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ABSTRACT 

The formation of rifted margins involves the deformation of pre-existing lithosphere whose 
rheological and mechanical behavior during extension is complex since it is the product of 
numerous earlier tectonic events. In this work we investigate the Campos Rifted Margin (CRM) 
architecture, with the aim of exploring the role of basement inheritance and early magmatism 
on margin evolution. We present a new compilation of high resolution aeromagnetic data, 
integrated with seismic interpretation and crustal thickness from 3D gravity inversion, to 
resolve margin architecture, ocean-continent transition (OCT) structure and the oceanward 
extent of continental basement. We examine the lateral variation of crustal rheology, necking 
geometry and rift segmentation, revealing striking spatial heterogeneities that separate three 
distinct sectors along the Campos margin. The basement of the Campos Rifted Margin consists 
of Precambrian/Eo-Paleozoic Ribeira Belt (RB) and the easternmost Cabo Frio Tectonic Domain 
(CFTD) whose Neoproterozoic-Cambrian nappes and thrusts are well preserved offshore and 
give a rheologically layered crust. This pre-rift basement configuration, along with the 
Mesozoic magmatism, has resulted in different crustal responses to extension which vary from 
north to south. It influenced the temporal and spatial distribution of deformation, and as a 
consequence, the necking geometry, subsidence and sedimentary evolution of the margin. We 
show that the Campos basin evolution was controlled by crustal inheritance corresponding to 
that observed in onshore basement terranes. The more massive basement of the northern 
Campos basin can be correlated with the post-collisional Cambro-Ordovician magmatic 
province of the Aracuai belt that partially obliterated the earlier orogenic structures. The lack of 
a structured crust localized the strain generating the observed narrow necking zone. In 
addition, its more mafic composition resulted in a competent crust which also influenced the 
rifting processes. In contrast the basement of the central and southern Campos margin, 
represented by the Cabo Frio Tectonic Domain, is structurally and petrologically distinct from 
the Aracuaí Belt and has  layered orogenic crust which responded differently to rifting stresses 
forming the observed wide necking zone. We propose that the Campos Rifted Margin evolved 
from a pre-rift complex inherited rheology which dominated the first stages of rifting. However 
once the crust was highly extended, the deformation was nearly synchronous regionally, 
leading to giant salt basin formation and breakup. 

 



1. Introduction 

The way in which continental lithosphere deforms in response to tectonic stresses is a 
consequence of its rheology and thermal state (Kusznir and Park, 1987). Continental accretion 
processes produce a complex lithospheric architecture, with diverse compositional domains, 
which have different rheological and mechanical behaviors during continental breakup and 
rifted margin formation. In order to examine such complexity, it is important to understand 
the initial pre-rift conditions. However this is usually difficult to access since margins lie in deep 
water with limited basement drill data. Several previous studies have focused on the role of 
inheritance during continental breakup using both direct and indirect observations (Chenin et 
al., 2015). It has been proposed that inheritance plays an importance role in controlling the 
formation of rifted margins, defining the distribution and localization of deformation, the 
ocean-continent transition (OCT) architecture and magmatism (Dunbar and Sawyer, 1989; 
Allemand and Brun, 1991; Tomasi and Vauchez, 2001).  

Numerical and analog models show that the pre-rift condition of the lithosphere directly 
affects its response to extension (Corti et al., 2010), exerting first-order control on the thinning 
process (Duretz et al., 2016) and guiding the crustal faulting style (Cappelleti et al., 2013; Brune 
et al., 2016). According to Huisman and Beaumont (2010) variations in depth-dependent 
extension can result from different lithosphere rheologies. Studies suggest that the 
brittle/ductile ratio controls the formation of wide versus narrow rifts (Buck, 1991; Sutra and 
Manatschal, 2012), ductile layer flow can determine where rift basins form at the surface 
(Whitmarsh and Manatschal, 2012), and the presence of magmatism (underplating) may 
influence strain localization (Callot et al., 2002; Gernigon et al., 2004; Yamasaki and Gernigon, 
2009) and subsidence. The thermal structure of the lithosphere at the time of rifting and the 
kinematics in relation to basement fabric also fundamentally influence the final rift 
architecture (Brune et al., 2016). 

The Campos Basin, located on the Southeastern Brazilian margin of the South Atlantic (Fig. 1), 
formed during Early Cretaceous rifting of western Gondwana. Its initial evolution is regionally 
well constrained (Guardado et al., 1989; Chang et al., 1992), although a detailed investigation 
of spatial crustal architectural variations is lacking. Its pre-breakup history involves a complex 
geological evolution where the lithosphere registered successive tectonic cycles, creating an 
initial pre-rift “canvas” which is not a simple compositional or rheological layer-cake.  

This paper presents new geophysical data that highlights the crustal structure, segmentation 
and magmatism of the Campos rifted margin. Our results reveal differences from south to 
north in OCT structure and volcanism which are related to changes in breakup deformation, 
lithospheric inheritance and regional plate kinematics. We present evidence of deep crustal 
discontinuities and magmatism and discuss their implications for the evolution of the SE 
Brazilian Margin. 

 



2. Campos margin geological framework  

2.1 The crystalline basement 

The Campos margin basement developed over Precambrian-Early Paleozoic terranes, well 
constrained onshore, known as the Ribeira/Araçuai belts and the Cabo Frio Tectonic Domain 
(CFTD) (Fig. 1). 

