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ABSTRACT. This study, based on the interpretation of LEPLAC (the Brazilian Continental Shelf Survey Project)
deep seismic lines (~16.0 s twtt), reveals for the first time across the Brazilian Equatorial Atlantic Ocean seismic
evidences that buried portions of individual volcanic edifices of the North Brazilian and the Fernando de Noronha
volcanic ridges are laterally coupled with a series of volcanic wedges. Our analyses evidence that these magmatic
occurrences are presented as layered volcanic bodies as wide as 80 km and as thick as 1.2 s (twtt) close to the volcanic
edifices. Volcanic wedges occur as layered prograding bodies stemming directly from the major volcanic edifices of
both ridges. Seismic analyses also reveal that numerous layered volcanic accumulations associated to a same indi-
vidual volcanic edifice may occur along variable stratigraphic levels. These occurrences indicate that the evolution of
the North Brazilian and the Fernando de Noronha volcanic ridges is followed by a long history of recurrent volcanic

activities that may have possibly been synchronous in distinct volcanic edifices distant apart.

Keywords: seamounts, guyots, volcanic seismic facies, volcanostratigraphy, intraplate volcanic ridges.

INTRODUCTION

The Eastern Brazilian Equatorial Atlantic, segment to the
east of the Amazon Fan, is characterized by a series of frac-
ture zones (e.g., Hayes and Ewing, 1970; Le Pichon and
Hayes, 1971; Bryan et al., 1973; Gorini, 1977; Houtz et al.,
1977; Rabinowitz and Labrecque, 1979; Azevedo, 1991,

Le Pichon and Hayes, 1971; Bryan et al., 1973; Gorini,
1977; Houtz et al., 1977; Figure 2). However, there is rel-
atively scarce published material about the petrographic
nature of these volcanic edifices (e.g., Mizusaki et al.

2002; Guimaraes et al., 2020). Information on how vol-

Matos, 2000; Ernesto, 2006; Moulin et al., 2010; Matos et
al., 2019; Aslanian et al., 2021) and morphologic features
including a series of prominent seamounts with a relative
relief that commonly exceeds 3,000 m (e.g., Le Pichon and
Hayes, 1971; Gorini, 1977; Azevedo, 1991). These sea-
mounts are physiographically isolated or connected, form-
ing submarine ridges aligned in E-W or NW-SE directions,
named the North Brazilian Ridge (herein NBR) and the
Fernando de Noronha Ridge (herein FNR; Figure 1).
Previous works approaching the regional structural
evolution of the Brazilian Equatorial Margin ascribed the
origin of the NBR and the FNR to volcanic processes re-
lated to the tectonic and geodynamic evolution of the
Equatorial Atlantic Ocean (e.g., Hayes and Ewing, 1970;

canism related to the NBR and the FNR occurred
through time and across the volcanic ridges is also scarce.

The objective of the present work is to report for the
first time, based on deep seismic reflection data, that the
volcanic edifices of the NBR and the FNR, lying across
the Eastern extent of the Brazilian Equatorial Atlantic
Ocean, evolved followed by recurrent volcanic activities,
variable both in volume and importance across each vol-
canic ridge, and from one individual seamount or guyot
to another, as well as through time. As we do not dispose
of any dating nor petrographic data, our work does not
intend to approach questions related neither to the origin
nor to ages nor to the petrological nature of the volcanism
in the region.
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Figure 1: Bathymetric map of the eastern segment of the Brazilian Equatorial Atlantic Ocean, showing the main
fracture zones that interact with this margin segment: Saint Paul, Romanche and Chain Facture Zones, the
North Brazilian Ridge and the Fernando de Noronha Ridge. White lines represent the official limits of the Mara-
nhao, Barreirinhas, Ceara and Potiguar marginal basins (according to the Servico Geolédgico do Brasil - CPRM).
Bathymetric data are from ETOPO1 (NOAA National Geophysical Data Center, 2009: ETOPO1 1 Arc-Minute

Global Relief Model). Bathymetric contours are at 250 m intervals.

REGIONAL GEOLOGY

The Brazilian Equatorial Atlantic Margin evolved in
three distinct extensive tectonic phases (Azevedo, 1991;
Bizzi et al., 2003; Soares Junior et al., 2008) following the
propagation of the Central Atlantic extension since the
Neo-Triassic (~200 Ma) and subsequent transtensional
events from Barremian to Albian, that finally established
the Central and Equatorial Atlantic connection (Matos,
2000; Soares Junior et al., 2008). As the continental drift
evolved, NE-SW transcurrent faults began to act across
the entire set of Equatorial rifts, resulting in a complex
transform and oblique margin multi-stage segmentation,
that led to the development of a series of Mesozoic-Ceno-
zoic basins, such as Para-Maranhio, Barreirinhas, Ceara
and Potiguar (Matos, 2000; Ernesto, 2006; Moulin et al.,
2010; Matos et al., 2019; Aslanian et al., 2021-Figure 1).

Directions of the Saint Paul Double Fracture Zone
(also referred to as Sédo Paulo Fracture Zone in the liter-
ature) and Romanche Fracture Zone are geographically
related to both E-W segments of the NBR (Hayes and
Ewing, 1970; Le Pichon and Hayes, 1971; Bryan et al.
1972; Francheteau and Le Pichon, 1972; Matos, 2000;
Moulin et al., 2010; Aslanian et al., 2021), whereas the
Central NBR segment, oriented N30°W, would corre-
spond according to different authors to ancient spreading
centers, resulted from ridge jumps (e.g., Le Pichon and
Hayes, 1971; Gorini, 1977; Azevedo, 1991).

