of the added weight, implies that rifting would 

also have to act in order to create the deep depression in which the salt deposited. The 

width of the rift was much larger in the south (700 km in the Santos Basin) than in the 

north (200 km in Sergipe-Gabon segment) by the time salt deposition started (~113 

Ma) (Szatmari and Milani, 2016). 

During the drift phase, thermal subsidence dominated over other tectonic processes, 

allowing the development of a second basin with sag geometry due to normal fault 

activity reduction (Gamboa et al., 2008; Milani et al., 2007). The deepening of the basin 

facilitated the establishment of a fully developed ocean once the volcanic and structural 

obstacles were overcome in the Neoalbian (Azevedo, 2004; Gamboa et al., 2008; 

Mohriak et al., 2012). Extensive marine carbonate deposits, followed by siliciclastic 

sediments from the Camburi, Frade and Itamambuca groups were deposited (Moreira 

et al., 2007). The end of the evaporitic basin resulted from the transition from 

continental to oceanic crust (Mohriak, 2003) and separation of the South American and 

African plates (Riccomini et al., 2012). 
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2.6 Depositional environments 

 

Present-day rift lakes (e.g., Great Salt, Jones et al., 2009; Pyramid, Henry et al. 2007; 

and Mono, Whiticar and Suess, 1998) may provide a better understanding of 

depositional and spatial models of carbonates in continental rift settings to produce 

predictive tools for subsurface exploration of lacustrine and spring-related carbonate 

reservoirs (Harris et al., 2013). For the Itapema Formation, the best potential 

correlatives are the hypersaline marine environment of Shark Bay in Australia and Lake 

Tanganyika of the East African rifted lake complex (Thompson et al., 2015), presenting 

still noticeable difference in water chemistry, salinity and shell types and size.  

The pre-salt deposits of the sag phase were initially attributed to microbial-influenced 

processes, i.e., microbial stromatolites, laminites, and microbialites rich in ‘talc’’ and 

Mg-clays (Dias, 2005; Moreira et al., 2007; Carminatti et al., 2008; Terra et al., 2010, 

Muniz and Bosence, 2015; Mercedes-Martín et al., 2016, Sabato Ceraldi and Green, 

2016). Microbialites are mentioned as constituent facies of the Barra Velha Formation 

(Moreira et al., 2007; Carminatti et al., 2008, 2009) and the stromatolites and 

spherulites from the Brazilian basins follow this classification (Terra et al., 2010). 

However, the carbonates of the BVF are stated to be partially microbial (Muniz and 

Bosence, 2015), mentioned to contain a hybrid origin with abiotic predominance for the 

pre-salt carbonates (Lima and De Ros, 2019). Although the Kwanza Basin contains 

facies identified as microbial in origin (Saller et al.2016; Sabato Ceraldi and Green 

2016), on the Brazilian margin the consensus is that they are largely of abiotic origin 

and were precipitated by chemical-driven processes (Wright and Barnett, 2015, 2017; 

Pietzsch et al., 2018, 2020).  

Microbial influence is virtually ruled out since macro and microscopic evidence of 

microbial activity is rare in these carbonates and absent in the BVF (Wright and 

Barnett, 2015). The abiotic models (Wright and Barnett, 2015; Herlinger et al., 2017; 

Farias et al., 2019; Gomes et al., 2020) also emphasize that alkaline waters with pH 

as high as 10-10.5 (Tutolo and Tosca, 2018) where stevensite represents a source of 

elements for dolomite and silica precipitation (Wright and Barnett, 2015; Farias et al., 

2019) reduces the bioavailability for cyanobacteria. Recent interpretations for the 

Macabu Formation, correlating to the BVF, indicate the deposits are chemical 

precipitates controlled by geochemistry of the waters (Herlinger et al., 2017).  
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The BVF and its correlations in other basins have been attributed to a set of 

depositional environments, from marine (Dias, 2005) to transitional i.e., continental to 

marine (Moreira et al., 2007; Carminatti et al., 2008; Gomes et al., 2009). However, the 

absence of marine fossils (e.g., miliolid foraminifera) and early sulphate minerals 

(gypsum, anhydrite) along the presence of ostracods with a wide salinity tolerance 

excludes a marine influence on the deposits of this formation (Wright and Barnett, 

2015; Muniz and Bosence, 2015; Tedeschi, 2017; Pietzsch et al., 2018).  

A lacustrine carbonate platform deposition model (Buckley et al., 2015; Faria et al., 

2017) is also controversial based on seismic, isotopic and petrographic data, as the 

seismic geometries are acquisition artefacts for some authors (cf. Wright and Barnett, 

2017). 86Sr/87Sr data supports the idea of a lacustrine depositional environment that 

would have evolved completely disconnected from the sea for a long time (Tedeschi, 

2017), along (hyper)alkaline waters (e.g., Wright and Barnett, 2015, 2017, 2020; 

Herlinger et al., 2017; Lima and De Ros, 2019; Pietzsch et al., 2020; Carramal et al., 

2022). Lacustrine carbonate environments are extremely dynamic and sensitive 

systems where low and high frequency changes in climate, water chemistry, and 

bathymetry lead to significant changes of litho- and biofacies and their patterns of 

distribution both horizontally and vertically (Flügel and Munnecke, 2010). Biogenic 

mediated sedimentation, abiotic-chemical precipitation, variable carbonate clastic 

input and eolian supply control a complex interaction of depositional processes 

managed by environmental fluctuations (Gierlowski-Kordesch, 2010). 
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3 MATERIAL AND METHODS 

3.1 Structural restoration to evaluate rift evolution 

 

Structural restoration seeks to revert the deformation interpreted in the present to a 

less deformed condition of the past (Wickham and Moeckel, 1997). Its application 

allows quantification of the intensity of deformation in geological units and evaluation 

of the viability of an interpretation or models taken as reference (e.g., Durand-Riard et 

al., 2010; Masini et al., 2011; Fiduk and Rowan, 2012; Giles and Rowan, 2012). A 

structure may be incoherent or geologically impossible if a restored section does not 

exhibit a good fit of the structural elements under geometric conservation conditions 

(Dahlstrom, 1969). 

A balanced section must fit the available data and the recognized geometries in place 

or in analogous areas and may also be reconstructed into a pre-deformational 

geometry in which the balancing is based on some defined property (e.g., layer length 

or area; Dahlstrom, 1969; Elliott, 1983). When tectonic transport is three-dimensionally 

complex, the application of the assumptions related to conservation of matter loses its 

meaning, since its principal direction is parallel to the section (Hossack, 1979). 

Section restoration has established itself as a standard tool in petroleum exploration, 

which has gradually incorporated more complex methods for restoration and 

quantification of deformation (e.g., Hossack, 1979; Woodward et al., 1986; Schultz-

Ela, 1992; Wickham and Moeckel, 1997). Theoretical models of subsidence on passive 

margins and aulacogens could be correlated with stretching using analytical predictive 

capability in restoration (Gibbs, 1984). 

The restoration of sedimentary horizons with preservation of local areas, thicknesses, 

and volume, as if they were multiple sections in synchrony along the main direction of 

tectonic transport, allowed the evolution of restoration from sections to surfaces 

(Massot, 2002; Galera et al., 2003). Thus, structural restoration techniques have 

evolved from investigating sections (2D), maps (surfaces), to volumes (3D) (Titeux, 

2009). The RECON package (PETROBRAS/TECGRAF-PUCRJ) has been used in 

several studies (e.g., Santi, 2002; Fetter, 2009; Melo Garcia, 2012; Carvalho, 2023) 

and is one tool along the Move Suite (PE Limited) (Figure 12). 
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The replacement of traditional geometric techniques by computational and vectorial 

treatment of geomechanical concepts marked the evolution towards volumetric 

restoration, which is truly considered 3D (e.g., Santi et al., 2002; Maerten and Maerten, 

2006; Moretti et al., 2006; Moretti, 2008). 3D techniques can be robust and predictive 

for small-scale structures (e.g., faults and fractures), enhancing the representation of 

petroleum reservoirs (Maerten, 2007). Currently, they are applied as exploration 

advances into more complex and difficult-to-characterize areas, such as the pre-salt of 

the Brazilian margin, with a focus on identifying structural features that can influence 

fluid flow. 

 

Figure 12 – Restoration palinspastic sequence for 0, 64, 92 and 112 Ma ago. The basement restored 
subsidence is superimposed from the past to the present day in the lower part of the figure (modified 
from Melo-Garcia, 2012). 

Kinematic methods, which aim to represent how the geometry of a structure evolves 

according to the propagation of deformation, reach their limits in providing this type of 

information. Thus, while geometric results validate kinematics, geomechanical 

methods are designed to replicate the mechanics of the deformation process by 

identifying the history of stresses and strains that the study area has been subjected 

to (Caumon and Muron, 2006; Fossen, 2010). Kinematic models, however, are still 

needed in the representation of geologic deformation to coherently reconstruct the 

evolution of structures in time and space (Groshong, 2006). 
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Thus, modeling is performed in reverse, progressively and iteratively removing 

deformation, reconstructing shape and position (geometry and kinematics), and 

analyzing probable imposed natural stresses (dynamic origin). The area and length 

methods demonstrate the evolution of the geometry from the deformed to the pre-

deformed state, without specifying the intermediate steps. As compaction processes 

occur, either tectonically, as shortening of parallel layers, or as a result of burial, the 

assumption that layer thickness and area remain constant during deformation is 

questioned (Mitra, 1994; Sans et al., 1999; Roure et al., 2005). In addition, non-

competent rocks, which can flow according to viscous (e.g., salt) or plastic-viscous 

laws (e.g., shales) can impact these assumptions (Weijermars et al., 1993). 

Backstripping, a form of isostatic restoration, is employed to describe the subsidence 

history of a basin. This process involves systematically removing sedimentary 

sequences and corresponding isostatic adjustments (Figure 13). While one-

dimensional backstripping adheres to the Airy model of isostasy, the two- and three-

dimensional counterparts consider lateral variations in load influence, applying flexural 

isostasy (Fossen, 2010). 

  

Figure 13 – Conceptual geohistory representation of backstripped tectonic subsidence (red/yellow) and 
total basin subsidence (black/gray curve). The component of subsidence due to sedimentary loading is 
the difference between the tectonic subsidence and total subsidence curves (from VanderLeest et al. 
(2022), after Van Hinte, 1978). Uncertainty bands represent the range of calculated subsidence values 
for the range of paleo sea‐depth estimates. 
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The orientation of the restored sections should be taken into consideration, since it 

requires alignment with the direction of tectonic transport and insurance of flat 

deformation (Elliott, 1983; Woodcock and Fischer, 1986). In the pre-salt geological 

context, the orientation of fractures is often influenced by the structural setting, and 

their prevalence is intricately linked to their proximity to fault zones (Wennberg et al., 

2021). The faults in the Iracema High follow three main orientations: NE-SW 

(predominant in the Tupi High), N–S and NW-SE (Adriano et al., 2022). Sections 

parallel to faults serve the purpose of connecting others and simplifying map 

construction.  