During the Neoproterozoic-Cambrian amalgamation of western Gondwana blocks, the 
convergence of the São Francisco and Congo/Angola cratons formed the Ribeira and Araçuai 
orogenic belts (Fig. 1). Although Ribeira (transpressional) and Araçuaí (westward thrust of 
allochthonous units) have differences in tectonic fabric (NE-SW and N-S oriented respectively – 
following the São Francisco craton boundary, Fig. 1) and strain regimes, they were formed 
during the same tectonic events (ca. 0.65 – 0.5 Ga), and can be considered as two segments of 
the same orogenic belt (Heilbron et al., 2004; Pedrosa Soares et al., 2001, Degler et al., 2017; 
Egydio-Silva et al., 2018). Both belts exhibit similar pressure and thermal metamorphic regimes 
(granulite and amphibolite facies), and display structural continuity without a clear boundary 
between them (Egydio-Silva et al., 2018 - Fig. 1). One striking difference among the belts is the 
large volume of Cambro-Ordovician magmatism on the Aracuaí sector, representing a late to 
post tectonic environment (De Campos et al., 2016). 

In addition, the Ribeira belt shows two distinct domains: Occidental and Oriental (Heilbron et 
al 2004 – Fig. 1). The Occidental terrane is comprised of Paleoproterozoic basement and 
Neoproterozoic supracrustals deformed and metamorphosed, interpreted as the paleomargin 
of the Sao Francisco Craton reworked during the Brasiliano events. The Oriental terrane, to the 
east, is comprised only of Neoproterozoic units, mostly supracrustals intruded by magmatic 
rocks from 620-480 Ma (Fig. 1). Both terranes have a NE-SW structural grain and a 
metamorphic pattern of high temperature and low pressure. Heilbron et al. (2004) defines a 
suture zone in between these domains, the Central Tectonic Boundary (Fig. 1). 

 The Cabo Frio Tectonic Domain (CFTD), east of the Ribeira Belt, has contrasting characteristics 
when compared to the Oriental Terrane (Fig. 1). It has no Neoproterozoic-Cambrian magmatic 
rocks, being comprised of Paleoproterozoic gneisses (ca. 2.0 Ga) tectonically interleaved in a 
ductile regime with Neoproterozoic gneisses (ca. 0.6 Ga). Both units were metamorphosed at 
higher pressure than the Oriental Terrane, ca. 14 kbar, in the same temperature conditions, ca. 
850 oC .   The tectonic event that affected the CFTD occurred at the end of the Neoproterozoic 
and the beginning of the Cambrian (ca. 0.54-0.50 Ga - Schmitt et al., 2004), 50 My younger 
than the Ribeira belt. The structural grain of the CFTD is oriented NW-SE, orthogonal to the 
rest of the Ribeira belt (Fig. 1). The Neoproterozoic unit of volcano-sedimentary protoliths 
display penetrative foliation with several generations of folding. The Paleoproterozoic rocks, 
with plutonic protoliths, developed deformation partitioning with low strain sectors preserving 
primary igneous structure. Near the contacts with the Neoproterozoic gneisses, these 
Paleoproterozoic rocks are foliated, folded and partially melted (migmatites). These contacts 
are interpreted as fold nappes and high strain shear zones that superpose the Neoproterozoic 
meta volcano-sedimentary rocks over the Paleoproterozoic basement (Schmitt et al., 2016). 



All these differences between the CFTD and the Oriental Terrane are interpreted as indicating 
that these terranes represent distinct tectonic plates at the end of the Neoproterozoic 
separated by a suture zone (Schmitt et al., 2016 – Cabo Frio Tectonic Limit-Fig. 1). The last 
continental collision event, the Buzios Orogeny, is considered to result from the closure of an 
oceanic domain due to a subduction towards the NW, suturing the São Francisco and 
Congo/Angola cratons during Gondwana amalgamation (Schmitt et al., 2004, 2016). The 
Paleoproterozoic gneisses of the CFTD are interpreted as the paleomargin of the Congo-Angola 
craton. 

In summary, the Cabo Frio Tectonic Domain is distinct from the rest of the Ribeira\Araçuaí 
belts (Fig. 1) and it has been proposed that they represent different tectonic plates that 
amalgamated in the Neoproterozoic during the Buzios Orogeny (Schmitt et al., 2016).  

2.2. The sedimentary record  

The stratigraphic record of the Campos Basin is divided into three main units (Chang et al., 
1992; Winter et al., 2007). The Rift section is represented by three sequences from the 
Hauterivian to Early Aptian, comprising up to 5000 m of volcanic and sedimentary rocks. The 
Hauterivian sequence is composed of volcanic rocks (Cabiunas Fm.) and minor silicilastic rocks. 
The Barremian to Early Aptian rift sequences are siliciclastic deposits, lacustrine carbonates 
and shales (Lagoa Feia Gr.), the latter considered to be the main source rock and the 
carbonates considered to be a good reservoir for hydrocarbons. The late-rift stage consists of 
Middle to Late Aptian transitional siliciclastic and carbonates rocks (the pre-salt reservoirs), 
and evaporites (Retiro Fm.), which exhibit pillows, domes and salt wall structures (Winter et 
al., 2007). The post-breakup drift sequences were greatly affected by salt tectonics (Winter et 
al., 2007) and magmatism, comprising: (1) Albian–Cenomanian carbonates and silicilastic 
sediments deposited in a neritic environment; (2) a transgressive marine system, from 
Turonian to Eocene, of siliciclastic rocks and marls; and (3) coarse-grained sandstones, 
platform carbonates and distal mudstone sedimentary beds (Chang et al., 1992).  

2.3. Onshore and offshore Meso-Cenozoic magmatism  

On the Southeast Brazilian margin, the onset of rifting at the Early Cretaceous was 
accompanied by extrusive and intrusive magmatism, recorded as tholeiitic dike swarms 
onshore (Deckart et al., 1998; Guedes et al., 2005; Valente et al., 2007) and flood-basalt at the 
base of the rift sequence offshore (Misuzaki et al., 1998; Fodor et al., 1984; Guardado et al., 
1989; Lobo, 2007) (Fig. 2). The Campos Basin recorded a secondary magmatic cycle during the 
Upper Cretaceous-Early Tertiary (Misuzaki et al., 1992); at the Cabo Frio High it is represented 
by volcanic plugs, dikes and intrusive bodies (Oreiro et al., 2008). The age span of Campos 
Basin basalts attest for recurrent magmatism, with peak activity between 128-120 Ma, coeval 
with early crustal extensional events (Savastano et al., 2017).  