The NBR and the FNR have distinct configurations:
(1) the NBR has its northern E-W segment aligned with
the Saint Paul Double Fracture Zone; while its southern
E-W segment is aligned with the Romanche Fracture
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Zone (e.g., Hayes and Ewing, 1970; Le Pichon and
Hayes, 1971; Ulbrich et al., 2004; Moulin et al., 2010;
Aslanian et al., 2021). Its intermediate N30°W segment
connects the northern and southern segments (Figure
1). Indirect evidences, based on sedimentation rates
from shallow cores, suggest that the ridge volcanic em-
placement ages are from 80 to 100 Ma (Hayes and Ewing,
1970); (i1) the FNR presents in its turn only one E-W seg-
ment. According to several authors (e.g., Le Pichon and
Hayes, 1971; Gorini, 1977; Almeida, 2006), the E-W-ori-
ented FNR is aligned with the extension of the Charcot
Fracture Zone. However, other works (e.g., Azevedo
1991; Matos, 2000; Matos et al., 2019) including more re-
cent geodynamic reconstructions of the Equatorial Atlan-
tic Ocean (e.g., Moulin et al., 2010; Aslanian et al., 2021)
outline that the FNR volcanic ridge is actually aligned
with the Chain Fracture Zone (Figure 2B)

The origin of the volcanism related to the NBR and
the FNR is still a matter of debate and several hypothe-
ses were put forward to explain it:

1. Hayes and Ewing (1970) were the first authors to pro-
pose that the NBR was probably formed by an excess
of oceanic volcanism associated with the seafloor
spreading mechanism, that should have occurred as
soon as the initial rifting rupture. In addition to that,
Le Pichon and Hayes (1971) suggested that the ridge
volcanism would possibly have resulted from signifi-
cant shifts in the pole of rotation between African and
South American plates. Gorini (1977) later proposed a
conjunction of processes to be at the origin of the NBR
volcanism: isostatic overload caused by anomalous
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Figure 2: Models of paleogeographic reconstruction of the Equatorial Atlantic Ocean, placed into a 40-year perspec-
tive. A. The North Brazilian and the Fernando de Noronha Ridges set down in a simplified paleogeographic recon-
struction of the geodynamic evolution of the Equatorial Atlantic Ocean (not to scale), redrawn and slightly modified
from Le Pichon and Hayes (1971). B. Paleogeographic reconstruction of the Equatorial Atlantic at Chron C34 (84 Ma)
(slightly modified from Moulin et al., 2010). The figure shows, on each plate, the gravity data from Sandwell and
Smith (1997) between the coast and the anomaly C34.

sediment accumulation across the North Brazilian
Plateau could have led to lithospheric flexure, isostatic

the onset of the Ceara and Sierra Leone rises, formed
at around 80 Ma, which would subsequently have also

pressure unbalance and finally to magmatism. Accord-
ing to this author, magmatism would have occurred in
pulses, due to the relation between sedimentation and
flexure versus pressure relief and magmatism. On the
other hand, O'Connor and Duncan (1990) associated
the origin and evolution of the NBR to the presence of
a mantle plume, the same one that was responsible for

given rise to the development of the Fernando de No-
ronha Ridge;

most studies regarding the origin of the FNR associate
its volcanism as a result of the westward movement of
the South American plate over the Fernando de Noro-
nha plume (e.g., Fodor et al., 1998; Fodor et al., 2002;
Almeida, 2012).

Braz. J. Geophysics, 40, 1, 2022
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Ages associated with the volcanism along the NBR
and the FNR are not at all well constrained. Samplings
are scarce and usually rely on chain dredge rock sam-
ples. Volcanism has been commonly associated with the
continuity of onshore Mecejana Volcanism, that occurs
as plugs and domes of alkaliphonolitic, tephritic and
phonophritic rocks on the continent, as well as in the
form of pyroclasts and numerous alkaline dikes. Ages
for these continental occurrences were attributed to the
Upper Eocene to Lower Oligocene, between 36 + 2 and
29.9 + 0.9 Ma (Cordani, 1970, Teixeira et al., 1978,
Braga et al., 1981, Guimarées et al., 1982). Dating of
superficial samples collected across the far East portion
of the Fernando de Noronha Archipelago reveals
40Ar/39Ar ages between 12.5 and 1.3 Ma (Guimarées et
al., 2020).

MATERIAL AND METHODS

The bathymetric and seismic data used in this study
were provided by the Brazilian Continental Shelf Project
(LEPLAC), coordinated by the Brazilian Navy. The seis-
mic dataset includes 119 seismic lines acquired during
the geophysical missions LEPLAC- Phase I and
LEPLAC- Phase II, encompassing single channel and
deep multichannel seismic lines with different signal
penetration depth and seismic resolution (Figure 3). (1)
LEPLAC Phase I seismic lines were acquired with a mul-
tichannel system of 120 channels (nearly 3,000 m of ca-
ble) using an air-gun seismic source holding a maximum
operational volume of 4,000 inch® and were recorded up
to 16 s two-way travel time; (2) LEPLAC Phase II com-
prises both single channel and multichannel seismic
lines. A set of single channel seismic lines was acquired
using an air-gun source of 270 inch? in volume and 300 m
of cable to record 10s two-way time interval. Multichan-
nel lines were acquired with a 1,950 inch? air-gun source,
using a 480 trace streamer of 6,000 m in length and were
recorded up to 10 s two-way travel time.

The bathymetric Digital Terrain Model (DTM)
used in the work was developed by the LEPLAC
team (Alberoni et al., 2020), available at
https://www.marinha.mil.br/dhn/?q=node/249. The
DTM was built based on a large dataset extracted from
variable sources (Figure 4): (i) bathymetric, 3.5 kHz and
seismic data acquired by the LEPLAC project, inte-
grated with bathymetric data collected by the Brazilian
Navy; (i1) bathymetric and seismic data acquired and
provided by PETROBRAS and other oil companies,
made available by the Brazilian National Agency of Pe-
troleum, Natural Gas and Biofuels (ANP); (iii) bathy-
metric data made available by SHOM (Service Hy-
drographique et Océanographique de la Marine —
France) and Ifremer (Institut Francais de Recherche
Pour ’Exploitation de la Mer — France); (iv) single-beam
and multi-beam public data available in GEODAS (Geo-
physical Data System — NGDC/NOAA); (v) satellite data
(SRTM30_plus) were also integrated into the grid to
cover deeper distal ocean regions (Figure 4).
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The available database allowed the building of a
Digital Terrain Model (DTM), based on a mathematical
model using the minimum curvature method and a cell
size of 2,500 m (for further details concerning the pro-
cessing methodology, please refer to Alberoni et al.
2020). 2D and 3D depth-to-basement maps in their turn
were built considering depth values measured in two-
way travel time (twtt), since the available seismic re-
flection grids (Figures 3 and 4) are not time migrated.