A conventional active petroleum system comprises the synchronous existence and 

operation of four elements (mature source rocks, reservoir rocks, sealing rocks, and 

traps) and two time-dependent geological processes (migration and synchronism) 

(Magoon and Dow, 1994; Milani et al., 2000). Geochemical modeling (Chang et al., 

2008) indicates that hydrocarbon generation in the continental shelf and slope area 

peaked between the Campanian and Maastrichtian (70-90 Ma). Additionally, there is a 

remarkable change in position through time of the post-salt structures in connection 

with the pre-salt structures (Guerra and Underhill, 2012). 

The pre-salt section in the Santos Basin consists of organic-rich lacustrine shales of 

the Piçarras and Itapema formations as source rocks. The reservoirs are carbonate, 

composed of microbialites, stromatolites, and coquinas, from the Barra Velha and 

Itapema formations, respectively (Moreira et al., 2007). The beginning of the rift phase 

generated the main traps (basement structural highs) and the migration conduits 

(faults) from which the oil percolated (Papaterra, 2010). The seal consists of the 

evaporitic package of the Ariri Formation, which is up to 2,000 m thick, where heat is 

transferred from the top of the reservoirs to shallower portions, delaying the thermal 

cracking of hydrocarbons at great depths in the basin (Mello et al., 1995). Table 1 

summarizes these units in the pre-salt, including the Camboriú Formation, tholeiitic 

basaltic flows often considered part of the economic basement (Chang et al., 2008) 

and discriminated here for the section restoration. Although Alkmim et al. (2025) 

present new depositional ages for the Barra Velha and Itapema formations, these are 

not suitable for application here since it is necessary to have that information for all the 

stratigraphic units involved. 
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Evolutionary phase Package Age Stratigraphic units 

Drift Post-salt 112 Ma - Camburi Gr. 

Post-rift 
Salt 113 – 112 Ma Ariri Fm. 

Sag 117 – 113 Ma Upper Barra Velha Fm. 

Rift 
Rift II 130 – 117 Ma 

Lower Barra Velha, 
Itapema and Piçarras Fms. 

Rift I 137 – 130 Ma Camboriú Fm. 

Table 1 – Definition of packages for seismic interpretation in this example, based on evolutionary 
phases, and age of stratigraphic units after Moreira et al. (2007), Buckley et al. (2015), Barnett et al. 
(2018) and Farias et al. (2019). The water column and basement are light blue and red in the models, 
respectively.  

Interpretation of the section being restored is essential for defining parameters used in 

the software and tools, considering both structures and chronostratigraphic information 

(Figure 14). In this case, seismic profiles are selected following previous criteria, since 

they satisfactorily allow interpreters to understand the properties of rocks in subsurface 

and, therefore, classify them. Faults are the main structures observed, mostly 

recognizable once seismic horizons are discontinuous. These features can even 

disappear in a section, indicating a change in the geological record, mainly by erosion 

or a hiatus. If a reasonable number of horizons and faults in profiles are interpreted, 

isopach maps can be interpolated for each horizon, along with fault distribution in the 

area and trend analysis.  

  

Figure 14 – Non-interpreted and interpreted profile for the Tupi High in the Santos Basin in different 
packages. 
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The first step to a simple-shear restoration is selecting the reference horizon to be 

flattened. The definition of the individual elements to be displaced works on the 

assumption that, in this technique, small-scale deformation is irrelevant. Thus, it can 

be treated as ductile deformation, where the continuity of the layer is preserved, and 

is below the resolution of the study section (Fossen, 2010). Restoration of the cross 

section by shifting the elements vertically until the reference horizon is horizontal also 

assumes that the fault geometry does not change during deformation. Fault 

displacement can then be removed by translation parallel to the regional along with the 

displacement parallel to the shear direction (Groshong, 2006).  

Discrepancies may arise from minor imperfections in the cross section, an inaccurate 

selection of the shear angle, or the inadequacy of the simple-shear model in precisely 

capturing the deformation mechanism. It is anticipated that minor variations may occur 

even with an accurate cross section. The optimal shear angle for restoration is typically 

determined through a process of trial and error (Rowan and Kligfield, 1989). 

The restoration of the Pre-salt interval operates independently of the deformation 

occurring in the overlying units. This decoupling of deformation is attributed to the 

plastic behavior exhibited by the salt interval (Hudec and Jackson, 2007), which 

undergoes deformation along with the overlying post-salt strata without necessarily 

inducing deformation in the pre-salt layer. Salt is subject to dissolution losses that 

become difficult to estimate, and even area conservation is not considered by most 

authors (e.g., Rowan, 1993). Although the viscosity of the salt exerts strong control 

over the rate and style of halokinetic deformation, where the interaction with the 

overburden is relatively more ductile at the beginning and more brittle at the end, salt 

is assumed to be homogeneous or uniform in time and space in most models (e.g., 

Vendeville and Jackson, 1993). The workflow for structural restoration in the NW-SE 

section in the Tupi field is represented in Figure 15, following the steps from Carvalho 

et al. (2024). 
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Figure 15 – Structural restoration performed on MOVE for the entire pre-salt layer. The workflow consists 
of (A) digitalization of horizons and faults of interest; (B) removal of the water column; (C) decompaction 
of the post-salt interval; (D) decompaction of the salt layer and fault restoration in the SAG interval; (E) 
decompaction of the SAG interval and fault restoration in the rift II interval; (F) decompaction of the rift 
II interval and fault restoration in the rift I interval; (G) decompaction of the rift I interval. During the 
restoration, data such as layer-parallel shortening (LPS), average vertical thickness and sediment rate 
are obtained. 
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All the faults are restored by moving the modules to join beds, respecting the 

interpreted offsets, using the simple-shear process on the fault entity (e.g., Carvalho, 

2023). Table 2 lists some of the parameters defined for structural restoration. Default 

values are mostly applied for isostatic parameters.  

Parameters 

Packages 

Post-Salt Salt Sag Rift II Rift I 

Porosity 0.56 0.00 0.41 0.56 0.50 

Depth Coefficient (km-1) 0.39 - 0.40 0.39 0.05 

Density (g/cm3) 2.68 2.20 2.71 2.68 2.85 

Young Modulus (Mpa) 23750 5810 45000 23750 25000 

Poisson Ratio 0.3 0.4 0.22 0.3 0.3 

Table 2 – Parameters for structural restoration applied to each package in the Santos Basin. Porosity 
of a rock is a measure of its ability to hold a fluid, where 1 is the highest value. Depth Coefficient indicates 
how much the porosity diminishes per km. Density in rocks is a function of the densities of the individual 
grains, the porosity, and the fluid filling the pores. Young's modulus measures the ability of a material to 
withstand changes in length when under lengthwise tension or compression. Poisson's ratio measures 
the deformation in the material in a direction perpendicular to the direction of the applied force. 

 

3.1.1 Iracema region 

 

In the study area, restoration was performed in different stratigraphic units (Table 3), 

following the same parameters for Table 4 as those presented before. In Figure 16, the 

surface of the Upper Barra Velha Formation was restored for further analysis.  

Evolutionary phase Age Stratigraphic units 

Drift 112 Ma - 
Camburi, Frade and Itamambuca 

Groups (Post-salt) 

Post-rift 
113 – 112 Ma Ariri Formation (Salt) 

117 – 113 Ma Upper Barra Velha Formation 

Rift 

123 – 117 Ma Lower Barra Velha Formation 

126 – 123 Ma Itapema Formation 

130 – 126 Ma Piçarras Formation 

137 – 130 Ma Camboriú Formation* 

Table 3 – Evolutionary phases and age of stratigraphic units after Moreira et al. (2007), Buckley et al. 
(2015), Barnett et al. (2018) and Farias et al. (2019) used for seismic interpretation in Iracema. The 
Camboriú Formation here is not separated from the crystalline basement and, therefore, not included in 
the restoration. 



53 
 

 

Parameters 

Stratigraphic units 

Post-Salt Salt 
Upper 
Barra 
Velha 

Lower 
Barra 
Velha 

Itapema Piçarras 

Porosity 0.56 0.00 0.41 0.56 

Depth Coefficient 
(km-1) 

0.39 - 0.40 0.39 

Density (g/cm3) 2.68 2.20 2.71 2.68 

Young Modulus 
(Mpa) 

23750 5810 45000 23750 

Poisson Ratio 0.3 0.4 0.22 0.3 

Table 4 – Parameters for structural restoration applied to each stratigraphic unit in Iracema.  

 

Figure 16 – Original interpretation in (A), with decompaction of the post-salt layer in (B), followed by 
decompaction of the salt layer and section restoration for the Upper Barra Velha Formation in (C).  



54 
 

 

3.2 Diagenetic processes and isotopic applications 

 

A set of physical, chemical, and biological processes operating under relatively low 

temperature and pressure to convert sediments into sedimentary rocks and 

subsequently alter them defines the term diagenesis (Tucker and Dias-Brito, 2017). It 

is referred to as early diagenesis if it occurs right after deposition of particles or is 

associated with this process and, if it occurs after deposition, it is called late diagenesis. 

Water chemistry, particularly the Mg/Ca ratio, and temperature control primary 

mineralogy which has implications for diagenesis and secondary porosity development 

(Della Porta, 2015).  

Post-depositional processes (e.g., dolomite cementation, dolomitization, silicification 

and dissolution) play a crucial role in determining the final porosity, since they can 

enlarge, modify, or destroy it (Basso et al., 2020). Dissolution occurs when pore fluids 

are subsaturated relative to the carbonate mineralogy and the secondary porosity it 

generates can give rise to great reservoirs (Tucker and Dias-Brito, 2017). The matrix 

dissolution associated with facies dominated by crystal shrubs with preserved and/or 

enhanced growth framework porosity and reworked spherulites/intraclasts that 

presented the best reservoir characteristics (Basso et al., 2022). 

In fact, the depositional environment and the associated diagenetic alterations 

condition the reservoir quality in the Campos and Santos basins, where most of the 

porosity is of secondary origin (Herlinger et al., 2017). Diagenetic processes impacting 

on the evolution of porosity and permeability may be associated with the flow of 

hydrothermal fluids in some locations of the basin (Lima and De Ros, 2019; Lima et 

al., 2020, Sartorato et al., 2020).  

Diagenesis in the Barra Velha Formation starts with an initial stage of dissolution, which 

occurs alongside or is followed by the precipitation of early diagenetic products 

dominated by either dolomite, calcite, or silica cementation (Lawson et al., 2022). 

Subsequently, saddle dolomite, equant calcite, and/or mega quartz precipitate, 

sometimes simultaneously with minerals such as metal sulfides, dawsonite, and APS, 

indicators of high temperature diagenesis or direct precipitation from hydrothermal 

fluids (Dill, 2001).  
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Early diagenesis is mainly related to the dissolution of Mg-clay substrates and its 

replacement by calcite spherulites, dolomite and silica on the evolution of the deposits 

(Wright and Barnett, 2015, 2020; Herlinger et al., 2017; Farias et al., 2019; Lima and 

De Ros, 2019). In the pre-salt succession, kerolite i.e., hydrated form of talc and 

stevensite are predominant (Sabato Ceraldi and Green, 2016). Stevensite is an 

authigenic clay mineral indicative of magnesium-rich waters, which has been reported 

in modern and ancient marine and lacustrine settings, commonly associated with 

alkaline evaporitic conditions, magmatism, hydrothermal action, and/or microbial 

metabolism (e.g., Tosca et al., 2011; Calvo and Pozo, 2015; Pozo and Calvo, 2018). 

