Marine and Petroleum Geology 116 (2020) 104310

Contents lists available at ScienceDirect

CEOLOGY

Marine and Petroleum Geology

journal homepage: www.elsevier.com/locate/marpetgeo

Research paper

Seismic stratigraphic patterns and characterization of deepwater reservoirs = M)

of the Mundat sub-basin, Brazilian Equatorial Margin S
Karen M. Leopoldino Oliveira®™“*, Heather Bedle®, R. Mariano G. Castelo Branco™”,
Ana Clara B. de Souza®, Francisco Nepomuceno Filho, Marcio N. Normando?,
Narelle M. de Almeida®, Thiago H. da Silva Barbosa’
@ Programa de Pés-Graduagdo em Geologia, Universidade Federal do Ceard (UFC), Campus do Pici, Bloco 912, Fortaleza, Ceard, CEP, 60440-554, Brazil
Y Laboratério de Geofisica de Prospecgdo e Sensoriamento Remoto (LGPSR). Universidade Federal do Ceard (UFC), Campus do Pici, Bloco 1011, Fortaleza, Ceard, CEP,
60440-760, Brazil
¢ School of Geosciences, University of Oklahoma, 100 East Boyd St. Suite 710 Norman, OK 73019, US
dDepartamento de Fisica, Universidade Federal do Ceard (UFC), Campus do Pici, Bloco 922, Fortaleza, Ceard, CEP, 60440-554, Brazil
€ Departamento de Geologia, Universidade Federal do Ceard (UFC), Campus do Pici, Bloco 912, Fortaleza, Ceard, CEP, 60440-554, Brazil
fDeparmmenm de Engenharia do Petréleo, Universidade Federal do Ceard (UFC), Campus do Pici, Bloco 709, Fortaleza, Ceard, CEP, 60440-554, Brazil
ARTICLE INFO ABSTRACT
Keywords: In recent years, the Brazilian Equatorial Margin has drawn attention due to its similarity to areas with new
Brazilian Equatorial Margin hydrocarbon discoveries in the African conjugated margin, and in French Guiana. However, studies on the
Ceara Basin tectonic regimes associated with transform margins and their evolution, structures, and petroleum potential are
Petroleum exploration still lacking due to the geological complexity of this region. To address this knowledge gap, research has been
Essgi‘git;r environments done to better understand the geological structures, as well as to identify potential hydrocarbon accumulations
Magmatism in the deepwater Ceard Basin. To achieve this, we performed an integrated interpretation of a large 2D seismic
data, new exploratory borehole data, as well as older well data with revised biostratigraphy. This data analysis
refines the basin architecture and the Cretaceous-Paleocene tectonic evolution, including implications for hy-
drocarbon prospectivity in the Ceard Basin deepwater. 2D seismic interpretation was performed using modern
concepts of continental break-up. To accomplish this, the transition of continental-oceanic crust was taken into
account for restoration of the sediments of the rift stage in the basin. The analysis also identifies potential
hydrocarbon accumulations in turbiditic reservoirs and presents new insights about the dimensions of the un-
derlying rift features situated in the continental slope. The results reveal a high potential for drift sequences in
deepwater where the Late Albian-Early Cenomanian-Turonian sediments reach thicknesses of approximately
3048-4894 m. Moreover, this research shows evidence of Cretaceous to Paleocene magmatism, indicated by the
well-imaged volcanoes and associated sills in the seismic data. This analysis indicates that the Mundau sub-basin
can be classified as a volcanic passive margin that was developed during the oblique dextral separation between
South America and Africa. The variety of stratigraphic and structural features developed through the Cretaceous
history of the Mundat sub-basin offers a variety of potential hydrocarbon traps and plays in a number of rift and
post-rift sequences.
1. Introduction west to east, the Foz do Amazonas, Pard-Maranhio, Barreirinhas, Ceara,
and Potiguar basins (Fig. 1a). These basins began their development
The Brazilian Equatorial Margin (BEM) in northeastern South during the Early Cretaceous, as a series of several continental rift basins
America and the eastern part of the Equatorial South Atlantic Ocean is through a complex evolution with tectonic regime varying from pre-
composed by five sedimentary basins along the coast. There are, from dominantly normal (distension) to predominantly strike-slip
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Fig. 1. (a) Regional topographic and bathymetric map of the Equatorial Atlantic showing conjugate margins in Brazil and Africa as well as the larger oceanic
fractures zones in the area; (b) The Ceara basin is divided in four sub-basins: Piaui-Camocim, Acarad, Icarai and Mundat. The Romanche Fracture Zone and positive
gravity anomalies were mapped using data from the World Gravity Map (WGM2012). The topographic model is from the National Oceanic and Atmospheric
Administration (NOAA). The structural data was compiled from Zadlan and Warne (1985), Silva et al. (1999), and Morais Neto et al. (2003). The basin boundaries are
from ANP and the sub-basins boundaries were adapted from Morais Neto et al. (2003).