Recent isotopic, geochemical and chronological analyses suggest that the sources for Campos 
basin basalts are compatible with an enriched mantle, that might be related to Neoproterozoic 
subduction and associated sediment metasomatism (EM1 mantle source of Zindler and Hart, 
1986), during Gondwana amalgamation (Lobo, 2007; Carvas, 2016). Valente et al. (2007) 



propose a distinct mantle for the CFTD, in relation to the Oriental Terrane, based on distinct 
geochemistry of the basic Cretaceous magmas.  

At the conjugate Angola margin in the onshore Kwanza Basin there is evidence of magmatism 
dated from 131-126 Ma (Marzolli et al., 1999) which is coeval with the Campos Basin and 
adjacent Serra do Mar magmatism (Deckart et al., 1998; Siedner and Mitchel, 1975), indicating 
a regional magmatic event during early rifting.  

 

3. Data and methods  

3.1. Magnetic anomaly data  

The magnetic data used in this work comprises eight different aerosurveys (see supplementary 
material Fig. S1 for survey location) from the Agência Nacional de Petróleo (ANP) public 
domain database. The data processing was carried out using Oasis Montaj V9.0. The individual 
survey acquisition parameters are: App040 (1969, 300 m flight height, variable line spacing and 
direction); CPRM-RJ (1978, 150 m flight height, N-S direction, 1000 m line spacing); App270 
(1999, 500 m flight height, 3000 m line spacing, N30oW direction); Mag1 (2002) and Mag2, 
EMAG01-BS-500 and EMAG01-BS-400 (1999, 150 m flight height, 1000 m line spacing, N30oW 
direction); EMAG01-BM-S-4 (1999, 300 m flight height, other parameters same as previous 
survey.  

Due to their acquisition differences, each survey was treated separately for removal of the 
Regional Magnetic Field (IGRF models). Afterwards they were leveled, re-projected to the 
same coordinate system, interpolated at 500 x 500 m interval and individually upward 
continued to 500 m altitude. Finally, all grids were knitted together using the suture method, 
trending to each other. The result consists of a high resolution total magnetic anomaly grid 
(Fig. 3a). As the available aerodata is insufficient to cover regionally the study area, we have 
filled the distal margin gaps with the marine magnetic data of Quesnel et al. (2009), upward 
continued at 500 m altitude (Fig. 3a).  

In order to enhance lateral contrasts and separate shallow from deep sources, we have applied 
various transformations. We have upward continued the magnetic field to 10 km height (Fig. 
3b) to eliminate short wavelengths associated with shallow sources. We determine the tilt 
angle (Miller and Singh, 1994), consisting of the ratio of the vertical and horizontal derivatives, 
for identifying regional trends (Fig. 3c) so that both deep and shallow sources are equally 
represented. We also show the analytic signal map which is useful to help locate magnetic 
sources (Fig. 3d).  

3.2. Seismic data and wells  

The Campos Basin seismic reflection data set comprises approximately 50 long-offset 2D 
seismic lines and 30 exploratory wells, courtesy of ANP. To illustrate the crustal architecture 
we selected three key regional seismic sections (Northern, Central and Southern transects) 
(locations in Fig. 1). Seismic attributes and post-stack processing techniques were applied 
consisting of structurally oriented filters, instantaneous amplitude and semblance. The depth 



conversion of the interpreted seismic horizons made use of the following values compiled from 
well sonic logs and check shot information: 1) constant velocity of 2800 m/s for the 
sedimentary section, 2) constant velocity of 4200 m/s for the salt layer, 3) a vertical 
proportional distribution of interval velocities ranging from 3800 to 7800 m/s for the rift and 
basement units.  

3.3 Gravity inversion  

Regional crustal basement thickness has been determined using 3D gravity inversion which is 
carried out in the spectral domain and incorporates a lithosphere thermal gravity anomaly 
correction. The gravity inversion technique used is described in detail in Chappell and Kusznir 
(2008) and Alvey et al. (2008). It is important to include a correction for the lithosphere 
thermal gravity anomaly because of the elevated geotherm of ocean basin and rifted 
continental margin lithosphere; failure to do so leads to an over-estimate of Moho depth and 
crustal basement thickness. Applications of this gravity inversion technique to investigate 
rifted margin OCT structure are described in Cowie et al. (2015) for the Iberian margin and 
Cowie at al. (2015, 2016) for the Angolan margin.  

Maps of regional free-air gravity anomaly and the resulting map of crustal basement thickness 
derived from gravity inversion, using public domain input data, are shown in Fig. 4. This input 
data consists of bathymetry (Smith and Sandwell, 2009), satellite free air gravity anomaly 
(Sandwell and Smith, 2009) and sediment thickness (Divins, 2003). Of these input data, the 
least reliable is the sediment thickness. The lithosphere thermal gravity anomaly correction 
requires information on the cooling age of ocean and rifted continental margin lithosphere. 
For the cooling time of oceanic lithosphere, ocean isochrons from Mueller et al. (2008) are 
used while for Campos continental margin lithosphere, a breakup age of 110 Ma has been 
used (Torsvik et al., 2009). Sediment densities used within the gravity inversion are assumed to 
be compaction controlled (Chappell & Kusznir, 2008) and assume a shaly-sand lithology 
(except for salt). 

Fig. 4b shows crustal basement thickness approaches 30 km or more at the coast, which then 
reduces distally towards the deep ocean in the east. Predicted crustal thicknesses within the 
oceanic domain range from 5 to 15 km. These larger values may correspond to anomalously 
thick oceanic crust or, more likely, normal thickness oceanic crust with subsequent 
superimposed intraplate magmatism. Within the OCT regions, the width of the transition from 
proximal thick to distal thin crust can be seen to decrease northwards.  