RESULTS
Seamounts morphology of the North Brazilian
and the Fernando de Noronha ridges

The 3D DTM model reproduced in this study (Alberoni
et al., 2020) clearly outlines how remarkable is the mor-
phological imprint of the NBR and the FNR on the East-
ern Equatorial Atlantic Ocean adjacent to the Eastern
Brazilian Equatorial Margin (Figure 5). These ridges
extend for thousands of kilometers long as alignments
of impressive volcanic edifices sometimes rising as high
as 4,250 m above their surroundings seafloor, constitut-
ing seamounts and guyots located some 30-100 km
apart, presenting basal diameters that can be as large
as 80 km in the present bathymetry (Figure 5).

The North Brazilian Ridge (NBR)

The NBR runs for a total length of ~ 1,060 km, describing
a zed-like feature in plan view. The ridge is segmented
into three main branches: the Northern, the Central and
the Southern segments (Figure 6).

The Northern NBR segment (Northern E-W seg-
ment of Alberoni et al., 2020) runs in an E-W direction
for ~370 km and is located around 250 km south of the
Ceara Ridge. This segment is composed of seven sea-
mounts (not individually nominated), that exhibit gen-
eral elongated morphological features. This alignment
of volcanic edifices lies in continuity with the Saint
Paul Double Fracture Zone, bathymetrically expressed
to the East. This Northern segment is morphologically
isolated from the Central NW-SE segment by a gap of
70 km approximately (Figure 6). The morphology of
the Northern segment seamounts varies from conical
to elongated volcanic edifices with clear morphological
peaks and basal horizontal section as large as 70 km
in diameter. Seamounts may rise above seafloor as
high as 500-3,250 m (mean relative relief of 1,850 m).
Peaks of individual seamounts have depths ranging
from 600 to 3,150 m (with a mean depth of about 2,300
m) (Figure 7TA-A’).

The Central NBR segment (NW-SE segment of Al-
beroni et al., 2020) is N30°W oriented and extends for ~
235 km long. It is constituted by five seamounts, most
of them representing guyots with elongated shapes in
plan view; they can be as large as 125 km wide (across
their longest axes-Figure 6). Individual seamounts are
volcanic edifices that may stand as high as 650 to 3,200
m above the adjacent seafloor (mean relief of ~ 1,750m);
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Figure 4: Acoustic dataset used to build the Digital Terrain Model (DTM) developed by the LEPLAC project

(slightly modified from Alberoni et al., 2020).

and peak depths are between -50 and -3,300 m (mean
depth ~1,910 m-Figure 7B-B’).

The Southern NBR segment (Southern E-W seg-
ment of Alberoni et al., 2019) is again rather variable
regarding seamounts distribution and their morpholo-
gies. It equally lies in a general E-W direction and con-
tinuously for ~ 470 km long, roughly aligned with the
orientation of the Romanche Fracture Zone. However,
seamounts configuration and related shapes in horizon-
tal sections are quite variable (Figure 6). To the west,

the Southern NBR segment is expressed by a cluster of
four seamounts which are grouped as Ceara Sea-
mounts. In plan view, they are either conical (~50 km
wide) or elongated (~100 km wide) with well-defined
peaky morphologies. Individual volcanic edifices may
stand as high as 1,500 to 3,250 m above the adjacent
seafloor (with a mean relative relief of ~2,575 m). Peaks
of individual seamounts have depths that vary from 50
to 2,700 m (with a mean depth of about 975 m-Figures
7C1-C and 7C2-C’). Around the Ceara Seamounts, the

Braz. J. Geophysics, 40, 1, 2022
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Figure 5: 3D morphological map of the Brazilian Eastern Equatorial Atlantic Ocean, highlighting the imposing
bathymetric features of the North Brazilian Ridge (NBR) and the Fernando de Noronha Ridge (FNR). Bathymetric
data were extracted from the LEPLAC Digital Terrain Model (DTM) developed by the LEPLAC project (Alberoni

et al., 2020).

sediment dispersal seems controlled by the volcanic edi-
fices themselves, leading to the onset of a local plateau
morphological feature — the Paracuru Plateau (Figure 6).
The eastern extent of the Southern NBR segment describes
in its turn a real volcanic ridge in the bathymetry, that
runs for ~ 250 km long and presents ~30 km width in cross
section - known as Parnaiba Ridge (Figures 5 and 6). This
ridge segment has a mean relative relief (above seafloor) of
~1,200 m, while its summit lies at a mean depth of 3,000-
3,200 m (Figures 6 and 7C1-C’).

The Fernando de Noronha Ridge (FNR)

The FNR differs considerably from the NBR since a few of
its seamounts lie close to or above sea level as atolls or is-
lands. It comprises 15 isolated (or semi-isolated) volcanic
edifices spaced from ~10 to 60 km apart, that constitute an
alignment of seamounts, guyots and islands that runs in
an E-W direction for about 520 km long, in continuity with
the Chain Facture Zone (Figure 6). Volcanic edifices may
rise above seafloor as high as 1,200 - 4,550 m (mean rela-
tive relief of ~ 2,500 m), emerging in the Fernando de No-
ronha Archipelago and Rocas Atoll. The top plan of guyots
and peaks of individual seamounts has depths ranging
from -300 m (in the archipelago) to -2,000 m (with a mean
depth of about 550 m-Figures 6 and 7D-D’).