(transtension and transpression) regime. The geological evolution of
this margin is similar to the West African margin as Ghana, Ivory Coast
and Liberia (Fig. 1la), being characterized a transform margin
(Francolin and Szatmari, 1987; Matos, 1999, 2000; Milani and Thomaz
Filho, 2000; Maia de Almeida et al., 2019).

In recent years, new hydrocarbon discoveries in the African con-
jugated margin, Brazilian margin and in French Guiana have drawn
attention to the BEM. However, studies on the tectonic regimes asso-
ciated with transform margins and their evolution, structures, and
petroleum potential are scarce, partially due to the geological

complexity (Zalan et al., 1985; Zalan and Warne, 1985; Soares et al.,
2012; Nemcok et al., 2012; Krueger, 2012; Krueger et al., 2014;
Davison et al., 2016; Maia de Almeida et al., 2019). Such basins and
their structures require an in-depth research on their genesis and geo-
logical significance, especially for oil industry applications.

The exploration potential of Equatorial margins is exemplified by
the Jubilee field in Ghana, which currently produces approximately
10,000 bopd only five years after the discovery (Karagiannopoulos,
[updated 2018]). Other fields, also in Ghana's deepwater, such as
Tweneboa-Enyenra-Ntomme (TEN) are also already producing oil. On
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Fig. 2. The location of the wells, seismic data (2D), and the blocks of ANP Bidding Rounds are displayed. Also, four producer fields (Xaréu, Atum, Curimd, and
Espada) in the Mundati sub-basin are outlined. The black polygon frame indicates the area presented in Figs. 8-11.

the other hand, a much-publicized discovery in French Guiana was also
announced in 2012 (Zaeydius field), however, six evaluation wells have
since been classified as dry or with uneconomic (Zalan, 2015). Never-
theless, these analogue discoveries suggest potential for another world-
class Jubilee-like oil system in deep and ultra-deepwaters of the BEM.

The 11th Round of Bids of the Brazilian National Agency of Oil,
Natural Gas and Biofuels (ANP) in 2013 allowed dozens of blocks to be
acquired by companies in all five basins of the BEM (Zalan, 2015). The
ANP's most recent bidding round, the 15th in 2018, had 12 blocks of-
fered in deep and ultra-deepwater in the Ceard Basin, totaling an area of
approximately 8,500 km?. According to ANP, BEM has potential for oil
discovery in turbidite reservoirs from the late Cretaceous to the Pa-
leogene, similar to the discoveries of the West African Margin. The
increase in bidding in the last several years reveals the escalating in-
terest in the hydrocarbon potential of the BEM.

The Ceara Basin is a frontier hydrocarbon producing basin with four
fields in the shallow water domains of the Mundat sub-basin (Xaréu,
Atum, Espada and Curima) (Figs. 1b and 2). In 2012, Petrobras drilled
the 1 BRSA 1080 CES well, the first deepwater oil discovery in Ceara
Basin, then two additional exploratory wells were drilled with more
complete chronostratigraphic data collection. Two wells had previously
been drilled in the deepwater in the 1990s, but data from these have not
been publicly released, and thus are not correlated with the new wells.

Maia de Almeida et al. (2019) presented the petroleum system of the
Mundai sub-basin deepwater transitional sequence using the 1 BRSA
1080 CES well and seismic data. However, they did not discuss the
potential reservoirs in the syn-rift and drift sequence. In this study, we
improve the current geologic understanding of the basin, mapping the
main geologic features using a large 2D seismic dataset, as well as
identify regions of potential hydrocarbon accumulations in the deep-
water Cretaceous-Paleocene sequences of Mundat sub-basin. In addi-
tion, the seismic-stratigraphic interpretations are combined with new
borehole data that includes detailed biostratigraphy data. This analysis
results in a new understanding of the basin that can be used to identify
possible plays and to refine the basin architecture and its tectonic
evolution, including implications for hydrocarbon prospectivity in the
Ceara Basin deepwater.

2. Geological setting
2.1. Ceard Basin

The Cearé Basin origin is related to the process of the Gondwana
breakup during the Lower Cretaceous resulting in the Equatorial
Atlantic opening. This basin is bounded to the east by the Fortaleza
High, to the west by the Tutéia High, to the south by the Precambrian
basement, and to the north by the Romanche Fracture Zone (RFZ)
(Fig. 1b) (Costa et al., 1990). Due to the distinct tectono-stratigraphic
character along and across the Margin, the Ceara Basin is divided into
four sub-basins, from west to east: Piaui-Camocim, Acarat, Icarai and
Mundatd (Morais Neto et al., 2003). The Piaui-Camocim is separated
from the Acarat sub-basin by the Ceard High. The Acarad and Icarai
sub-basins have as common limit the Sobral-Pedro II lineament exten-
sion. In addition, the Icaraf is separated from Mundati sub-basin by an
important fault inflexion (Morais Neto et al., 2003).