Reorganization of basinal fluids and/or amplified thermal energy are reported to have 

destabilized stevensite in late diagenesis for dolomite precipitation (e.g., Tosca and 

Wright, 2018). 

Stevensite plays a prominent role in comprehending the processes of the BVF and its 

correlations (Sabato Ceraldi and Green, 2016; Saller et al., 2016). Its presence or 

dissolution is an imperative detail for determining the permo-porous quality of the 

reservoirs. It is believed that the pre-salt lacustrine environments of the Santos and 

Campos basins showed high alkalinity, high concentrations of Mg/Si and low pCO2 

given the extensive occurrence of stevensite (Tosca and Masterson, 2014). The supply 

of abundant dissolved Ca, Mg and SiO2 from recurrent basalt floods and hydrothermal 

activity in the rift allowed the deposition of authigenic Mg-rich clays and non-marine 

carbonates in shallow water depths (Gierlowski-Kordesch, 2010; Della Porta, 2015). 

The continuous contribution of Ca into the evaporating brines during salt deposition 

resulted in thick tachyhydrite layers at the end of considerable evaporite cycles (Leite 

et al., 2020).  

The effects of temperature changes in response to cooling of hydrothermal fluids can 

also significantly impact the massive silica precipitation in the Pre-salt lakes (Alvarenga 

et al., 2016). Density differences can be triggered by a subsurface hydrothermal cell 

circulation relatable to the rift-sag tectonic scenarios. Since leakage to underlying 

aquifers can occur in topographically closed lakes with insufficient hydraulic pressure 

gradients during low-stand periods, Mercedes-Martín et al. (2019) conclude that such 

mechanisms have played a crucial but underestimated role in the chemical evolution 

of the Pre-salt alkaline lakes. 
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The rate of alterations in carbonate compositions is influenced by several factors, 

including the elemental concentration ratio between carbonate and fluid, the distinction 

between open- and closed-system behavior, porosity, and distribution coefficients 

identified in earlier modeling studies on water-rock interaction (Banner et al., 1988; 

Banner and Hanson, 1990; Wang and Cerling, 1994; Maliva, 1998). Parameters such 

as recrystallization rate and groundwater discharge rate are also parameterized and 

found to be significant contributors to the alterations in carbonate compositions (Zhao 

et al., 2020). From a practical perspective, the groundwater discharge rate in the 

reactive transport model is linked to the concept of open vs. closed system behavior in 

the water-rock interaction model, where a high groundwater discharge rate 

corresponds to 'open systems,' and vice versa. 

Carbonates deposited in lacustrine environments, typically freshwater, exhibit wide 

isotopic variation. This variation depends primarily on the isotopic composition of 

rainfall in the watershed area, its quantity and seasonality, temperature, evaporation 

rate, relative humidity, and biological productivity (Farias, 2018). However, several 

natural environments and experimental studies have demonstrated that significant 

deviations in fractionation, predicted from equilibrium conditions, occur as the rate of 

mineral precipitation and influence of CO2 degassing in solutions enriched in this gas, 

as well as solution pH, affects the carbonic species dissolved (Beck et al., 2005; Kele 

et al., 2011; Watkins et al., 2013, 2014). 

The δ18O and δ13C of lacustrine biogenic carbonates depend on the isotopic 

composition of the sources of oxygen i.e., water and carbon i.e., dissolved inorganic 

carbon (DIC), respectively. DIC presents a cyclical record in the carbonates and the 

hypotheses to explain its primary source contemplate contemporaneous magmatism 

and volcanism in the basin and its variability in response to lake water dynamics due 

to lake level oscillation or to atmospheric pCO2 change (Pietzsch et al., 2020). 

Interpretations of lacustrine δ18O and δ13C signals obtained from bulk material can be 

compromised if the occurrence of diagenetic carbonates (e.g., dolomite, siderite) 

coexisting with primary surface water precipitates (e.g., aragonite, calcite) is not 

recognized (Lacey et al., 2015; McCormack et al., 2018). The correlation between δ18O 

and δ13C is increased and their values lowered once the isotopes are homogenized 

from some diagenetic processes such as meteoric exposure (e.g., Christ et al., 2018). 

High isotopic values from both isotopes may indicate a minor diagenetic alteration, 
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once δ18O values tend to decrease due to diagenesis (Lima and De Ros, 2019), and it 

can also suggest evaporitic conditions (Talbot, 1990; Farias et al., 2019).  

Talbot (1990) provided a summary of the primary environmental influences on 

covariance trends in lakes of diverse morphologies and geographical locations, 

outlining the following key points: (i) Increasing evaporation or residence time leads to 

a positive evolution in δ18O isotopic values; (ii) Higher latitude, altitude, or continentality 

shifts the origin towards more negative δ18O values; (iii) Short residence times and 

abundant vegetation favor more negative δ13C values; (iv) Lakes with drier 

impoundments exhibit a tendency to covary with more positive values for δ13C; (v) The 

primary production of organic matter and the release of carbon into the atmosphere, 

attributed to the rising rate of water evaporation, contribute to more positive values of 

δ13C (Talbot and Kelts, 1990).  

Moreover, other isotopes are fundamental for the pre-salt study. The application of the 

isotopic ratio of 87Sr/86Sr technique should be integrated with additional information 

and data (e.g., petrographic and elemental geochemical) and considered in the context 

of the regional and local geological environment. The 87Sr/86Sr ratios of marine 

carbonates from the Phanerozoic era are distinctly determined by the data presented 

by Peterman et al (1970). In contrast, non-marine carbonates exhibit 87Sr/86Sr ratios 

that reflect the origin of the strontium, allowing for values within broad limits, both 

exceeding and falling below the contemporaneous seawater value (Figure 17).  

Furthermore, insights into the age or Rb/Sr ratio of rocks within the drainage basin can 

be inferred from the 87Sr/86Sr ratios of non-marine carbonates formed during 

deposition. When these ratios are examined within a stratigraphic context, variations 

in the ratio also indicate changes in the geology of the watershed, offering valuable 

information about its geological history (Faure and Barrett, 1973). Radiogenic Sr 

isotopes can provide a record of weathering and/or regional drainage patterns and be 

used as a dependable tracer of fluid sources (Pietzsch et al., 2018). Lately, they have 

been successfully applied to the study of marine and continental (e.g., lacustrine) 

carbonate successions for stratigraphic correlation and paleoenvironmental 

reconstruction (e.g., Rhodes et al., 2002; Gierlowski-Kordesch et al., 2008).  
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Figure 17 – 87Sr/86Sr values obtained in the hydrothermal phases and sag host rocks compared to Early 
Cretaceous and Phanerozoic seawater (Jenkyns et al., 1995; McArthur et al., 2012; Yamamoto et al., 
2013; Bodin et al., 2015; Ando, 2015) and Pre-Salt carbonate (Dias, 1998; Tedeschi, 2017; Pietzsch et 
al., 2018; Farias et al., 2019) (from Lima et al., 2020). 

87Sr/86Sr geochemistry has been increasingly employed in lacustrine deposits lacking 

diagnostic age indicators to provide chronostratigraphic correlation (Hart et al., 2004; 

Baddouh et al., 2017), since they can be exceptionally sensitive indicators of lacustrine 

evolution (Doebbert et al., 2014). Due to its long residence time, the 87Sr/86Sr ratio of 

seawater remains homogeneous at any given time (White, 2013). River discharge into 

the oceans enriches seawater with more radiogenic strontium (87Sr) because rivers 

drain rocks predominantly composed of granite from the continental crust, which 

contains elevated strontium due to the radioactive decay of 87Rb (87Sr/86Sr ≈ 0.7200 ± 

0.005). An increase in the strontium content is interpreted as evidence of a shift from 

steady state to progressively more evaporitic conditions (Neat et al., 1979). Waters 

resulting from the percolation of mafic rocks or associated with hydrothermalism (mid-

ocean ridges, oceanic islands, island arcs, and large lava flows on continents) have 

lower 87Sr content, and consequently, a lower ratio (87Sr/86Sr ≈ 0.704 ± 0.002) 

compared to marine carbonates (87Sr/86Sr ≈ 0.7080 ± 0.001). 
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3.2.1 Geochemical analyses 

 

Isotopic analyses of C, O and Sr were conducted in 27 samples (Figure 18A) of a 108 

m sidewall carbonate core in the Upper Barra Velha Formation. Following the results, 

the shallowest sample was disregarded, leaving a 101 m column for analysis. 

 

Figure 18 – Workflow of radiogenic Sr analysis. (A) Powder extracted from plugs; (B) precision balance; 
(C) samples after addition of HNO3; (D) hot plate with samples at 110ºC; (E) tutorial for Sr chemistry 
and execution; (F) MC-ICP-MS; (G) operational system of the equipment.  
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The samples were collected at the Petrobras facility in Macaé (RJ), slabbed from drill 

core plugs perpendicular to laminations. Unaltered domains were micro-drilled to 

produce the powders that were used in isotopic analyses at the sample preparation 

laboratory at CPMTC/IGC – UFMG. 

For Sr analysis, approximately 50 mg of each sample was weighed (Figure 18B), 

placed in a Teflon® beaker and then covered with 0.5 ml of HNO3 (Figure 18C). The 

beakers were placed on a hot plate at 110 ºC for four days to ensure complete 

digestion. Afterward, the samples were opened and maintained at 80 ºC until complete 

evaporation (Figure 18D). To separate Rb from Sr, 0.4 ml of Sr-Spec resin was added 

to a Bio-Spin column. The column was washed with 3 ml of distilled H2O, followed by 

conditioning with 3 ml of HNO3 3N. The samples, diluted in 1 ml of HNO3 3N, were 

then loaded onto the column.  

Rinsing was performed with 6 ml of HNO3 3N, followed by an additional 3 ml of distilled 

H2O, which allowed the collection of Sr. To adjust the sample back to 3N, 0.6 ml of 

HNO3 14N was added. The column was thereafter washed with 2 ml of distilled H2O, 

and the entire process was repeated to ensure Sr purification (Figure 18E). Finally, the 

samples were evaporated before undergoing isotopic analysis. 

Sr isotope ratios were analyzed by the Multi-Collector Inductively Coupled Plasma 

Mass Spectrometry (MC-ICP-MS) on a Nu Plasma 3 at the Radiogenic Isotope 

Geochemistry Laboratory at GEOTOP–UQAM (Figure 18F). The equipment was 

calibrated, and each sample analysis took approximately 5 minutes, with a standard 

analyzed every five samples. All data were corrected for internal mass bias using 

86Sr/88Sr = 0.1194. Repeated measurements of the SRM 987 standard yielded a long-

term mean of 0.710214 ± 0.000013 (n = 7) (Figure 18G). 