Depth-to-seismic basement map

The present understanding of the NBR and the FNR is
mostly based on seafloor conventional and satellite bathy-
metric mapping as shown in Figures 5 and 6. However,
depth-to-basement maps in 2D and 3D perspectives (Fig-
ure 8), built in the present work from seismic interpreta-
tion of the top basement surface (in two-way travel time —

Braz. J. Geophysics, 40, 1, 2022

twtt-Figure 9), reveal outstanding features that bring
light to the real configuration of the NBR and the FNR in
seafloor below. Two aspects worthy of note in such maps
are: (1) the basement lies at a regional depth of approxi-
mately 7.0 s twtt (Figure 8A); (i1) individual seamounts
of both NBR and FNR are actually interconnected as con-
tinuous volcanic ridges, composing a rampart-like fea-
ture of thousands of kilometers long, that can rise as high
as 7.5 s (twtt) above the regional basement depth (Figure
8B). Due to their continuous and imposing morphologies,
these basal rampart-like features from which sea-
mounts/guyots stem up are clearly capable of segmenting
the crust in compartment sectors, involving either deep
oceanic basins or margin domains of continental crust.

Concerning the depth-to-basement features along the

NBR and the FNR, Figure 8 shows that:

1. The Northern segment of the NBR is continuous for
~ 310 km long and presents volcanic edifices as high
as ~3,250 m above seafloor. A continuous E-W elon-
gated low basement is observed located just to the NW
of the Northern NBR segment. This basement feature
attains depths of 7.8 s (twtt; that means about 0,8 s
below the mean basement regional depth) and repre-
sents a buried trough, surrounded by the pair of oce-
anic transverse ridges of the Saint Paul Double Frac-
ture Zone. The Southern NBR segment is continu-
ous for ~440 km; whereas the Central NBR segment
extends for about 400 km up to joining the E-W ori-
ented FNR (Figure 6);

2. The FNR presents itself as a continuous rampart
across the basement regional depth; its easternmost
portion is connected to the Ceara Terrace and the Ca-
nopus Bank, which in their turn are connected to the
Southern and Central segments of the NBR. The total
NR length reaches ~830 km (Figure 6).
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Bathymetric data were extracted from the LEPLAC Digital Terrain Model (DTM) developed by the LEPLAC project
(Alberoni et al., 2020).
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Seismic reconnaissance of magmatic features
spatially related to the NBR and the FNR

The seismic interpretation depicted in Figures 8 and
9 highlights the seismic pick up of the regional top
surface of the basement rock, both oceanic and conti-
nental crusts, as well as the conical and/or elongated
shapes of the volcanic edifices that compose the NBR
and FNR. However, a detailed seismic interpretation
focused on seismic facies around the volcanic edifices
brings to light outstanding morphological and seis-
mic features spatially related and directly connect to

the conical or guyots-like volcanic edifices. This de-
tailed seismic facies interpretation revealed that
many of those edifices are laterally coupled with
wedge-like seismic features (or seismic bodies),
which, along variable stratigraphic levels, stem di-
rectly from the edifices themselves, now interbedded
with marine sedimentary units (Figures 10 and 11).
Such wedge-like seismic features present rather dis-
tinct seismic signature in comparison to the sur-
rounding seismic facies that reflect marine sedimen-
tation:

Braz. J. Geophysics, 40, 1, 2022
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-out of a LEPLAC seismic line showing seismic facies characteristic of the volcanic wedges that
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are laterally attached to volcanic edifices that compose the North Brazilian and the Fernando de

Brazilian Equatorial Atlantic Ocean.
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DISCUSSION

The results presented in section 4 highlight for the
first time in the Brazilian Equatorial Atlantic that the
buried portions of seamounts and guyots along the
NBR and the FNR volcanic ridges are laterally cou-
pled with a series of wedge-like seismic features that
all together compose seamounts and guyots with a pe-
culiar shape of “Christmas pine tree”, as depicted in
Figure 11. The seismic interpretation work also re-
veals a much higher degree of complexity of the base-
ment morphology, where the NBR and the FNR are
represented by alignments of mostly individual coni-
cal and/or elongated volcanic edifices.

Braz. J. Geophysics, 40, 1, 2022

Seismic features interpreted as intrusive and/or vol-
canic units interbedded with sedimentary units have
been described by different works in well-known vol-
canic provinces or margins worldwide (e.g., Planke et al,
2000; Berndt et al, 2001; Planke et al, 2005; Rey et al.,
2008; Infante-Paez and Marfurt, 2017). Some of these
works report the occurrence of wedge-like layered seis-
mic features quite similar to those identified in our
study (Figures 10 and 11): Berndt et al. (2001), for in-
stance, conducted a detailed volcanostratigraphic study
of the Norwegian margin in which, among other types
of magmatic bodies, they recognized and mapped the
occurrence of layered magmatic features of high imped-
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ance contrast in relation to the surrounding sedimen-
tary units in the Lofoten-Vesteralen Margin, in the
southern Vering Margin and in an area near the Jan
Mayen Fracture Zone. Based on their shapes, reflection
patterns and boundary reflections, those seismic fea-
tures, quite similar to those attached to the NBR and
the FNR volcanic ridges, were interpreted as volcanic
seismic units related to small-volume submarine vol-
canism; another robust study was conducted by In-
fante-Paez and Marfurt (2017), in which it were recog-
nized, mapped and sampled high-amplitude layered
seismic features, within a Miocene sedimentary succes-
sion of the Taranaki Basin, New Zealand. Petrographic
analyses from drilled samples from a series of wells re-
vealed that the layered features in question, also seis-
mically quite similar to the ones recognized in the pre-
sent work, correspond to lava flow facies, at places in-

termingled with pyroclastic facies.

Accordingly, and considering the geodynamic set-
ting of the present study, we interpreted the wedge-like
seismic bodies attached to volcanic edifices of both the
NBR and the FNR as equally representing magmatic
accumulations sourced directly from individual vol-
canic edifices.

Besides that, across the Brazilian Equatorial Atlan-
tic Ocean, the “Christmas pine tree” branches intermin-
gled with the sedimentary succession evidence that
magmatic processes occurred along with the deep-basin
sedimentary infilling. Outcropping portions of volcanic
ridges (above seafloor) are composed of rather “smooth”
steep-sided seamounts and/or guyots, at least within
the seismic resolution of available dataset (Figure 5),
whereas the shape of their corresponding buried por-
tions varies considerably. Occurrences of magmatic
bodies laterally attached to individual edifices natu-
rally raise questions about the nature of associated
magmatic processes: if corresponding to intrusive mag-
matic bodies, or to submarine (or subaerial) volcanism.