Another defining characteristic of the basin are the intrusions and
magmatic extrusions, which sometimes generate guyots and bathy-
metric highs. Only a few volcanic rocks are dated from the shallow
water (continental crust) offshore the Ceara and Potiguar basins, and
they reveal ages spanning from 83 to 28 Ma (Santonian to Lower
Oligocene; Mizusaki et al., 2002; McHone, 2006). However, there is no
direct sampling and dating of any offshore seamount from the BEM,
except for the Fernando de Noronha Archipelago (Jovane et al., 2016).
Therefore, there is no clear assessment of the relationship between se-
dimentation and volcanic rocks in the seamounts, and the current age
estimate for the latest volcanic emplacement ranges between the Con-
iacian and the Eocene, and thus has an uncertainty of more than 40 My
(Jovane et al., 2016).

2.2. Mundati sub-basin

The Mundadt sub-basin is regionally structured by a major fault, the
Mundat Fault, which has normal offset in the NW-SE direction and is
NE-dipping (Antunes et al., 2008) (Fig. 1b). The tectono-sedimentary
evolution of the Mundad sub-basin consists of three major
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megasequences (Beltrami et al., 1994): syn-rift, transitional, and drift.
The syn-rift phase is characterized by the development of NW-SE
normal faults forming asymmetric half-grabens, and continental sedi-
mentation marked by fluvial-deltaic sandstones and shales of the
Mundai Formation (Beltrami et al., 1994). The top of this unit is a
regional stratigraphic reflector, called the “Electric Mark 100” (Costa
et al., 1990) or “1000” (Beltrami et al., 1994; Condé et al., 2007) and is
interpreted to be the result of a period of regional flooding that affected
the basin during the lower Aptian (Pessoa Neto, 2004).

The transitional sequence, the Paracuru Formation (Fig. 3), is
marked by the first marine incursions recorded in the sub-basin, within
the fluvial, deltaic, and lacustrine sandstones. Limestones and sub-
ordinate evaporites (Trairi Member) were also deposited at this stage
(~115 My) (Costa et al., 1990; Beltrami et al., 1994; Condé et al.,
2007).

The drift or marine megasequence developed as a result of con-
tinental drift and a marked phase of thermal subsidence. The Ubarana
Formation (from ~110 My to 65 My) comprises two members (Fig. 3)
(Costa et al., 1990; Beltrami et al., 1994; Condé et al., 2007). The first
one, the Uruburetama Member (~110 My-75 My), corresponds to a
marine transgression and consists of predominantly shales. The second
member, Itapagé Member (from ~75 My to 65 My), corresponds to a
regressive marine phase and consists of turbiditic shales and sandstones
(Costa et al., 1990; Beltrami et al., 1994; Condé et al., 2007). The
Guamaré Formation (from ~65 My to recent) consists of shelf carbo-
nates, while the Tibau Formation (from ~65 My to recent) comprises
proximal sandstones (Fig. 3). The clastic continental sediments of the
Barreiras Formation comprise the youngest unit of the basin (Condé

et al., 2007).

Magmatism in this basin occurred between the Mid-Eocene and
Lower Oligocene. It was associated with a mafic event resulting in in-
trusive bodies of basalt and diabase, some of which were sampled in
exploratory wells (Condé et al.,, 2007). Data from K-Ar and Rb-Sr
dating (Mizusaki et al., 2002) indicate that the volcanic rocks vary in
age from the Eocene (44 Ma, in the Ceara High area) to the Oligocene
(32 Ma, in the Fortaleza High area). At north of Mundau sub-basin there
is a seamount named the Canopus Bank, which is a north-north-
west-trending intrusion, 80-km long, 40-km wide, covering an area
approximately 2,500 km?. Its top reaches a depth of 150 m below sea
level and is approximately 120 km? in area. Although seismic inter-
pretation estimates the volcanic emplacement between 23 and 65 Ma,
the hypothesis of seamount building because of multiple magmatic
events is not disregarded (Maia de Almeida et al., 2019). Locally, near
the Xaréu field (Fig. 2), a diabase sample provided a K-Ar age around
83 Ma, which may be related to the Cué Magmatism - recorded in the
Potiguar Basin and active in the Santonian-Turonian (Condé et al.,
2007). Indeed, the geographical location and genetic determination of
these rocks is essential for the geological study of the Cearad Basin,
especially when it considers the influence of volcanic events in the
generation, migration, and accumulation of hydrocarbons.

3. Data

This study is based on a large seismic reflection dataset and well
data (Fig. 4), all of which were acquired by Petrobras and supplied by
the Brazilian National Agency of Oil, Gas and Biofuels (ANP). We
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interpreted more than 1,589 km of post-stack time-migrated multi-
channel 2D seismic reflection profiles located between the slope and the
abyssal plain of the Mundati sub-basin (Fig. 2). Additionally, two pre-
stack seismic lines were processed to assist in the interpretation and for
depth information. Seismic penetration to more than 9s TWT permitted
the analysis of the entire seismic stratigraphic record of the abyssal
plain down to the oceanic crust (Fig. 5). This data set covers an area of
approximately 7,125 km?, on a seismic grid of ~4 km spacing, which is
sufficient enough to confidently tie the different seismic units mapped
in this study.