As already mentioned, the public domain sediment thickness used to produce the crustal 
thickness map shown in Fig. 4b has the largest uncertainty. While the crustal thickness map 
shown made from gravity inversion using public domain sediment thickness gives a useful 
regional overview, more accurate sediment thickness data would provide a more accurate 
crustal thickness prediction from gravity inversion.  

As a consequence, the seismic profiles shown in Fig. 5 have been used to produce improved 
sediment thickness for the northern, central and southern profiles. This more accurate  
sediment thickness has been used in the gravity inversion to produce improved 
determinations of Moho depth and crustal basement thickness for the three  Campos rifted 



margin profiles. It is important that the gravity inversion using the more accurate sediment 
thickness from the seismic profiles is carried out in 3D rather than using 2D modelling. 3D 
inversion allows for the regional (non 2D) variations in bathymetry and free-air gravity 
anomaly to be properly incorporated in the gravity inversion and also the 3D long wavelength 
lithosphere thermal gravity anomaly correction. 2D modelling of individual profiles introduces 
significant errors and should be avoided where possible. The free-air gravity anomaly data 
from satellite altimetry is preferred to ship derived gravity data because it is laterally more 
extensive and, at the longer wavelengths (>50 km) used in the gravity inversion to determine 
Moho depth, has been shown to be as accurate as ship derived data.  

The crustal cross-sections for the three profiles, with Moho from the improved gravity 
inversion, are shown in Fig. 6a, displaying the distribution of crustal basement thinning across 
the OCT. The benefits of using sediment thicknesses derived from the seismic reflection data 
rather than from the global public domain sediment thickness compilation are greater detail 
and less uncertainty in top basement geometry and an improved Moho depth and crustal 
basement thickness derived from gravity inversion (cross-sections are compared in 
supplementary material Fig. S2).  

Sensitivity tests of how ocean isochrons (from Mueller et al., 2007) are used to condition the 
thermal model for the determination of the lithosphere thermal gravity anomaly correction 
have been carried out. Our preferred gravity inversion model uses an oldest ocean isochron 
and breakup age of 110 Ma. The sensitivity tests show that using 100 Ma or 120 Ma does not 
significantly change the Moho depths determined from gravity inversion for the three profiles 
(sensitivity tests are shown in supplementary material Fig. S3).  

The seismic reflection sections show the presence of Aptian salt. Inclusion of the salt horizon 
(with density 2200 kg/m3) in the sediment density model used in the gravity inversion makes 
little difference to Moho depth and crustal basement. This is consistent with  what has been 
previously observed in other salt basins (e.g. Cowie et al., 2015, Steinberg et al., 2018) and is 
because the salt has often risen to its depth of neutral buoyancy within the sedimentary 
column whose density increases with depth because of compaction.  

The crustal cross-sections shown in Fig. 6a derived from gravity inversion using seismic 
reflection sediment thicknesses also show differences in OCT structure between the northern, 
central and southern profiles. The northern profile shows a relatively abrupt oceanwards 
thinning of the crust while the central and southern profiles show a more gradual decrease. 
The significance of these different OCT structures will be discussed later. 

The seismic sections (Fig. 5) shows some deep reflections which could be interpreted as being 
from the Moho, however they are discontinuous and indistinct. In order to compare the Moho 
depths predicted from gravity inversion with the Moho interpretations on the seismic sections, 
we have converted the Moho depths from gravity inversion into time sections (TWT). The 
conversion of gravity Moho depth to TWT has been made by converting the thickness of 
crustal basement from gravity inversion into interval TWT and adding it to the TWT of top 
basement (which was also used to determine sediment thickness). A seismic velocity of 6530 
m/s has been used for crustal basement in the conversion to TWT. This seismic velocity 
corresponds to the crustal basement density of 2850 kg/m3 used in the gravity inversion as 



predicted by the Nafe-Drake relationship between density and seismic velocity (Ludwig et al., 
1970). Fig. 6b shows the comparison of the seismic interpretations of Moho with the predicted 
TWT of gravity Moho. The comparison is generally good and suggests that the seismic 
reflection data is able to image Moho in some places. The seismic Moho has a TWT of 
approximately 10 sec. which is consistent with that generally proposed by Warner (1987).  

 

4. Results – Identification of OCT domains  

The crustal architecture of the Campos rifted margin shown on the three profiles (Fig. 5 and 6) 
displays important variations from south to north. Four major crustal domains have been 
identified and named as Proximal, Necking zone (NZ), Distal Highly Extended Domain (HED), 
and Embryonic Oceanic Domains (EOD, for margin nomenclature, see Stanton et al., 2016). 
Each domain has specific crustal basement thickness (from gravity inversion), magnetic and 
seismic signatures that characterize its nature and define inter-domain boundaries.  

4.1. Regional magnetic and crustal thickness anomalies  

From the coast, two high amplitude magnetic anomalies are observed: the Campos and Santos 
Magnetic Highs (CMH and SMH respectively, Stanton et al., 2010; Stanton and Schmitt, 2015) 
along the proximal margin of the southern Campos and northern Santos basins (Fig. 3). They 
exhibit NE-SW trends and are associated with Moho highs (Fig. 5), forming a nearly continuous 
lineament from Santos to Campos basins, with amplitudes ranging from 200-600 nT. The highs 
display both short (<10 km) and long wavelength anomalies oriented NNE-SSW (Fig. 3b and c, 
respectively), which are absent north of 22oS. 