A possible answer to that question may rely on our
interpretation work that shows remarkable seismic
stratigraphic relations between thick magmatic wedges
and the surrounding marine sedimentary units (above
and beneath them). A few specific observed seis-
mostratigraphic features favor the interpretation of the
layered magmatic bodies attached to the NBR and the
FNR volcanic ridges as actually being volcanic in na-
ture. Such statement relies on the fact that (Figure 10):

(1) away from the main volcanic edifices, internal re-
flections of magmatic wedges present prograding
features above planar sedimentary reflectors be-
low, forming layered magmatic bodies which pro-
gressively spread out to form accumulations as
wide as 80 km and as thick as 1.2 s (twtt);

(i1) overlying sedimentary successions progressively
onlap the magmatic wedges towards the main vol-
canic edifices, revealing they represent infilling
sedimentary units recovering previously deposited
volcanic units.

Seismic stratigraphic relations pointed out in (i)
and (ii) above led us to conclude that all layered mag-
matic bodies laterally attached to the NBR and the FNR
volcanic ridges and interbedded with sedimentary layers
are clear indications that these magmatic bodies are not
intrusive ones; they result from a process of volcanic
spill-out sourced directly from the volcanic edifices and
deposited directly over paleo seafloor surfaces as spill-
over volcanic bodies or accumulations (Figure 11).

Well-constrained stratigraphic correlations between
sedimentary deposition and volcanism are still to be done
in the area so that timing and/or duration of long-term
volcanic activities or episodic volcanic events could be de-
fined and dated. Unfortunately, to our knowledge, there
is not any well drilled around seamounts that could have
sampled those volcanic layers; thus, precise dating seems
now impossible. Nonetheless, our seismic interpretation
shows that, across the same individual edifice, volcanic
spill-over units may be interbedded with marine sedi-
mentary units, and along variable stratigraphic levels
(Figure 12). Hence, the NBR and the FNR volcanic ridges
are the result of recurrent volcanism that occurred and
persisted through time (Figure 12). In this study, we did
not observed any layered volcanic deposits spreading di-
rectly over the present seafloor.

Understanding and defining if recurrent volcanism
that formed segments of the NBR and the FNR oc-
curred as episodic or long-term volcanic processes is far
beyond the analytical possibilities of the database avail-
able for this study. However, the thick volcanic wedges
overlain by thick onlapping sediment units, observed
through seismic interpretation, point to processes of
volcanic spill-over concerning one sole volcanic wedge
that may have lasted, or may have been recurrent, for
thousands or even millions of years (Figure 10).

Although the origin and ages of volcanism related to
the NBR and the FNR are still a matter of debate (e.g.,
Cordani, 1970; Hayes and Ewing, 1970; Le Pichon and
Hayes, 1971; Bryan et al., 1973; Gorini, 1977; Houtz et
al., 1977, Teixeira et al., 1978; Braga et al., 1981,
Guimaries et al., 1982; O'Connor and Duncan, 1990;
Fodor et al., 1998; Fodor et al., 2002; Almeida, 2012), the
fact that recurrent volcanism (i) occurs attached to dis-
tinct volcanic edifices along apparently correlatable
stratigraphic levels and that (ii) they may correspond to
‘coeveal” volcanic spill-over units at different positions
along the NBR and the FNR segments (Figure 12) would
favor the hypothesis that the ridge volcanism could have
resulted from leaking transform faults or leaking frac-
ture zones, due to recurrent shifts in the pole of rotation
between the African and South American plates, as orig-
inally put forward by Le Pichon and Hayes (1971). How-
ever, different authors consider that mantle decom-
pression alone would not be able to explain huge vol-
umes of magmatic material (e.g., White, 1992; Turner
et al., 1996; Hensen et al., 2019; Niu, 2021), as those
able to build large volcanic edifices that may rise as
high as 1,200 - 4,550 m above seafloor, as seen along

Braz. J. Geophysics, 40, 1, 2022
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the NBR and the FNR (Figure 5). In such a context, the
hotspot hypothesis (e.g., O'Connor and Duncan, 1990)
is not at all to be excluded in order to explain the evolu-
tion of the NBR and the FNR. Nonetheless, our depth-
to-basement maps in 2D and 3D perspectives (Figure 8)
revealed that individual seamounts of both the NBR
and the FNR are actually interconnected along a basal
and continuous rampart-like volcanic ridge (Figures 5
and 6). This continuous basal volcanic ridge is clearly
capable of segmenting the crust in several compart-
ment sectors (Figure 8A). We thus interpret this basal
volcanic rampart aligned with major transform fault
systems as being a probable indication of the onset of a
continuous proto ridge, developed in response to leak-
ing transform faults or leaking fracture zones, due to
shifts in the pole of rotation between the African and
South American plates. In the context, the Parnaiba
Ridge (Figures 6, 7C and 8A) could be interpreted as an
example close to the volcanic feature configuration of a
proto ridge development, which still stands today on the
bathymetry as a clue to understand an initial phase of
the NBR and the FNR volcanic evolution.