The seismic sequence stratigraphic units were identified based on the
newly available exploratory wells data 1 BRSA 1114 CES (2012), 1 BRSA
1150 CES (2013), 1 BRSA 1080 CES (2012), and older wells, including 1
CES 112 CE (1993), 1 CES 111 CE (1996), 1 CES 43 CE (1981) and 1 CES
81 CE (1983) which had revised biostratigraphy. These last two wells are
located in shallow water. Well data includes standard log suites (i.e.
gamma ray, density, resistivity, sonic, Vp, and Vs), checkshots, lithologic
and geochemical data, formation tops, and biostratigraphic ages. Only
three wells in deepwater have chronostratigraphic ages: 1 BRSA 1114
CES (2012), 1 CES 112 CE (1993), and 1 CES 111 CE (1996). This is the
first deepwater study of the Ceard Basin where chronostratigraphic
markers were used to refine the stratigraphic framework.

4. Methods

Seismic interpretations of horizons and faults were carried out in the
time domain (TWT). These horizons correspond to boundaries of sedi-
mentary formations recognized in the wells and to major lithologic
discontinuities. These seismic profiles were analyzed following a con-
ventional 2D interpretation methodology by mapping key high-ampli-
tude reflectors, and then the generation of surface-time, surface-depth,
and isopach maps. Geological interpretation of the seismic units was
based upon the interpretation of seismic parameters, such as amplitude,
frequency, continuity, and external and internal geometries, as well as
on the classical concepts of sequence stratigraphy (Vail et al., 1977).
Initially, chronostratigraphic information from 1 BRSA 1114 CES, 1 CES
112 CE, and 1 CES 111 CE was plotted on the seismic lines. The well
correlation used primarily the gamma ray and the sonic logs data
(Segesman, 1980) (Fig. 4). Then, the most significant reflectors were
mapped, in terms of continuity, amplitude, and tied to the well data,
which provided chronological meaning, and aided in defining the
seismic sequences.

A frequency enhancing algorithm was employed to aid interpreta-
tion at both low and high frequencies. This algorithm is similar to
Amplitude Volume Technique Attribute (AVT) introduced by Bulhoes
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and Amorim (2005). By introducing frequencies that enrich the re-
corded reflections, an attribute is created that emphasizes seismic
stratigraphic packages and assists their correlation throughout the
seismic section. The packets, or sequences, thus defined, bring together
sets of reflections that have similar acoustic impedance characteristics
(Figs. 5-7).

We constructed a number of time-thickness (isochron) maps (Figs. 8
and 9) in order to highlight the regional configuration of the main
depocenters, their spatial and temporal migration, and their relation-
ship with the deep crustal architecture of the basin. The isopach map is
a key resource in understanding the stratigraphic thickness of the se-
diments, and it also represents thickness variations within each de-
positional unit (Bishop, 1960). Isopach maps are essential tools in the
erosional and depositional sedimentary reconstruction as well as the
recognition of turbiditic bodies.

The major faults were picked and correlated from line to line. Next,
the interval velocities of each seismic unit were obtained from check-
shot data of the wells, so these interval velocities were finally corrected
in order to fit the well tops. The defined velocity model was employed
for a time to depth conversion. An average velocity obtained from the
VSP of five deepwater wells was used. The average speed in the sub-
surface to the sedimentary package from Late Albian to Turonian in-
terval was 2,668 m/s, while the average speed for water was 1,500 m/s.
According to this data, it is inferred that the Late Albian-Early
Cenomanian-Turonian depth is approximately 3048-4894 m in the
deepwater and ultra-deepwater. Geochemical data from five deepwater
wells were obtained from lateral rock samples, and 399 samples were
analyzed for Total Organic Carbon (TOC) and Rock-Eval pyrolysis
analyses. In all, this corresponds to 200 samples in the Late Albian to

Turonian interval. These measurements were conducted in shales,
sandstones, marls, and conglomerates belonging to Ubarana Formation.

5. Results
5.1. Seismic and structural interpretation

We here infer the tectono-sedimentary framework of the basin and
its evolution based on seismic interpretation, structural, and isochrons
maps. These maps were organized from oldest to youngest, focusing on
the stratigraphic patterns and thickness trend. Nine major horizons
were interpreted on the seismic lines (Figs. 5-8), which were chosen
based on lithologic and chronologic data obtained from the composite
well logs, and using the main unconformities present in this basin as
first interpreted by Condé et al. (2007). From those horizons, nine
isochrons maps were generated and named as units from one to nine.
(Figs. 3 and 9). The tenth horizon, the seabed, was also mapped and is
the top of the most recent sedimentary interval.

