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RESUMO 

 

A caracterização geológica de reservatórios tem-se tornado cada vez mais desafiante. Com o rápido 

avanço de processos e métodos para a caracterização de reservatórios também surgem soluções e 

propostas para os mais variados problemas. Esses problemas e desafios incluem a interpretação e 

caracterização de estruturas pós-deposicionais para a sua representação através de modelos geológicos 

tridimensionais. Exemplos dessas estruturas são intrusões ígneas e as estruturas internas e externas 

associadas, fraturas de escala sub-sísmica, e feições relacionadas a carste. Na seção pós-sal da Bacia 

de Campos e no pré-sal da Bacia de Santos são aplicadas técnicas para identificar e caracterizar 

estruturas pós-deposicionais. O principal propósito deste trabalho é contribuir para o aumento do 

conhecimento em caracterização de reservatórios e para o impacto que as estruturas pós-deposicionais 

podem ter nos sistemas petrolíferos, particularmente nos reservatórios. Os dados utilizados são 

constituídos por duas aquisições sísmicas e dois conjuntos de poços das bacias de Campos e Santos. A 

caracterização de rochas ígneas intrusivas, na Bacia de Campos, se baseou na análise morfométrica 

que permitiu caracterizar as intrusões, e entender a relação que existe com as estruturas associadas que 

ocorrem em torno das intrusões. Com base na análise quantitativa das soleiras foi possível inferir os 

limites em que as geometrias ocorrem, assim como quais as estruturas mais prováveis a serem geradas. 

Essas estruturas de soleiras magmáticas são caracterizadas por dobras forçadas (estruturas externas), 

degraus, pontes, e dedos (estruturas internas). Em particular, neste trabalho, concluí-se que 

provavelmente existem outros fatores importantes para o controlo da formação das dobras forçadas, 

uma vez que nem todas as vezes que o rácio indicador, a partir do qual a rocha hospedeira é dobrada, 

está dentro do intervalo de interesse se forma uma dobra forçada. Em relação à caracterização das 

redes de fraturas e feições relacionadas a carste, na Bacia de Santos, foi construído um modelo de 

dupla-porosidade, dupla-permeabilidade e utilizou-se uma abordagem de multi-atributos sísmicos para 

detectar e caracterizar as anomalias de alta amplitude que possivelmente estariam associadas a feições 

cársticas. Na fase da modelagem, foram distribuídos atributos geométricos de fratura na malha 

geológica para quantificar a porosidade e permeabilidade equivalente de fratura, e para melhorar a 

previsão do comportamento estático do reservatório em regiões fraturadas. A fase da modelagem 

ajudou na estimativa do campo de tensões tectónico local, que também foi importante para a previsão 

e localização de regiões potencialmente fraturadas. 

 

 

Palavras-chave: Soleiras magmáticas, estruturas ígneas, redes de fraturas, carste, bacias de Campos e 

Santos 



 
 

ABSTRACT 

 

The geological characterization of petroleum reservoirs has been very challenging. The fast-paced 

evolution of processes and methods for reservoir characterization have been giving rise to different 

solutions and proposals for the most varied issues in geological modeling. These issues and challenges 

include the interpretation of post-depositional structures and their representation in three-dimensional 

geological models. Examples of these structures are igneous intrusions and related internal and 

external structures, sub-seismic fractures, and karst-related features. In the post-salt of the Campos 

Basin and in the pre-salt of the Santos Basin we applied techniques to identify and characterize the 

post-depositional structures. The main objective of this work is to contribute to the scientific 

knowledge in the reservoir characterization and to understand the impact that such structures may have 

in the petroleum systems, particularly in the carbonate reservoirs. The dataset used in this work 

include two three-dimensional seismic surveys and two sets of borehole data, both from Campos and 

Santos Basins. The characterization of the intrusive igneous rocks in the Campos Basin was based on 

the morphometric analysis that allowed the understanding of the relation between the sills and the 

structures occurring within and around them. Based on the quantitative analysis of sills we were able 

to infer at which ranges the sill geometries occur in terms of area and length for example. In addition 

to which external structures are more likely to be generated according to the different sill geometries. 

Examples of these structures are, forced folds (external structures), steps, bridges, and fingers (internal 

structures). In particular, in this work, we found that probably there are other factors that control the 

formation of forced folds, since not always that the indicator ratio, from which country rock is folded, 

are within the interval of interest it forms a forced fold. Regarding the characterization of the fracture 

networks and karst-related features, in the Santos Basin, we built dual-porosity, dual-permeability 

model and used a seismic multi-attribute approach to detect and characterize the high-amplitude 

anomalies possibly associated with karst-related features. In the modeling stage, we distributed the key 

fracture geometrical attributes in the geological grid, to quantify the fracture equivalent porosity and 

permeability, and to enhance the prediction of the reservoir static behavior in fractured regions. The 

modeling stage helped to predict the local tectonic stress field, which is key to predict and locate 

potential fractured regions. 

 

 

Keywords: Magmatic sills, igneous-related structures, fracture networks, karst, Campos and Santos 

basins  
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1. INTRODUCTION 

 

Across several sedimentary basins worldwide with magmatic activity and 

associated hydrocarbons occur both intrusions and extrusions of magmatic material within the 

sedimentary successions. Such magmatic activity, most of the times occur in the form of sills 

(roughly tabular bodies) and dykes (approximately sub-vertical bodies) if associated with 

intrusions. In particular, these sills may form a variety of enigmatic geometries that are 

usually conditioned to the sedimentary packages they are intruding in. When associated with 

extrusions, these basins may record structures like volcanoes, vents, pipes, and conduits that 

are most of the times geometrically associated with intrusions. 

Carbonate reservoirs, often naturally fractured, are characterized by different scale 

fractures arranged in a complex framework (Price and Cosgrove, 1990). Such fractures play a 

major role in the characterization of the geological media due to its influence on the fluids in 

general, from storage to transfer (e.g. Narr, 1996; Singhal and Gupta, 2000). 

All the previous efforts made to characterize complex fracture networks have been 

leading current research on challenging issues regarding fractures in geological formations. 

These efforts include research on mapping critical areas for the development of karst features 

(e.g. Yu et al., 2016), the communicability indices (Santiago et al., 2016), and on the 

understanding of the connectivity of such fracture networks (Sanderson and Nixon, 2015). 

According to Singhal and Gupta (2010), fractures often occur as complex 

networks, associated to major fault damage zones, arranged in systems (known as systematic 

fractures), or without following the predefined background structure (known as non-

systematic fractures). Geologic faults always occur in systems within the major background 

structure (Price and Cosgrove, 1990; Nelson, 2001). However, it is worth noting that closely 

spaced fractures not always represent clusters of interconnected fractures (Manzochhi, 2002). 

The fracture pattern and orientation are important due to the likelihood to affect permeability 

anisotropy (Bisdom et al., 2017). 

According to Ghosh and Mitra (2009), the controlling factors of the fractures on 

carbonate reservoirs are mainly of structural origin including, type, orientation, and intensity, 

which help to understand the complexity and heterogeneity of fractured reservoirs. In 

addition, Gong and Rossen (2017) emphasize the contributing role of the connectivity 

between fractures for flow control. 
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The pre-salt cluster reservoirs in Santos Basin are composed of proximal 

microbial and stromatolite carbonates locally dolomitized, and distal shales from Barra Velha 

Formation, with different geometrical features depending on the basin setting. Deposits from 

a transitional environment, between continental and shallow marine, characterize this 

formation (Moreira et al., 2007). Most of the times, these carbonates occur fractured. The 

fractures present in the Barra Velha Fm. have been a great deal in the productivity of the 

exceptionally heterogeneous carbonates. The heterogeneity of these carbonates is mainly due 

to the later structuration of the reservoirs and to the facies variations. The role of fractures in 

the fluids communicability in these reservoirs is still unclear, and this study helps to narrow 

the understanding of some of the probable contributing factors. 

 

1.1. Motivation 

 

 The main motivation of this integrated study is to develop series of interpretations of 

post-depositional structures, such as igneous intrusions, fractures, and karst, so it is possible 

to constrain their incorporation into the geological modeling of carbonate reservoirs. 

Furthermore, these structures may have an important role in the pre-salt massive oil 

discoveries in both the Brazilian and African counterparts. The influence of the 

aforementioned structures might be related to hydrothermal activity characterized by heated 

fluids ascending and circulating through the faults and fractures, and lastly contributing to the 

hypogenic karst processes. 

 There are main challenges and questions still unanswered in the literature. (1) Are the 

characterization of the fracture networks, by the current methods, representative of the whole 

scenarios of study areas? (2) Are the fracture properties consistent with implicit conceptual 

structural models? (3) Are there any pieces of evidence supporting the impact of fractures on 

the karst distribution (Yu et al., 2016)? 

 

1.2. Scope and Objectives 

 

 The purpose of the documentation of magmatic activity through the seismic 

characterization of seismic high-amplitude anomalies as igneous intrusions is to provide 

insights and geometrical constraints on the impact of such structures in the petroleum 

systems. To understand the geometries of these structures, a quantitative analysis of 
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morphometry plays a key role. In the light of that, this may be also applicable largely in the 

study area and its surroundings or to comparable geologic settings. 

 The purpose of the structural analysis is to characterize the fracture patterns in the 

study area and to understand the relationship between these patterns and the karst features in 

carbonates. To do so, a fundamental part of the work is the establishment of the connectivity 

degree of the fractures that may have great implications in the fluids communication. 

 

1.3. Structure of the thesis 

 

 This doctoral thesis is organized in three themes intended to be peer-reviewed articles, 

which are described in the following sections. Two of the themes (Article 1 and Article 2) are 

related to the magmatic intrusions and their related structures within oil-bearing sedimentary 

basins. A dataset composed of borehole and seismic data, from the southern Campos Basin is 

used as a case study for the characterization of the igneous intrusions and the related 

structures. Furthermore, an emphasis was given to the impact of such structures on the 

petroleum systems. The other theme (Article 3) is related to the characterization of fracture 

networks and karst features. In particular, we characterized faults, fractures, and karst 

structures. Then, we modeled the fractures using discrete fracture networks approach to assess 

the impact of such networks on the petrophysical characteristics of the reservoir. A dataset 

composed of borehole image log, conventional wireline log, and seismic data, from the pre-

salt Santos Basin is used as a case study for the characterization of the fracture networks. 

 

1.3.1. Article 1: Geometric Characterization of Igneous Intrusions: 3-D Seismic 

Insights from the Campos Basin, SE Brazil 

 Ulisses M.C. Correia, Bruno C.Z. Honório, Michelle C. Kuroda, Leandro H. Melani, 

Alexandre C. Vidal 

 Published in a peer-reviewed journal, Marine and Petroleum Geology 

In this manuscript, through a systematic approach, using seismic attributes and an 

artificial neural network, we were able to interpret the geometries of igneous sills in southern 

Campos Basin, southeastern Brazilian margin. By systematically measuring morphometric 

parameters of sills, thus reducing interpretation bias, we were able to identify five different 

types of sill geometries. We established a comparison with similar sills recognized from other 

sedimentary basins. We also demonstrate that a multi-attribute analysis can also be used to 
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improve the seismic expression of sills, in particular, Root Mean Square amplitude, variance, 

dip and azimuth, and spectral decomposition). 

The objective was to provide with insights for assessment of the impact of 

magmatic emplacement on hydrocarbon systems in the study area and in similar geologic 

contexts. Therefore, this manuscript might offer a contribution for both researchers, helping 

them handle geometric characterization of sills in larger datasets, and for explorationists, 

helping them mitigating risks associated with geological interpretation with the presence of 

such distinctive seismic features, the so-called high-amplitude anomalies. 

 

1.3.2. Article 2: The importance igneous-related structures for petroleum 

reservoirs: examples from the Campos Basin, SE Brazil 

 Ulisses M.C. Correia, Bruno C.Z. Honório, Leandro H. Melani, Michelle C. Kuroda, 

Alexandre C. Vidal 

 To be submitted to a peer-reviewed journal 

 In this manuscript, we applied a volume rendering technique to unravel the 

architecture of the igneous intrusions bodies that are somehow associated with the magmatic 

structures, such as vents, bridges and forced folds. These structures may be used to constrain 

the impact of the magmatic activity in the study area on the petroleum systems. We used a 

three-dimensional seismic survey from the southern Campos Basin and a few borehole data to 

constrain the seismic. 

We were able to extract the exact architecture of the igneous bodies through the 

application of the volume rendering technique. In addition, we also were able to identify some 

structures related to the mapped intrusions. 

The objective was to understand how such structures related to intrusions might 

influence the petroleum systems. 

 

1.3.3. Article 3: The impact of faults, fractures, and karst in carbonate rocks: 

examples from a pre-salt reservoir 

 Ulisses M.C. Correia, Leandro H. Melani, Felipe M. Oliveira, Luana G. Lima, 

Michelle C. Kuroda, Alexandre C. Vidal 

 To be submitted to a peer-reviewed journal 

In this manuscript, we mapped and characterized the regional faults of the study 

area in order to build a structural framework. Therefore, we would use this built structural 
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framework to base all the modeling and interpretation stage. We also computed several 

seismic texture attributes to detect high-amplitude anomalies that in this work, we associated 

with possible karst-related features. We use the fracture data from the borehole data to 

estimate an in situ tectonic stress field that would be correlated to the far field tectonic stress 

field estimated from the interpreted seismic horizons encompassing the reservoir, the Barra 

Velha Formation of the pre-salt Santos Basin. 

We compared the tectonic stress field estimated via borehole image fracture data 

(in situ field stress) and via the interpreted seismic horizons (local far-field stress). From this 

comparison of both stress fields, we obtained a reasonable correlation between the main 

directions of the fracture sets. This help to test the implicit structural conceptual model. 

We conducted fracture modeling using the discrete fracture networks modeling 

approach to incorporate the petrophysical properties of the fractures within the geological 

model grid. This enabled the generation of the permeability tensor anisotropy, which is the 

variation of permeability per grid cell in the three directions. 

The objective of this work was to run an assessment of the possible impacts of the 

faults, fractures, and karst structures on carbonate reservoirs, and to conduct this work we 

used an example from the pre-salt Santos Basin, the Barra Velha Formation. 
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GEOMETRIC CHARACTERIZATION OF IGNEOUS INTRUSIONS: 3-D SEISMIC 

INSIGHTS FROM THE CAMPOS BASIN, SE BRAZIL 

 

ABSTRACT 

 

 

Igneous intrusions are important for the exploration and appraisal phases of an oilfield due to their 

impact on petroleum systems. Their presence can be associated with the generation, migration, 

accumulation, and entrapment of hydrocarbons. In particular, (1) sills with low permeability might 

form barriers to fluid flow and migration; (2) sills may re-use fracture networks, providing insights on 

fluid migration and interaction(s); (3) sills may influence source rock maturation, (4) sill-induced 

uplifting of overburden and faulting may generate traps, and (5) their geometric complexities enables 

the understanding of the interconnectedness of sill complexes, which is the focus of this study. 

