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Abstract

Several studies have shown that the structural highs of
sedimentary basins host a large portion of the petroleum
reservoirs. The discovery of giant pre-salt oil fields drew
industry attention to the Cabo Frio High region, located
between the Campos and Santos basins on the Brazilian
Southeastern Margin. However, this region experienced
intense volcanism at ca. 50 Ma, which may or may not have
favored hydrocarbon and reservoirs preservation.
Therefore, detailed knowledge of the location of igneous
rocks in the interest area is fundamental to prevent
prospecting failures. In this context, this study presents a
detailed mapping of the Cabo Frio High and its recent
(post-salt) magmatism based on reflection seismic data,
exploratory wells, and magnetic data. The mapped post-
salt igneous features are widely distributed in the study
area in the form of volcanic cones, sills, magma conduits,
and hydrothermal vents. The stratigraphic position of this
magmatism shows a direct correlation with major post-
breakup magmatic events of the Brazilian Southeastern
Margin. This work demonstrates the efficiency of
combining seismic and magnetic analysis for mapping
igneous features, and discuss its importance to de-risk the
hydrocarbon reservoirs exploration in the Cabo Frio High
and Santos Basin.

Introduction

Basement highs are features commonly observed
along rifted margins and may constitute boundaries
between large sedimentary basins or occur as intrabasin
highs (Asmus and Baisch, 1983; Anders and Schlische,
1994; Withjack et al., 2002). The discovery of large oil
fields in basement highs around the world has drawn
attention to exploration in these areas (Landes et al., 1960;
P’an, 1982; Gutmanis, 2009; Peacock and Banks, 2020).

The prolific Campos and Santos basins were formed
between 130-112 Ma during the breakup of Gondwana
supercontinent and involved the deformation of the
metamorphic basement of the Ribeira Belt (Asmus and
Ponte, 1973; Campos et al., 1974; Szatmari and Milani,

2016). These basins experienced magmatic events during
and after the Gondwana breakup, sometimes preserved at
their structural highs (Almeida et al., 1996; Thomaz-Filho
et al., 2000; Gordon et al., 2023).

The Cabo Frio High (CFH, Figure 1) is a crystalline
basement high that separates Santos and Campos basins,
characterized by Precambrian metamorphic rocks of 1980
+ 18 Ma (Carmo et al., 2017). It is covered by igneous and
sedimentary rocks (Mohriak and Magalhdes, 1993). The
CFH presents widespread magmatism in different
stratigraphic levels related to the main magmatic events
that affected the margin from pre-rift, syn-rifte and post-rifte
phases (Mizusaki and Mohriak, 1992; Mohriak, 2003;
Moreira et al., 2006; Oreiro et al., 2008; Gordon et al.,
2023).The main magmatic event in the CFH started in the
Albian and reached its climax during the Eocene,
characterized by sills, dykes, volcanic cones and lava flows
(Mizusaki and Mohriak, 1992; Moreira et al., 2006; Oreiro
et al., 2008; Mohriak et al., 2021). This recent magmatism
(90-40 Ma) has an important impact for hydrocarbon
exploration, since it may or may not have favored the
reservoirs, besides its influence on the regional tectonic
and depositional evolution of these basins (Garcia, 2022).
The heat from these igneous intrusions can generate
contact metamorphism and transform pre-salt carbonates
into marble, decreasing their porosity and economic value
(Ren et al., 2019; Mohriak et al., 2021).

The confirmation of thick sequences of volcanic rocks
in several pre- and post-salt wells in the CFH and the
Santos Basin (Mizusaki and Mohriak, 1992; Mohriak, 2020;
Mohriak et al., 2021; Gordon et al., 2023) represents an
exploratory risk. The present work aims to map in detailed
the distribution, nature and geometry of igneous structures
at northern Santos and the CFH, based on integrated high
resolution 3D seismic reflection, gravity and new
aeromagnetic data.

Exploration of unconventional reservoirs in pre-salt
basins

Unconventional oil reservoirs from volcanic rocks are
not the most attractive to the industry, but the discovery of
important reservoirs around the world in many sedimentary
basins has drawn attention for the exploration of these
petroleum systems (Zou et al., 2013). Igneous rocks can
act as reservoir rocks, sealants, structural traps or provide
heat for maturation of the organic matter (Eiras and
Wanderley Filho, 2003; Thomaz-Filho et al., 2008; Liu et
al.,, 2012), although specific conditions are required for
good potential reservoirs, such as adequate porosity and
permeability (Sruoga et al., 2004). Brazil has successful
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examples of oil fields in fractured Lower Cretaceous
basalts in the Campos Basin, at the Badejo and Linguado
structural highs (Tigre et al., 1983; Mizusaki et al., 1988;
Marins et al., 2022).