5.1.1. Basement

In the basement structural map (Fig. 8a), the transition from con-
tinental crust to oceanic crust corresponds to a change from basement
depths of less than 4000 ms on the continental shelf to depths of more
than 6000 ms on the toe of slope over more than 20 km. Differing from
the Barreirinhas Basin, the transitional zone between oceanic and
continental crust in this basin is wide (more than 20 km) (Figs. 5, 8a
and 10), as a result of being located between oceanic fracture zones.
The basement was better identified at deepwater basin region, as the
seismic lines tend to lose resolution in deeper parts at continental shelf.
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The basement is seismically characterized by chaotic internal reflectors
at the continental shelf and contains seaward dipping reflector (SDR) in
the continental slope and deepwater. This region is commonly cut by
normal faults composed by horsts and grabens (Fig. 5a). On the con-
tinental shelf, the basement of the Ceard Basin is composed of Bor-
borema Province rocks (Morais Neto et al., 2003). The basement of the
ultra-deepwaters is composed of basaltic rocks of oceanic crust. Oceanic
crust is characterized by transparent or chaotic seismic facies. In these
facies, the presence of diffraction is noted in the upper part, and high-
amplitude are observed in the lower portion near the Moho (Fig. 5c).
Fig. 8a displays a trend of the shallower basement to the southeast of
the area, while the basement trends to the northwest at greater depths.
The basement high in the south is related to the continental shelf. In the
south, locally poor quality and less availability of seismic data increases
uncertainty in the interpretation.

5.1.2. Unit 1 (Aptian base)

The Aptian base sequence Ul defined in this study underlays the
basement and is below the Mid Aptian sequence that corresponds to the
top of Mundat Formation (Figs. 5-7 and 8b). In shallow waters, be-
neath the top of MundatG Formation, there are well-marked dis-
continuities in electric profiles, informally denoted as the 700 and 800
marks, which are consecrated by use for by over 30 years of exploration
in the basin (Condé et al., 2007). Analyzing the seismic lines in deep-
water (Figs. 5-7), along with well data, there are some well-marked
reflectors which allow a subdivision of the Mundati Formation based on
seismic facies. The top of this unit was defined as the Aptian base, based
on previous research where the rocks have a high source rock potential
(Falkenhein et al., 2001). There is no information about rocks older
than Aptian, however, Condé et al. (2007) suggested that there may be
older deposits in the deepest portions of the basin and they could be
correlated to the Pendéncia Formation (Barremian age) of Potiguar
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Basin. The thicker package of this unit in seismic images (Figs. 5-7)
corroborate that older rocks could be present.

This interval has seaward dipping reflectors in the slope with high-
amplitude and continuous to sub-continuous, locally chaotic reflections
with divergent patterns near faults (Fig. 6a), which are indicative of
syn-tectonic deposition. In the deepwater, this formation has high-
amplitude, concave downward reflectors, parallel, and continuous re-
flections (Figs. 5 and 6). It pinches-out approximately 40 km off of the
continental shelf where the continental crust ends (Fig. 5), and its de-
position had a thicker distribution to the east of the slope (Fig. 8b).

The faulted blocks often show parallel and high-amplitude reflectors
to divergent and transparent reflector when approaching the faults in-
dicating the presence of early syn-rift sediments infilling the grabens
(Figs. 5 and 6). On the continental shelf, basinward-dipping faults form
rotated blocks establishing a half-graben system. Convex, continuous to
sub-continuous seismic reflections, sometimes presenting high-ampli-
tudes, are observed inside the grabens. Normal faults affect the

continental crust below the continental shelf. The continental slope
displays this unit as filled horsts and grabens related to the complex
evolution of this basin controlled by landward-dipping faults (Figs. 5-7,
8b and 9a). The greatest thickness (maximum of 1600 ms) of this se-
quence in relation to the basement is in the central region, following a
trend NW-SE, while small values are on the continental shelf and in the
north are due to contact with the continental crust boundary (Fig. 9a).
The isochron map of this unit shows that most of the sedimentary
package, up to 1300 ms (Fig. 9a), was accumulated on the continental
slope, filled grabens.

5.1.3. Unit 2 (Mid Aptian)

The Mid-Aptian unit corresponds to the Mundati Formation, which
has another well log correlation and a strong reflection in seismic lines.
The top of this unit is represented by the Mid-Aptian structural map
(Fig. 8c). Two wells in deepwater reach the top of this unit. Similar to
the previous unit described above, this interval also has seaward
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dipping reflectors. However, its seismic facies patterns are not homo-
geneous. Its upper part is predominantly marked by chaotic reflections,
while strong and continuous reflections are marked in its lower part
(Figs. 5-7). The continental slope is composed of both highs and lows of
this formation, having uniform sedimentary dispersion in the center
and its greater depths lie at the north (Fig. 8c), where continental crust
ends. This formation shows downlap over the early oceanic crust
formed on the northern part of the basin (Fig. 5b). Fig. 8k shows the
extent of this surface in depth.

The top of the rift stage, on the continental shelf and in deepwater,
is represented by this unit. Rift-related basement faults formed horsts
and grabens within the area of the current continental shelf (Fig. 5a and
9b). The syn-rift sequence (Unit 2) is very thick in the study area, with
more than 1000 ms of sediments. The depocenter within the extent of
the modern continental shelf reflects the adjustment between the

border fault and the fault near the slope (Fig. 5a). When compared with
the previously described sequence, Unit 1, the syn-rift sequence has the
greatest thickness (maximum of 1250 ms) in northeast of the area,
while a slight thinning of this sequence is observed on the southeastern
side of continental slope (Fig. 9b).