Therefore, we provide a systematic characterization of sill geometries and their morphometric 

parameters. We used three-dimensional seismic data, calibrated with well logs, to interpret sills in the 

southern Campos Basin, Brazil. Throughout the Late Cretaceous until the Paleogene, sills intruded 

into the Cretaceous to the Eocene post-salt sedimentary sequence, including shallow-platform 

carbonates, transgressive marls, and shales. A morphometric analysis assisted by seismic attributes 

allowed the geometric characterization of sills, namely: (1) saucer-shaped; (2) slightly saucer-shaped; 

(3) climbing saucer-shaped; (4) transgressive; and (5) rough layer-parallel. The documented sills 

comprise a wide range of sizes (0.43-14.35 km2) that increase with depth (up to 3.18 km), extend 

vertically from 0.06 to 0.23 km, and vary from low (1.82-3.31°) to high dip (6.05-15.74°). The sill 

complex area extends over 67.35 km2. This study suggests that a thorough characterization of sill 

intrusions may have a substantial influence on the prediction of other igneous occurrences. The 

mapped sills might have implications not just on the acoustically similar shallow platform Albian 

carbonates of the Macaé Group but may also provide insightful geometric constraints on the Brazilian 

pre-salt igneous intrusions. 

 

 

Keywords: Igneous intrusions; Geometric characterization; Morphometric analysis; Post-salt; Campos 

Basin  
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2.1. INTRODUCTION 

 

The geometric style of igneous sills is a primary concern for understanding 

magma flow patterns and their effect on hydrocarbons, i.e., generation, migration, 

accumulation, and entrapment in sedimentary basins (e.g. Smallwood and Maresh, 2002; 

Schutter, 2003; Thomson, 2007; Senger et al., 2017; Spacapan et al., 2018). Seismic-, 

borehole-, and outcrop-based studies on igneous intrusions have made possible the detailed 

mapping of entire bodies to assess different sub-seismic scale features (Francis, 1982; Planke 

et al., 2005; Galerne et al., 2011; Jackson et al., 2013; Alves et al., 2015; Walker, 2016). 

Therefore, extensive literature on the distribution and geometry of igneous sills through 

morphometric analyses have been published (Planke et al., 2005; Cartwright and Hansen, 

2006; Hansen and Cartwright, 2006; Polteau et al., 2008; Hansen et al., 2008; Jackson et al., 

2013; Sun et al., 2014; Magee et al., 2014; Walker, 2016). However, studies are still required 

to understand and evaluate the effects of sills on hydrocarbon systems (Omosanya et al., 

2017; Mark et al., 2018). 

The geometry of sills, often controlled by pre-existing faults (Magee et al., 2013), 

may compartmentalize petroleum reservoirs to strongly affect their structural framework 

(Rateau et al., 2013). Faults that may provide pathways for magmatic emplacement may also 

facilitate hydrocarbons migration (Thomaz Filho et al., 2008; Schofield et al., 2017). In the 

long run, sill emplacement may uplift the overburden and influence the formation of 

structures for the accumulation of oil and gas (Jackson et al., 2013; Magee et al., 2013). Sills 

may also have a positive effect on the generation and early maturation of hydrocarbons by 

heat release (Svensen et al., 2004; Sydnes et al., 2018). 

In order to better assess some of the effects sills may have on petroleum systems, 

they have been characterized by size, geometric style, area, and dimension (e.g. Thomson and 

Hutton, 2004; Planke et al., 2005; Hansen and Cartwright, 2006; Galerne et al., 2008; Magee 

et al. 2014; Omosanya et al., 2017; Mark et al., 2018). Additionally, well logs are used to 

constrain the physical properties of intrusions (e.g. Planke et al., 2000; Smallwood and 

Maresh, 2002; Delpino and Bermúdez, 2009; Mark et al., 2018; Spacapan et al., 2018). 

Sills range from less than one meter to several hundred meters in lateral extension 

(e.g. Hansen et al., 2011, Sun et al., 2014) and most of them terminate abruptly within the 

host-rock strata (Planke et al., 2005). The plan-view morphologies of saucer-shaped sills are 

characterized by closed sub-circular to sub-elliptical features, comprising (1) sub-horizontal to 
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flat inner centers, forming the base, (2) peripheral inclined segments that cross-cut the 

stratigraphy upwards, and (3) sub-horizontal outer rims ending at the sill tip (Polteau et al., 

2008). The outer rim forms a plateau at a higher stratigraphic level than the inner center. 

Transgressive sills are mostly characterized by an inclined segment, sometimes separated by a 

slight step feature. Sills can also be thick, long and layer-parallel, i.e. generally strata-

concordant, occasionally forming transgressive segments (Planke et al., 2005; Polteau et al., 

2008). 

To characterize igneous sills in seismic-based studies, interpreters usually seek 

out homogeneity, which is a typical texture for igneous crystalline rocks that contrasts with 

the host rock, to produce strong amplitude contrasts. In addition, these amplitude contrasts are 

characterized by a downward increase in acoustic impedance also known as hard-on-soft 

reflections (Smallwood and Maresh, 2002; Alves et al., 2015; Omosanya et al., 2016). 

However, seismic features that are similar to intrusions have been misinterpreted as channels, 

salt-related structures, or hydrocarbon-related bright spots (Fiduk et al., 2004). In particular, 

Alves et al. (2015) and Omosanya et al. (2016) described bright spots as soft-on-hard 

reflections. Furthermore, hydrocarbon-related high amplitude anomalies are often associated 

with the underlying low amplitude and low-frequency shadow zones (Taner et al., 1979; 

Castagna et al., 2003; Ebrom, 2004). Other techniques, such as spectral decomposition and 

red-green-blue (RGB) color blending, have also been used for quantitative interpretation of 

igneous-related structures (McArdle et al., 2014). 

Previous studies on magmatic events in the Campos Basin emphasized the effects 

of both intrusive and extrusive bodies on hydrocarbons exploration (e.g. Thomaz Filho et al., 

2008). Cortez and Santos (2016) provided insights on the interconnection of intrusions 

emplaced in the Upper Cretaceous post-salt succession and their effects on the Lower 

Cretaceous pre-salt sequences. Likewise, Penna et al. (2018) emphasize the concerns about 

the presence of several intrusive and extrusive igneous bodies in production areas from the 

Santos Basin on the production and reservoir management. However, the role of emplacement 

of sills and their respective geometries on both carbonates from the Albian shallow platform 

of the Macaé Group and the pre-salt of the Barra Velha and Itapema Formations is still 

unclear. 

As a result, we used three-dimensional seismic data calibrated with borehole data 

in this study for morphometric analysis of magmatic sills in the southern Campos Basin. The 

calibration of the seismic with borehole data enables us to ground-truth the magmatic 
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occurrences and more robust characterization of the igneous rocks. The aim of this work is to 

perform a quantitative characterization of the geometries of magmatic sills and, therefore, 

provide morphometric constraints to help understand the magmatic emplacement in the study 

area. This study may also provide insightful geometric constraints for both pre-salt and post-

salt reservoirs. 

 

2.2. GEOLOGICAL SETTING OF THE CAMPOS BASIN 

 

The Campos Basin is a South Atlantic basin, lying between the Vitoria-Trindade 

Arch to the north and the Cabo Frio High to the south, and limited by the compressional salt 

front and the oceanic crust to the east (Ojeda, 1982) (Fig. 1). The initial structures of the basin 

are associated with the lateral movement produced by NW-SE striking faults (Chang et al., 

1992). During the Mesozoic drifting phase, NE-trending normal faults and inherited-basement 

structures were reactivated as horsts and grabens (Fetter, 2009). 

The basin stratigraphy consists of five main sequences: (1) continental rift, from 

the Early Neocomian to Early Aptian, (2) transitional evaporitic, from Middle Aptian to Late 

Aptian, (3) restricted shallow marine carbonate platform, from the Lower to the Middle 

Albian, (4) open marine transgressive, from the Late Albian to Eocene, and (5) marine 

regressive, from the Eocene until present (Mohriak et al., 2008). 

Several magmatic events took place on the Brazilian sedimentary basins. In 

particular, (1) tholeiitic dykes and flood basalts around the Triassic (c. 215 Ma) and Jurassic 

(c. 180 Ma) periods; (2) tholeiitic to intermediate dykes and flood basalts around the Lower 

Cretaceous (c. 130 Ma); (3) low to intermediate silica content intrusions around Upper 

Cretaceous (c. 80-90 Ma); (4) intermediate to alkaline volcanic cones around the Eocene (c. 

40-60 Ma) and from then to recent times (below 50 Ma) (Thomaz Filho et al., 2008). 

Igneous intrusions were emplaced in the post-Aptian sedimentary succession 

through several pulses, from the late Upper Cretaceous to Early Eocene (Oreiro et al., 2008), 

as indicated by the intercalation of basaltic and andesitic sills and dykes (Ojeda, 1982). The 

magmatic activity in the southern Brazilian margin, over the major volcanic complex Cabo 

Frio High, was characterized by intrusions and extrusions (Thomaz Filho et al., 2005). 

Northeast-trending intrusions are intercalated with volcaniclastic and lower-impedance 

sedimentary sequences (Meisling et al., 2001; Oreiro et al., 2008). While sills and dykes 
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characterize the intrusions, lava flows and volcanic mounds characterize the extrusive bodies 

from the Albian to the Eocene (Oreiro et al., 2008). 

 

 

Fig. 1. Location map of the Campos Basin along the Brazilian southeastern margin (modified from Mohriak et 

al., 2008). 

 

2.3. DATABASE 

 

The 3-D seismic data covers approximately 183 km
2
 in area and is located in the 

southern part of the Campos Basin (Fig. 2). The bin spacing of the seismic data is 18.75 m in 

the inline direction and 12.50 m in the crossline direction. Therefore, the horizontal seismic 

resolution is given by the bin spacing. The seismic volume record 1,250 samples at a vertical 

interval of 4 ms. The estimated dominant frequency is approximately 35 Hz. The estimated 

vertical resolution is 23.21 m, for a velocity of 3250 m/s. We used the American convention 

for seismic display (Brown, 2009); hence, a downward increase in acoustic impedance 

generates a positive reflection, resulting in a red-to-yellow peak. Wireline data from seven (7) 

exploration wells include: (1) gamma-ray (GR), (2) density (DEN), (3) neutron (NEU), and 

(4) sonic logs (DTC). This is in addition to geological descriptions of drill cuttings and cores, 

available from the ANP-BDEP well reports. 
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Fig. 2. (A) Outline of the 3-D seismic data used in this study (dashed rectangle), depicting (i) interpreted sills 

(polygons S1-S15); (ii) number of vertically stacked sills (1-4); (iii) interpreted fault segments; and (iv) location 

of the seven wells. (B) A simplified chronostratigraphic framework of the studied interval with interpreted 

horizons (H1-H4), main lithologies, and main tectonic and magmatic events (modified from Mohriak et al., 

2008). (C) Interpreted seismic strike cross-section (NE-SW), highlighting sill geometries. 
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2.4. METHODS AND APPLICATIONS 

 

We used wireline log data to constrain the physical properties of igneous rocks. 

According to Delpino and Bermúdez (2009), mafic rocks (decreased SiO2 content) often 

present low GR values (21-34 gAPI) due to their low content in radioactive minerals. 

Conversely, intermediate to felsic rocks tend to present medium (52-63 gAPI) to high GR 

values (63-75 gAPI), respectively. Mafic igneous rocks generally record higher densities 

(approximately 2.80-3.00 g/cm
3
) than intermediate (2.54-2.69 g/cm

3
) to felsic (2.55-2.62 

g/cm
3
) rocks (Delpino and Bermúdez, 2009; Mark et al., 2018; Spacapan et al., 2018). As for 

velocity, mafic rocks commonly record high values, between 5500 and 6600 m/s, depending 

on the degree of alteration and the presence of vesicles (Planke et al., 2000; Planke et al., 

2005; Mark et al., 2018). Thus, the higher the alteration degree and number of vesicles, the 

lower the velocity (Delpino and Bermúdez, 2009; Omosanya et al., 2016). 

Four major seismic horizons (H1 to H4) were recognized, mapped, and used to 

perform time to depth conversions based on the velocity data from wells (Fig. 2). We used the 

following interval velocities: (1) 1500 m/s from mean sea level to the seabed, (2) 2100 m/s 

from the seabed to H4, (3) 2500 m/s from H4 to H3, and (4) 3250 m/s from H3 to H1. 

Different sill types were classified by interpreting well-tied seismic horizons and 

high amplitude reflections, following the criteria described in Planke et al. (2005), which 

included the detection of: (1) high amplitude events, (2) local sheet transgressions, (3) saucer-

shapes, and (4) blunt terminations. Planke et al. (2005) described the fundamental geometries 

of igneous sills to include (1) saucer-shaped, (2) planar transgressive, (3) layer-parallel, and 

(4) fault block. Jackson et al. (2013) identified some variations of the geometries described by 

Planke et al. (2005) for strata-concordant sills (similar to layer-parallel sills). For terminology 

clarity, we refer to igneous sill intrusions and positive high-amplitude seismic anomalies as 

sills (Fig. 3). 
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Fig. 3. Part of a seismic section showing the typical response of mapped high-amplitude anomalies, laterally 

discontinuous, that were interpreted as magmatic sills. 

 

In this work, the classification of sills followed the prior studies of Planke et al. 

(2005), Polteau et al. (2008), Jackson et al. (2013), and Magee et al. (2014), which are mostly 

based on the analysis of the following morphometric parameters: (1) area, (2) thickness, (3) 

diameter or length, (4) depth of emplacement, (5) diameter-to-depth ratio, (6) diameter-to-

thickness ratio, and (7) dip. We distinguished the different types of sills based on quantitative 

analysis of morphometric parameters, including: (1) area, (2) long and short axis length, (3) 

long axis azimuth, (4) sill height (vertical extension), (5) sill depth, (6) flat sections dip, (7) 

inclined segments dip, (8) mean dip azimuth, and (9) eccentricity (Fig. 4A). The dip angles of 

the sills were extracted from the seismic attribute dip magnitude. The minimum dips are 

associated with flat sections, and maximum dips with inclined segments. In addition, so as to 

minimize biases in horizon picking and interpretation, we defined cutoffs for the calculated 

dips as follows: 25th percentile for the flat sections, 90th for the inclined segments, and 95th 

as outliers. In order to obtain some of the properties of the method of Magee et al. (2014; 

2015), we used a Matlab function “regionprops” to extract the best-fit ellipse eccentricity, 
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long and short axis length, and azimuth (Fig. 4B). The eccentricity is the ratio of the distance 

between foci of the ellipse and its major axis length. 

We used a particular set of seismic attributes that are effective in illuminating and 

characterizing the expression of sills from relatively noise-free seismic data; Root-Mean 

Square amplitude, variance, dip and azimuth, spectral decomposition and RGB color 

blending, and vertical amplitude gradient (Chopra and Marfurt, 2007; Alves et al., 2015; 

Marfurt and Alves, 2015). The RMS amplitude seismic attribute highlights both negative and 

positive amplitude, find their squares and average, and then the square root. Sills have high 

amplitude contrast, due to their generally high acoustic impedance values, which is what 

makes the usage of these attributes suitable (See Omosanya and Alves, 2013a; 2013b). The 

variance attribute, which is best known for the ability to highlight discontinuities in the 

seismic reflection data, shows much more detail than the original amplitude, allowing the 

delineation of sills and near-vertical dikes by quantifying the differences between seismic 

traces (Brown, 2004; Chopra et al., 2011; Omosanya and Alves, 2013a; Infante-Paez and 

Marfurt, 2017). The dip and azimuth attributes that give the instantaneous dip magnitude and 

dip azimuth of the reflections, are suitable for the identification of the direction and 

magnitude in which sills are dipping (Marfurt et al., 1998; Marfurt, 2006). The spectral 

decomposition and the RGB color blending, used to highlight subtle stratigraphic features 

within the selected range of frequencies, allow the extraction of the frequency signatures that 

best characterize the sills (Henderson et al., 2007; Alves et al., 2015). We combined the three 

frequency volumes in the RGB blend to ensure the maximum expression of the sills is 

captured. To better highlight the seismic expression of magmatic sills, we also used the 

vertical amplitude gradient difference to extract the high amplitude anomaly features that 

characterize the sills (Maoshan et al., 2011). The use of these attributes could help define the 

boundaries and the seismic expression of the sills. 