The CMH magnetic signature can be correlated with the CFTD anomaly pattern onshore, 
where short-wavelength, high amplitude anomalies are observed, mainly related to granitoids 
and Mesozoic dikes (Stanton et al., 2010). Offshore, the CMH is coincident with the location of 
drilled basalts (Fodor et al., 1983; Mizusaki et al., 1998) (white circles in Fig. 3), assigned as lava 
flows and dated between 128-122 Ma. Potential field modeling suggests the presence of both 
shallow and deep mafic igneous sources associated with these highs (Stanton et al., 2010) 
which is also supported by the upward continuation and the analytic signal of the magnetic 
anomalies maps (Fig. 3b and d, respectively). A proximal regional lineament is associated with 
the CMH and SMH, prolongating from the central Santos to Campos basins and displays 
similarities with the G Anomaly (Rabinowitz and Labreque, 1979) identified to the south of the 
Rio Grande Fracture Zone, which was associated with volcanic rocks (seaward dipping 
reflectors). 

A distal positive lineament (circa 300 nT) is observed trending N70oE in the southern Campos 
(white dotted lines in Fig. 3) and NNE in the Central and Northern Campos segment, here 
named SouthEast Magnetic Anomaly (SEMA). The change in its trend direction is accompanied 
by an inflexion of the crustal thinning as well (Fig. 4). The proximal and distal magnetic highs 
trends are all interrupted by a large ENE-WSW oriented negative zone (Fig. 3) that 
corresponds, on seismic data, to a zone of subvertical normal faults. It shifts right-laterally the 
positive trends resulting on en echelon pattern, suggesting a tectonic segmentation. Seawards 



from the SEMA, high amplitude and short wavelength anomalies characterize a pattern similar 
to oceanic crust (number 3, Fig. 3). In the northern Campos a conspicuous NW-SE negative 
trend is observed (black dotted line in Fig. 3), which is aligned with the Vitoria-Colatina Dike 
Swarm (VCDS) (Aristizábal, 2013, number 4 in Fig. 1). The crustal necking location from the 
gravity analysis is represented as a blue dotted line in Fig. 3 for comparison with the magnetic 
pattern. 

4.2. Crustal domains  

• The proximal domain  

The proximal domain of Campos rifted margin exhibits contrasting geophysical signatures 
between the southern and northern segments (Fig. 3, 5 and 6). On the Southern Campos 
margin the initial crustal thickness from gravity inversion is circa 35 km (Fig. 6). The Campos 
Magnetic High (CMH) at the continental shelf coincides with a region of Moho rise (Fig. 5 and 
6) and drilled Early Cretaceous basalts (white circles at Fig. 3). The middle and lower crust 
display high reflective-large-scale folds. A deep and reflective seismic layer is observed 
between 9 and 10 seconds (Fig. 5), which coincide with the gravity inversion Moho (Fig. 6). As 
this deep reflectivity is associated with potential field anomalies and superficial basaltic layers, 
it might indicate magmatic intrusions at depth.  

On the Central Campos margin, the upper crust displays a reflection free seismic pattern (Fig. 
5), while the middle and lower crust display sub-horizontal high amplitude and concave-up 
reflectors (see detail in Fig. 7c), with two different genetic set of faults: 1) an upper crust syn-
rift fault system, and 2) a middle/lower crust low angle-west dipping reverse fault systems, 
probably Precambrian (Fig. 7c). As observed on sections S and C, the middle to lower crust is 
characterized by a highly reflective basement, with a structural pattern similar to the folded 
nappes observed in the CFTD (Schmitt et al., 2016; Fig. 1). 

On the Northern Campos margin the Proximal Domain is narrow (<40 km) and it is not 
associated with magnetic anomalies (Fig. 3). The initial crustal thickness is circa 35 km (Fig. 6) 
and has poor basement reflectivity (Fig. 5). Deep crustal reflectors exhibiting dome shape are 
observed that resemble deep shear zones. 

• The necking zone  

The crustal Necking Zone (NZ) of a margin is where the extension and crustal thinning localize. 
The NZ is shown in Fig. 3 as a blue dotted line. On the Southern and Central Campos margins, it 
is characterized by positive magnetic anomalies (Fig. 3), differing from the Northern Campos 
margin, where no magnetic anomalies are observed. A gentle and progressive crustal thinning 
is observed, and middle and lower crust exhibit a series of concave-up reflectors separated by 
low angle structures (Fig. 5). The upper crust shows syn-rift tilted fault blocks. Section S images 
a structural high with reflection free pattern at the beginning of the NZ, which coincides with 
the CMH and drilled basalts, suggesting a volcanic construction (Fig. 7a). Seawards a large 
structural high (~30 km wide) also displays reflection-free seismic facies similar to igneous 
bodies (Fig. 7b)) which may indicate that extension was accompanied by magmatism.  



On the Central Campos margin crustal thinning (Fig. 5 and 6) is distributed along two main 
zones, with intracrustal reflectors dipping towards the basin at middle crust (Fig. 7c). A massive 
texture is observed for the upper crust. Seawards an abrupt basement deepening coincides 
with deep reflectors rising sharply, leading to extreme crustal thinning in the Distal Highly 
Extended Domain (HED). Between the Central and Northern Campos margin segments, a 
marked difference in basement texture is observed, as shown in detail at Fig. 8b. On the 
Northern Campos margin the upper crust shows a homogeneous pattern (Fig. 5), the top 
basement deepens steeply leading to a rapid crustal thinning and localization of the 
deformation. It displays highly reflective horizons at depth that correlates with a subtle rise of 
the Moho predicted from gravity inversion. The crustal thickness map indicates a northwards 
crustal thinning axis towards this area (Fig. 4) of the Campos margin.  

 • The distal highly extended domain (HED)  

On the Southern Campos margin the HED is located seawards of a volcanic high (fig. 5) and 
crustal thickness decreases to circa 9 km (Fig. 6). It is characterized by a magnetic low (Fig. 3), 
suggesting an absence of magmatism. A regional negative lineament trending NE-SW (marked 
by a zone of negative value to the north of SEMA) corresponds on the seismic data to a sub-
vertical fault zone dipping to NE, representing a crustal discontinuity. Seawards the magnetic 
pattern displays short wavelength lineaments, similar to oceanic crust (anomaly 3 in Fig.3). The 
basement and sub-salt sequence are poorly imaged due to the thick salt layers. On Section S, 
the COB is not imaged and the oceanic domain lies within an area of post rift magmatic 
activity.  