5.1.4. Unit 3 (Albian Base)

The base of this sequence is the Mid Aptian horizon (Fig. 8c) and the
top of the sequence is the Albian Base horizon (Fig. 8d) that corre-
sponds to the top of Paracuru Formation. This unit is considered a
breakup sequence (Soares et al., 2012) as its deposition comprises an
unconformity-bonded stratigraphic interval, which was controlled by
the tectono-stratigraphic events triggered by the breakup. At this age,
the oceanic crust began to form and this sequence is overlying it, being
the first sequence to be deposited on top of oceanic crust (Figs. 5 and
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10). The breakup was finalized during the lower Albian in this segment
of Equatorial Margin, where syn-wrench sedimentation took place
(Falkenhein et al., 2001). This unit has seismic facies that are parallel to
sub-parallel, high amplitude and continuous reflectors. The sequence
becomes thicker in the distal part of the basin, especially in the
northwest. Unlike the previously described sequence that has a uniform
sedimentation in the northeast of the area, this already has a more
uniform distribution, even if subtle, to the northwest, making the area
more regular in terms of deposition (Fig. 8d). The greatest thickness
(maximum of 1600 ms) of this sequence in relation to Unit 2 is in the
extreme north (Fig. 9¢). The small values are on the continental slope
mainly in southeast, highlighting one NW-SE trending, elongated fea-
ture in northeast (Fig. 9c). Fig. 81 shows the coverage of the top horizon
of this unit in depth. Some magmatic features interpreted as sills were
imaged by high-amplitude reflections (Fig. 7a and b).

The entire Aptian-Albian interval, as well as underlying sequences,
are cut by normal faults, suggesting active tectonic in these ages. The 1
BRSA 1080 CES well, where oil was discovered, was positioned where
there is a high of Mundat Formation formed by a fault and probably
mobile shales (Fig. 6a). The isochron map between the top of Mundati
Formation and the top of Paracuru Formation (Unit 3) reveals that the
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sedimentary depositional preference to the northwest has greater
thicknesses, while the continental slope has smaller thickness values,
mainly in the east (Fig. 9¢). Fig. 9j displays the depth thickness of unit.

5.1.5. Unit 4 (Albian Base-Turonian)

This Unit marks the beginning of the drift sequence. Its base is
composed of conglomerates representing deposits of low sea system
tract (Figs. 4c-1 BRSA 1150 CES and 1 BRSA 1114 CES wells), and
seismically is composed of plane-parallel and high-amplitude seismic
reflectors (Figs. 5 and 6). The top of this unit corresponds to a Turonian
age horizon (~89 Ma) (Figs. 5 and 10) related to a maximum flooding
surface and anoxic event that has a very characteristic high-amplitude
seismic character, and can be easily correlated throughout the Equa-
torial margin (Trosdtorf et al., 2007). The 1 BRSA 1080 CES and 1 CES
0112 CE wells present a low sand supply during the deposition at the
base of this sequence, while the shale input was high, representing
predominantly shelf to deepwater environments (Fig. 4c). However, the
1 BRSA 1114 CES and 1 BRSA 1150 CES reveals a high sand supply in
the whole sequence (Fig. 4c). The structural map presents increased
depths in the northwest of study area, with regular sediment distribu-
tion on the continental slope (Fig. 8e).
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The Cenomanian faults have a similar orientation to the rift faults,
which seem to be linked at depth (Fig. 5b and c). This suggests that the
Cenomanian faults formed as a result of a phase of reactivation of the
older and deeper rift structures. Given the evidence that rifting termi-
nated in the late Aptian (Figs. 5 and 10), the extensional phase re-
sponsible for the formation of these late faults may have been triggered
by processes of ‘postrift relaxation’ (Morgan, 1983; Burov and
Cloetingh, 1997; Burov and Poliakov, 2003). The lack of known re-
gional tectonic events in the margin during the Late Cretaceous makes
it difficult to suggest alternative scenarios for the formation of the
Cenomanian faults. The isopach map of this interval (Unit 4) shows
smaller thickness when compared to the others due to the large number
of erosive events that occurred in this period (four events in 10 Ma)
(Condé et al., 2007) (Fig. 3). Beyond that, most of the sediments, up to
500 ms, were accumulated on the continental slope in a ponded de-
pocenter (Figs. 9d and 11a). Thick sedimentary packages are observed
in the deepwater suggesting that the sediments also bypassed this area
and continued further downslope (Fig. 11a). The thickness, when

11

compared to the previous unit above described, is smaller. It reaches a
greater depth to the northeast and northwest, with a thin feature among
them following a trend NE-SW, probably associated with the Romanche
Fracture Zone structures.