CONCLUSIONS AND CONSIDERATIONS

The seismic stratigraphic work carried out in this study
reveals for the first time outstanding features associ-
ated to the North Brazilian Ridge (NBR) and the Fer-
nando de Noronha Ridge (FNR): volcanic wedges at-
tached laterally to buried portions of volcanic edifices
that compose the NBR and the FNR were interpreted
as volcanic spill-over bodies sourced directly from indi-
vidual volcanic edifices that, interbedded with marine
sediment layers or sequences, result in volcanic edifices
characterized by a complex morphology in the form of
“Christmas pine trees”. Such morphological configura-
tion attests to volcanic ridges as the result of recurrent
volcanism that occurred and persisted through time.
However, many questions related to recurrent volcan-
ism along the NBR and the FNR ridges still remain
opened:

(1) depth-to-basement maps revealed that individual
seamounts of both the NBR and the FNR are actu-
ally interconnected as continuous volcanic ridges in
depth, composing rampart-like features of thou-
sands of kilometers long, that can rise as high as
~5.0 s (twtt) above the regional depth-to-basement
map (Figure 8B). Continuous high relief ridges ex-
tending for thousands of kilometers long clearly
seem capable of segmenting the deep oceanic ba-
sins, or margin domains of continental-oceanic
crust, thus capable of controlling sediment disper-
sal as well as depocenters locations;

(i1) volcanic wedges attached to distinct volcanic edi-
fices occur along apparently correlatable strati-
graphic levels, pointing to the possibility of recur-
rent volcanism being active during the same time
interval at different distant points of the NBR and

the FNR. Direct dating of buried volcanic wedges is
now impossible, but chronostratigraphic correla-
tions of the basin sedimentary infilling from well
data (now under way by our research group) may
bring some time constraint to volcanic recurrences.

ACKNOWLEDGEMENTS

This study was financed in part by the Coordenacgéo de
Aperfeigpamento de Pessoal de Nivel Superior - Brazil
(CAPES) - Finance Code 001, in the form of doctor schol-
arships for the first and last authors. The authors also
gratefully acknowledge the financial support from the
CAPES-IODP program. Also, the authors especially
thank the Brazilian Navy for the availability of seismic
data and permission to publish their main results and to
use the LEPLAC seismic lines as well as the bathymetric
Digital Terrain Model (DTM) used in this work. The au-
thors also thank Seismic Micro-Technology Inc. for the
use of educational licenses of the software Kingdom
Suite®. The second and third authors received research
grants No. 313086/2017-6 and No. 3099779/2021-9 from
the Brazilian National Council for Scientific and Tech-
nological Development (CNPq). The authors also thank
the publicist Anne Reis for final editing retouch to the
figures. This is a contribution of the research group GE-
OMARGEM-Geology and Oceanography of Passive
Margins (http://www.geomargem.org).

REFERENCES

Alberoni, A.A.L., I.K. Jeck, C.G. Silva, and L.C. Torres,
2020, The new Digital Terrain Model (DTM) of the
Brazilian Continental Margin: detailed morphology
and revised undersea feature names: Geo-Marine
Letters, 40, 949-964, doi: 10.1007/s00367-019-
00606-x.

Almeida, F.F.M., 2006, Ilhas oceanicas brasileiras e
suas relagbes com a tectonica atlantica: Terrae Di-
datica, 2, 3—-18, doi: 10.20396/td.v211.8637462.

Almeida F.F.M., 2012, Ilhas ocednicas brasileiras, in
Hasui Y., C.D.R. Carneiro, F.F.M. Almeida, and A.
Bartorelli, Eds., Geologia do Brasil, Beca, Sio
Paulo, Brazil, 658-662.

Aslanian D., F. Gallais, A. Afilhado, P. Schnurle, M.
Moulin, M. Evain, D. Dias, J. Soares, R. Fuck, O.C.
Pessoa Neto, and A. Viana, 2021, Deep structure of
the Para-Maranh&o/Barreirinhas passive margin in
the equatorial Atlantic (NE Brazil): Journal of
South American Earth Sciences, 110, 103322, doi:
10.1016/j.3sames.2021.103322.

Azevedo, R., 1991, Tectonic Evolution of Brazilian
Equatorial Continental Margin Basins: PhD Thesis
on Department of Geology Royal School of Mines
Imperial College Prince Consort Road London,
1991, 455 pp.

Berndt, C., S. Planke, E. Alvestad, F. Tsikalas, and T.
Rasmussen, 2001, Seismic volcanostratigraphy of the

Braz. J. Geophysics, 40, 1, 2022


http://www.geomargem.org/
https://doi.org/10.1007/s00367-019-00606-x
https://doi.org/10.1007/s00367-019-00606-x
https://doi.org/10.20396/td.v2i1.8637462
https://doi.org/10.1016/j.jsames.2021.103322

80 Recurrent Volcanism, Brazilian Equatorial Atlantic

Norwegian Margin: constraints on tectonomagmatic
break-up processes: Journal of the Geological Society,
London, 158, 413-426, doi: 10.1144/j2s.158.3.413.

Bizzi, L.A., C. Schobbehaus, J.H. Goncgalves, F.J.
Baars, .M. Delgado, M.B. Abram, R. Ledo Neto,
G.M.M. Matos, and J.0.S. Santos, 2003, Geologia,
Tectonica e Recursos Minerais do Brasil: texto, ma-
pas e SIG: Brasilia, DF, Brazil, CPRM, 674 pp.

Braga, A.P.G., C.A.B. Passos, E.M. Souza, J.B. Franga,
M.F. Medeiros, and V.A. Andrade, 1981, Geologia da
regido nordeste do Estado do Ceara, Projeto Forta-
leza, Brazil: DNPM. Geologia, 12.

Bryan, G.M., N. Kumar, and P.J. Castro, 1973, The
North Brazilian Ridge and the extension of the
Equatorial Fracture Zones into the continent: XXVI
Congresso Brasileiro de Geologia, Belém, PA, Bra-
zil, SBG-Norte, 133—144.

Cordani, U.G., 1970, Idade do Vulcanismo do Oceano
Atlantico Sul: Boletim do Instituto de Geociéncias
e Astronomia - USP, Boletim IGA, 1, 9-75, doi:
10.11606/issn.2316-9001.v1i0p09-75.

Ernesto, M., 2006, Drift of South American Platform
since Early Cretaceous: Reviewing the apparent po-
lar wander path: Revista Geociéncias UNESP, 25,
83-90.

Francheteau. J. and X. Le Pichon, 1972, Marginal Frac-
ture Zones as Structural Framework of Continental
Margins in South Atlantic Ocean: The American As-
sociation of Petroleum Geologists Bulletin, 56, 6,
991-1007, doi: 10.1306/819A40A8-16C5-11D7-
8645000102C1865D.