The Central Campos margin is characterized by large continentward tilted blocks, filled with 
thick syn-rift sequences (Fig. 5) and no associated magnetic anomalies (Fig. 3). The COB 
corresponds to an outer high overlain by allochthonous salt, displaying increasing magnetic 
anomalies seawards. A thin oceanic crust is observed and shows two-layers with an upper 
layer displaying faults dipping downwards to the ocean (Fig. 8b). It evolves seawards into 
normal thickness oceanic crust.  

On the Northern Campos margin (Fig. 5 and 6), the HED is circa 120 km wide and displays tilted 
blocks covered by thick syn-rift sequences. The COB is represented by an outer high onto 
which the first oceanic crust abuts with normal thickness. The overlying allochthonous salt-
tongues end abruptly. A magnetic high marks the COB, and magnetic lineaments trends inflect 
seawards to NNE (Fig. 3) suggesting a transition to the oceanic domain.  

 

5. Discussion  

5.1. The role of basement inheritance on Campos rifted margin architecture 

The Campos rifted margin (CRM) shows marked differences in key architectural elements from 
south to north, which correlates with changes in crustal composition, age, structure and 
magmatic activity, as shown in Fig. 9 and 10. 



The proximal and necking zones display variations along strike in magnetic anomalies and syn-
rift magmatic rocks abundance, especially at the Southern and Central segments which exhibit 
important magmatic activity evidenced also from seismic data and deep wells that perforate 
syn-rift volcanic rocks. On the contrary, no first-order magnetic anomalies or magmatic rocks 
are observed in the Northern segment. 

The necking zone is widest at Central Campos margin and narrows northwards (Fig. 9 and 10), 
where abrupt necking of the crust contrasts with the Central and Southern Campos segments 
gradual thinning. The wider necking zone resulted in larger (i.e. wider) accommodation space 
and more extensive syn-rift deposits, as documented by Dias et al. (1987). Interestingly, the 
Central segment is characterized by less magmatism when compared to the Southern 
segment, as shown by the analytic signal map of Fig. 3d and supported by fewer basalts from 
wells. These evidences, along with the high ductile versus brittle ratio inferred from the 
seismic pattern (Fig. 5), may have favored the crustal extension during the early rift stage. 

On the Central and Southern Campos margins, the crust seems to be bipartite from the seismic 
point of view, displaying an upper reflection-free (or massive) crust above a highly reflective 
and layered middle/lower crust, with concave-up reflectors and low angle structures. These 
structures are similar to the onshore nappes and thrusts dipping to the NW at the adjacent 
Neoproterozoic supracrustal sequence of the CFTD, interleaved with the high strain domains of 
the Paleoproterozoic basement (Fig. 7a and c). The more massive/homogeneous upper crust 
could represent the low strain domains of that basement, without penetrative foliation. This is 
supported by recent drilling at the Cabo Frio High that revealed CFTD Paleoproterozoic 
orthogneisses with U-Pb age on igneous zircons of 1980 +-18 Ma (Carmo et al., 2017).  

All these units are structurally and compositionally distinct from the northern and 
northeastern basements of the Neoproterozoic/Cambrian mobile belts of Ribeira (Oriental 
Terrane) and Araçuaí (as discussed above in item 2.1 – Fig. 10), as evidenced by geological 
(Heilbron et al., 2004; Schmitt et al., 2008) and geophysical data (Figueiredo et al., 2008; 
Assunção et al., 2006). From these observations and the drilling results (Carmo et al., 2017), 
we interpret the crust on the Southern and Central Campos margin to be an offshore extension 
of the onshore CFTD. 

On the Northern Campos segment our observations from seismic data suggest the presence of 
a more massive crystalline basement at the Proximal and Necking zones, with deep shear 
zones, when compared to the central and southern segments (Fig. 8). The transition between 
these and the northern Campos segments is associated with an important variation in crustal 
thickness and seismic texture (Fig. 8), suggesting the existence of a crustal discontinuity. This 
discontinuity coincides with a change in orientation of the mantle anisotropy onshore, that 
inflects from NE-SW to NW-SE (Assunção et al., 2006 – Fig. 10) at the transition between the 
Ribeira Belt (Oriental Terrane) and the Araçuaí Belt (blue dashed line in Fig. 10). Offshore this 
region agrees with the possible continuation of the Cabo Frio Tectonic Domain towards NE. 
Until now there is no additional data to constrain the exact boundaries of these terranes 
offshore. In an attempt to extend offshore the tectonic contacts/terranes based on the 
previous geological and geophysical observations, we propose that: 1) the northern Campos 
Basin basement could correspond to the Aracuaí belt; and 2) the CFTD seems to correspond to 



the central and southern segments basement (Fig. 10). From the geological point of view, the 
Araçuaí Belt shows a very distinctive framework in comparison with the CFTD, as represented 
in the comparative geological sections of Fig. 10,  in part controlled by its composition, what 
would explain the distinct nature of the basement on the northern Campos (Fig. 5 and 8). The 
major Cambro-Ordovician magmatic intrusions related to the post-collisional stage, may have 
obliterated most of the original orogenic structures, configuring a more homogenous and less 
foliated crust (Degler et al., 2016; De Campos et al., 2016). In addition, the Araçuaí Belt 
displays larger volumes of basic rocks in comparison with the predominant acidic/intermediate 
rocks of the Ribeira Belt (Oriental terrane – De Campos et al., 2016). This characteristic may 
have exerted a control during rifting, since the crust would have been more competent, 
localizing the strain and resulting on the observed abrupt thinning and narrow margin 
architecture (Fig. 8b, 9 and 10).  