5.1.6. Unit 5 (Turonian-mid Eocene)

The top of this is represented by Mid-Eocene unconformity hor-
izon (Fig. 8f) that is very expressive in this basin, especially in distal
areas. It is the seismic reflector most representative of drift phase,
with a high acoustic impedance, in all of the deep and ultra-deep-
water seismic lines (Fig. 6). In this sequence, during the Campanian
(~78 Ma), the sea level dropped, marking the change from mainly
transgressive to regressive sequences (Trosdtorf et al., 2007). The
Maastrichtian was a time of tectonic quiescence, and in this basin
sediments were deposited in a regressive sequence called the Itapagé
member (Condé et al., 2007). This interval is composed of plane-
parallel, sometimes continuous or chaotic seismic reflections
(Figs. 5-7). This interval has greater thicknesses on the continental
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shelf and to the northwest of the distal part of the sub-basin (Fig. 9e).
It has a more uniform sedimentary distribution in the western portion
of the study area. The 1 BRSA 1150 CES and the 1 CES 111 CE wells
have greater thickness of this unit, while the 1 BRSA 1080 CES well
has smaller thickness (170 ms) (Figs. 4a and 9e).

On the continental slope, this sequence is intersected by basin-
ward-dipping faults (Fig. 6¢). In the deepwater, this sequence is in-
tersected by vertical faults related to the reactivation of the Romanche
Fracture Zone and emplacement of magmatic bodies (Fig. 5c). The
isochron map between the Turonian and Mid-Eocene (Unit 5) shows
the depositional thickening infilling a Turonian ponded depocenters,
which are wider (up to 10 km in the continental shelf) than the Late
Albian mini-basins, represented on the Late-Albian to Turonian iso-
chron (Fig. 9d). Comparing these isochron maps, some Late Albian
mini-basins coalesced into larger basins during Turonian time, while
others were buried. As previously described above, depositional
thickening is observed in the northwest region, suggesting sediments
also bypassed the area into the deepwater (Fig. 11b). The continental
shelf has a better sedimentary distribution due to adjustment of the
border fault and to the regressive event related to the Itapagé Member
(Figs. 5 and 11b).

5.1.7. Unit 6 (mid Eocene — Mid Oligocene)

The top of this unit is represented by a Mid Oligocene unconformity
(Figs. 5-7 and 8g). The structural map reveals that this unit has greater
depths in the north trending to NW-SE direction (Fig. 8g). Seismic facies
are parallel to sub-parallel, often with a high-amplitude and continuous
reflector. It has a strong seismic reflector and is well-marked on elec-
trical profiles (Figs. 4 and 6). The top of this unit corresponds to the
Rupelian-Chattian boundary unconformity (Trosdtorf et al., 2007).
During the Oligocene, conditions changed from regressive in the Ru-
pelian to transgressive in the Chattian, and formed the Oligocene un-
conformity (Haq et al., 1987). This interval is thicker on the northeast
part of the distal sub-basin, and thinner in the continental shelf and the
continental slope from the center to the east (Fig. 8g).

The isochron map (Fig. 9f) between the Mid-Eocene and the Mid
Oligocene unconformity (~27 Ma) horizons represents the thickness of
Unit 6. On the continental shelf and on the continental slope most of
sediments were eroded and deposited into deepwater environments,
mainly in northeast of this basin (Fig. 11c). On the continental shelf
there are three Mid-Eocene mini-basins and additional sedimentary
deposition occurring to the west of the continental slope (Fig. 9f). At the
toe of the continental slope, this sequence is intersected by oceanward-
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dipping faults that change their direction to landward-dipping faults
(Fig. 6a).

5.1.8. Unit 7 (Mid Oligocene-Mid Miocene)

The top of this unit corresponds to a Mid-Miocene age horizon
(Figs. 5-7, 8h, and 10) that is related to the top of a large transgressive
event observed across the whole Brazilian Equatorial Margin, which
gave origin to a large carbonate ramp (Trosdtorf et al., 2007). Seismic
facies are uniform, parallel, and continuous reflectors. Common zones
of internal disturbed reflections related to high sediments input have
been recorded (Fig. 7a). In the continental slope there are transparent
zones in seismic data associated with depositional changes and is
characterized by the presence of disturbed discontinuous seismic re-
flection (Fig. 6a). The structural map presents a uniform sedimentary
deposition in the study area, with depths ranging from 500 ms in the
continental slope to 4300 ms in distal part (Fig. 8h). The greatest
thickness (maximum of 700 ms) of this unit in relation to Unit 6 is in the
upper and lower slope, which trends to the NW-EW, while the small
values are on the middle slope and the northwestern distal region
(Fig. 9g).

This was a time of erosion on the continental slope and deposition as
its toe, as gullies and channels are observed on the slope (Fig. 11d). The
isochron map for this sequence (Fig. 9g) shows that in the continental
shelf three Mid-Eocene depocenters became wider, and the continental
slope was partially eroded and sediments were deposited in its toe
(Fig. 11d).

5.1.9. Unit 8 (mid Miocene to Late Miocene)

The structural map of Fig. 8i presents the top of this unit, Late
Miocene age, as an irregular relief in the continental slope. The rela-
tively continuous reflectors with different impedance contrast indicate
the existence of lithological intercalation between sands and clays
(Fig. 4a — Vshale). The greater thickness of this unit is in the upper
continental slope, while the slope was eroded at this time forming by-
pass zones to sediments supplies in deepwater (Figs. 7c and 11e). Like
Unit 7, the structural map presents a uniform sedimentary deposition
with depths ranging from 400 ms in the continental shelf to 3500 in
distal part (Fig. 8i).