Fodor, R.V., S.B. Mukasa, and A.N. Sial, 1998, Isotopic
and trace element indications of lithospheric and as-
thenospheric components in Tertiary alkalic bas-
alts, northeastern Brazil: Lithos, 43, 197-217, doi:
10.1016/S0024-4937(98)00012-7.

Fodor, R.V., AN. Sial, and G. Gandhok, 2002, Petrology
of spinel peridotite xenoliths from northeastern Bra-
zil: lithosphere with a high geothermal gradient im-
parted by Fernando de Noronha plume: Journal of
South American Earth Sciences, 15, 199214, doi:
10.1016/S0895-9811(02)00032-9.

Gorini, M.A., 1977, The Tectonic Fabric of the Equato-
rial Atlantic and Adjoining Continental Margins:
Gulf of Guinea to Northeastern Brazil: PhD Thesis
for The Degree of Philosophy in The Faculty of Pure
Science, Columbia University, USA, 1977, 116 pp.

Guimaraes, I.P., A.N. Sial, and A.F. Silva Filho, 1982.
Petrologia e geoquimica da provincia alcalina terci-
aria Fortaleza, Ceara: XXXII Cong. Bras. Geol., Sal-
vador, BA, Brazil, 577-588.

Guimaraes, A.R., J.G. Fitton, L.A. Kirstein, and D.N.
Barfod, 2020, Contemporaneous intraplate magma-

tism on conjugate South Atlantic margins: A
hotspot conundrum: Earth and Planetary Science
Letters, 536, 1-8, doi: 10.1016/1.epsl.2020.116147.

Braz. J. Geophysics, 40, 1, 2022

Hayes, D.E., and M. Ewing, 1970, North Brazilian
Ridge and Adjacent Continental Margin: The Amer-
ican Association Petroleum Geologists Bulletin, 54,
2120-2150, doi: 10.1306/56D25CC75-16C1-11D7-
8645000102C1865D.

Hensen, C., J.C. Duarte, P. Vannucch, A. Mazzini, A.A.
Lever, P. Terrinha, L. Géli, P. Henry, H. Villinger,
J. Morgan, M. Schmidt, M.A. Gutscher, R. Bar-
tolome, Y. Tomonaga, A. Polonia, E. Gracia, U.Tini-
vella, M. Lupi, M.N. Cagatay, M. Elvert, D. Sakel-
lariou, L. Matias, Kipfer, R., A.P. Karageorgis, L.
Ruffine, V. Liebetrau, C. Pierre, C. Schmidt, L. Ba-
tista, L. Gasperini, E. Burwicz, M. Neres, and M.
Nuzzo, 2019, Marine Transform Faults and Frac-
ture Zones: A Joint Perspective Integrating Seismic-
ity, Fluid Flow and Life: Frontiers in Earth Science,
7, 39, doi: 10.3389/feart.2019.00039.

Houtz, R.E., W.J. Ludwig, J.D. Milliman, and J.A.
Grow, 1977, Structure of the northern Brazilian
continental Margin: Geological Society of America
Bulletin, GSA Bulletin, 88, 711-719, doi:
10.1130/0016-
7606(1977)88%3C711:SOTNBC%3E2.0.CO:2.

Infante-Paez, L., and K.J. Marfurt, 2017, Seismic ex-
pression and geomorphology of igneous bodies: A
Taranaki Basin, New Zealand, case study: Interpre-
tation, 5, SK121- SK140, doi: 10.1190/INT-2016-
0244.1.

Le Pichon, X., and D.E. Hayes, 1971, Marginal Offsets,
Fracture Zones and the Early Opening of the South
Atlantic: Journal of Geophysical Research, 76,
6283-6293.

Matos, R.M.D., 2000, Tectonic Evolution of the Equato-
rial South Atlantic: Geophysical Monograph, 115,
331-354, doi: 10.1029/GM115p0331.

Matos, R.M.D., I. Norton, E. Casey, and A. Krueger,
2019, An orthogonal zone between the Equatorial
and South Atlantic margins: relevance and control
in the evolution of the Afro-Brazilian basins: 16t In-
ternational Congress of the Brazilian Geophysical
Society, Rio de dJaneiro, RJ, Brazil, SBGf doi:
10.22564/16¢isbgf2019.030.

Mizusaki, A.M.P., A. Thomaz-Filho, E.J. Milani, and P.
Césero, 2002, Mesozoic and Cenozoic igneous activ-
ity and its tectonic control in the northeastern Bra-
zil: Journal of South American Earth Sciences, 15,
183-198, doi: 10.1016/S0895-9811(02)00014-7.

Moulin, M., D. Aslanian, and P. Unternehr, 2010, A
new starting point for the South and Equatorial At-
lantic Ocean. Earth-Science Reviews, 98, 1-37, doi:
10.1016/j.earscirev.2009.08.001.

Niu, Y.L., 2021. Lithosphere thickness controls the
extent of mantle melting, depth of melt extraction
and basalt compositions in all tectonic settings on
Earth — A review and new perspectives: Earth-Sci-
ence Reviews, 217, 103614, doi: 10.1016/j.earsci-
rev.2021.103614.



https://doi.org/10.1144/jgs.158.3.413
https://doi.org/10.11606/issn.2316-9001.v1i0p09-75
https://doi.org/10.1306/819A40A8-16C5-11D7-8645000102C1865D
https://doi.org/10.1306/819A40A8-16C5-11D7-8645000102C1865D
https://doi.org/10.1016/S0024-4937(98)00012-7
https://doi.org/10.1016/S0895-9811(02)00032-9
https://doi.org/10.1016/j.epsl.2020.116147
https://doi.org/10.1306/5D25CC75-16C1-11D7-8645000102C1865D
https://doi.org/10.1306/5D25CC75-16C1-11D7-8645000102C1865D
https://doi.org/10.3389/feart.2019.00039
https://doi.org/10.1130/0016-7606(1977)88%3C711:SOTNBC%3E2.0.CO;2
https://doi.org/10.1130/0016-7606(1977)88%3C711:SOTNBC%3E2.0.CO;2
https://doi.org/10.1190/INT-2016-0244.1
https://doi.org/10.1190/INT-2016-0244.1
https://doi.org/10.1029/GM115p0331
https://doi.org/10.22564/16cisbgf2019.030
https://doi.org/10.1016/S0895-9811(02)00014-7
https://doi.org/10.1016/j.earscirev.2009.08.001
https://doi.org/10.1016/j.earscirev.2021.103614
https://doi.org/10.1016/j.earscirev.2021.103614