 5.2. Structural evolution: from early rifting to breakup stages 

The margin architecture reflects the lithosphere response to extension, which is dependent on 
its strength and thermal state. A broad region of thinning suggests a distributed deformation, 
resulting in a wider margin, and vice versa. On the northern Campos margin, the crust and 
mantle deformation couple at the NZ and are accommodated by upper crust faults and shear 
zones near the base of the crust. On the central and southern Campos margins, the extension 
is accommodated by widely distributed middle and lower crust ductile structures, which are 
possibly shear zones. Large-scale grabens seem to be controlled by a SE dipping decollement at 
the brittle-ductile transition, (Fig. 8b), suggesting a depth-dependent extension. It is possible 
that this decollement may have been favored by the pre-existing contacts between the layered 
crust of CFTD, represented by its Paleoproterozoic and the Neoproterozoic units (Fig. 7a). The 
observed high ratio of ductile relative to brittle crustal layers (Fig. 9) indicates that the crust 
was less resistant to deformation, allowing the development of a wide decoupled zone, as has 
been demonstrated by modeling (Corti et al., 2010; Capelleti et al., 2013; Brune et al., 2016).  

These basement heterogeneities would have also affected the rift propagation from south to 
north, localizing the extension where more foliated lithologies were present and deviating it 
around more resistant or “locked” areas (Wijk et al., 2004). This would favor margin 
segmentation, forming articulated basins within areas of “strong” rheology, and deeper basins 
at “weak” rheology (Capelleti et al., 2013). It would also influence the development of 
accommodation space, as observed at the Central Campos Rifted Margin (CRM). We propose 
that CRM deformation was dominated by the pre-existing basement inheritance in the early 
stages, similar to that observed at the Barents Sea basins, where reactivation of the deep 
structure controlled the present-day geometries of basins (Gernigon et al., 2014). 
Nevertheless, the Distal Highly-extended Domain (HED) forms a uniformly wide region along 
the CRM, with the breakup only being achieved after considerable crustal extension (Fig. 10)., 
Variations in margin width seem to result primarily from differences in thinning geometry 
created in the early rifting stages and are dependent on the preexisting basement composition 
and structure, as represented in Fig. 10. However, once the crust is highly extended, 
inheritance seems to exert less control on the deformation, favoring a more uniform 
extension, which is also supported by recent lithosphere numerical modeling (Manatschal et 
al., 2015). 



5.3 Architectural styles of the Campos rifted margin  

We have identified three main Architectural types at Campos Rifted Margin, represented in 
Fig. 9:  

a) Type 1 (Northern Campos, section N in Fig. 5) is characterized by an abrupt architecture, 
with a narrow and steep crustal necking zone. The crust is affected by few superficial faults 
and basal shear zones. The HED is wide and devoid of magmatism (Fig. 3d) and ends at an 
outer high with a volcanic COB, followed by normal thickness oceanic crust.  

b) Type 2 (Central Campos, section C in Fig. 5) is characterized by a layered crust, a relative 
high ratio of ductile versus  brittle crustal layers, resulting in a wide crustal necking zone 
accommodated by faults in the upper crust, a regional decollement at the brittle/ductile 
transition and deep ductile shear zones, and localized magmatism. A wide HED displays 
domino-style extensional fault blocks continentward and an outer high with minor volcanism 
at the COB (Fig. 3d), followed by thin embryonic oceanic crust;  

c) Type 3 (Southern Campos, section C in Fig. 5) displays a layered crust and gradual NZ, similar 
to Type 2 but is more affected by magmatism (Fig. 3d). The HED is wide and devoid of 
magmatism.  

These three crustal types are associated with large differences in their sedimentary sequences, 
evidencing that these exerted control on the sedimentation. In Type 1 at Northern Campos, 
the syn-rift sequence along the inner margin is thin or absent, indicating that the crust was 
resistant to extension during initial rifting. The syn-rift sequence is present in Type 3, but it 
exhibits the greatest thickness in Type 2, at Central Campos (Fig. 8). This evidence suggests 
that the crust at the Central Campos margin underwent greater extension, which may be 
related to a high ductile/brittle ratio. According to Capelleti et al. (2013), in weak lower crust, 
the deformation is concentrated at the inner margin in the initial stages of rifting, developing 
thick syn-rift sequences. In contrast, a strong lower crust would result in domino-style 
extensional faulting and basins, with a thinner syn-rift package, as observed in Type 1 at the 
northern Campos margin. A possible higher geothermal gradient suggested by the greater 
amount of magmatic rocks at the Southern Campos margin (Type 3) would result in initial 
basement uplift, counter-balancing the subsidence due to crustal thinning and reducing the 
initial accommodation space.  

  

6. Conclusions   

We present evidence for the inter-relation between basement inheritance, magmatism and rift 
evolution on Campos Rifted Margin controlling the present day margin architecture, as 
summarized below.  

1. The Campos margin shows a clear variation in ocean-continent transition (OCT) structure  
from north to south. In the north the margin shows a narrow necking zone while in the central 
and southern sections it shows a broader necking zone. A wide highly extended domain (HED) 
is observed throughout this entire segment of the Brazilian margin.  



2. This variation from north to south in OCT structure correlates with variations in pre-rift 
basement heterogeneities observed onshore from surface geology. The presence of 
heterogeneous (layered) crust of the CFTD at southern and central Campos margin or a more 
homogeneous crust of the Aracuaí Belt to the north determined the localization of the 
deformation and segmentation and the variation of the depositional space.  

3. The optimal conditions for sedimentary basin formation seem to be associated with an 
inherited basement characterized by preexisting structures, a layered crust with a high ductile 
versus brittle ratio (enabling a widely distributed deformation), and low syn-rift magmatism 
(normal geotherm favoring the syn-rift subsidence). 