Carbon and oxygen isotope ratios were measured using a Nu Instruments Perspective 

Isotope Ratio Mass Spectrometry (IRMS) at the Stable Isotopes Laboratory at 

GEOTOP–McGill University in Montréal, Canada (Figure 19A). Circa 150 μg of each 

powdered sample was weighed in glass vials. They were placed in the equipment 

along with eight standards after it reached 70 ºC and then reacted individually with 

H3PO4 after heating to 90 ºC for 1 h (Figure 19B). The released CO2 was collected 

through cold-finger distillation and analyzed against an in-house reference gas. 

Samples were calibrated to VPDB (Vienna Pee Dee Belemnite) using standards 



61 
 

 

referenced to NBS-19 (NCM and UQ6). Errors based on long-term repeated analysis 

of standards are better than 0.05‰ (1σ) for both δ13C and δ18O (Figure 19C). 

 

Figure 19 – Equipage used for C and O stable isotopic analyses. (A) IRMS; (B) closer look running the 
samples; (C) operational system of the equipment. 

The concentration of elements, such as Ca, Mg, Sr, Rb, Fe and Mn was measured 

using iCAP 6000 Series Inductively Coupled Plasma Optical Emission Spectroscopy 

(ICP-OES) at GEOTOP–McGill University (Figure 20A). Sample preparation focused 

on mass (m), and the first step was to weigh a microcentrifuge tube on a balance (m1). 

Approximately 10 mg of the sample was then weighed into the same tube (m2). 

Following this, 1 mL of HNO3 2% was added using a pipette (m3). The mixture was 

allowed to react with the cap open for 15 minutes, after which the tube was capped 

and shaken thoroughly. Subsequently, the cap was gently opened, and the tube was 

left to sit for an additional 15 minutes, repeating this process until no new bubbles were 

observed (Figure 20B).  

After the reaction was complete, the tube was capped and centrifuged for 5 minutes. 

Following centrifugation, 0.5 mL of the clear solution was pipetted into a 15 mL 

centrifuge tube (m4). Finally, approximately 9.5 mL of 2% nitric acid was added to 

achieve a total volume of about 10 mL (m5) preparing the sample for analysis. 
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To operate the equipment, calibration solutions were required. A stock solution was 

prepared in a 50 mL centrifuge tube, by adding standard solutions according to the 

target concentrations (Pietzsch et al., 2018; Farias et al., 2019) and HNO3 2% to 

complete 50 mL. The solution was diluted by factors of 2, 4, 8, 16, 32, and 64 times. 

The concentrations of each new solution were recorded to be applied during the 

analysis. The final concentration in ppm was calculated via c2 = (c1 x v1) / v2, where c1 

corresponds to the concentration found; v1 equals m4 + m5 and, v2, represents m2 (see 

Appendix A). 

 

Figure 20 – Equipment utilized to obtain major elements concentration. (A) ICP-OES; (B) clear solution 
before addition of HNO3. 
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Abstract: 

Lacustrine carbonate deposits from pre-salt reservoirs in the offshore basins of 

Southeastern Brazil are key contributors to the country’s oil production. This study 

examines the structural and geochemical properties of the Barra Velha Formation, the 

main hydrocarbon reservoir in the Santos Basin. The influence of local and regional 

tectonic evolution on the deposition of the Barra Velha Formation was investigated 

using 2D seismic sections and structural restoration. Major element concentrations, 

stable isotope analyses (C, O) and radiogenic Sr isotope ratios were conducted on 

carbonate samples from a sidewall borehole from the Iracema region of the Tupi oil 

field, allowing the evaluation of diagenetic influences and structural controls on 

element distribution. δ13C and δ18O values are consistent with those found in previous 

studies of the Santos Basin, indicating that primary seawater isotopic signals may have 

been largely preserved. Additional observations support minimal alteration, such as 

high Ca/Mg in most samples and low concentrations of Mn and Fe. High 87Sr/86Sr 

values may indicate a significant contribution of Sr from continental erosion or 

terrestrial sources with a minor input from less radiogenic sources, possibly volcanic. 

During diagenesis, Rb can be incorporated into secondary mineral phases or 

associated with clay materials. Results indicate that the mapped fault structures may 
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have contributed to local diagenetic alteration, as the fault system likely acted as a 

conduit for Rb and Sr transport while simultaneously promoting the deposition of Mg-

clays in the area. There is low evidence of hydrothermal overprinting when compared 

to produced fields in the pre-salt context. 

Keywords: pre-salt carbonates; Sr isotopes; C and O isotopes; fault activity; oil field; 

Santos Basin. 

 

4.1 Introduction 

 

The Brazilian Atlantic margin encompasses the main sedimentary basins (Santos and 

Campos), where petroleum exploration is currently concentrated. Located below 

prominent Aptian salt deposits, petroleum production from pre-salt reservoirs in 2023 

accounted for 76.07% of Brazil’s total oil production, with the Tupi field alone 

accounting for 25.04% of the production (ANP, 2023). The giant ‘pre-salt’ offshore 

reservoirs in the Santos Basin are distributed primarily in the carbonates of the Barra 

Velha Formation (BVF) (Moreira et al., 2007) and their tectonic, stratigraphic, and 

sedimentological evolution has been extensively studied (e.g., Muniz and Bosence, 

2015; Wright and Barnett, 2015; Sabato Ceraldi and Green, 2016; Herlinger et al., 

2016, 2017; Pietzsch et al., 2018; Lima and De Ros, 2019; Farias et al., 2019). 

However, despite numerous studies, the relationship between structural controls on 

fault generation and/or reactivation and elemental distribution remains poorly 

understood. Sr enrichment or occurrence of calcite over dolomite and vice-versa are 

debatable in the context of sources and displacement during and after deposition. 

In this study, we analyzed the carbonate sedimentation in the Santos basin using rocks 

obtained from a continuous drill core over 100 m long in the BVF at the Iracema area, 

in the northwestern sector of the Tupi field (Figure 1). We integrated the seismic 

interpretation with detailed geochemical analysis of major elements, carbon, oxygen 

and strontium isotopes and compare it with correlative units of the neighboring Campos 

basins. In addition to providing a broader understanding of the major environmental 

conditions leading to the formation of the studied deposits within the context of the 

Brazilian Atlantic Margin, our analysis revealed the role of faulting in their deposition. 

The achieved results provide key insights into the Cretaceous evolution of the Santos 
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Basin and correlative depocenters, as well as important processes controlling the 

petroleum system of the Brazilian pre-salt. 

 

Figure 1 – Map of Brazil, highlighting the Santos Basin and the study area. The Outer High limit was 
based on Ysaccis et al. (2019). Topographic map from GEBCO_2023 (https://download.gebco.net/). 

 

4.2 Geological setting 

 

The marginal basins that comprise the Brazilian South Atlantic margin share a common 

tectono-sedimentary evolutionary history (Figure 2) (Karner and Driscoll, 1999; 

Mohriak, 2001; Quirk et al., 2013). Rifting initiation along the central segment of the 

South Atlantic dates to the Berriasian (~140 Ma) (França et al., 2007; Moreira et al., 

2007; Winter et al., 2007) and led to the intrusion of widespread igneous rocks, as well 

as the nucleation of faults, rotated blocks and associated grabens containing thick 

sedimentary successions (Milani et al., 2007). The major NE- to NNE-trending normal 

faults were developed dominantly parallel to the present-day southeastern Brazilian 

coast, under a WNW-ESE extensional regime (Macedo, 1989; Chang et al., 1992; 

Karner, 2000; Meisling et al., 2001). This rifting architecture currently defines the 

regional trend of the Espírito Santo, Campos and Santos offshore basins (Ojeda, 1982; 

Chang et al., 1992). The rifting episode was followed by the sag phase, during which 

carbonate-rich successions were deposited and afterwards covered by evaporite 

strata. The deposition of thick, siliciclastic-dominated Late Cretaceous to Cenozoic 

strata describes the post-salt successions (Moreira et al., 2007; Chang et al., 2008; 

Dias et al., 2008; Buckley et al., 2015). 

https://download.gebco.net/
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Figure 2 – Lower Cretaceous stratigraphic chart for Santos Basin. Stratigraphy description from Wright 
and Barnett (2015). Basin evolution suggest by (1) Moreira et al. (2007) (drift phase was omitted as it is 
not part of the studied interval); (2) Buckley et al. (2015), Barnett et al. (2018) and Farias et al. (2019); 
(3) Karner and Gambôa (2007), Torsvik et al. (2009) and Moulin et al. (2013); (4) Adriano et al. (2022). 

The Santos Basin covers an area of ~350,000 km2 in Southeastern Brazil and is 

bounded to the south and to the north, respectively, by the Florianópolis and Cabo Frio 

Highs, with numerous structural features (Ojeda, 1982). During the Hauterivian to Early 

Aptian rift phase, the basin was affected by NE-trending normal faults that are locally 

associated with NW-striking transfer faults and partially contemporaneous with the 

emplacement of the tholeiitic basaltic rocks of the Camboriú Formation (Chang et al., 

2008; Cainelli and Mohriak, 1999b; Moreira et al., 2007; Zalán et al., 2011). Afterward, 

the basin received the siliciclastic-dominated Piçarras Formation and the carbonate-

dominated Itapema Formation, respectively. 

The deposition of the Barra Velha Formation (BVF), which unconformably overlies the 

Itapema Formation, occurs during the Alagoas stage, transitioning into a post-rift phase 

from the clastic/carbonate sedimentary sequence to an evaporitic environment 

(Moreira et al., 2007; Chang et al., 2008; Carminatti et al., 2009; Buckley et al., 2015). 

Wright and Barnett (2015) divided the BVF into two units separated by the Intra-
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Alagoas unconformity: the Eoaptian Lower Barra Velha (upper rift), and the overlying 

Neoaptian Upper Barra Velha (sag). The lower BVF is composed of limestones, 

stromatolites and laminites that were deposited in shallow lacustrine settings 

contemporaneously with distal shales, whereas the upper BVF comprises limestones 

intercalated with shales. Proximal to the basin-bounding faults, the BVF is composed 

of sandstones and conglomerates deposited in alluvial fans (Moreira et al., 2007). 

The sag phase represented the evolution of the strain softening process into 

lithospheric rifting, with the development of a broad, laterally continuous, sag-like 

depression, characterized by a transitional environment from continental to shallow 

marine (Chang et al., 2008). Although the sag phase is generally described as a period 

of tectonic quiescence, the more distal parts of the rift remained locally active, 

generating normal faulting (Karner and Gamboa, 2007). The reactivation of the pre-

existing faults propagated to the base of the evaporites, indicating that extensional 

deformation persisted until the Upper Aptian (Faria et al., 2017).  

Different authors still debate and argue that the sag lacustrine settings developed 

periodically isolated from the open ocean and under extremely high alkaline conditions 

(e.g., Wright and Barnett, 2015, 2017, 2020; Herlinger et al., 2017; Lima and De Ros, 

2019). This led to the deposition of fluvio-deltaic and lacustrine carbonate successions 

showing little to no influence from marine waters (Braccini et al., 1997; Harris, 2000; 

Gomes et al., 2009). Sporadic marine incursions of the south (across the São Paulo 

Ridge) and an increased evaporation rate relative to the water influx (Mio et al., 2005) 

resulted in the deposition of the ~ 2 km thick and widespread Neoaptian evaporite 

deposits of the Ariri Formation (Mohriak, 2003; Moreira et al., 2007; Dias, 2008; 

Mohriak et al., 2012).  