Santos et al. 81

O’Connor J.M., and R.A. Duncan, 1990, Evolution of the
Walvis Ridge-Rio Grande Rise Hot Spot System: Im-
plications for African and South American Plate Mo-
tions Over Plumes: Journal of Geophysical Research,
95, 17475-17502, doi: 10.1029/JB0951B11p17475.

Planke, S., P.A. Symonds, E. Alvestad, and J. Skogseid,
2000, Seismic volcanostratigraphy of large-volume
basaltic extrusive complexes on rifted margins:
Journal of Geophysical Research, 105, 19335-—
19351, doi: 10.1029/1999JB900005.

Planke S., Rasmussen T., Rey S.S., and Myklebust R.,
2005, Seismic characteristics and distribution of vol-

canic intrusions and hydrothermal vent complexes in
the Vering and Mare basins, in Doré A.G., and B.A.
Vinning, Eds., Petroleum Geology: NorthWest Eu-
rope and Global Perspectives: Proceedings of the 6th
Petroleum Geology Conference, Geological Society of
London, 833—844, doi: 10.1144/0060833.

Rabinowitz, P.D., and LaBrecque, J., 1979, The Meso-
zoic South Atlantic Ocean and evolution of its con-
tinental margins: Journal of Geophysical
Research: Solid Earth, 84, 5973-6002, doi:
10.1029/JB084iB11p05973.

Rey, S.S., Planke, S., Symonds, P.A., and Faleide, J.I.,
2008, Seismic volcanoestratigraphy of the Gascoyne
margin, Western Australia: Journal of Volcanology
and Geothermal Research, 172, 112-131, doi:
10.1016/.jvolgeores.2006.11.013.

Sandwell, D.T., and Smith, W.H.F., 1997, Marine grav-
ity anomaly from Geosat and ERS-1 satellite altim

Santos, M.V.M.: research development and implementation,
geophysical data interpretation, map and figure development;
Reis, A.T.: seismic data interpretation, result integration,
manuscript writing; Silva, C.G.: seismic data interpretation,
manuscript revision; Gorini, M.A.: seismic data interpreta-
tion, result integration; Albuquerque, N.C.: marine sedimen-

tary succession seismic interpretation.

Received on December 31, 2021 / Accepted on May 12, 2022

@C) - Creative Commons attribution-type BY

etry: Journal of Geophysical Research, 102, 10039—
10054, doi: 10.1029/96JB03223.

Soares dJr., A.V., Costa, J.B.S., and Hasui, Y., 2008,
Evolucéo da Margem Atlantica Equatorial do Bra-
sil: Trés fases distensivas: Revista Geociéncias
UNESP, 27, 427-437.

Teixeira, W., C.C.G. Tassinari, and O. Siga Jr., 1978, In-
terpretagdo Geocronolégica da folha SA-24 Forta-
leza—Natal. Projeto RADAMBRASIL, RN, Brazil, 18
pp.

Turner, S., Hawkesworth, C., Gallagher, K., Stewart,
K., Peate, D., and Mantovani, M., 1996, Mantle
plumes, flood basalts, and thermal models for melt

generation beneath continents: Assessment of a
conductive heating model and application to the
Parana: Journal of Geophysical Research, 101,
11503-11518, doi: 10.1029/96JB00430.

Ulbrich, M.N.C., Marques, L.S., and Lopes, R.P.,
2004, As ilhas vulcanicas Brasileiras: Fernando de
Noronha e Trindade, in V. Mantesso-Neto, A. Bar-
torelli, C.D.R. Carneiro, and B.B.B. Neves, Eds.,
Geologia do Continente Sul-Americano: Evolugio
da Obra de Fernando Flavio Marques de Almeida.
Sao Paulo, Brazil: Beca, Chapter XXXI. 555-573.

White, R.S., 1992, Magmatism during and after con-
tinental break-up, in Storey, B.C., T. Alabaster,
and R.J. Pankhurst, Eds., Magmatism and the
causes of Continental Break-up, Geological Soci-
ety, Special Publication, 68, 1-16, doi:
10.1144/GS1..SP.1992.068.01.01.

Braz. J. Geophysics, 40, 1, 2022


https://doi.org/10.1029/JB095iB11p17475
https://doi.org/10.1144/0060833
https://doi.org/10.1029/JB084iB11p05973
https://doi.org/10.1016/j.jvolgeores.2006.11.013
https://doi.org/10.1029/96JB03223
https://doi.org/10.1029/96JB00430
https://doi.org/10.1144/GSL.SP.1992.068.01.01

	ABSTRACT. This study, based on the interpretation of LEPLAC (the Brazilian Continental Shelf Survey Project) deep seismic lines (~16.0 s twtt), reveals for the first time across the Brazilian Equatorial Atlantic Ocean seismic evidences that buried por...
	Keywords: seamounts, guyots, volcanic seismic facies, volcanostratigraphy, intraplate volcanic ridges.
	Introduction
	REGIONAL GEOLOGY
	MATERIAL AND METHODS
	RESULTS
	Seamounts morphology of the North Brazilian and the Fernando de Noronha ridges
	The North Brazilian Ridge (NBR)
	The Fernando de Noronha Ridge (FNR)
	Depth-to-seismic basement map
	Seismic reconnaissance of magmatic features spatially related to the NBR and the FNR
	DISCUSSION
	CONCLUSIONS AND CONSIDERATIONS
	ACKNOWLEDGEMENTS
	REFERENCES