We interpreted faults based on seismic structural attributes using time slices and 

cross-sections to obtain the orientation and distribution of the faults. To do so, we co-rendered 

the following attributes: (1) background dip-steering cube for the extraction of global dip 

trends, while preserving the regional structure (Höcker and Fehmers, 2002); (2) maximum 

curvature, which indicates possible fault plane lineaments (Roberts, 2001); and (3) differential 

resolution similarity (DRS) to extract dissimilar features and to illuminate discontinuities in a 

given frequency range (Honório et al., 2017). 
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Fig. 4. Technique for the morphometric analysis of sill geometries in (A) cross-section and in (B) plan view 

(adapted from Magee et al., 2014). 

 

 

2.5. RESULTS 

 

2.5.1. Well-log pattern of igneous rocks 

 

The symmetric and asymmetric box-shaped low-GR log values generally 

characterize the drilled igneous rocks in the seven wells used in this study. The characteristic 

response of the GR log corresponds to high-impedance layers given by the values in the DTC 

and DEN logs, which is typical of low-silica content igneous rocks (Fig. 5 and Fig. 6) 

(Delpino and Bermúdez, 2009; Mark et al., 2018; Watson et al., 2019). The constant blocky 

low-GR values may be an evidence for igneous rocks with little variations in composition and 

homogenously distributed minerals.  However, in the uppermost section of the Well D (Fig. 

6) there is a high-GR value, contrasting with the lower section low-GR values. 
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Fig. 5. The seven wells used in this study, depicting the typical response of mafic intrusions, characterized by 

low-silica content, for GR, DEN and DTC logs. The GR shows a constant interval for most of the wells. Some of 

the sills are not drilled, as is possible to see in this figure, and also not all the drilled igneous rocks were 

identified on seismic interpretation. 

 

Well D demonstrates the correlation between well logs and igneous rocks (Fig. 6). 

In this well, four igneous intervals were identified; in addition, drill cuttings and core samples 

confirmed the presence of igneous rocks. GR, DEN, and DTC logs show distinct patterns 

from intervals 1 to 4, respectively, including (1) low box-shaped, (2) high symmetric, (3) 

irregular and abrupt, and (4) combined irregular and symmetric well-log signatures. In the 

synthetic seismic trace, a high amplitude characterizes the tops of igneous intervals. Well D 

drilled igneous rocks with intermediate to acidic chemical composition, yielding high GR 

values, whereas basic rocks record the opposite. A good correlation was found between the 
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density and sonic logs for igneous lithofacies in all wells, featuring layers of high acoustic 

impedance (Fig. 6). Additionally, decreases in gamma-ray follow increased density and 

decreased sonic transit time, featuring higher velocities (Fig. 6). 

The differences in log responses within the igneous rocks at shallow levels 

suggest different rock types, possibly associated with distinct silica content (Delpino and 

Bermudez, 2009). Furthermore, drilled igneous rocks corroborate the distinction between 

felsic, intermediate, and mafic rock types. As the alteration processes involve potassium (K) 

losses, the rocks become more acidic. Thus, the GR log is able to record the systematic 

variation of K, which increases with the silica content, as the rock becomes more felsic 

(Delpino and Bermúdez, 2009). Based on these criteria, we may associate the results from this 

study with the different magmatic pulses that generated distinct silica-content intrusions, 

characterized by intermediate-to-acidic and basic sills in the Cabo Frio area, as described by 

Oreiro et al. (2008). Furthermore, impedance properties such as density and velocity allowed 

us to distinguish the presence of igneous rocks with different chemical properties, comparable 

to Cortez and Santos (2016), who described high-velocity (6500 m/s) and high-density (2.88 

g/cc) sills in the Cabo Frio area. As the available well data does not drill all the interpreted 

sills, we cannot establish a pattern of silica content variations in the study area. However, 

most of the drilled igneous rocks are of basic composition and, therefore, dominantly depleted 

in silica. 
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Fig. 6. (A) Well D highlights a typical response of the igneous rocks for GR, DEN, and DTC logs. Some of the 

top and bottom of the igneous rocks (1 to 4) are represented by a peak and a trough on the synthetic seismic 

expression. (B) cross-plot between the sonic velocity and the density logs. Note the good correlation between the 

two variables. The low-GR values represent the probable low-silica content igneous rocks contrasting with the 

shallower rocks of high-GR values.  

 

2.5.2. Seismic expression of sills 

 

The cross-plot between the apparent time thickness and the actual time thickness 

enables to calculate the tuning thickness of the seismic beds in the selected interval. The 

extraction of the deterministic wavelet and the selection of the area of interest to build the 

time-frequency panels are key to perform a seismic tuning thickness analysis (Fig. 7). 

The tuning thicknesses calculated for various areas of interest over the study area 

allow us to confirm that in this dataset the magmatic sills are tuned reflections and we cannot 

properly distinguish the top from the base. It is possible to confirm that by giving different 

velocities, for a given frequency and a model for seismic resolution calculation (Widess, 

1973; Zeng and Backus, 2005), we may obtain scenarios for the tuning thickness in meters by 

multiplying a velocity to the one-way time. 
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Fig. 7. (A) Part of a seismic cross section showing some of the interpreted sills and sill S2 on which was built the 

time-frequency panel, extracted a deterministic wavelet and computed the tuning thickness. (B) time-frequency 

2D panel showing the frequency response over time. Particularly in the area of interest that encompasses sill S2 

note that the frequencies have low values. (C) Amplitude spectrum for the seismic section presented in (A). (D) 

extracted deterministic wavelet from the seismic data. (E) Tuning thickness chart showing the tuning thickness 

in time (c. 15 ms TWT). The top reflection constructively interferes with the base reflection to form tuned 

reflectors with increased amplitude values, which according to Magee et al. (2015) and Mark et al. (2018), 

commonly presents a challenge to estimate the sill thickness. 

 

The fifteen identified sills are characterized by positive high-amplitudes with 

high-impedance contrast to the host rock. This seismic expression of sills is depicted in the 

amplitude, vertical QR gradient, and RGB frequency blending attribute time-slices (Fig. 8). 

The variance attribute time slices show the outline of sills and also show how homogeneous is 

the expression of the inner sill parts. 

For sill S6, however, the time slices of amplitude, vertical QR gradient, and RGB 

frequency blending highlight only the inner sill. This is due to the inclined sheets (c. 12.96º) 

at the border of the saucer-shaped sill, which offsets the outer sill and do not enhance it in the 

same time slice. On the other hand, depth-structure and RMS amplitude maps enhance the 

outer sill and are clearly distinctive from the inner sill (Fig. 8 and Fig. 9). 
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Fig. 8. Multi-attribute co-visualization of time slices and depth maps for S2, S3, and S6. 
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From the RGB color-blended panels, the prevalence of green color (frequency 

tuning at c. 20 Hz) is evident and highlights the bright and homogeneous texture for S2, S3, 

and S6. However, in some inner parts of sill S6, and some parts of sill S3 and S2, the green 

and blue are overlapping. This means that the dominant frequency for the sills lie 

approximately between 20 and 45 Hz. The red color dominance in the southern part for sill S2 

suggests a frequency tuning of approximately 10 Hz. These evidences from the spectral 

decomposition and RGB frequency blending allowed the quantitative analysis of the 

amplitude data. 

From the interpretation we also noted that structures that resemble sill steps tend 

to climb the stratigraphy, which to some extent are consistent with features observed in the 

Streymoy sill, Faroe Islands (e.g. Walker, 2016). The distinct separated transgressive 

reflectors suggest sills splitting into separate segments while accommodated by the host rock 

(Fig. 9). 

  

Fig. 9. Spectral decomposition at 2304 ms time slice displayed as a RGB blend (R = 10 Hz, G = 20 Hz, B = 45 

Hz) that enables the characterization of the seismic expression of sill S2. Illustration of sill S2 highlighting 

features that look like the internal structures of this sill and the extraction of RGB values for each of the small 

sub-circular structures inferred as depleted magma zones (black polygons). The location of the cross sections 

highlighting the internal structures of sill S2 are shown on the time slices of the iso-frequency volume 20 Hz. 
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2.5.3. Geometry and distribution of sills 

 

Most sills occur on the H3 and between the H4 and H3 seismic horizons, inferred 

as the top Albian post-salt carbonates within the Upper Cretaceous succession. We illustrate 

one sill from each of the five geometric types within a total of fifteen sills studied. 

Type I – The saucer-shaped geometry is characterized by an approximately flat-

lying and slightly convex upward inner sill (dipping between 2.58º and 3.05º) thinning 

towards its edge (Fig. 10). At this edge, an inclined segment that transgresses upwards at 

angles from 11.56º to 15.74º connects the inner sill to a gently dipping outer sill (Fig. 10A and 

Fig. 10B). The relatively small areas range from 1.12 to 1.67 km
2
. The long and short axes 

range from 1.43 to 2.03 km and from 1.11 to 1.28 km, respectively, with an average ratio of 

approximately 1.46. These sills extend vertically to a maximum of 0.18 km and are emplaced 

between depths of 2.70 and 2.99 km (Table 1). 

 

 

Fig. 10. Interpreted seismic sections along (A) strike (SW-NE) and (B) dip directions (NW-SE), highlighting the 

morphology of sill S6. (C) Geological model emphasizing sill geometry, faults, reflectors configuration, and the 

main interpreted horizons. (D) Plan-view morphology. (E) 3-D view of a saucer-shaped sill (Type I) depicting 

inclined segments (i), inner and outer sill. 
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Type II – The slightly saucer-shaped geometry, featured by only one sill (S3), is 

dominantly characterized by an inflated inner sill (dipping 2.61º) with a gently developed 

central ridge (Fig. 11). On the periphery, just like Type I, the inclined segments dip 11.23º. 

The area of S3 is 1.79 km
2
 and is characterized by a 2.15-km long axis and a 1.16-km short 

axis with a ratio of 1.86 and an eccentricity of 0.84. Emplaced at a depth of 2.86 km, it 

extends vertically 0.12 km (Table 1). Similarly to S6, S3 thins laterally and towards the top. 

 

 

Fig. 11. Interpreted seismic sections along (A) strike (SW-NE) and (B) dip directions (NW-SE), highlighting the 

morphology of sill S3. (C) Geological model emphasizing sill geometry, faults, reflector configuration, and main 

interpreted horizons. (D) Plan-view morphology. (E) 3-D view of a slightly saucer-shaped sill (Type II), 

depicting inclined segments (i) and inner sill. 

 

Type III – The climbing saucer-shaped geometry, featured by only one sill (S14), 

lies between transgressive and saucer-shaped geometries due to an asymmetry characterized 

by a large and shallower segment on one of its sides (Fig. 12A). Similarly to Type I (Fig. 10), 

and Type II (Fig. 11) sills, these Type III sills is also characterized by an inner and outer sill 

connected by an inclined segment. The flat section dips 2.76º and the inclined segments dip 

12.11º. The length of the long and short axes is 1.69 km and 1.24 km, respectively, with an 

area of 1.27 km
2
. A long-to-short axis ratio of 1.36 characterizes this sill, which is lower than 

the average for other saucer-shaped sills (Type I and Type II). S14 developed almost on the 
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horizon H3 (Fig. 12A-B). The plan-view morphology is sub-elliptical with an eccentricity of 

0.68 (Fig. 12D). The vertical extent is 0.19 km, a little higher than the average for Type I and 

is emplaced at a depth of 3.11 km, deeper than the average for Types I and II (Table 1). 

 

 

Fig. 12. Interpreted seismic sections along (A) dip (NW-SE) and (B) strike directions (NE-SW), highlighting the 

morphology of sill S14. (C) Geological model emphasizing the sill geometry, faults, reflectors configuration, and 

main interpreted horizons. (D) Plan-view morphology. (E) 3-D view of a climbing saucer-shaped sill (Type III) 

depicting inclined segments (i), inner and outer sill. 

 

Type IV – The transgressive geometry is characterized by an upward stepped 

shape that crosscuts the stratigraphy at angles of 7.30-13.41º, with a minimum dip of 2.46º 

(Fig. 13A-B; Table 1). The area ranges from 0.43 to 0.82 km
2
. The length of the long axis 

ranges between 1.01 and 2.71 km and the short axis from 0.78 to 1.93 km. The ratio between 

the long and short axis is between 1.30 and 1.99. These sills are characterized by irregular 

plan-view morphologies with eccentricities ranging from 0.45 to 0.83. They extend vertically 

from 0.13 to 0.25 km and are emplaced at 2.56-2.94 km depths (Table 1). Fig. 13E shows the 

steeply inclined segments on the inner sill periphery and the sill inclination towards NW. 
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Fig. 13. Interpreted seismic sections along (A) dip (NW-SE) and (B) strike directions (NE-SW), highlighting the 

morphology of sill S8. (C) Geological model emphasizing the sill geometry, faults, and reflectors configuration. 

(D) Plan-view morphology. (E) 3-D view of a transgressive sill (Type IV) depicting inclined segments (i), inner 

and outer sill. 

 

Type V – The rough layer-parallel geometry is characterized by dominantly strata-

concordant segments (Fig. 14). This sill type extends over large areas (up to 14.35 km
2
) with 

long and short axes ranging from 1.56 to 6.82 km and from 0.98 to 3.04 km, respectively, 

greater than the other types (I to IV). The vertical extent ranges between 0.06 and 0.23 km. In 

addition to lower vertical extents, these are emplaced at deeper levels (2.61-3.18 km) when 

compared to the other types. Approximately elongated ellipses with eccentricities ranging 

between 0.53 and 0.95 characterize the plan-view morphologies and comprise the highest 

eccentricity of the sills (Fig. 14D; Table 1). 
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Fig. 14. Interpreted seismic sections along (A) dip (NW-SE) and (B) strike directions (NE-SW), highlighting the 

morphology of sill S2. (C) Geological model emphasizing the sill geometry, faults, reflectors configuration, and 

main interpreted horizons. (D) Plan-view morphology. (E) 3-D view of a layer-parallel sill (Type V). 

 

We delineated structures in sills S2 and S3 that are characterized by small- (0.02-

0.07 km
2
) to medium-scale (up to 2.20 km

2
) in size. In plan view, these structures present sub-

circular to elliptical shapes in both sills, which is seen from the RGB frequency blending 

panels (Fig. 8 and Fig. 9). In sill S2, these structures are not detected at any of the selected 

frequencies, from the RGB blend panels, though appearing as approximately black (Fig. 8). 