The CFH region shows recent exploratory interest by
the oil and gas industries and two exploratory blocks were
offered by the National Petroleum Agency (ANP) in 2017,
the West and Central CFH. The exploratory wells 1-SHEL-
31-RJS and 1-BRSA-1383A-RJS indicated the presence of
oil in CFH blocks (ANP, 2021; PETROBRAS, 2022).
Toward of the shelf break, the exploratory well 1-RJS-685A
drilled the Precambrian basement and thick volcanic
sequences (Louback et al.,, 2021; Mohriak et al., 2021;
Gordon et al., 2023) with evidence of CO2 and oil (ANP,
2021; De Freitas et al., 2022). According to Abelha (2017),
the seismic facies at the CFH blocks are very similar to
those observed in the prolific Lula and Buzios pre-salt
reservoirs at the Santos Basin. Thus, in order to de-risk the
exploratory potential of the CFH, it is crucial to map the
magmatic rocks distribution and understand the
relationship between these and the sedimentary deposits.
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Figure 1: Regional map with the location of the study area
(red dashed rectangle) on the grid of the predicted
bathymetry of GEBCO (Weatherall et al., 2018). Continent-
Ocean Boundary (COB) location from Zalan et al. (2011),
dike swarms and sedimentary basins (ANP, 2019; CPRM,
2022).

Data and Methods

We used 2D and 3D seismic provided by ANP time
migrated survey and the public well 1-RJS-685A (Mohriak
et al., 2021).The seismic attributes sweetness, structurally
oriented filter and tecVa (Bulhdes and De Amorim, 2005)
were applied to highlight amplitude contrasts and support
the interpretation of igneous features.

In addition to seismic and well data, this work used
the Reduced to the Pole (RTP) aeromagnetic grid (Stanton
et al., 2019). The study of magnetic anomalies can assist
in seismic interpretation, since it allows to infer the location,
depth and nature of subsurface sources (Stanton et al.,

2010). The first vertical derivative filter was applied to the
RTP grid in order to highlight the shallower magnetic
sources (for more detailed methodology see Garcia, 2022).

Results and Discussion

We mapped in detail the morphostructure of the CFH
and the spatial distribution of the post-salt igneous
features. The rift section is not observed in the uppermost
part of the CFH, where there is a thin layer of post-rift
deposits (carbonate rocks intercalated with igneous and
shales, Figure 2), which increases in thickness towards the
Campos (East) and Santos (West) Basins indicating that
this high formed during Early Cretaceous.

The seismic analysis evidenced volcanic cones,
magmatic conduits and numerous widely distributed sills
emplaced during post-Aptian and Upper Cretaceous
events (VOLC 1, Figure 2). Some volcanoes exhibit a lower
acoustic impedance than the host rock and chaotic internal
reflectors. The sills, on the other hand, are characterized
by high-amplitude distributed in saucer-shaped and
parallel-layers geometries, which may be indicative of a
denser composition.

The first vertical derivative of the RTP (1dZ RTP) map
highlighted the presence of magnetic anomalies of high
frequencies over the CFH, which are related to shallow
magmatic sources. These anomalies show a direct
correlation with the location of igneous features like sills
and volcanoes mapped from seismic data (Figure 3).

The observed vertical and subvertical structures
connecting sills are possibly related to magmatic conduits
and/or hydrothermal vents. They may represent part of the
igneous plumbing system, like pathways that led to the
formation of the numerous volcanic structures (Figures 2
and 3).

Conclusions

We present a detailed mapping of the
morphostructure and post-salt magmatism of the CFH. The
tectonostratigraphic analysis suggests its formation during
the main post-breakup magmatic events, between 90 to 40
Ma, in accordance with Mizusaki and Mohriak (1992),
Oreiro et al. (2008) and Mohriak et al. (2021).

The positive magnetic anomalies showed a high
correlation with the spatial distribution of igneous features
identified in seismic data. This demonstrates the efficiency
of this method to identify the presence of subsurface
magmatic sources in the basin assisting the seismic
interpretation and constraining areas of higher potential
risk.

Given the widespread recent magmatism in the CFH,
the exploration is strongly impacted and de-risk analysis is
essential. The volcanic rocks observed in the pre-salt may
have high potential for oil generation, as observed in areas
adjacent to the CFH (Linguado and Badejo fields). The
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complexity of these unconventional systems makes in-
depth knowledge of this magmatism crucial for exploration
success.

The next steps of this work will involve mapping the
igneous and tectonic structures at northern Santos Basin
and the outer Cabo Frio High.
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Figure 2: (A) Seismic section in the CFH drilled by the
exploratory well 1-RJS-685A. The location can be seen in
Figure 1. (B) Zoom view of previous seismic section
displaying vents, sills and magmatic conduits.
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Figure 3: The 1 dZ map of RTP with the CFH boundary
and the georeferenced location of the igneous features
interpreted in this work through seismic.
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