Alkmim et al. (2025) (and references therein) revised the depositional ages of the 

Itapema and Barra Velha formations, including carbonate cementation events. They 

carried out in situ U-Pb LA-ICP-MS geochronological determinations on calcite and 

dolomite phases and obtained: (1) 126.9 ± 4.7 Ma as the minimum age of the Itapema 

Formation; (2) age of deposition of the BVF lacustrine carbonates between the Late 

Hauterivian and Lower Aptian, during the 126.2–120.0 Ma interval; (3) three main 

phases of cementation at c. 119.6, 116.4 and 110.7 Ma. These results implicate 

changes of interpretation for carbonate deposition and alteration, that may include a 

structural factor. 
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4.3 Materials and methods 

4.3.1 Seismic interpretation and structural restoration 

 

For this work, we selected 2D sections from a 3D seismic depth-converted volume 

(R0282-Santos Cluster) containing the Iracema area (700 km²), along with information 

from wells in the region to aid in seismic interpretation. These wells include composite 

and geophysical well logs and lithostratigraphic description. The identification of faults 

and five representative seismic horizons followed the seismic facies characterization 

of Adriano et al. (2022) in a regular interval of 365 m along the 72 inlines, in order to 

cover the entire area of study. 40 crosslines were interpreted for quality control and to 

allow interpolation of the horizons and integration with faults to generate isopach maps. 

In Figure 3, horizon A represents the top of Camboriú Formation, consisting of a high 

amplitude positive reflector, usually faulted, which accounts for its good to medium 

lateral continuity. Horizon B corresponds to the top of Piçarras Formation, presenting 

itself as a medium amplitude negative reflector with some variations in the structural 

high, where lateral continuity goes from medium to low, to high. Horizon C indicates 

the top of Itapema Formation, characterized by a low amplitude positive reflector with 

similar features to the previous horizon. Horizon D consists of the top of Lower Barra 

Velha Formation, i.e., Intra-Alagoas unconformity (Moreira et al., 2007). Despite its 

high positive amplitude, this erosional surface is not evident as the lateral continuity is 

medium to low in the structural high, where interpretation is made at zero-crossing 

between reflector terminations of different seismic sequences (Adriano et al., 2022). 

Finally, Horizon E is equivalent to the top of Upper Barra Velha Formation, with a strong 

amplitude positive reflector and good lateral continuity, containing some fault 

occurrences as seen in Figure 3. 
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Figure 3 – Non-interpreted and interpreted seismic profiles. Horizon A (red), Horizon B (yellow), Horizon 
C (green), Horizon D (dark blue) and Horizon E (light blue) represent, respectively, top of Camboriú, 
Piçarras, Itapema, Lower Barra Velha and Upper Barra Velha Formations. Well (orange) corresponds 
to 7-LL-83D-RJS. 

 

Structural restoration seeks to revert the deformation interpreted in the present to a 

less deformed condition of the past (Wickham and Moeckel, 1997). As the transfer 

zone shifts trends in the Iracema region, structural restoration was performed in three 

sectors where change was visible, from north to south. Workflow here follows Carvalho 

et al. (2024), with decompaction of the post-salt (Figure 4A) and salt intervals (Figure 

4B), followed by the reconstruction of the Upper Barra Velha Formation (Figure 4C). 

Age of stratigraphic units followed Moreira et al. (2007), Buckley et al. (2015), Barnett 

et al. (2018) and Farias et al. (2019). All the analyses were performed in MOVE 2022 

software, with parameters such as depth coefficient (km-1), Young Modulus (Mpa) and 

Poisson Ratio with default values, whereas porosity and density (g/cm3) were modified 

according to the data obtained for the area. 
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Figure 4 – Structural restoration for the W-E section containing the studied well. Original interpretation 
in (A), with decompaction of the post-salt layer (Itamambuca, Frade and Camburi Groups) in (B), 
followed by decompaction of the salt layer (Ariri Formation) and section restoration for the Upper Barra 
Velha Formation in (C). Scale in (B) and (C) is used to indicate the vertical dislocation of the pre-salt 
layers. 

 

4.3.2 Geochemical data 

 

This study is based on data from 26 samples of a 101 m sidewall carbonate core 

situated in the upper portion of the Barra Velha Formation. The selected well is located 

in the middle of the Iracema transfer zone, in an interesting spot for correlation to 

structural features. The samples were collected and slabbed from plugs of the drill core 

perpendicular to laminations. Unaltered domains in the portions available were micro-

drilled to produce the powders for isotopic analyses.  

Carbon and oxygen isotope ratios (Table 1) were measured using a Nu Instruments 

Perspective Isotope Ratio Mass Spectrometry (IRMS) in the Stable Isotopes 

Laboratory at McGill University/GEOTOP in Montréal, Canada. Circa 150 μg of each 

powdered sample was weighed into glass vials and reacted individually with H3PO4 
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after heating to 90 ºC for 1 hour. The released CO2 was collected through cold-finger 

distillation and analyzed against an in-house reference gas. Samples were referenced 

to the VPDB using in-house standards calibrated to NBS-19. Errors based on long-

term repeat analysis of standards are better than 0.05‰ (1σ) for both 13C and 18O. 

Sr isotope ratios were analyzed by the Multi Collector Inductively Coupled Plasma 

Mass Spectrometer (MC-ICP-MS) on a Nu Plasma 3 at the Université du Québec à 

Montréal/GEOTOP Radiogenic Isotope Geochemistry Laboratory. Approximately 50 

mg of each sample were subject to acid attack, which was followed by separation of 

Sr from Rb in Bio-Spin columns filled with Sr Spec resin twice to ensure Sr purification 

(Moore and Wade, 2013; Stevenson et al., 2014). All data were corrected for internal 

mass bias using 86Sr/88Sr = 0.1194. Repeated measurements of the SRM 987 standard 

yielded a long-term average of 0.710214 ± 0.000013 (n = 7) (Table 1). 

DEPTH (m) 87Sr/86Sr δ18O (‰ VPDB) δ13C (‰ VPDB) 

5081.5 0.71302 1.76 0.94 
5085.9 0.71312 -0.25 1.87 
5089 0.71311 0.18 2.65 

5095.1 0.71326 -1.22 3.00 
5098 0.71332 2.12 1.29 

5102.8 0.71347 1.44 2.27 
5107.3 0.71324 1.38 2.80 
5109.4 0.71353 0.87 2.94 
5114.3 0.71363 1.15 2.30 
5114.4 0.71347 -0.52 3.16 
5122.6 0.71373 1.67 3.09 
5124 0.71382 2.05 0.79 

5135.7 0.71345 1.06 2.69 
5137 0.71353 2.44 2.75 

5138.9 0.71346 1.33 2.03 
5147 0.71366 -0.62 1.55 

5148.5 0.71340 2.53 1.46 
5151.8 0.71334 0.20 2.05 
5156.8 0.71303 0.48 2.08 
5158.8 0.71352 0.12 2.42 
5160.3 0.71311 1.91 2.31 
5166 0.71360 0.04 1.58 

5168.3 0.71354 1.12 2.79 
5173.3 0.71378 2.96 2.37 
5173.4 0.71367 2.66 2.44 
5182.8 0.71436 3.86 2.03 

Table 1 – Isotopic data for 87Sr/86Sr, δ18O, δ13C from carbonate rocks in the Barra Velha Formation. 

The concentrations of Ca, Mg, Sr, Rb, Fe and Mn (Table 2) was measured using an 

iCAP 6000 Series Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-

OES) at GEOTOP–McGill University. Solutions were prepared using 1 ml of 2% HNO3 

to digest 10 mg of each sample, after which 0.5 ml of the solution was added to 9.5 ml 
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of HNO3 2% for analysis. Five calibration standards were made to bracket the target 

concentrations (Pietzsch et al., 2018; Farias et al., 2019). 

DEPTH (m) Ca (ppm) Mg (ppm) Sr (ppm) Rb (ppm) Mn (ppm) Fe (ppm) 

5081.5 110483 39203 1319 251 362 288 
5085.9 154493 27787 1255 356 806 399 
5089 175384 10977 1120 412 423 328 
5095.1 178021 11720 1502 410 238 76 
5098 86332 41602 785 199 241 241 
5102.8 161475 33380 1628 370 103 276 
5107.3 140435 16511 1284 321 166 122 
5109.4 161767 14975 1757 363 181 125 
5114.3 166985 8477 1324 372 93 93 
5114.4 157524 11872 1143 359 111 120 
5122.6 169759 22867 1490 375 77 145 
5124 119490 55233 772 268 64 193 
5135.7 121751 32736 1154 272 84 197 
5137 140794 34352 1261 330 136 182 
5138.9 167354 18259 1054 395 226 273 
5147 88199 43790 893 210 199 1268 
5148.5 144417 27751 1124 341 375 283 
5151.8 178637 9799 1083 423 144 499 
5156.8 167867 15035 1351 400 240 196 
5158.8 134339 8907 714 322 122 3326 
5160.3 158603 26331 1370 377 160 731 
5166 74245 22204 461 172 21 204 
5168.3 117554 8127 1048 276 44 121 
5173.3 159914 11784 1443 377 57 132 
5173.4 136109 30519 1658 320 66 198 
5182.8 126942 42999 1756 281 132 492 

Table 2 – Major elements data from carbonate rocks in the Barra Velha Formation. 

 

4.4 Results 

4.4.1 Seismic interpretation and structural restoration 

 

After seismic analysis, the surfaces of the top of each Formation of the pre-salt (Upper 

and Lower Barra Velha, Itapema, Piçarras and Camboriú) were elaborated and 

represented in isopach maps (Figure 5). The greatest depth was close to 7,500 m, 

whereas the shallowest point was around 4,700 m. Faults were identified in 

discontinuities of reflectors and were not well distributed in the region. 
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Figure 5 – Representation of the isopach maps for the pre-salt formations. 

 
Structural restoration was conducted in three sectors with distinct fault orientations: the 

northern sector (faults trending NW-SE), the central sector, which includes the studied 

well (faults trending N-S), and the southern sector (faults trending NE-SW). Layer-

parallel shortening (LPS), typically associated with the formation of folds and thrust 

faults (e.g., Şengör and Bozkurt, 2013), can also occur in transfer zones, as it reflects 

deformation in regions of progressive strain. For the Upper BVF, LPS values varied 

across the area, with -16% in the northern sector, 40% in the central sector (near the 

studied well), and 8% in the southern sector, indicating significant shortening 

concentrated in the central region. Sedimentation rates (m/Ma) decrease progressively 

from north to south, from 96 to 88, and finally to 81. Similarly, the average vertical 

thickness of sedimentary layers (m) decreases from 385 in the north, to 351 in the 

center, and 322 in the south. 

 



74 
 

 

 

Figure 6 – Structural contour and isopach map of the top of the Upper Barra Velha Formation in the 
Iracema region. Normal faults follow NE-SW, N-S and NW-SE trends. Structural restoration was 
performed for sections in the (A) north, (B) center (including the studied well), and (C) south of the 
studied area. Scale in meters only indicates the vertical dislocation of layers after decompaction of post-
salt and salt.  