Some extensions of sill S2 slightly branch off to form small-scale features further north. In 

addition, sill S2 appears red at the southern tip, on which we call a low-frequency range 

feature (LF), as also observed in other regions (Fig. 8). 
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Table 1. Summary of morphometric data for the interpreted sills. 
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2.5.4. Distribution and pattern of faults 

 

We identified two distinct fault sets in the study area: (1) NE-SW (striking N45º-

50ºE) and (2) NNE-SSW (striking N15º-20ºE), based on the density, plan-view morphology, 

and mean strike (see rose diagram in Fig. 2A). Over the northeastern to the central study area, 

the fault density increased, the morphology is curved depicting concave and, to a smaller 

extent, linear structures, and the major azimuth is NE-SW (89% of the total). Over the 

southwestern area, the fault density decreases as the space between fault lineaments increases; 

the faults are linear and NNE-SSW oriented, intersecting the NE-SW striking faults set. The 

geometry of the interpreted faults on seismic cross-sections is typical of an extensional 

setting. The majority of faults developed within the H3 and H2 interval. However, some 

major faults extend into the overlying strata, while others are produced within the underlying 

strata. 

 

2.6. DISCUSSION 

 

2.6.1. Morphometric controls on the sills geometry 

 

Our results support that depth (c. 2300 ms) conditions the size of sills, i.e. the size 

increases with depth. A high area-to-depth ratio reflects increased conditions for the formation 

of transgressive and layer-parallel sills. We expected a much lower dip of inclined segments 

for the layer-parallel sills, i.e., a sub-horizontal dip implying that parallel and concordant sills 

would broadly follow the dip of regional stratigraphy. 

The high eccentricity values (0.71-0.97) of saucer-shaped sills cannot corroborate 

the circular plan-view morphology suggested by the 1.46 long-to-short axis ratio. Conversely, 

the slightly saucer-shaped sill long-to-short axis ratio (1.86) suggests a moderately circular 

shape and elliptical plan-view morphology (0.84 of eccentricity). Transgressive sills support a 

connection between a deeper sill (S8) with a relatively flat layer-parallel sill (S11), suggested 

by the morphology and position of the steeply inclined peripheral segments (Fig. 13A-B). 

Although classified as layer-parallel rough sills with gently dipping flat sections, these sills 

comprise peripherally minor inclined segments (Fig. 14A-B). The relatively high dip for a 

layer-parallel sill should be explained by the handpicking of seismic horizons, even though 

the vertical extension corroborates this geometry. 
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The RGB blending was important to describe the sill extensions structure (i.e., 

fingers; Schofield et al., 2010), as well as to reveal the seismic expression of high-amplitude 

anomalies, such as those generated by sills (Fig. 9). 

The low-frequency range features may be associated with zones of depleted 

magma and compared with internal depletion zones, described in Alves et al. (2015). 

However, in the S2, we observed a large zone of low-frequency features, which may be 

associated with a different magmatic pulse. The homogeneous texture for each sill, observed 

in the variance attribute time slices, could be associated with fine-grained crystalline rocks 

(Alves et al., 2015) in the post-salt sequence of the Espírito Santo Basin, in the southeastern 

Brazilian offshore. The red color dominance corroborates an increased sill thickness in that 

region, marked by frequency and amplitude variation, such as the examples from McArdle et 

al. (2014). Furthermore, another magmatic pulse in that region would make the sill seems 

thicker. The fact that the interpreted small-scale sub-circular features appear as approximately 

black suggests a non-detection of any of the selected frequencies (10-20-45 Hz). This could 

be associated with zones of depleted magma, where the thickness is minimum, as suggested 

by the blue color detected (c. 45 Hz) over the red and green (greater thicknesses) on S2 in the 

RGB blend. In addition, this can be corroborated by the increased thickness far from these 

zones. 

The range of measured size, depth, vertical extent, and dips for the flat-lying 

sections and inclined segments in the studied saucer-shaped, transgressive, and layer-parallel 

sills, is in accordance with previous studies (Fig. 15). Schofield et al. (2010) measured dips 

<5º for the flat sections and 25-30º for the inclined segments, which are similar to the overall 

geometric shape that we have mapped. Hansen et al. (2008) described that sill transgresses at 

<20º in the saucer-shaped periphery, similar to this study, in which sill type I inclined 

segments crosscut the stratigraphy at approximately 11 to 16º. 

Saucer-shaped sills (Type I, II, and III) thin outwards, from the inner sill to the 

inclined segments and outer sill. Similarly, other seismic-based studies described a thickening 

towards the saucer axis and an outwards tapering (e.g. Hansen and Cartwright, 2006; Hansen 

et al., 2011). 
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In the saucer-shaped sills, we observed reflectors continuity breaks from the inner 

sill to the inclined sheets and outer sill. In addition, their relatively shallow depth of 

emplacement makes us favor that layer-parallel sills are at the base and limit sill complexes 

(Planke et al., 2005). The broad geometry and plan-view morphology resemble the saucer-

shaped sill described by Polteau et al. (2008). 

 

  

Fig. 15. Cross-plots between (A) size and depth and (B) vertical extent and dip from the studied sills and the 

literature (Hansen et al., 2004; Thomson and Hutton, 2004; Cartwright and Hansen, 2006; Hansen and 

Cartwright, 2006; Polteau et al., 2008; Magee et al., 2014; Sun et al., 2014). 

 

2.6.2.  Seismic resolution 

 

Although sills are most prone to be mapped from seismic data by recognizing the 

top reflection as the base is usually more difficult due to the interference and tuning effects 

(e.g. Smallwood and Maresh, 2002; Trude et al., 2003; Magee et al., 2015).  In our study, 

although we are able to map two distinct seismic reflections, we may not be able to resolve 

them in a way we can compute the real thickness of the seismic beds. The upper and lower 

contacts of the intrusive bodies may not be distinguishable at all since the vast majority of the 
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magmatic sills mapped worldwide are described as tuned reflections with indistinct upper and 

lower contacts (Smallwood and Maresh, 2002; Planke et al., 2015, Omosanya et al., 2018). 

 

2.7. CONCLUSIONS 

 

We mapped igneous sills in the southern Campos Basin, southeastern Brazil, and 

improved the understanding of their geometries, based on quantitative morphometric analysis 

supported by seismic attributes. This study will assist further global research on the formation 

of sills. The scarcity of data is a limitation that may compromise the representativeness of this 

study. Nonetheless, our results support the following conclusions: 

(1) High-amplitude seismic anomalies, with a tuning frequency of approximately 20-45 

Hz, characterize the fifteen interpreted magmatic sills. 

(2) Layer-parallel sills occur as thick extensive intrusions and feature a strong 

stratigraphic relationship with the top seismic reflection of Albian carbonates of the 

Macaé Group. Inner and outer approximately-flat section linked through inclined 

sheets characterizes the saucer-shaped sills. Continuous and slightly stepped-like 

reflectors characterize transgressive sills. 

(3) The deepest sills are generally associated with larger sizes (e.g. layer-parallel sills), a 

result supported by similar ratios documented for igneous sills in other basins. Sills 

usually thin out laterally. However, the higher the dip at the periphery, the higher the 

contrast in the sill tapering toward its tips. 

(4) The interpreted magmatic sills present a stacking pattern, characterized by two main 

trends: (1) NW-trending and (2) NE-trending, generally dipping away from the gently 

dipping inner sills. 

(5) Fault lineaments depict a dense NE-oriented curvy pattern over the northeastern to the 

central area, while in the southwestern area the NNE-SSW faults are linear and 

described by a less dense network. The faults form a structural network that may have 

assisted the emplacement of sills.  

We demonstrate that, apart from the traditional seismic attributes (RMS 

amplitude, variance, dip, and azimuth), the vertical QR gradient successfully clarifies the 

seismic amplitude and enables the delineation of high-amplitude anomalies. In addition, the 

RGB color blending based spectral decomposition was essential for quantitative analyses of 

the seismic expression of magmatic sills. 
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THREE-DIMENSIONAL SEISMIC ANALYSIS OF MAGMATIC SILL-RELATED 

STRUCTURES: EXAMPLES OF FORCED FOLDS, JUNCTIONS, STEPS, VENTS 

FROM THE SOUTHERN CAMPOS BASIN, SE BRAZIL 

 

ABSTRACT 

 

 
The comprehension of intrusive bodies is essential for a wide range of geological studies across 

worldwide sedimentary basins. The structures related to intrusive bodies can be economically 

important as they may compartmentalize intervals of interest, and affect the thermal history of 

sedimentary basins. In this study, we used three-dimensional post-stack seismic data, calibrated with 

well logs, from the southern Campos Basin over the Cabo Frio tectonic domain, to illustrate some of 

the sub-volcanic structures (i.e. forced folds, vents, and junctions). This area reveals several magmatic 

events from Late Cretaceous to Early Tertiary period. The interpreted forced fold structures are 

characterized by dome-shaped strata overlying a saucer-shaped intrusion, which is, in turn, 

characterized by an inner and outer sill as well as inclined segments. The country rock is flexed, by the 

saucer-shaped intrusions, at a ratio between the sill length and sill depth ranging from 0.67 to 0.75. Sill 

length-to-depth ratio, which gives a quantitative idea of the how likely is the overburden deformed due 

to the emplacement of an igneous sill, in this study, ranges between 0.40 and 2.26 (0.92 mean). In 

addition, 66% of the sills mapped with a ratio between 0.67-2.09 (1.09 mean) have a supra-sill 

deformation. Interpreted steps and junctions suggest the local direction of the magma pattern, as they 

are often parallel to the axis of sill emplacement. We identified seismic features that look like ‘T’ and 

‘J’ shaped junctions between the interpreted sills. Sills may also be responsible for the formation of 

vent structures, characterized by dome-shaped features with chaotic internal geometries, flat-lying 

concordant underlying reflectors. These suggest focused fluid flow produced by fault-related feeder 

dykes. Furthermore, these structures are onlapped by overlying reflectors suggesting a strong 

relationship with the overburden. The emplacement of saucer-shaped sills often favors the 

development of forced-fold structures on the overburden, as well as the creation of a series of local 

normal faults on the overburden. However, not always that the indicator ratio, from which country 

rock is flexed, is within the interval of interest a forced fold is formed. This evidence suggests that the 

formation of forced folds may also be associated with other controlling factors. 

 

 

Keywords: Igneous related structures; Forced folds; Vents; Junctions  

  



57 

 

 
 

 

3.1. INTRODUCTION 

 

The intrusive bodies and related structures (i.e. forced folds, vents, and junctions) 

are essential for a wide range of geological studies across worldwide sedimentary basins and 

for petroleum exploration, as they can be economically important (Hansen and Cartwright, 

2006; Holford et al., 2013; Jackson et al., 2013). Furthermore, assessing these types of 

volcanic structures can be quite challenging due to the issues regarding detectability (i.e. 

separability and visibility) as Sydnes et al. (2018) mentioned for the seismic identification of 

sills. Also for petroleum exploration activities, it is extremely important to have these type of 

structures characterized, and when possible constrained by borehole data to tie the igneous 

rocks to the seismic events (Ran et al., 2014; De Luca et al., 2015). 

Most of the times, the emplacement of igneous intrusions accommodate local 

forced folds, created immediately above the center of a sill body, which may act as 

hydrocarbon traps (Jackson et al., 2013). In addition, fractures associated with vents may 

impact on secondary migration and the local temperature history. In this study, we illustrate 

some structures in the overlying strata associated with the accommodation of deformation due 

to sill intrusions, as the overburden bends (Barnett and Gudmundsson, 2014). According to 

Mathieu et al. (2008), saucer-shaped intrusions flex the country rock at a ratio between the sill 

length and sill depth ranging from 0.5 to 0.6. 

The focused fluid flow, which is important for the petroleum prospectivity within 

sedimentary basins, is generally associated with sub-vertical chaotic and reflection-free 

seismic zones, equivalent to the seismic chimneys (Thomson, 2007). These structures are 

comparable to the sub-vertical hydrothermal pipes that form at the sill edges and are 

associated with hydrothermal vent complexes defined by Planke et al. (2005), and pipes 

defined by Hansen (2006). Associated with the top of these seismic zones occur mounded 

structures (Magee et al., 2014). The strata below these mounds are concordantly deflected 

downwards providing an eye-shaped geometrical style and have an overburden relationship 

with strata diverging over the mound surface as described by Hansen (2006) and Magee et al. 

(2014). Furthermore, Hansen (2006) described two more geometrical styles for vent-related 

structures, with different internal geometries, as crater and dome-shaped with overlying 

reflectors concordant and onlapping onto the mound, respectively. 
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Hydrothermal vent and sill complexes are dyke-fed igneous structures as 

discussed in Planke et al. (2005) and Thomson (2007). However, the sill-to-sill junctions 

might be a consequence of overlapping sill tips as mentioned by Alves et al. (2015), which 

results in constructive interference of the seismic signal of sills, as pointed by Magee et al. 

(2015). 

Bridges and junctions as one of the main features of the sill-to-sill interaction and 

connectivity allow constraining the associated magma flow pattern (Hutton, 2009; Schofield 

et al., 2012; Magee et al., 2014). Nested sill complexes may be associated with junctions due 

to its capacity to interconnect the several sills present in the same area (Hansen and 

Cartwright, 2006). These junctions, also described by Hansen et al. (2004) may provide 

insightful constraints on the reconstruction of sill complexes. 

Techniques applied to high-quality seismic data have been used to extract 

information from the volcanic structures within sedimentary basins worldwide. Amongst 

successful techniques is the volume and opacity rendering that has already proven effective 

for visualizing the characteristics of sill complexes and associated structures (Smallwood and 

Maresh, 2002; Thomson and Hutton, 2004, Thomson, 2007; Schofield et al., 2012; Alves et 

al., 2015). Certainly, these techniques will speed up the seismic interpretation process and 

will contribute to insightful discussions on the three-dimensional architecture of these 

structures and the responsible processes for their generation. 

Any type of hydrocarbon-bearing basin in Brazil has some sort of relation with 

volcanic activity, and yet there are still unresolved issues related to the impact of subvolcanic 

and related structures on the petroleum systems, namely in the post-salt and pre-salt reservoirs 

of the Brazilian margin basins. In addition, is still necessary to understand these impacts on 

the generation and secondary migration processes, and on the regional evolution of the rifted 

margins (Tissot and Welte, 1984; Magoon and Dow, 1994; England, 1994). In particular, the 

three most prolific Brazilian basins, Espírito Santo, Campos, and Santos Basins record an 

impact in reservoir presence and predictability due to the intense magmatic activity (Matias et 

al., 2015). The southern part of the Campos basin exposes evidence of vast volcanic activity, 

such as thermal uplift and occurrence of the extensive feeder and ring dykes, sills, and 

volcanic edifices (Oreiro et al., 2008). 

Alvarenga et al. (2016) worked on the characterization and mapping the 

distribution of hydrothermal vent complexes in the rift section of Campos Basin based on 2D 

seismic lines and established correlations between those structures and the regional tectono-
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magmatic events. Other studies have been developed that describe features such as, steps and 

bridges originated by the stresses during dyke intrusions and related faults as well. In 

addition, some of the identified sills are described as shallow emplacement magmatic 

intrusions resulted by the injection adjacent to volcanic cones (Oreiro, 2006; Almeida et al., 

2013; Cortez and Santos, 2016). 

Recently, Fornero et al. (2019) provided insights of a new characterization of 

extrusive lavas forming pahoehoe and rubbly flows within the pre-salt succession of the 

Santos Basin, based on borehole image logs constrained by sidewall cores. These authors are 

providing with controlled hard evidence (side wall cores) of a, perhaps, voluminous magmatic 

activity in the pre-salt Santos Basin. Despite this study was conducted in Campos Basin, still, 

there is a great area where this magmatism was active and probably fed all these regions, from 

Espírito do Santo Basin up in the North to the Santos Basin in the South Brazilian margin.  