4. The thinning geometry seems to be a first-order parameter in defining the margin 
architecture and is determined by pre-rift conditions and magma budget. However, when the 
crust is highly extended, it favors a more “uniform¨ deformation, creating a regional sag basin 
and nearly synchronous breakup.    
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Figure 1

Fig. 1. Geological and tectonic map of Southeastern Brazilian margin 
(after Schmitt et al., 2004). Onshore geology from Schmitt et al. 
(2018). 1 - Cabo Frio tectonic Domain (CFTD); 2 - Cabo Frio High; 3 
and 4 - dike swarms (represented by red lines): Serra do Mar (after 
Lobo et al., 2007) and Vitoria-Colatina (Ariztizábal, 2013), 
respectively. White dashed line – the location of change in direction of 
mantle anisotropy. Offshore structures after Stanton et al. (2010) and 
Continent-Ocean Boundary (COB) location from Zalán et al. (2011). 
White circles- wells that recovered basalts; cyan circles- wells that 
reached the CFTD basement.



Figure 2

Fig. 2. Simplified stratigraphic chart of Campos Basin (modified from 
Lourenço et al., 2014, after Winter et al., 2007). A compilation of 
onshore and offshore Campos Magmatic events is shown below (see 
text for details).



Figure 3

Fig. 3. a) Total magnetic anomaly map; b) Upward continuation of the 
magnetic anomalies to 10 km height; c) Tilt derivative of the magnetic 
anomalies; d) Analytic signal of the magnetic anomalies. CMH, SMH -
Campos and Santos Magnetic High, respectively; white circles - wells 
that recovered basalts; cyan circles - wells that reached the CFTD 
basement; grey lines - seismic cross sections of Fig. 5; dotted lines: 
white - the South East Magnetic Anomaly (SEMA), black - NW-SE 
discontinuity, blue - necking zone from gravity.



Figure 4

Fig. 4. (a) Free-air gravity anomaly for Campos margin and adjacent 
areas. (b) Crustal basement thickness derived from gravity inversion 
using public domain sediment thickness data. The location of profiles 
(N, C and S) across the Campos margin are shown.



Figure 5a

Fig. 5. Seismic cross sections. (a) uninterpreted, showing  the location 
of Fig. 7a-d and 8a-b (black rectangles); and (b) with interpretation, 
showing the magnetic anomaly profiles reduced to the pole on top
(blue line). S - southern line; C- central line; N - northern line (see 
location in Fig. 1). 



Figure 5b



Figure 6

Fig. 6. (a) Cross-sections in depth for profiles N, C and S with Moho 
from gravity inversion using sediment thickness derived from seismic 
reflection data (Fig. 5) for profiles N, C and S. (b) Cross-sections in 
TWTT comparing Moho from gravity inversion with Moho seismic 
reflection interpretations.



Figure 7

Fig. 7. Zoom of crustal structures of South (Section S) and Central 
Campos (Section C). a) Detail image of Section S showing basement 
volcanic beneath the CMH and two distinctive crustal reflection 
patterns: an upper massive crust and middle to lower crust displaying 
reflective  basement, with large-scale concave-down reflectors; b) A 
structural high with reflection free seismic texture similar to a volcanic 
construction, and deep reflectors suggesting shear zones; c) Section 
C displays massive upper and reflective middle crustal layers, 
separated by discontinuities (dashed black lines); d) Detailed image of 
section C showing the embryonic oceanic crust.



Figure 8

Fig. 8. a) Example of regional decollement, with large-scale block 
rotation, rooting at the brittle-ductile transition; b) strike line displaying 
the lateral contact between the reflective basement of CFTD and the 
homogeneous crust of the northern terrane (Araçuaí Belt?).



Figure 9

Fig. 9. Geological model illustrating the Campos Rifted Margin crustal 
architecture variation from north to south, the crustal domains and 
COB location. The three sections illustrate the main architectural types 
proposed in this study. EOD - Embryonic Oceanic Domain.



Figure 10

Fig. 10. The proposed Campos rifted margin domains and offshore 
prolongation of the continental terranes. Purple dotted line - offshore 
boundary of the CFTD. The color of the stripes along the margin 
represent the crustal basement variation. At the Necking Zone (NZ) 
the colors represent the transition between the CFTD (purple), Ribeira
Belt (yellow) and Araçuaí Belt (orange) terranes, based on 
geophysical and geological data. Previous onshore boundaries are
shown, based on seismic anisotropy variation (Assunção et al., 2004, 
blue dotted line); and geology (Ribeira - Araçuaí belts boundary of 
Heilbron et al., 2004, blue dashed line). Purple circles represent wells
that reached the CFTD basement. The offshore background map is 
the tilt derivative of the magnetic anomalies and the onshore geology 
is from Schmitt et al. (2016). 



Fig. S1. Location of the aerosurvey acquisition areas for the magnetic 
data used in this study (see text for acquisition parameters) and the 

seismic sections shown in Fig. 5, 7 and 8.
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Fig. S2. Comparison of crustal cross-sections with Moho from gravity 
inversion for profiles N, C and S produced using public domain 
sediment thickness and that produced using sediment thickness 

derived from seismic reflection data (this study).
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Fig. S3. Sensitivity tests of the application of ocean isochrons to 
condition the lithosphere thermal model used to determine the 
lithosphere thermal gravity anomaly correction. (a) & (b) use 110 Ma as 
the oldest isochron (and breakup age), (c) uses 120 Ma and (d) uses 
100 Ma. (b) uses ocean isoschrons to define  lithosphere cooling time 
(for thermal re-equilibration) and oceanic lithosphere thinning (1-1/β ) 
equal to 1 (i.e. β =∞). (a), (c) and (d) use ocean isochrons to define 
lithosphere thermal cooling time only but with lithosphere thinning (1-
1/β) determined from gravity inversion.