Sedimentation rates are stable during the last stage of the rift phase in the Lower Barra 

Velha Formation (Wright and Barnett, 2015) whereas there is an increase during the 

sag phase from south to north. Fig. 6A shows a lack of faults reaching the top of the 

BVF, with a negative LPS (-16%) that could suggest extension or more likely the effect 

of tectonic accommodation with active subsidence, with higher sedimentation rates. 

Meanwhile, Fig. 6B presents the profile where the studied well is located, with a high 

LPS (40%) that indicates greater tectonic deformation, as the (re)activation of normal 

faults and the differential movement of the block accommodate this shortening due to 

the removal of burial charge. Indeed, the section contains a considerable amount of 

faulting that cuts through the entire pre-salt package. Adriano et al. (2022) identified 

some faults that were active throughout all rifting phases and suggest that NE-SW 

trending faults are syn-tectonic with Upper Barra Velha Formation deposition. 

Determining whether a structure is syn- or post-depositional depends on observing a 

change in the thickness of the layers in the restoration. In this case, we were able to 

identify structures near the studied well that were either reactivated or generated in the 

post-rift phase. Fig. 6C shows that the minor LPS (8%) corresponds to a region of 

greater tectonic stability outside the transfer zone, despite some faults reaching the 

base of the salt layer. 
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4.4.2 Geochemical data 

 

The 26 samples collected from well 7-LL-83D-RJS (Fig. 3) were classified according 

to the facies scheme used by Farias et al. (2019). Petrographic descriptions along with 

porosity and permeability information allowed us to identify the following carbonate 

facies: laminite, calcirudite, recrystallized limestone, spherulitestone and shrubby 

spherulitestone (Fig. 7).  

 

Figure 7 – Profiles of δ13C, δ18O and 87Sr/86Sr isotopic values and concentration of Ca, Mg and Sr in the 
samples of the studied well, presented in the real depth and relative depth below the evaporitic 
sequence. Facies distribution is inferred beyond the points of sampling. 

Silicified cement was mainly found in the spherulitestones, while Mg-clays were 

associated with calcirudites. The wells nearby also present some of these features, as 

well as intense silicification and recurrent dolomite formation. δ13C values range from 

+ 0.79 to + 3.16‰, with an average of + 2.22‰. The values of δ18O vary from - 1.22 to 

+ 3.86‰, with average values of +1.18‰. 87Sr/86Sr values range from 0.7130 at the 
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top of the section to 0.7144 at the bottom, with an average of 0.7135, similar to the 

results reported by Pietzsch et al. (2018). The negative correlation between Ca and 

Mg reflects their competitive substitution in carbonates. Values for Sr compare well 

with those of Pietzsch et al. (2018) and Lawson et al. (2022) but are much less than 

those presented by Farias et al. (2019). 

Although no consistent correlations are observed between the Sr, O and C isotope 

compositions of the different carbonate facies (Figure 8), the laminites are 

predominantly associated with δ18O values ≤ 0 and the shrubby spherulitestones yield 

some of the highest δ13C values. Overall, the samples collected from the greatest 

depths, near the boundary between the Upper and Lower Barra Velha Formation, 

exhibit significantly higher values of δ18O and 87Sr/86Sr. 

 

Figure 8 – Scatter plots for (A) δ18O vs. δ13C; (B) δ13C vs. 87Sr/86Sr; and (C) δ18O vs. 87Sr/86Sr. Facies 
are represented in colored circles. Note that no correlation can be observed in the data. 

 

4.5 Discussion 

4.5.1 Influence of diagenetic processes 

 

The depositional environments of the Southeastern Brazilian Atlantic pre-salt 

lacustrine carbonates are linked to significant temporal changes in lake water 

chemistry and structural positions within the basins (Sabato Ceraldi and Green, 2016; 

Saller et al, 2016). The extent of diagenetic alteration in carbonate compositions is 

influenced by factors such as the difference in elemental concentrations between 

carbonate and fluid, whether the system remained open or closed, the degree of 

porosity, and distribution coefficients identified in earlier modeling studies of water-rock 

interaction (Banner et al., 1988; Banner and Hanson, 1990; Wang and Cerling, 1994; 
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Maliva, 1998). Positive δ13C and δ18O values (Fig. 5A) are typically interpreted to reflect 

the evaporation conditions of the environment (Talbot and Kelts, 1990), whereas 

negative δ18O values close to zero reflect negligible diagenetic alteration of the 

lacustrine carbonates. Shifts in the values of δ18O towards lighter compositions can 

also be produced by recrystallization processes (Lima and De Ros, 2019). 

The degree of preservation of the original chemical composition of the carbonates 

versus the degree of alteration due to diagenetic processes or tectono-structural 

factors are investigated with the aid of Figure 9. In carbonates formed in lacustrine 

environments (such as in the pre-salt), the replacement of Ca by Mg during 

dolomitization can result in lower Sr levels, since dolomite incorporates less Sr than 

calcite. However, the amount of Sr in the samples is still high (Figure 7) (exceeding 

500 ppm in all but one sample), and dolomitic phases were not identified in the samples 

analyzed, although there may be some indication of partial dolomitization from sidewall 

rocks that were not totally recovered from the well.  

The positive correlation between Ca and Sr (Figure 9A) may indicate diagenetic 

alteration by Sr-enriched fluids. Alternatively, rising salinity and temperature within the 

shallowing basin could lead to increased concentrations of these elements, favoring 

the precipitation of Mg-rich dolomite and/or calcite, which is consistent with pre-salt 

depositional conditions (e.g. Wright and Barnett, 2015, 2017, 2020; Herlinger et al., 

2017; Lima and De Ros, 2019; Pietzsch et al., 2020; Almeida Carvalho et al., 2022; 

Carramal et al., 2022). This is supported by the Mg concentrations in the samples 

(2,3% on average) (Figure 9B) which are consistent with Mg-calcite (e.g., Farias et al., 

2019) rather than dolomite compositions. This suggests that diagenetic alteration was 

negligible in these samples, although the analyzed carbonates likely include both 

primary and altered compositions. Carbonates with high Mg/Ca ratios may reflect 

alteration due to diagenetic processes (e.g. dolomitization), whereas high Ca/Mg ratios 

suggest preserved original compositions, similar to higher δ¹⁸O values, since shifts 

towards lighter compositions are also a product of processes such as recrystallization 

(Figure 9C) (Lima and De Ros, 2019).  
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Figure 9 – Scatter plots of (A) Ca vs. Sr; (B) Ca vs. Mg; (C) Ca/Mg vs. δ18O; (D) Rb/Sr vs. 87Sr/86Sr; (E) 
Rb/Ca vs. Rb/Sr; (F) Sr vs. Rb; (G) Mn vs. Fe; and (H) Mn/Sr vs. 87Sr/86Sr. Colors of the samples indicate 
their depth in the well.  
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The deposition of Mg-rich authigenic shales, travertines, stromatolites, grainstones, 

spherulitic packstones and mudstones in the Brazilian marginal basins during the 

Aptian are related to the extrusion of the Mg-rich Paraná basalts (Szatmari and Milani, 

2016). The Sr in the carbonates is too radiogenic to have been derived solely from the 

erosion of continental flood basalts in the Santos Basin region. Thus, volcanic sources 

were likely not the only contributors to the lake waters (Pietzsch et al., 2018). Indeed, 

Pietzsch et al. (2018) state that their mass-balance calculations show a felsic end-

member as a significant source of water, Sr and other ions to the paleo-lake, likely 

contributing up to four orders of magnitude more Sr than the mafic source. Felsic 

basement rocks and/or alluvial detritus could have provided the underground water 

with elements and compounds such as Ca, Mg, and SiO2 (Tedeschi, 2017; Farias et 

al., 2019). However, the granitic-gneissic basement is not a suitable source for the 

large quantities of Ca and Mg that precipitated in the sag phase rocks (Lima et al., 

2020).  

The lack of correlation between Rb/Sr and 87Sr/86Sr indicates a negligible contribution 

of radiogenic Sr from Rb-rich silicates (clays, K-feldspar) in the samples (Figure 9D). 

Thus, the 87Sr/86Sr ratios of the carbonates reflect those of the water from which they 

precipitated and any subsequent diagenetic alteration. The radiogenic 87Sr/86Sr ratios 

could reflect waters sourced from aquifers within acidic bedrock, where prolonged 

residence times led to high Ca and Mg concentrations (e.g., East Africa; Ojiambo et 

al., 2003). Regardless of the exact nature of the crustal source, our data is consistent 

with the interpretation that the 87Sr/86Sr ratios of the carbonates reflect a mixture of 

mafic and felsic sources with the latter being dominant (Pietzsch et al., 2018). On one 

hand, we have a felsic end-member, likely derived from crustal/fluvial sources, with 

high 87Sr/86Sr, δ¹⁸O and low Rb, Mn and Fe, presenting values consistent with the 

Alagoas stage from Pietzsch et al., 2018. On the other hand, a diagenetic end-member 

would be comparable to the Jiquiá stage from the same work, with lower 87Sr/86Sr, δ¹⁸O 

and higher Rb, Mn and Fe.  

The specific correlation between Rb/Ca and Rb/Sr (Figure 9E) may indicate that the 

initial incorporation of Rb reflected environmental conditions rather than intense 

diagenetic processes, as the Rb is mobilized or incorporated in the carbonates 

proportionally to Sr and Ca. Moreover, it was expected that Rb and Sr would correlate 

negatively, since they behave differently during alteration processes and diagenetic 
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evolution. However, in Figure 9F, it is seen that they tend to correlate positively. During 

diagenesis, while Sr replaces Ca, Rb may be incorporated into secondary mineral 

phases or associated with clay materials.  

In the context of the Santos Basin, Mg-clays are most commonly found in the Tupi field 

(e.g., Carramal et al., 2022). Mg-silicates can precipitate directly from marine or 

lacustrine waters, or from diagenetic pore fluids (i.e., neoformation or by alteration of 

precursor phases; Galán and Pozo, 2011). Parameters such as salinity, pH and Mg/Si 

ratio of the fluids control their stability, favoring certain species over others (Jones, 

1986; Tosca and Masterson, 2014; Tutolo and Tosca, 2018). In the adjacent fields to 

Tupi, Mg-silicates are not as abundant as their diagenetic alteration products, turning 

this field into an adequate area for the study of this occurrence (Carramal et al., 2022). 

The distinct structural framework and geometries across the basin (Carlotto et al., 

2017; Ysaccis et al., 2019) were an important control on the development of Mg-

silicates. The preservation of Mg-clays suggests that the structural environment played 

a pivotal role in governing the diagenetic modifications, with more pronounced 

transformations occurring in regions featuring structural elevations and fault zones 

(Almeida Carvalho et al., 2022). 

Although there are some outliers for Fe and Mn concentration (Figure 9G), the 

observed values are consistent with mild diagenetic alteration, indicating preservation 

of the depositional signal and does not indicate detrital influence in the results. One 

sample worth mentioning is the one with the highest 87Sr/86Sr value. It represents an 

outlier and coincidently reflects the interface of the Upper Barra Velha (sag phase) and 

the Lower Barra Velha Formation (rift phase). A high value of Mn/Sr (Figure 9H) would 

suggest conditions with higher hydrothermal activity, responsible for introducing these 

elements into the system. However, there is a lack of sufficient data from further 

discussion, including microscopic analyses that would help identify more complex 

components in the diagenetic and hydrothermal sphere. Moreover, it cannot be ruled 

out the remobilization of some elements in post depositional processes. 