However, few studies have documented the detailed architecture of the intrusive 

bodies and related structures in the southern Campos Basin (e.g. Oreiro et al., 2008). In the 

light of that, we propose for this study a geological characterization of some of the intrusion-

related structures to help in understanding the possible effects on the hydrocarbon systems. 

For that, we used a three-dimensional post-stack seismic survey from the southern Campos 

Basin calibrated with a log suite of 7 wells. 

 

3.2. GEOLOGICAL SETTING OF THE CAMPOS BASIN 

 

Campos Basin is a South Atlantic rifted margin basin (Chang et al., 1992) 

developed on a gneissic Pre-Cambrian basement, with NE-SW striking direction, similar to 

the strike of major extension axis of the basin (Cainelli and Mohriak, 1999). The lateral 

movement associated with the NW-SE transfer faults influenced the development of the initial 

structures. Inherited-basement structures, NE-trending, were reactivated as horsts and grabens 

during the Mesozoic drifting phase. In addition, the Cretaceous basement in the Cabo Frio 

area presents antithetic faults, which propagated to the upper units of post-rift sedimentary 

sequences (Mohriak et al., 1995; Meisling et al., 2001; Fetter, 2009). 

Silva et al. (2012) described a volcanic complex striking E-W of the Cabo Frio 

formation, from Late Paleocene to Middle Eocene. In this time, a large volume of magmatic 

rocks emplaced into the Cretaceous sedimentary sequences, during the thermal uplift, 

recording ages of 55±11, 54±2, 53±2, 50±7, and 44±1 Ma (Thomaz-Filho et al., 2008). The 
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intercalation of basaltic and andesitic dome-like shape sills and dykes with sedimentary 

packages suggests several magmatic pulses intruding the soft rock succession, over the Cabo 

Frio magmatic province in southern Campos basin (Ojeda, 1982; Cainelli and Mohriak, 

1999). 

According to Mizusaki and Mohriak (1992), several stratigraphic levels registered 

intrusive and extrusive rocks, which occur intercalated with volcaniclastic and sedimentary 

sequences. Lobo et al. (2006) conducted geochemical studies in Pelotas and Campos Basins 

that led to the characterization of the tholeiitic basalts. Oreiro et al. (2008) also emphasized 

the largest occurrence of volcanic rocks, from Late Cretaceous to Early Tertiary, 

predominantly extrusive over intrusive rocks, and according to Thomaz-Filho et al. (2008), 

the former played a major role in the petroleum geology of the Albian Macaé Group. 

Overall, two main phases of magmatic activity are responsible for the extrusive 

and intrusive igneous rocks in the Campos and Santos Basins, in the Early Cretaceous 

associated with the rifting stage and in the Late Cretaceous to Eocene, the latter more 

associated with intrusions (Mohriak et al., 2003). 

 

Fig. 1. Geological setting of Campos Basin depicting the location of the main faults, volcanic cones, and igneous 

intrusions (modified from Mohriak et al., 2008). 
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3.3. DATABASE AND METHODS 

 

Located in the southern part of the Campos basin, the 3-D seismic data used 

covers approximately 183 km
2
 (Fig. 1). The seismic inline and crossline spacing is 18.75 and 

12.50 m, respectively. The seismic totalizes a record length of 4996 milliseconds with a 

vertical sampling interval of 4 milliseconds in two-way time (ms TWT). The dominant 

frequency is roughly 35 Hz within 0 to 125 Hz of total frequency content. The data is 

displayed accordingly to SEG standard polarity, i.e., a downward increase in impedance 

generates a positive amplitude reflection (Brown, 2008). We also used wireline log data from 

seven (7) boreholes consisting of gamma-ray, density, and sonic logs. The seismic data was 

calibrated using the wireline logs, specifically the density and sonic logs. This helped to tie 

some of the drilled igneous rocks to the seismic data. 

The workflow is based on a 183 km
2
 3D post-stack seismic survey. This workflow 

can be divided into two main phases. The first one is the identification of seismic high-

amplitude anomalies and their interpretation as igneous sills; later quantitative analyzed under 

certain morphometric parameters. The second phase is characterized by the application of 

volume rendering techniques (Thomson and Hutton, 2004) as an effective way of interpreting 

and extracting the characteristics of seismic-scale intrusion-related structures. The high-

amplitude anomalies (HHA’s) were extracted by opacity-rendering the mid-values of the 

amplitude spectrum. This method allows the extraction of geobodies, that is extremely useful 

for the calculation of magmatic volume and therefore to have a better idea of the impacted 

surrounding areas. In addition, it is possible to understand the sill-sill complex network and 

how the steps and junctions are related to interconnect the sills. We used indicator ratios to 

leave a possible, interpretation bias outside the estimation of the geometrical properties. 

 

3.4. RESULTS 

 

3.4.1. High-amplitude anomalies as sills 

 

We have interpreted high-amplitude anomalies (HAA’s) as igneous sills in the 

study area. These sills are generally characterized by blunt terminations (Fig. 2). We grouped 

the interpreted sills into three main types according to Planke et al. (2005) classification: 

strata-concordant sills (or layer-parallel), transgressive sills, and saucer-shaped sills. Within 
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each sill type, we may distinguish their characteristics. In particular, stepped-like features for 

the transgressive sills, flat inner and outer sills for the saucer-shaped geometry and concordant 

top and base for the layer-parallel geometries. 

 

Fig. 2. Seismic dip sections highlighting geometric and strata relationship between intrusions (S2, S7, S6) and 

host rock bedding of (a) strata-concordant, (b) transgressive, and (c) saucer-shaped sills. To note that (a) show a 

relatively thicker and extensive strata-concordant sill, (b) a slight flat-ramp-flat geometry in the transgressive 

sill, (b) and (c) the disrupted top of sills, and (c) an approximately flat inner and outer sill. 

 

3.4.2. Associated supra-sill deformation 

 

These structures are interpreted as forced folds (Mathieu et al., 2008; Jackson et 

al., 2013) with dome-shaped strata overlying a saucer-shaped intrusion (S4) characterized by 

an inner and outer sill as well as inclined segments. This type of structures often occurs with 

faulting at the top (Jackson et al., 2013) as is shown in Figure 3. Furthermore, these saucer-

shaped intrusions flex the country rock at a ratio between the sill length and sill depth ranging 

from 0.67 to 0.75. In particular, for the sill 4, the ratio is 0.72. Some of the sills occur 

associated with deformation in the overlain reflectors, and some do not. 

Saucer-shaped sills (Type I, II and III), approximately 33% of the intrusions 

mapped are characterized by a ratio of 0.48-0.75 (0.63 mean). The ratio for the layer-parallel 

sills (Type V), which account for 47% of the intrusions of this study, ranges from 0.60 to 2.26 

(1.26 mean). For the transgressive sills (Type IV), 20% of the intrusions, the ratio lie between 

0.40 and 0.96 (0.63 mean). 
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Interpreted steps may suggest the direction of the emplacement of sills, as they are 

often parallel to the axis of sill emplacement described by Schofield et al. (2012). 

On a more detailed observation, it is possible to note the effect intrusion has on 

the overburden by deforming it upwards; resulting in what it is called a forced fold (Jackson 

et al., 2013). Furthermore, the faults developed at the crest of this folded overburden strata 

may be a direct result of the emplacement of a sill. Either these faults may be sealed or leaky 

that will have a direct impact on the fluids entrapment or leakage. 

The forceful intrusion of sill S4 originated the forced fold with faulted margins at 

both sides of the fold, in contrast with the also usually monoclinal folded flanks as in previous 

studies (e.g. Trude et al., 2003, Hansen and Cartwright 2006). 

 

 

Fig. 3. NW-SE dip-oriented seismic section highlighting some of the extracted igneous geobodies and their 

relationship with the local faulting pattern and supra-sill deformation (forced-folds; ff). Note the sill S4 

geometric shape influencing the overburden deformation by force-folding the overlying strata. Inner (i) and outer 

(ii) sill and steps (red circle) are also indicated. These geobodies extraction allow the calculation of the “true” 

magmatic volume. 
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3.4.3. Sub-vertical reflection-free seismic zones 

 

The seismic chimney-like feature may be interpreted as a sub-vertical pipe, which 

is expressed as low-amplitudes reflections associated with an overlying convex-upward 

mound. These structures usually present a sub-circular morphology in plan view and a conic 

inverted geometry in cross-section (Magee et al., 2014). This feature may suggest focused 

fluid-flow produced (Fig. 4). These zones could also be comparable to the sub-vertical pipes 

that form at the sill edges and are associated with hydrothermal vent complexes defined by 

Planke et al. (2005) in the Vøring and Møre basins, and pipes defined by Hansen (2006) in the 

Paleocene sediments along northeastern Atlantic margin. These type of structures may also be 

associated with regions of intense fracturing and therefore with secondary migration of 

hydrocarbons. In addition, the top mounded structure may be useful for relative stratigraphic 

dating by targeting the morphological relationship between the surrounding reflectors 

onlapping onto the mounded structure. 

The core of these structures could be associated to possible areas of higher 

concentration of hydrothermal fluids, which, in turn, may or may not enhance the porosity and 

permeability in this regions and in adjacent stratigraphic intervals. In particular, these 

structures may help the formation of petroleum reservoirs, such as travertines, or even 

silicification. 

 

Fig. 4. NW-SE cross-sections of an example of a possible focused fluid-flow feature with several discontinuous 

and converging reflectors, underlying a slightly mounded and rugose high-amplitude anomaly (HHA). This 

could also describe a structure with an intense fracturing depending on the interpretation context, which may 

have an influence on secondary migration. 
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3.4.4. Junctions 

 

We identified seismic features, similar to potential ‘T’ and ‘J’ shaped junction 

geometries that are connecting different sills upwards through a peripheral inclined limb on 

the inner saucers. It is possible to see the sill-to-sill junction facilitating an upwards stepping 

(Fig. 5). These pieces of evidence, such as sill abutment, are the type of geometrical features 

that form sill complexes, which may provide insights into the magmatic emplacement. This 

sill-to-sill interaction defined by the several types of junctions form the system connectivity 

and allows constraining the associated magma flow pattern (e.g. Cartwright and Hansen, 

2006; Thomson, 2007). In addition, these external structures associated with sill complexes 

may have an important role on the secondary migration of hydrocarbons within petroleum 

systems (e.g., England, 1994). 

In this example (Fig. 5) we may infer the main direction of the propagation of 

magma towards the northwest. This connection of the sills could also be through a dyke. 

However, igneous dykes usually appear as chaotic to a low-frequency seismic chimney 

feature along with a sub-vertical path connected to another igneous structure. These sill-to-sill 

junctions may also be a consequence of overlapping sill tips (Alves et al., 2015). Usually, 

overlapping sills result in constructive interference of the seismic signal (Magee et al., 2015). 

In the Figure 5, we actually cannot distinguish whether we are seeing a thick sill or an overlap 

of different sills. This difficulty in that distinction maybe related to the tuning effect of the 

seismic. That is one of the reasons for the extremely difficult that exist in mapping the correct 

form and estimating the true thickness of these sills. 

 

Fig. 5. NW-SE cross-sections of the ‘J’ and ‘T’ type sill-to-sill junction connecting different sills (S1, S2, and 

S3) and having a potential impact on the secondary migration processes of hydrocarbons. 
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3.4.5. Intrusion-related vent structures 

 

We interpreted a seismic dome-shaped cross-sectional feature with a chaotic 

internal reflection configuration, and flat-lying concordant underlying reflectors (Fig. 6). The 

vent is approximately circular to elongate in plan view. From the cross-sectional point of 

view, the vent is characterized by highly dipping flanks toward the central axis and lower 

dipping angle flanks toward the margin. This vent structure is comparable to the structures 

recognized by Planke et al. (2005). The interpreted mound occur onlapped by overlying 

reflectors, which suggests a strong relationship with the overburden as described by Hansen 

(2006). 

 

Fig. 6. NW-SE cross-sections of a mounded-like feature resembling volcanoes with top surface onlapped by 

apparently younger strata. 

 

 

3.5. ARCHITECTURE OF MAGMATIC SILLS 

 

Based on volume and opacity-rendering technique, it was possible to extract 

geobodies of the sill-sill complex network from the three-dimensional seismic cube (Fig. 7). It 

is possible to see how interconnected the interpreted sills are with one another by step, bridge, 

and junction structures. 

From the volume and opacity-rendering technique applied to the interpreted 

anomalies (S2, S3, S5, S6, S8, S11, S14, S15) we may describe them with inner and thick 

zones grading to thin and slight to abrupt transgressing limbs. The top and base of the 

anomalies were extracted by opacity-rendering the mid-values of the amplitude spectrum as is 

possible to see in the opacity threshold insets in Figure 7. 
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the portion well imaged and the one poorly-imaged occurs a discontinuity, inferred from the 

variance time slice panel, and also shown in Figure 7B. 

An intriguing feature of the sill 2 (S2) and 3 (S3) is the small sub-circular 

features, also characterized by a low-frequency range, occurring in the portion well imaged 

(Fig. 7B and Fig. 7C). Both low-frequency features may suggest regions of depleted magma 

supply, described by Alves et al. (2015) as internal depletion zone, in similar structures. This 

zones might also suggest, the presence of faults intersecting the anomaly, and the transition 

between the inner sill and outer sill through an inclined limb and steps as depicted by sill 6 

body in Figure 7D. 

 

Fig. 7. (A) Volume rendering of the extracted geobodies characterizing the intrusive bodies. (B-D) Opacity-

rendered layer-parallel (S2) and saucer-shaped (S3, S6) sills. The red-dotted circles in each of the sills highlights 

voxel-free zones are interpreted as possible magma depletion and red-dotted polygons as faults. In addition, there 

is the possibility to calculate the magmatic volume. The threshold of the amplitudes used to isolate and extract 

the geobodies are shown in the opacity panels. 
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3.6. DISCUSSION 

 

The intrusion-related structures found in this study are comparable to the magma 

fingers described by Schofield et al. (2010) and Magee et al. (2015) and the forced folds 

described by Hansen and Cartwright (2006), Hansen et al. (2008) and Jackson et al. (2013). 

The intrusion fingers are expected as an elongated small-scale structure comprised by series 

of saucer-shaped sill lobes that suggests different phases of intrusion (Walker, 2016). In this 

study, the formation of forced folds agrees with the ratio between the sill length and the sill, 

previously described. In particular, Mathieu et al. (2008) described a ratio larger than 0.5-0.6 

necessary to flex the overlain strata, based on analogue modeling experiments, for the cup-

shaped intrusions that are similar in geometry to the saucer-shaped intrusions. 

 

3.6.1. The relation between supra-sill deformation and underlying sills 

 

Sill length-to-depth ratio, which gives a quantitative idea of the how likely is the 

overburden deformed due to the emplacement of an igneous sill, in this study, ranges between 

0.40 and 2.26 (0.92 mean). Saucer-shaped sills (Type I, II and III), approximately 33% of the 

intrusions mapped are characterized by a ratio of 0.48-0.75 (0.63 mean). The ratio for the 

Layer-Parallel sills (Type V), which account for 47% of the intrusions of this study, ranges 

from 0.60 to 2.26 (1.26 mean). For the transgressive sills (Type IV), 20% of the intrusions, 

the ratio lies between 0.40 and 0.96 (0.63 mean) (Table 1 and Fig. 8). 

In previous studies, were found ratios of 0.5-0.6 for cup-shaped intrusions (e.g. 

Mathieu et al., 2008). Mathieu et al. (2008) found that for cup-shaped intrusions, the country 

rocks upwards deform once this ratio is greater than 0.5-0.6. In our study, 66% of the sills 

mapped with a ratio between 0.67-2.09 (1.09 mean) have a supra-sill deformation, previously 

inferred from the seismic interpretation. It is important to refer that this kind of workflow is a 

major since it tries to leave the interpreter bias outside the estimations of sill geometric 

properties. 

Even though there is an apparent relationship between the interpreted sills and 

overlying forced-folded strata, we always have to consider the great amount of uncertainty 

that is implicit. In particular, there is a significant uncertainty between the geometries and 

architecture of sill complexes seismically imaged in the subsurface and the true geometries 

seen exposed in outcrops (Magee et al., 2015; Eide et al., 2017). However, it is extremely 
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difficult or almost impossible to map the magmatic sills without seismic data, which, in turn, 

is of very low resolution if we want, for example, to see something varying a couple of meters 

that we would be able to see in outcrops. Therefore, we would only be able to see seismic 

events related to igneous intrusions that are more thick than 1/8 the wavelength (limit of 

detectability, see Magee et al., 2015), and to map those more thick than 1/4 the wavelength of 

the seismic data (limit of separability, see Magee et al., 2015). 

Magmatic sills often occur as reflection tuned packages, where we hardly can 

separate and distinguish the top and base of the intrusion and for example measure their true 

thickness (Mark et al., 2018). Therefore, when analyzing these types of structures one need to 

be careful on what the interpretations are being made on so it is possible to avoid possible 

overestimation or underestimation of the true thicknesses of the structures and therefore their 

effects. 

 

Table 1. Summary of the ratios between the measured characteristics of mapped sills. 

 

 

Sill Sill 

type 

Area 

(km2) 

Height/long 

axis ratio 

Height/depth 

ratio 

Sill-

length/depth 

ratio 

Supra-sill 

deformation 

(Y/N) 

S1 I 1.12 0.06 0.03 0.48 N 

S2 VI 7.55 0.02 0.05 2.09 Y 

S3 II 1.79 0.06 0.04 0.75 Y 

S4 I 1.61 0.09 0.07 0.72 Y 

S5 V 1.16 0.06 0.04 0.65 N 

S6 I 1.67 0.07 0.05 0.67 Y 

S7 IV 0.43 0.13 0.05 0.40 N 

S8 IV 3.12 0.09 0.09 0.96 Y 

S9 IV 0.82 0.06 0.03 0.54 N 

S10 V 2.11 0.03 0.02 0.68 N 

S11 V 4.39 0.04 0.06 1.37 Y 

S12 VI 0.85 0.06 0.03 0.60 Y 

S13 VI 4.21 0.05 0.05 1.14 N 

S14 III 1.27 0.11 0.06 0.54 N 

S15 VI 14.35 0.03 0.07 2.26 N 
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Fig. 8. Cross-plots with linear regressions for the morphometric parameters of each sill type (I to V), grouped 

into saucer-shaped (blue lozenges), transgressive (orange squares), and layer-parallel sills (green triangles). 

 

3.6.2. Magma flow pattern 

 

The magma flow direction is inferred from the stepped-like features of the 

igneous intrusions as well as body separation suggesting magma lobes separation (Schofield 

et al., 2012). Sill structures, like steps, bridges, and junctions are all magma flow indicators, 

developed along the direction of magma flow, at distal areas (Thomson, 2007; Schofield et 

al., 2012). 

According to Magee et al. (2013), magma evolution can be partly known using 

the architecture of the sill-sill network as a tool for unveiling some of the igneous structures. 

Sill steps that tend to climb the stratigraphy are consistent with features observed 

in the Streymoy sill, Faroe Islands (e.g. Walker, 2016). The distinct separated transgressive 

reflectors suggest sills splitting into separate segments while accommodated by the host rock. 
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3.7. CONCLUSIONS 

 

We report a new study of magmatic sill related structures for the southern Campos 

Basin, southeastern Brazilian margin. In this study, we focused on the relationship between 

the magmatic sills and their related structures, i.e. forced folds, sub-vertical reflection-free 

seismic zones, junctions, steps, bridges, and vents, formed by associated supra-sill 

deformation, focused fluid flow, and magma flow pattern. A borehole integration with three-

dimensional seismic data allow drawing some of the following conclusions: 

(1) The architecture of the sub-volcanic sills emplaced in the southern Campos Basin 

allowed the characterization of the related structures (i.e. forced folds, junctions, and 

vents) that may help to constrain the volcanic activity in the study area. 

(2) The volcanic structures may have a great impact on the petroleum systems in the study 

area and can be used to understand the impact of volcanic activity in other basins. In 

particular, the impacts in the secondary migration processes through the creation of 

new pathways for the hydrocarbons, and in the petrophysical properties, specifically 

the porosity and permeability enhancement through hydrothermal-induced activity. 

(3) The evidence of connected and superposed sills on different levels suggest an 

emplacement through common and, perhaps, shared routes that led to the formation of 

the sill complex at the Cabo Frio High volcanic province. 

(4) The emplacement of saucer-shaped sills is often accommodated by the development of 

forced-fold structures on the overburden. This forceful injection of sills often creates a 

series of local faults also on the overburden. This type of structure can be 

economically important as they may compartmentalize interest intervals. 

(5) Sill length-to-depth ratio, which provides the likelihood of the overburden 

deformation due to the emplacement of an igneous sill, in this study, ranges between 

0.40 and 2.26 (0.92 mean). In addition, 66% of the sills mapped with a ratio between 

0.67-2.09 (1.09 mean) have a supra-sill deformation. 

(6) Despite the emplacement of saucer-shaped sills favors forced-fold structures, not 

always that the indicator ratio, from which country rock is flexed, are at least 0.5-0.6 it 

forms a forced fold. This evidence suggests at least other controlling factors for the 

formation of intrusion-related forced folds. As for example the difference between the 

length and the thickness of the overburden may also influence the formation of forced 
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folds through the local stress field orientation at the sill tips that changes during the 

intrusion. 

(7) Interpreted steps and junctions may suggest the direction of the emplacement of sills, 

as they are often parallel to the axis of sill emplacement. 

(8) The volume and opacity-rendering technique applied allowed the extraction of 

interpreted HHA’s (S2, S3, S5, S6, S8, S11, S14, S15) characterized by inner and 

thick zones grading to thin and slight to abrupt transgressing limbs that helps to 

constrain the volume of the magmatic emplacement. This in turn, may also help to 

constrain the local basin setting by correlating the magmatic activity with the margin 

rifting. 

(9) This study also highlights the importance of using volume rendering techniques and 

extraction of geobodies as an effective way of interpreting the sub-volcanic structures 

and extracting the characteristics of a sill complex architecture. 
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THE IMPACT OF FAULTS, FRACTURES, AND KARST IN CARBONATES: 

EXAMPLES FROM A SANTOS BASIN PRE-SALT RESERVOIR 

 

ABSTRACT 

 

The presence of faults, fractures, karst structures in petroleum reservoirs has been a challenge in for 

the reservoir characterization. These post-depositional structures influence the overall assessment of 

the true potential and productivity that they might yield over the development and production years. 

Therefore, understanding how these structures relate to each other and quantify their impact on the 

static reservoir behavior is paramount, in the majority of the worldwide carbonate reservoirs that 

usually are classified as naturally fractured reservoirs. One of the tools commonly used to conduct 

reservoir characterization is the integration of the borehole image logs, wireline logs, and seismic data, 

core data when available, and outcrop analogue if possible. In this work, we used borehole image logs, 

conventional wireline logs, from two boreholes, and three-dimensional seismic data from the Barra 

Velha Formation in the pre-salt succession of Santos Basin for the characterization of faults, fractures, 

and karst in a carbonate reservoir. We applied a discrete fracture network modeling methodology to 

represent the fractures and faults as stochastic discrete and deterministic discrete elements in the 

geological model grid to build a dual-porosity, dual-permeability geological model. To assist the 

modeling stage, we first conducted regional fault and horizon interpretation on the seismic data in 

order to build a structural framework. Then we applied a multi-attribute analysis to detect high-

amplitude anomalies possibly associated with karst structures, which is a possible indication for 

regions with increased porosity within the reservoir. We used the fracture data from borehole images 

to estimate the in situ tectonic stress field and the faulted horizons to estimate the local far stress field. 

The tectonic stress field corroborates the small-scale fractures (from borehole images) and the large-

scale faults (from seismic interpretation). 

 

 

Keywords: Faults, Fractures, Karst, Modeling, Pre-Salt Santos Basin   
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4.1. INTRODUCTION 

 

The naturally fractured reservoirs (NFRs) in particular the ones from the Brazilian 

pre-salt are extremely heterogeneous in terms of the fracture network patterns (Matias et al., 

2015). These carbonates present an apparent independence of sedimentary facies from the 

porosity and permeability. It is plausible that the fracture networks are controlling the 

distribution of the petrophysical properties. For a better reservoir characterization of NFRs, it 

is usual to do geological modeling of dual-medium systems (dual-porosity, dual-permeability 

- DPDP) considering matrix and fractures, which in turn, are modeled as discrete elements 

(DFN – Discrete Fracture Networks) within a geological grid (Correia et al., 2015; 2017). 

This type of fracture modeling is generally used to understand the relationship between the 

fracture networks and the petrophysical properties (Bourbiaux et al., 2002). 

The fracture networks affect the transport efficiency of fluids (Valentini et al., 

2007). The quantification of such efficiency impact remains a challenge. Fracture networks 

may be beneficial or detrimental for a variety of geological processes, increasing the fluid 

transport efficiency (Valentini et al., 2007). The impact of the fracture networks on oil and 

gas migration, implies a fluid transfer with or without significant modifications depending on 

the efficiency of transport (Valentini et al., 2007). Furthermore, fractures are critical to 

increase the productivity index on low-permeability geological formations (Santiago et al., 

2016) and to evaluate the reservoir's potential in general (Procter and Sanderson, 2018). 

Previous work have been successfully implementing different techniques to 

extract properties of a fracture network system using seismic data (e.g. Ben Amor et al., 

2017), sub-seismic scale data from fieldwork (e.g. Santiago et al., 2016; Silva et al., 2017; 

Bisdom et al., 2017), and in a much smaller scale, from well log data (e.g. Sanderson and 

Nixon, 2015; 2018). All the previous efforts made to characterize complex fracture networks 

have been leading current research on challenging issues regarding fractures in geological 

formations (Correia and Schiozer, 2018). These structural features vary from isolated 

microscopic fissures to a kilometer-wide collection (“fracture swarms” or “corridors”) (Ghosh 

and Mitra, 2009). In order to understand the interplay between the fractures topological 

features and flow properties with implications in the quantification of the fluids transport 

efficiency and therefore the migration, efforts are being made. These efforts include research 

on mapping critical areas for the development of karst features (e.g. Yu et al., 2016), the 
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communicability indices (Santiago et al., 2016), and on the understanding of the connectivity 

of such fracture networks (Fang et al., 2017, Spagnuolo et al., 2018). 

The characterization of paleokarst systems is still a challenge, due to the complex 

geometries at several scales, principally in the pre-salt reservoirs that are highly impacted. 

The karst-related features, which may have developed during the period of sub-aerial 

exposure (Wright and Barnett, 2017), are often revealed as seismic bright spot features (e.g. 

Zeng et al., 2011; Chen et al., 2012; Zhao et al., 2014; Yu et al., 2016). Previous authors 

connect these anomalies to karst structures within carbonate build-ups, in Kwanza (e.g. Saller 

et al., 2016) and Campos (e.g. De Luca et al., 2017) basins, as they may occur in pre-salt from 

the Santos Basin. Furthermore, these build-ups are characterized by great vuggy and 

cavernous porosities potentially influenced by high temperature or hydrothermal fluids and by 

the Mg-silicate to carbonate interaction (e.g. Tosca and Wright, 2015; Poros et al., 2017). 

The interpretation of enigmatic seismic features, as karst structures, often requires 

processing techniques and seismic attributes to highlight information and to facilitate the 

overall understanding of the paleokarst system (Yu et al., 2016). Therefore, one of the 

objectives of this work is to test different computational techniques to reveal desired features 

by seismic attributes to guide a robust interpretation and to understand whether the 

karstification was beneficial or detrimental for the Barra Velha Formation. 

The main objective of this work is to distribute the key fracture attributes in the 

geological grid so it is possible to provide insights on the high-density fracturing regions of 

the reservoir and overall enhancement of the prediction of natural fractures within carbonate 

reservoirs. 

 

4.2. GEOLOGICAL SETTING OF THE SANTOS BASIN 

 

Santos Basin is considered to be both a passive and active margin basin, greatly 

influenced by both passive and active basins formation mechanisms that overall shaped this 

basin in terms of the structural framework (e.g., Demercian, 1996; Zalán and Oliveira, 2005) 

that undergone two main periods of tectonic activity responsible for the overall structures 

spanning the basin (Fig. 1). These periods include, (1) the syn-rift tectonism, mainly 

characterized by the extension during the continental rifting between South America and West 

Africa, and (2) the post-rift tectonism succeeding thermally induced subsidence and relative 

rise of the sea level (Alves et al., 2017). Therefore, several asymmetric grabens and tilted-
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block systems, as well as transfer fault structures took place (Davison, 2012). The overall 

stratigraphy of the basin is summarized into three main sedimentary sequences overlain the 

Early Cretaceous pre-rift basement igneous rocks. These sequences include the syn-rift, post-

rift, and drift deposits separated by regional erosive unconformities (Davison, 2012). The 

continental breakup is characterized by a series of half-graben basins formation filled with 

non-marine strata of the Piçarras and Itapema Formations, overlain by the carbonates of the 

Barra Velha Formation with proximal microbial carbonates, stromatolites and laminites, and 

distal shales (Moreira et al., 2007). These carbonates are believed to be developed in a non-

marine to transitional setting (Szatmari and Milani, 2016; Wright and Rodriguez, 2018). 

Noteworthy is the relatively fast accumulation of the Ariri Formation (the approximately 2 

km-thick salt package) (Chang et al., 1992), which is overlying the carbonates of the Barra 

Velha Formation (Moreira et al., 2007). This evaporite sequence is a regional package at the 

end of the rifting stage and the beginning of a basinwide thermal stage over the Brazilian 

margin (Caixeta et al., 2014). 

 

 

Fig. 1. Location of the study area (yellow polygon) within the Santos Basin (modified from Mohriak et al., 2008) 

and the simplified chronostratigraphic chart highlighting the Barra Velha Fm. of the pre-salt carbonate 

succession (modified from Moreira et al., 2007). 
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4.3. DATABASE 

 

We used a 3-D seismic dataset 400 km
2
. The inline and crossline bin size is 18.75 

m, sampling 2000 samples at a 5 m rate. The data is zero-phase processed and the polarity 

convention we used followed the American convention for seismic display, which means a 

downwards increase in acoustic impedance generates a positive reflection, shown as a black 

loop peak (Brown, 2004). We also used borehole image logs and conventional wireline logs 

from two boreholes. This well database includes fracture point data, gamma ray, density, 

sonic, neutron porosity, permeability, water saturation, and net-to-gross logs. 