 

4.5.2 Structural component and isotopic comparison with producing fields 

 

Early faulting in the pre-salt reservoirs coincides with syn-depositional tectonic 

deformation (e.g., Farias et al., 2019) and gravitational instability caused by local 
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processes at edges of the shelf (Nolting et al., 2018). Burial faults are associated with 

gradual loading and increasing confining stresses within a context of late-stage faulting 

and heightened lithostatic pressure. The development of such structures during 

carbonate deposition and subsequent exposure to meteoric or burial diagenesis 

increases the complexity of characterizing and modeling faults in the subsurface, as 

they are often long-lived, widely distributed, and act as pathways for fluid migration 

(e.g., Budd et al., 2013). Even if only segments of faults may be reactivated during 

tectonic evolution, it is essential to determine the scale at which this occurs (Le Pichon 

et al., 2014; Şengör, 2016). The structures may be resurrected (e.g., thrust fault is 

reactivated), replacement (e.g., thrust fault reactivating a normal fault; Cohen, 1982) 

or revolutionary (i.e., entirely independent of pre-existing fabric; Şengör et al., 1985). 

Figure 6 presents an isopach map showing fault occurrences at the top of the BVF at 

Iracema in an isopach map. The faults in the Iracema High are oriented in three main 

directions: NE-SW (predominant in the Tupi High), N–S and NW-SE (Adriano et al., 

2022). Rifting is inferred to have been active during the deposition of all pre-salt 

lithologies, coinciding with the formation of the Iracema transfer zone. Although the 

NE-SW trend of the main fracture was inherited from basement structures, continued 

rifting induced an NW-SE inflection, forming an S-shaped feature (Magnavita, 2021). 

It is noted that most of the faults mapped follow a N-S direction, with some trending 

NW-SE in the north and NE-SW in the south. These structures are important in the 

evolution of the lacustrine carbonates, as they aid in identifying the input of essential 

elements. 

The different oil fields of the Brazilian Atlantic Margin exhibit numerous common 

reservoir characteristics, but have demonstrated differences, necessitating thorough 

scrutiny, especially when significant structural events, magmatic intrusions, or 

hydrothermal systems have overprinted the initial features, extending beyond the 

typical influences of burial diagenesis (Araújo et al., 2022). This is illustrated by a 

comparison of isotopic data from fields within the Santos and Campos Basins (Figure 

10B). Some of the previous studies use information from one well (Farias et al., 2019; 

Pietzsch et al., 2020), four wells (Lima et al., 2020; Lawson et al., 2022) or 21 wells 

(Almeida Carvalho et al., 2022) (Figure 10C). In the latter study, data from more 

different wells were averaged according to a given facies. Only data for the Upper 
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Barra Velha Formation are depicted in Figure 10C with the addition of data from the 

Macabu Formation that is correlated to the BVF (Lima et al., 2020). 

Figure 10C illustrates a progressive increase in the δ18O and δ13C isotope values from 

the Macabu to the Upper Barra Velha Formation. Although this increase could be 

interpreted as a product of diagenetic alteration (Lima and De Ros, 2019), it can also 

suggest evaporitic conditions (Talbot, 1990; Farias et al., 2019). This latter 

interpretation is supported by the presence of Mg-clays that are deposited in evaporitic 

environments (Galán and Pozo, 2011; Pozo and Calvo, 2018). We note that the highest 

δ18O values are associated with the intervals with high Mg-clay content. The majority 

of the results from the Upper Barra Velha Formation in the Santos Basin yield 

overlapping positive δ13C and δ18O values. Sporadic negative δ18O values correspond 

to silicified or extensively dolomitized matrix associated with calcite spherulites (Farias 

et al., 2019; Pietzsch et al., 2020). Lawson et al. (2022) use the δ18O data to calculate 

the δ18Ofluid of the water in the ancient lakes and found values similar to those estimated 

for the time-equivalent conjugate pre-salt lakes from the Kwanza Basin of Angola. 

Farias et al. (2019) does not address the origin of the negative δ13C values in their 

study. Pietzsch et al. (2020) suggests that the largely positive δ13C of the Upper Barra 

Velha Formation reflect equilibration with atmospheric CO2. 

Almeida Carvalho et al. (2022) studied the relationship between the location of the 

isotopic data and their structural location and found that the distribution of the δ13C and 

δ18O values depends on the location of the wells on their depositional profile in the 

Tupi field. For example, samples located in a lower area within a structural high have 

relatively constant the δ13C values, whereas a change in the δ13C values is observed 

on a higher structural position. As noted above, although the δ18O values present 

significant differences between units, the highest values are associated with the 

intervals with high Mg-clay content. This suggests that hydrothermal activity 

contributed only locally to the alteration of the pre-salt carbonates and to the 

precipitation of specific mineral assemblages that include the Mg-clays (Almeida 

Carvalho et al., 2022). In contrast, in the northern Campos Basin, Lima et al. (2020) 

concluded that more negative δ18O values may have been produced by a fault-focused 

hydrothermal system that involved mixing of fluids derived from several sources such 

as the granitic-gneissic basement, the rift sedimentary succession, Late Cretaceous 
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and Paleogene magmatism, and possibly fluids derived from the rising and exhumation 

of the asthenosphere. 

 

Figure 10 –  (A) Map of Brazil, highlighting the Santos and Campos basins. (B) Map of estimated location 
of samples from Farias et al. (2019) (orange), Pietzsch et al. (2020) (gray), Lawson et al. (2022) (green), 
Almeida Carvalho et al. (2022) (purple) and Lima et al. (2020) (blue) within the production fields. 
Topographic map from GEBCO_2023 (https://download.gebco.net/). (C) Scatter plot of δ18O vs. δ13C 
isotopes for the Santos (circles) and Campos basins (squares). 
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4.6 Conclusion 

 

The overall geological and geochemical framework, combined with the structural 

component and comparison between basins allowed us to recognize that the pre-salt 

carbonates analyzed at the Iracema area have been through slightly diagenetic 

alteration, although they are still close to the original composition. Fault activity in the 

area, whether the structures were burial related or reactivated, did not implicate intense 

hydrothermal processes around the studied well. The fault system may have been 

responsible for transporting Rb and Sr and allowing the deposition of Mg-clays in the 

area, also leading to a variation in deformation from north to south. In future work, it 

would be important to correlate the occurrence of Mg-clays and fault networks, while 

building a geological model for Iracema that aggregates data from other wells. This 

study demonstrates the importance of structural and geochemical assessments in 

distinguishing the evolution of the different oil fields, and the role of these assessments 

in determining the degree of preservation of original carbonate compositions.  
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5 CONCLUSIONS 

 

Inheritance and faults are some of the key themes in rifted margin research considered 

high priority targets, as reactivation of fractures is a critical step for the development of 

major faults. The Brazilian Atlantic margin is extremely asymmetric and lithospheric 

inherited NE-SW features control the deformation in the Santos Basin proximal 

domain, with a series of NE-SW to NNE-SSW-trending normal faults. In the Outer High, 

the inflection in the NW portion of the Tupi field, in the Iracema High, is due to the NW-

SE-trending transfer zones. It is suggested that rifting was active during the deposition 

of all pre-salt lithologies, while the Iracema transfer zone was generated.  

The reactivation of the pre-existing faults propagates to the base of the evaporites, 

indicating that syn-depositional tectonic deformation of the Upper Barra Velha 

Formation coincides with early faulting in the pre-salt reservoirs. Structural restoration 

was able to determine the syn- or post-depositional character of structures close to the 

studied well, whether they were reactivated or generated in the post-rift phase. Most 

of the faults mapped follow a N-S direction, with some trending NW-SE in the north 

and NE-SW in the south, up to the top of the Upper Barra Velha Formation. 

The degree of alteration due to diagenetic process or tectono-structural factors versus 

the degree of preservation of the original chemical composition of the carbonates was 

investigated. Post-depositional processes (e.g., dolomite cementation, dolomitization, 

silicification and dissolution) and parameters such as recrystallization rate and 

groundwater discharge rate are found to be significant contributors to the alterations in 

carbonate compositions. Considering the carbonate facies described – laminite, 

calcirudite, recrystallized limestone, spherulitestone and shrubby spherulitestone –, 

silicified cement was mainly found in the spherulitestones, and Mg-clays were 

associated with calcirudites. Even though wells nearby presented recurrence of 

dolomite, dolomitic phases were not identified in the samples analyzed, although there 

may be some indication of partial dolomitization from sidewall rocks that were not 

totally recovered from the well. Along with a positive correlation between Ca and Sr, 

high amount of Sr in the samples and high Ca/Mg ratios and δ¹⁸O, it is understood that 

the carbonate samples of this study likely include both primary and altered 

compositions. 
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The radiogenic 87Sr/86Sr ratios are consistent with data available for the basin and 

could reflect waters derived from aquifers within acidic bedrock that acquired high Ca 

and Mg concentrations due to long residence times (e.g., East Africa). Regardless of 

the exact nature of the crustal source, data from this work is consistent with the 

interpretation that the 87Sr/86Sr ratios of the carbonates reflect a mixture of mafic and 

felsic sources, with the latter being the dominant source. On one hand, we have a felsic 

end-member, likely derived from crustal/fluvial sources, with high 87Sr/86Sr, δ¹⁸O and 

low Rb, Mn and Fe. The reorganization of preexisting drainage patterns (e.g., Paraíba 

do Sul River) may have occurred during the uplift of onshore features (e.g., Serra do 

Mar and Serra da Mantiqueira), facilitating the total denudation of topographic highs 

and sedimentation in topographic lows to act uninterruptedly. Offshore subsidence may 

have occurred due to the deposition of sediments transported by river networks, which 

continuously shape rifted margins (e.g., Santos Basin). On the other hand, a diagenetic 

end-member, with lower 87Sr/86Sr, δ¹⁸O and higher Rb, Mn and Fe.  

There are structural features that can influence fluid flow migration (e.g., burial faults, 

often long lived and presented in a wide distribution) and, when overlapped, 

geochemical and structural data indicate that these faults may have acted as conduits 

for the transport of elements during diagenesis (e.g., Rb and Sr) but hydrothermalism 

is negligible in the area. As a matter of fact, since the distribution of the δ13C and δ18O 

values depends on the location of the wells on their depositional profile in the Tupi field, 

this suggests that hydrothermal activity contributed only locally to the alteration of the 

pre-salt carbonates and to the precipitation of specific mineral assemblages that 

include the Mg-clays. In contrast, in the northern Campos Basin, it was concluded by 

other authors that more negative δ18O values may have been produced by a fault-

focused hydrothermal system that involved mixing of fluids derived from several 

sources. 