 

4.4. METHODS 

 

4.4.1. Faults interpretation 

 

We used oriented seismic cross-sections and depth slices to interpret the main 

regional faults based on the recognition of the reflectors offset, abrupt changes in the dip and 

in seismic patterns, associated folding or sag and discontinuities in general. To characterize 

the structural framework, we followed a workflow that includes seismic data analysis (pre-

conditioning), which means noise removal in order to increase the signal-to-noise ratio, and 

filtering when necessary to highlight major fault structures. Then, we computed several 

seismic discontinuity attributes, such as dip and azimuth, residual dip, variance, and variance-

derived ant tracking volume. 

These seismic discontinuity attributes highlight potential fault and fractures. 

However, the interpreted fault structures must be internally consistent by intersecting on 

different crossing lines in a reasonable way, meaning very small offsets in between. In the 

light of that, the quality control is a key step in this interpretation phase. 

Despite the result from the attributes provided by the first cycle of seismic 

attributes generation, it might be still necessary to eliminate noise-related features (i.e., 

random noise, spikes, acquisition footprint) and try not to create artifacts, instead of 

highlighting real fault and fracture structures. In addition, it is necessary to highlight both 

large- and small-scale structures, since the seismic expression of noise is very similar to 

small-scale structures. 
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4.4.2. Fracture modeling 

 

The fracture modeling was based on borehole image data (information of dip 

angle and dip azimuth of fracture sets), well logs (porosity, permeability, water saturation, and 

net-to-gross), main horizons and several small to large-scale faults from the seismic 

interpretation, and ant tracking seismic attribute as a geological driver. We used a workflow 

for the geological modeling (Cosentino, 2001). The workflow we used, included fractures as 

discrete elements and allows computing the fracture permeability and porosity (Bourbiaux et 

al., 2002; Fang et al., 2017). We distributed the fracture intensity (P32, Dershowitz and 

Herda, 1992) per fracture set into the geological grid conditioned to ant tracking volume. 

We used a sector model derived from a full-field static model grid to first generate 

the discrete fracture networks, estimate the petrophysical properties within the fracture 

networks divided by different fracture sets according to the type (open or closed, and 

continuous or discontinuous). Due to the high computational cost we had to first built a sector 

model (a smaller portion of the full-field model) to compute the representation of individual 

fractures as discrete features, which is the Discrete Fracture Network (DFN) modeling 

approach (Dershowitz and Herda, 1992). For the scale averaging of the network properties 

into the geological grid, we used the statistical method of Oda (Oda, 1985). This method 

allows for fast testing the iterative process of generating the petrophysical properties from the 

discrete fractures into the geological grid. The Oda method is the simplest amongst the 

available ones in commercial software, which uses the total area of the fracture network to 

calculate secondary porosity and permeability in each grid-cell and performs a numerical 

integration for the implicit fractures. However, the Oda method assumes an upscaled fracture 

network fully connected that leads to overestimation of the degree of communication, and 

hence the permeability of the system (Chesnaux et al., 2009; Vaughan et al., 2015). 

 

4.4.3. Karst characterization 

 

We used a multiattribute approach to detect and characterize the high-amplitude 

anomalies (bright spots) possibly associated with karst features. This may help to guide a 

robust interpretation and to understand the karst development. The bright spots were detected 

by texture attributes, using a combination of Hilbert transform, Energy, and Gray-Level Co-

occurrence Matrix (GLCM) Maximum Probability (Chopra and Marfurt, 2007; Yenugu et al., 
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2010). We conducted an interpretation of seismic bright spots that usually relates to karst-

related features. 

 

4.5. RESULTS 

 

4.5.1. Fault framework interpretation 

 

The interpreted faults are associated with the syn-rift and sag sections. This 

interpretation allowed obtaining a glimpse of the overall regional faults framework. To obtain 

the discontinuity volume we tested a series of discontinuity attributes. In particular, in the Sag 

section, the discontinuities show an overall strike (ENE-WSW to E-W) different from the 

well-established strike of the NW-trending Syn-Rift section. The variability in the interval of 

interest suggests a spatial correlation between the major Syn-Rift and the Sag structures. 

Thus, apparently, the Syn-Rift structures have conditioned the smaller sag structures. In 

addition, major NW-trending faults occur near the wells (Fig. 2). 

 

Fig. 2. The main regional faults and lineaments are depicted over the study area. Note that the overall strike is 

NW-SE with fewer structures in a different direction (ENE-WSW to E-W). 
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The interpreted faults are crossing seismic units correlated to the Syn-Rift, Lower 

Sag, and Upper Sag sections (Fig. 3). From the cross-sections, we recognize an apparent 

increase in thickness of the NW-trending Syn-Rift hanging-wall faults that suggests a 

relatively large throw when compared with the other smaller faults (i.e., the ENE-WSW to E-

W) (Fig. 3 and Fig. 4). The major NW faults clearly displace and apparently rotate reflectors 

over the Syn-Rift section. However, within the Sag section, it is still a challenge to map the 

faults due to the apparent smaller offsets on both sides of the faults. From the cross-sections, 

it is easier to interpret the faults by recognizing the offsets of the high-amplitude reflectors. 

However, the continuity of the faults is better assessed using the depth slices. 

 

Fig. 3. Seismic cross-section highlighting a regional fault crossing the Syn-rift, Lower and Upper Sag sections. 

Noteworthy is the apparent higher throw on the hanging-wall block. 

 

Some of the Syn-Rift faults are characterized by opposite dips to form positive 

features. These features may be associated to the paleotopographic highs (Gomes et al., 2012), 

which may also be associated to the Campos Basin rift shoulders (Mohriak et al., 2008; 

Kattah, 2017). It is on top of those rift shoulders that most of the microbialites are developed 

(Kattah, 2017). Some of those seismic features are illustrated in cross-sections (Fig. 4). 

 

Fig. 4. Seismic cross-sections highlighting a positive feature interpreted as rift shoulder as in Campos Basin, 

formed by two opposing dip normal fault structures that cross the strata up to the base of the Upper Sag. 
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The fault interpretation allowed the definition of the structural framework with the 

regional faults that cross-cuts the pre-salt sag interval. This helps to constrain the further 

fracture modeling. 

The overall orientation of the interpreted faults follows an NW-SE trend, which is 

coinciding with the NW-trending microbial build-ups interpreted over the study area and 

other nearby pre-salt discoveries that present a similar structural trend. 

 

4.5.2. Seismic characterization of potential karst-related features 

 

Interpreted seismic cross-sections display bright spots occurring at different 

depths. To detect the high-amplitude anomalies, this interpretation included a seismic texture 

attribute and filtered seismic data, based on a multiattribute approach that combined the 

Hilbert transform, Energy, and the GLCM Maximum Probability. High-amplitude anomalies 

that occur with large values of the texture attribute suggest potential karst-related features 

(Fig. 5). In addition, evidence of onlapping seismic reflectors suggests that the pre-salt sag 

section undergone a period of sub-aerial exposure. The center of the interpreted sag structure 

(SF1) is characterized by low amplitude and is bounded by high-amplitude continuous 

reflectors. This could be correlated to the seismic-scale karst cavities described in the 

Ordovician carbonates of the Tarim Basin (Chen et al., 2012). The Upper Sag horizon 

presents a similar expression, regarding the low amplitude, on top of the mounded features 

that could be correlated to the pre-salt carbonate build-up structures. 

These results suggest an association of the high-amplitude seismic anomalies, 

expressed as bright spots, with potential karst-related features. 
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Fig. 5. High-amplitude anomalies map and NE-oriented original seismic crossing lines showing bright spots with 

a similar expression of karst-related features. Note that all the mapped features are characterized by an 

approximately sub-circular to elliptical plan-view morphologies illustrated in the texture attribute depth slices. 

 

The available seismic data and the texture attribute allowed the detection of 

approximately 0.16 x 0.09 km horizontally high-amplitude anomalies possibly associated to 

karst-related features, interpreted as bright spots and sag structures associated to paleocave 

collapse that according to McDonnell et al. (2007) are typically collapse structures often 

defined by sub circular geometries in plan view. These interpreted features that vertically 

extend up to a height of 0.16 km occur at different depths, ranging from 5.3 to 5.7 km, and 

within a distance, between the top reflection and the Upper Sag horizon, of approximately 

0.15 km, except for two of the bright spots (BS2 and BS4) that appear to occur on the Upper 

Sag horizon. The overall long-to-short axis (L/S) ratio that gives us a quantitative 

measurement of how circular an anomaly is, range from 1.13 to 4.18 km. Most of the 

interpreted features (75%) are NNW to NW-oriented, while the resting two (25%) are NNE-

oriented. The depression feature interpreted as a sag structure (SF1) that occur at 

approximately 5.6 km, is characterized by a total area of 0.09 and an L/S ratio of 1.25, 

meaning a relatively circular plan-view shape (Table 1). 
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Table 1. Morphometric parameters of the interpreted seismic high-amplitude anomalies (bright spots - BS) and 

the depression feature (sag feature - SF). 

 

 

We also interpreted seismic fluid-escape features, which can be associated with 

the hydrothermal activity, commonly originated from the hydrothermal-induced fluid-rock 

interactions that may affect the host rock fabric structure and consequently the reservoir 

(Baomin and Jingjiang, 2009). These features may provide insights into the karstic systems in 

deeply buried carbonate reservoirs (Heward et al., 2000). Examples of features associated 

with fluid escape include pipe-like structures, documented worldwide (Klimchouk et al., 

2016; Zhu et al., 2017; Belka et al., 2018; Gao et al., 2019). We described examples of 

seismic features possibly associated with focused fluid escape characterized by ‘reflection-

free’ to acoustic blanking zones with a distinctive seismic reflector character (Fig. 6). Their 

cross-sectional shapes consist of several inward-dipping reflectors resembling a shallow 

depression, with an abrupt transition to the horizontal surrounding reflectors (Fig. 6). In plan 

view, they can be recognized by an approximately sub-circular to elliptical morphology, 

measuring, typically between 500 m and 1000 m wide (Fig. 6). There is a possibility that the 

hypogenic karst structures might have influenced the static behavior of the reservoir, since 

hydrothermal fluids could cause dissolution and therefore enhance porosity and permeability. 

This may help the hypotheses proposed to explain the karstic influence in the Brazilian pre-

salt carbonates. 

Features 

No.

Depth 

(km)

Area 

(km2)

Height 

(km)

Long axis 

(km)

Short 

axis (km)

L/S 

ratio

Long axis 

azimuth (°) Direction

Distance from 

Upper Sag (km)

Seismic 

unit Location

BS1 5.705 0.03 0.16 0.29 0.14 2.11 13.24 NNE-SSW 0.16 L. Sag BBG

BS2 5.410 0.01 0.16 0.19 0.09 2.02 352.58 NNW-SSE 0.00 U. Sag SRR

BS3 5.735 0.02 0.12 0.19 0.13 1.40 352.23 NNW-SSE 0.11 L. Sag BBG

BS4 5.280 0.01 0.10 0.10 0.08 1.26 161.56 NNE-SSW 0.00 U. Sag BBG

BS5 5.615 0.01 0.11 0.21 0.05 4.18 138.02 NW-SE 0.23 L. Sag (?) BBG

BS6 5.555 0.01 0.09 0.09 0.08 1.13 340.56 NNW-SSE 0.21 U. Sag BBG

BS7 5.655 0.00 0.11 0.05 0.04 1.14 334.77 NNW-SSE 0.34 U. Sag BBG

SF1 5.655 0.09 0.10 0.36 0.29 1.25 320.71 NW-SE 0.23 U. Sag SRR
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Fig. 6. Uninterpreted (A and C) and interpreted (B and D) morphology of fluid-escape features in plan view 

(depth slices) and cross-sections. The variation between an inward and outward configuration of the disrupted 

reflectors on the pipe-like structures might suggest focused fluid flow. We used original seismic amplitude 

volume (e.g. A) and RMS amplitude seismic attribute (i.e., C) for the cross-section interpretation and variance 

seismic attribute for the depth-slice interpretation (A-D). BVE is the top of the Barra Velha Formation in Santos 

Basin. 

 

4.5.3. Discrete fracture networks modeling 

 

The full-field geological model is defined by an approximately 98 million-cell 

grid with 299x842x389 cells spaced by a horizontal increment of approximately 25x25 m and 

a vertical increment of 2 m (Fig. 7). The sector model is defined by an approximately 1.35 

million-cell grid with 39x89x389 cells spaced by a horizontal increment of approximately 

25x25 m and a vertical increment of 2 m (Fig. 7). The chosen cell thickness (vertical 

discretization) might be able to capture the heterogeneities of the reservoir. 
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Fig. 7. Geological grid highlighting the full-field scale model grid and the sector scale model 

grid for the DFN modeling. 

 

The DFN model incorporated five stochastic fracture sets (continuous and 

discontinuous open and closed fractures), and one deterministic set based on interpreted faults 

(Fig. 8). Differences in the fracture trends of the model might be explained by the 

conditioning seismic attribute volumes. The ant tracking attribute and the distance from faults, 

used as collocated co-kriging of the fracture intensity, have questionable correlation 

coefficients for some of the reservoir intervals. It could be due to sparse fracture data in some 

parts, or to a lack of parametrization. We used the DFN model to distribute fracture porosity 

and permeability throughout the field. The fracture porosity and permeability that this DFN 

model predicted need to be calibrated with well tests. 
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Fig. 8. Local DFN model defined by orientation and depth interval for different deterministic and stochastic 

fracture sets: Deterministic faults; Closed continuous fractures; Closed discontinuous fractures; Open continuous 

fractures; Open discontinuous fractures. 

 

The tectonic regime analysis describes an overall extensional regime. The Upper 

Sag horizon in the tectonic modeling corresponds to the third tectonic phase, the Lowe Sag 

horizon corresponds to the second tectonic phase, and the Rift horizon corresponds to the first 

tectonic phase (Fig. 9). The main directions of the fracture sets for the in situ stress estimation 

from the borehole fracture point data correlate well with the predicted local tectonic model. 

 

Fig. 9. Present-day in-situ principal stresses at each reservoir level for the Top Upper Sag, Top Lower Sag, and 

Top Rift. Contour lines express uncertainty levels (%) defining the tectonic regime (given by the stress ratio). A 

conceptual model for an extensional deformation case where the following stresses relationship applies: Sv > 

SHmax > Shmin (modified from Brodylo et al., 2011 after Anderson, 1951). 
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The permeabilities are associated with the fracture aperture, length, and 

connectivity. The upscaled permeabilities are illustrated in Fig. 10 for the permeability tensor 

of anisotropy. 

We made assumptions for the DFN modeling that certainly impact the overall 

result of the model. In particular, the permeability volumes in the three directions were 

influenced by the input aperture values, which we could not estimate from the dataset; 

instead, we assumed different aperture values regarding the type of fracture set. Therefore, for 

the open fractures, we set higher apertures, for the closed ones we set lower values. The 

orientation of the tectonic stress field was also a criterion for the aperture values set, in a way 

that every fracture set in the direction of the SHmax would be set to have higher aperture 

values, whereas the fracture sets in the direction of the Shmin would be set to have lower 

aperture values. 