It is relevant to consider further research into the Outer High and the fields within it. A 

broader study including geochemistry of rocks from several wells and dating 

techniques (e.g., U-Pb in carbonates) would be more consistent and relatable to the 

exploration of hydrocarbons in the Santos Basin. 
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Appendix A – Supplementary material 

Table A-1: Results from ICP-OES and parameters for final calculation of Ca, Fe, Mg, Mn, Rb and Sr concentrations in ppm. 

Sample m1 m2 m3 m4 m5 m4+m5 Ca  Fe Mg Mn Rb Sr Ca Fe Mg Mn Rb Sr 

depth (m) (in g, which equals to mL) in ppm, prior to calculation in ppm, as final concentration 

5081,5 1,174 0,011 0,983 0,507 9,436 9,943 118,9 0,31 42,19 0,39 0,27 1,42 110483 288 39203 362 251 1319 

5085,9 1,174 0,012 0,979 0,506 9,5 10,006 182,2 0,47 32,77 0,95 0,42 1,48 154493 399 27787 806 356 1255 

5089 1,198 0,009 0,98 0,505 9,427 9,931 166 0,31 10,39 0,4 0,39 1,06 175384 328 10977 423 412 1120 

5095,1 1,176 0,009 0,978 0,52 9,526 10,046 164,8 0,07 10,85 0,22 0,38 1,39 178021 76 11720 238 410 1502 

5098 1,197 0,01 0,981 0,503 9,437 9,940 82,51 0,23 39,76 0,23 0,19 0,75 86332 241 41602 241 199 785 

5102,8 1,195 0,012 0,98 0,504 9,486 9,990 187,5 0,32 38,76 0,12 0,43 1,89 161475 276 33380 103 370 1628 

5107,3 1,174 0,009 1,006 0,498 9,462 9,960 126,9 0,11 14,92 0,15 0,29 1,16 140435 122 16511 166 321 1284 

5109,4 1,168 0,009 0,993 0,5 9,476 9,976 142,7 0,11 13,21 0,16 0,32 1,55 161767 125 14975 181 363 1757 

5114,3 1,174 0,009 0,981 0,505 9,481 9,987 143,8 0,08 7,3 0,08 0,32 1,14 166985 93 8477 93 372 1324 

5114,4 1,176 0,011 0,988 0,507 9,54 10,047 170,9 0,13 12,88 0,12 0,39 1,24 157524 120 11872 111 359 1143 

5122,6 1,157 0,012 0,981 0,504 9,542 10,046 199,4 0,17 26,86 0,09 0,44 1,75 169759 145 22867 77 375 1490 

5124 1,175 0,009 0,981 0,501 9,466 9,966 111,5 0,18 51,54 0,06 0,25 0,72 119490 193 55233 64 268 772 

5135,7 1,176 0,011 0,981 0,505 9,532 10,037 129,8 0,21 34,9 0,09 0,29 1,23 121751 197 32736 84 272 1154 

5137 1,156 0,009 0,981 0,502 9,498 10,000 123,9 0,16 30,23 0,12 0,29 1,11 140794 182 34352 136 330 1261 

5138,9 1,167 0,011 0,981 0,508 9,558 10,066 177,9 0,29 19,41 0,24 0,42 1,12 167354 273 18259 226 395 1054 

5147 1,167 0,009 0,981 0,502 9,535 10,038 79,96 1,15 39,7 0,18 0,19 0,81 88199 1268 43790 199 210 893 

5148,5 1,177 0,012 0,981 0,507 9,481 9,989 173,5 0,34 33,34 0,45 0,41 1,35 144417 283 27751 375 341 1124 

5151,8 1,19 0,012 0,981 0,493 9,492 9,985 211,1 0,59 11,58 0,17 0,5 1,28 178637 499 9799 144 423 1083 

5156,8 1,176 0,011 0,981 0,587 9,46 10,047 188,8 0,22 16,91 0,27 0,45 1,52 167867 196 15035 240 400 1351 

5158,8 1,177 0,012 0,981 0,506 9,507 10,012 154,3 3,82 10,23 0,14 0,37 0,82 134339 3326 8907 122 322 714 

5160,3 1,194 0,009 0,981 0,505 9,543 10,048 138,9 0,64 23,06 0,14 0,33 1,2 158603 731 26331 160 377 1370 

5166 1,167 0,009 0,981 0,504 9,574 10,078 69,25 0,19 20,71 0,02 0,16 0,43 74245 204 22204 21 172 461 

5168,3 1,178 0,009 0,981 0,502 9,533 10,035 106,6 0,11 7,37 0,04 0,25 0,95 117554 121 8127 44 276 1048 

5173,3 1,177 0,011 0,981 0,504 9,497 10,001 169,5 0,14 12,49 0,06 0,4 1,53 159914 132 11784 57 377 1443 

5173,4 1,175 0,011 0,981 0,505 9,48 9,985 144,5 0,21 32,4 0,07 0,34 1,76 136109 198 30519 66 320 1658 

5182,8 1,19 0,011 0,981 0,507 9,501 10,008 144,6 0,56 48,98 0,15 0,32 2 126942 492 42999 132 281 1756 
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ANNEX A – Abstracts 

A.1 Analysis of the tectonic evolution in the Brazilian Atlantic margin via structural restoration and isotopic data 

In: Geotop 2024 Student Meeting, 22-24th March, 2024, Stoneham, QC, Canada 

Costa, Deniro; Novo, Tiago; Reis, Humberto; Stevenson, Ross 

The discovery of giant accumulations of oil and natural gas, along the Brazilian Atlantic margin in continental lacustrine carbonate 

deposits, has raised great interest from industry and academia in the last decades. Most of the oil production in Brazil comes currently 

from the pre-salt reservoirs in the southeastern offshore basins. However, a limited number of studies detail the paleoenvironmental 

evolution and stratigraphic filling of the sag interval or have integrated a quantitative approach coupled with spatial and stratigraphic 

distribution and related to the depositional or structural context. Considering this scenario, structural restoration of 2D seismic sections 

can be applied to evaluate the dynamics of tectonic evolution to quantify deformation and describe fault distribution. In addition, 

isotopic analyses are essential to provide critical constraints on the environment of formation of the reservoir rocks. Section restoration 

is performed in the Santos, Campos and Espírito Santo basins on a regional scale, for the (i) post-salt, (ii) salt, (iii) sag and (iv) rift 

packages. Kinematic modeling includes decompaction and isostatic relief calculation, along with backstripping. Other methods 

comprise geomechanical, fracture and fault response. Isotopic analyses will be conducted in carbonate samples from a well located 

at the Tupi Field, Santos Basin, from sidewall coring facies (laminites, stromatolites, spherulitites and limestones). C and O stable 

isotopes provide information on the hydrological balance, (a)biotic component, water temperature and salinity/evaporation due to 

climate control. Sr radiogenic isotopes are sensitive indicators of lacustrine evolution. Results are expected to constrain the 

development of widely distributed burial faults formed during carbonate deposition and the influence of reactivated structures, which 

serve as pathways for fluid flow migration. Isotopic data will be compared to adjacent basins (Campos), equivalent African basins 

(Kwanza) and modern analogues basins. 

https://mcusercontent.com/19702a886e2dd6eb27b0284c5/files/e21ed83f-d5a2-32b7-25b5-fe3e21d6247d/R_eacute_sum_eacute_Abstract.pdf
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A.2 Geochemical analysis of lacustrine carbonates and structural implications at the pre-salt, Santos Basin 

In: 51º Congresso Brasileiro de Geologia, 13-17 de Outubro de 2024, Belo Horizonte/MG 

ID do trabalho: 1848 

Área Técnica do trabalho: TEMA 18 - Geocronologia e Geoquímica Isotópica  

Título do Trabalho: Geochemical analysis of lacustrine carbonates and structural implications at the pre-salt, Santos Basin 

Forma de apresentação: Oral 

Autores: Costa, D F G1; Novo, T A1; Fonte Boa, T M R1; Reis, H L S2; Stevenson, R3; 

Instituição dos Autores: (1) UFMG - Belo Horizonte - MG - Brasil; (2) UFOP - Ouro Preto - MG - Brasil; (3) UQAM - Canada; 

Resumo do trabalho: 

Currently, most of Brazil's oil production comes from pre-salt reservoirs in the onshore basins of the Southeast, occurring in continental 

deposits of lacustrine carbonates. Although it has aroused great interest in the industrial and academic sectors in recent decades, a 

limited number of studies detail the paleoenvironmental evolution or integrate a quantitative approach associated with 

spatial/stratigraphic distribution and related to depositional or structural context. Our main objective, therefore, is to evaluate the 

correspondence of structures generated and/or reactivated during the tectonic evolution and the deposition of the pre-salt layers in 

the Santos Basin, focusing on the Barra Velha Formation and its isotopic signal, since it is the main hydrocarbon reservoir. In this 

way, the tectono-stratigraphic context is evaluated from the interpretation of 2D seismic sections. This makes it possible to analyze 

the dynamics of tectonic evolution, quantify and describe the distribution of faults in the pre-salt layers throughout the study area in 

the basin. Isotopic analyses are essential to provide critical constraints on the formation environment of the reservoir rocks in the 

https://sfo3.digitaloceanspaces.com/iweventos/imagens/usbrasil/2024-12/51_CBG_ANAIS.pdf
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Iracema region of the Tupi field. Stable isotope analyses of C and O and radiogenic Sr were carried out on carbonate samples from 

sidewall borehole facies in a 101 m column. Major elements (Ca, Mg, Fe, Mn, Sr and Rb) also had their concentrations measured. 

The sample values of δ13C vary between + 0.79 and + 3.16‰, with average values of +2.22‰. The values of δ18O vary between - 

1.22 and + 3.86‰, with average values of +1.18‰. The values of 87Sr/86Sr vary between 0.7130 at the top of the section and 0.7144 

at the bottom, with average values of 0.7135. The high δ13C and δ18O values mainly record the climatic effects responsible for 

controlling the deposition of sediments from the Barra Velha Formation. Environments with high temperatures and high salinity tend 

to favor the precipitation of dolomite and/or calcite rich in Mg. While the inflow waters are enriched in δ13C due to evaporation in a 

restricted closed environment, the δ18O isotopic signals may have been conserved to some extent, since the carbonates did not 

undergo intense diagenetic processes that could mobilize or reprecipitate Sr and Mg in large quantities. Other observations that 

corroborate the lower degree of alteration, preserving characteristics closer to the original carbonate, are high Ca/Mg and δ¹⁸O, in 

addition to the positive correlation between Ca and Sr. The same source or process introduced Rb and Sr, so during diagenesis, 

elements such as Sr can be replaced by Ca in the carbonates, while Rb can be incorporated into secondary mineral phases or 

associated clay materials. High 87Sr/86Sr values indicate a significant contribution of Sr from continental erosion or terrestrial sources, 

although there may be another source. Results indicate that the mapped structures may have participated in weak diagenetic 

processes in the well sampled, since the values obtained for isotopes are in line with those found in the Santos Basin. When compared 

to other basins, it is seen that they did not function as conduits that would allow the transportation of hydrothermal fluids, which would 

considerably alter the results obtained. Therefore, it is understood that the samples used preserved the characteristics close to the 

original carbonate and the structures served as conduits during diagenetic processes. 

Palavras-Chave do trabalho: diagenesis; faults; Isotope Geochemistry; Tupi field. 