 

Fig. 10. Equivalent fracture permeability tensor (ki, kj, and kk) for the sector model grid DFN of one of the 

realizations and one scenario, just to exemplify. 
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4.6. DISCUSSION 

 

4.6.1. Fault framework 

 

The interpreted major regional faults that cross-cut both the syn-rift and the sag 

sedimentary successions follow the overall syn-rift architecture and the minor faults lying 

within the sag succession appear to be conditioned by the pre-existing structures due to its 

spatial and geometrical correlation (Karner and Gambôa, 2007; Mohriak et al., 2008). 

However, the influence of the syn-rift faults on the sag succession requires a more thorough 

analysis, to assess the role of the previous fault in conditioning the later structuration. 

According to Karner and Gambôa (2007), the extensional faults developed up to 

the base of the evaporites sequence overlying the sag succession, which has undergone a 

period of regional sub-aerial exposure, based on an interpreted erosive unconformity. During 

the period of exposure may have developed karst-related features (Wright and Barnett, 2017). 

According to Alves et al. (2017), the syn-rift package occurring truncated presents another 

evidence of an exposure period between the syn-rift Barra Velha Formation and the 

deposition of the Ariri Formation (salt). A small number of large faults produce up to 4 km-

offsets at the evaporites base, often associated with smaller faults as a result of the late pre-

salt tectonics (Alves et al., 2017), which is in accordance with Davison et al. (2012) that 

recognized smaller fault offsets. The basement presents paleotopographic highs originated 

from the later structuration, post-deposition lake sediments prior to salt deposition and 

spatially correlated with the carbonate build-up structures of the Barra Velha Formation 

(Wright and Barnett, 2017). The paleotopographic highs and combined 4-way closures form 

structural traps beneath the salt in microbial carbonate platforms, and occasionally isolated 

microbial build-ups (Santos et al., 2013; Kattah, 2015; Saller et al., 2016; Kattah, 2017). 

Furthermore, the study area is lying in the Central Santos microbial platform with NW-

trending isolated build-up complexes (Fig. 11) (Kattah, 2017). 

Noteworthy are the yet unclear nature of seismic mounded features, whether they 

are originated by the carbonate build-ups or another geologic structure. Such structures are 

being inferred based on the seismic character of their external geometries and internal facies 

pattern by several authors (e.g. Kattah and Balabekov, 2015; Kattah, 2017; De Luca et al., 

2017). As for example, the pre-salt Elena Kay Complex in Campos Basin illustrates features 

that resemble microbial platforms appearing to be developed on top of volcanic complexes, 
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controlled by faults and expressed as mounded features (Kattah, 2017). Thus, it is clear that 

different geologic structures may produce seismic mounded features, which is why their 

characterization and relation with fault structures are important. 

 

Fig. 11. (A) Microbial build-ups complexes trends occurring associated with microbial platforms, both in 

Campos and Santos basins (extracted from Kattah, 2017). (B) Some of the microbial platforms developed on top 

of volcanic rocks as the Pão de Açúcar pre-salt discovery in Campos Basin (extracted from De Luca et al., 

2017). (C) Microbial and silicified carbonate build-ups in the counterpart margin of West Africa depicting the 

Cameia and Orca pre-salt discoveries. Note that the limit between Sag and Upper Rift is given by the red horizon 

(extracted from Poros et al., 2017). 

 

4.6.2. Tectonic stress field 

 

The model allowed to estimate the present-day tectonic regime at each of the 

reservoir level (Top Upper Sag, Top Lower Sag, Top Rift) (Figure 2). At the Top Upper Sag, 

the SHmax orientation is approximately NW-SE, while at the Top Lower Sag varies between 

NNE-SSW and NW-SE, and at the Top Rift is NE-SW. The tectonic model indicates that a 

hypothetical normal stress regime dominates the study area, with gravity driving normal 

faulting and creating extensional deformation, defined by the following relationship, Sv > 

SHmax > Shmin (Anderson, 1951). The study area has an apparently great contribution of an 

also possible strike-slip stress regime, where the relationship between the principal stresses 

changes to SHmax ≥ Sv ≥ Shmin, with a difference between the two horizontal stresses 

dominating the deformation and resulting in strike-slip faulting (Anderson, 1951). This 

estimation of the tectonic regime might be biased by the interpreted faults. Nevertheless, these 

results are consistent with detailed observations from the seismic interpretation. The borehole 
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image log analysis is also consistent with these results. The drilled-induced tensile fractures 

(NW-SE, roughly parallel to present-day in-situ stress SHmax) and borehole breakouts (NE-

SW, roughly parallel to present-day in-situ stress Shmin) dip azimuths agree with these 

results. The uncertainties must be dealt with using different scenarios to better illustrate the 

stress changes during the tectonic evolution of the study area. The tectonic model may help us 

to know more about the Brazilian pre-salt carbonate reservoirs, specifically the Barra Velha 

Formation, which conceptual model is still unclear (e.g. Wright and Rodriguez, 2018). 

 

4.7. CONCLUSIONS 

 

In the fracture modeling study, we were able to produce a model that characterize 

the fractured zones discretized within the geological grid. In addition, these results might help 

to characterize the reservoir into one of the main types of Nelson’s (2001) classification 

through the understanding of the contribution amount of the matrix. This helps to predict the 

reservoir behavior and to test the conceptual model underlying the structural characterization. 

Our results support the following conclusions: 

1. The integration of the seismic interpretation of faults and main horizons (Upper Sag, 

Lower Sag, and Rift) with well log-derived fracture orientations allowed the 

construction of this model that can be used as a predictive tool to locate potential 

fractured regions in the field. 

2. The fault framework of the study area is characterized by regional fault structures that 

corroborate the in-situ stress field and the local far stress field. 

3. The dominant tectonic stress at each top of main reservoir sequence varies from the base 

to the top, between normal and strike-slip with different orientations for SHmax. The 

model is consistent with the borehole breakouts and drilled-induced fractures. 

4. The karst-related features characterized by seismic interpretation and multi-attribute co-

rendering indicate a potential increase of porosities for the reservoir. 
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5. CONCLUSIONS 

 

This thesis emphasizes the documentation of post-depositional structures in the 

Campos and Santos Basin. These structures include igneous sills, and related structures 

(forced folds, junctions, and vents), fractures and karst. With all that, one may be able to 

better constrain the geological studies with a focus on the characterization of reservoirs. The 

characterization of the magmatic sill geometries, related structures, faults, fractures, and karst-

related structures will certainly help to reduce the geological uncertainties before drill 

boreholes. Therefore, the type of predictive models that are able to perhaps close the gap 

between the expected seismic response of an intrusion and a prospective fractured and/or 

karstified carbonate or sand reservoir may be key to avoid negative exploration outcomes 

hence improving the success 

In seismic based studies is important to try to keep the analysis as much as simple 

and with the minimum interpreter bias. This, in turn, is extremely challenging because the 

evidence found on seismic must somehow be interpreted using some a priori background and 

geological or geophysical knowledge. 

The way this study was conducted may be applicable to similar geologic contexts 

in sedimentary basins worldwide, at least with the similar occurrence of the structures here 

identified. 

Combining the characterization of some of these structures, interpreters should be 

able to conduct a better constraining of carbonate reservoirs, both for the pre-salt and for the 

post-salt sedimentary successions within the Brazilian margin basins or in other basins. 

The Brazilian pre-salt reservoirs could benefit from a hypothesis where deep-

seated faults might act as of feeder systems. However, the vent-related fractures are sub-

seismic scale (Wright and Rodriguez, 2018). These types of structures may be recognized as 

sub-vertical seismic chimney-like structures, with a dominant low frequency content and 

reflectors occurring tilted upwards surrounding a reflection-free zone, which may indicate 

focused fluid flow (e.g. Hansen, 2006). That is why it is important to build predictive 

geological models taking into account the fractures. These carbonates may present an 

apparently independence between the sedimentary facies and the porosity and permeability. 

Therefore, it is plausible that fracture networks are controlling the distribution of porosity and 

permeability.  
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APPENDICES 

APPENDIX A – SEISMIC POLARITY DISPLAY CONVENTION 

 

Typical seismic response for a carbonate build-up and intrusive igneous rock. 

 

Fig. A1. The polarity convention according to the SEG standards (the American polarity). 

The typical seismic wavelet response of top and base of a carbonate build-up and the often 

seismic tuned reflection of an igneous intrusive rock. Most of the times, interpreters cannot 

distinguish the top and base contacts of the intrusion due to the side lobe effect of the wavelet. 
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APPENDIX B – SEISMIC VERTICAL AND HORIZONTAL RESOLUTION 

To calculate the vertical resolution of the seismic data it is necessary to first 

define an interval of interest, then measure the frequency content of that interval. If possible 

interpreters should estimate the velocity (often interval velocity) from the borehole data so it 

is possible to calibrate the seismic data. It should be interesting to assume an uncertainty and 

to work with possible ranges for the frequency content, which is often difficult to extract or 

measure without uncertainty. 

 

Fig. B1. Example from a seismic section from the study area 1 (Campos Basin) showing the 

frequency content and an estimated interval velocity for an igneous body, which can be used 

to compute the vertical resolution for an interval of interest. In the light of that, one may 

estimate the vertical resolution. This is from the Campos Basin study area.  
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The seismic horizontal resolution can be calculated using the Fresnel zone 

definition. To calculate the horizontal resolution it is also necessary to define the depth of the 

reflector under investigation. Therefore, this resolution will strongly depend on the depth, 

velocity, and dominant frequency. Commonly it is assumed a horizontal resolution from the 

lateral sampling of the seismic survey given by the CDP’s spacing. 

 

Fig. B2. Sketch of the Fresnel zone and the elements for calculating the seismic horizontal 

resolution (modified from Veeken, 2007).  
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APPENDIX C – WIRELINE LOG CHARACTERISTICS REGARDING THE 

VARIATION IN SILICA CONTENT OF IGNEOUS ROCKS 

Typical wireline log characteristics of gamma ray (GR), density (DEN), and 

compressional velocity (Vp) for different magmatic rocks regarding the silica content. 

 

Fig. C1. Summary of theoretical averaged values for well log properties of mafic to felsic 

volcanic rocks, characterized by low to high silica-content (% SiO2) respectively, based on 

Planke et al. (2000, 2005), Mavko et al. (2009), and Delpino and Bermúdez (2009). In this 

summary ultramafic rocks are not considered (<45% SiO2), expected to be denser and higher 

velocity rocks. To note that SiO2 does not totalize 100% due to the presence of other oxides 

in the composition of magmas. Low gamma ray values are associated with high density and 

velocity values. Although, there are volcanic rocks with high gamma ray values associated 

with low to high density values as well.  
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APPENDIX D – POST-STACK SEISMIC ATTRIBUTES USED IN THIS STUDY  

Some examples of the seismic attributes that were used in this thesis. 

 

 

Fig. D1. Time-slices, from the study area in Campos Basin, of (a) steered minimum similarity 

attribute, (b) dip-steering filter in the strike direction and maximum curvature attribute, and 

(c) dip azimuth attribute. 
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Fig. D2. Top Macaé Group surface with seismic attributes, from the study area in Campos 

Basin, of (a) steered minimum similarity attribute, (b) dip-steering filter in the strike direction 

and maximum curvature attribute, utilized in the structural interpretation. 
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Fig. D3. Synthetic and antithetic listric faults, accommodating tilted blocks and rollover 

systems, from the study area in Campos Basin. The internal reflection pattern shows an 

increase of the tilting degree of the reflectors downslope. This fault system is rooted at the 

Top of Salt. Note some of the basement faults at the similar position of the Albian fault 

system. The insert show (c) the dip section location overlying the Macaé Group dip-steering 

horizon. 
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Fig. D4. Fault surface lineaments strike direction and rose diagrams showing the azimuth for 

each fault set, from the study area in Campos Basin: (a) NNE-SSW occurring both in the East 

portion and in the Southwest portion of the area; (b) WSW-ENE comprised of the easternmost 

portion of the area; and (c) NE-SW widespread over the whole area. 
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Fig. D5. Seismic attributes used for highlighting discontinuities interpreted as faults from the 

study area in Santos Basin, for the 3D original (A) and filtered seismic data (B). Examples of 

depth slices of filtered attributes: azimuth (C), dip (D) and residual dip (E). Note the distinct 

pattern in the Sag (F) and Syn-Rift (G) sections.  
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APPENDIX E – WELL TO SEISMIC TIES METHOD 

The well-to-seismic tie method used in this thesis describes the traditional 

convolution of the reflectivity with a statistical (theoretical) or deterministic (extracted from 

the data) wavelet to produce a synthetic trace. This well and seismic calibration aims to relate 

the waveforms with stratigraphy and rock properties to provide a solid ground for quantitative 

seismic interpretation. The workflow used is described by the following steps: (1) quality 

control of the seismic quality and the well logs in order to apply corrections if needed; (2) 

determine a time-depth relationship per well; (3) estimate statistical and extract deterministic 

wavelets from the well locations; (4) generate synthetic seismograms; and (5) quantify the 

accuracy of the well-to-seismic tie. 

 

Fig. E1. Simplified flow chart used for the well-to-seismic ties in this thesis. 
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Fig. E2. Workflow for seismic forward modeling, to get synthetic seismograms, by predicting 

seismic from geology (modified from Zoeppritz, 1919). 

 

 

Fig. E3. Parameters used by RokDoc version 6.2.1.27 to run a quality control of the quality of 

well-to-seismic tie. T – The time window used for the analysis; L – The effective wavelet 

length, must be lower than the half of cross-correlation window. Typical 60-120 ms. RokDoc 

uses 124 as default. Smoother wavelets are generated with decreasing L; T/L – The time 
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window to wavelet length ratio, should be between 3 and 7 (5 is advisable); Phase error - 

Should be lower than 15º because this is an estimate of the likely phase error of the wavelet. 

In practice, phase errors vary with frequency of the seismic signal. Loss of phase error with 

increasing B; b – The analysis of bandwidth should be at least <B/2; B – The bandwidth of 

seismic data controls temporal (vertical) resolution. B controls the wavelet's resolving power 

and the detail available from inversion. A match that is coherent to the high frequency limit of 

B is good evidence of accurate log calibration and timing (log conditioning); b/B - should be 

in the range 0.25 - 0.5; PEP - proportion of energy predicted or predictability, should be high 

>70%. It is approximately the square of the cross-correlation coefficient between the synthetic 

seismogram and data; Cross-correlation – Should be high because it is representing the 

‘goodness-of-fit’. It is the cross-correlation at input range, between the synthetic and seismic 

data. 

 

 

Fig. E4. Cross plot between the seismic bandwitdh (B in Hz) and seismic time window (T in 

msec) that help to chose the combination of parameters for the wavelets extraction. Extracted 

from the software manual of RokDoc version 6.2.1.27.  
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APPENDIX F – COMMERCIAL SOFTWARES USED IN THIS THESIS FOR 

SEISMIC INTERPRETATION AND GEOLOGICAL MODELING 

The interpretation of the three-dimensional seismic data, generation of the post-

stack seismic attributes, well-to-seismic ties, tuning thickness analysis, borehole image log 

analysis, and fracture modeling, was carried out in several commercial software provided 

under academic licenses for the Institute of Geosciences, Center for Petroleum Studies, and 

laboratory of Geological Modeling of Reservoirs (MGR). Petrel versions 2015 and 2017 from 

Schlumberger, Kingdom version 2018 from IHS Markit, OpendTect versions 5.0.0 and 6.0.0 

from dGB Earth Sciences, RokDoc version 6.2.1.27 from IkonScience, and Interactive 

Petrophysics version 4.4 from Lloyd’s Register. 
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