The isochron map between these horizons (Unit 8) represents the
sedimentary deposition during these ages (Fig. 9h). The top of the
continental slope has the greatest thickness.

5.1.10. Unit 9 (Late Miocene to recent)

Currently, the sea floor is a highly eroded surface cut by canyons
(Fig. 7c) with unconsolidated sediments. The greater depths of this unit
are in the northeast (Fig. 8j). The greatest thickness (maximum of
1200 ms) of this unit in relation to Unit 8 is in the continental slope
(Fig. 9i) revealing an increase in the sediment supply in the Ceara
Basin. This deposition dynamic was also observed by Krueger (2012) in
the Barreirinhas Basin, which had a deformation episode at this age that
coincides to paleogeographic changes in the north of South America.

The Late Miocene to recent isochron map (Fig. 9i) represents the
sedimentary accumulation in Unit 9. Sediments are thicker in the
eastern region of the continental slope (Fig. 11f). The Late Miocene
progradation that took place on the Brazilian Equatorial margin is not
only related with the global cooling, but also to the adjustment of the
drainage system due to an Andean tectonic event (Altamira-Areyan
et al., 2009).

The toe of the continental slope has been eroded in the Upper
Miocene age and continues to be eroded allowing sediments to be de-
posited in the abyssal plain, mainly in the NW and NE domains of this
basin (Fig. 11f).

5.2. Well data

The sedimentary package of the rift stage reveals a significant
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thickness, sampled in the 1 BRSA 1080 CES well, of approximately
1600 m, which reached the greatest depth of the Mid Aptian Mundad
Formation (Fig. 4a). The base of the rift stage has not yet been reached
by any of the deepwater wells in this basin to date.

Analyzing the data from the five wells drilled in the deepwater of
the Ceard Basin, four of these reached the Late Aptian Paracuru
Formation; however, only two sampled the entire depth of the in-
terval: the 1 CES 112 CE and the 1 BRSA 1080 CES (Fig. 4a). In both,
the total thickness was approximately 302 m and 647 m respectively,
with the latter having 86 m more than the total thickness reported for
this formation by Beltrami et al. (1994). Also, the 1 BRSA 1114
CES well crosses more than 1170 m of the Paracuru Formation
without reaching its base (Fig. 4a). Out of these, more than 1000 m
overlies the Trairi Member (81 m), which means that the upper in-
terval of the Paracuru Formation in this well is thicker than 1000 m
(Fig. 4b).

The stratigraphic chart of this basin shows 5 My as the duration of
sedimentary deposition established for the Paracuru Formation (Condé
et al., 2007) (Fig. 3). An estimation of sedimentation and depositional
age can be made, as the entire formation has three different lithologic
units which occurred in 5 My. This reveals that the 1000 m of the upper
interval in the 1 BRSA 1114 CES well would have been deposited within
approximately 1.7 My, with a sedimentation rate of 588 m/Myr. This
value is high for the depositional patterns sag-like basins, as interpreted
by the depositional environment of the Paracuru Formation (Beltrami
et al., 1994; Morais Neto et al., 2003). This analysis corroborates the
Condé et al. (2007) assumption that the sediments deposited in this
formation were influenced by active tectonism. This also is shown in the
seismic interpretation of this work, and in that of Maia de Almeida et al.
(2019).

Well data reveals that the Paracuru Formation in deepwater is
composed of interbedded sandstones and shales in a subtle thickening
pattern to the top (Figs. 4b-1 BRSA 1114 CES well). Also, the 1 BRSA
1114 CES well reveal that there was a progressive infill of the basin no
matter what the depositional environment of that formation was. The
rocks of the Trairi Member as sampled by four wells are interbedded
calcilutites and shales, and these shales present high values of gamma
ray (Fig. 4b). Condé et al. (2007) described this formation in shallow
waters as a rich organic matter shales, proving this range has hydro-
carbon potential. Maia de Almeida et al. (2019) used geochemical data
from 1 BRSA 1080 CES, and described the rocks of Paracuru Formation
to have good generation potential based on the good to very good
amount of organic matter present.

Siliciclastic reservoirs in the rift and transitional sequences, having
similar shallow water fields as their analogue basins, were targeted in
four wells. In one case (1 CES 0111 CE), the well did not reach the
target section; in two cases (1 CES 0112 CE and 1 BRSA 1114 CES), the
siliciclastic reservoirs of the Paracuru Formation were of low quality. In
the most successful case (1 BRSA 1080 CES), oil was found in sand-
stones of this same formation, well test results were promising and
reliable but the quantity is not yet commercially viable (Maia de
Almeida et al., 2019).

On the other hand, the oil found in Ubarana Formation is 40°API
and gas oil ratio 136 m*®/m? as sampled in the 1 BRSA 1114 CES well. In
the only case of hydrocarbon presence, the 1 BRSA 1050 CES well,
which targeted deepwater turbidites of the Ubarana Formation, no
commercial reservoir was found. However, between 3.617 and 3.624 it
had hydrocarbon evidence. These wells present a metric interbedded
sandstones and shales (Fig. 4c).

The 1 CES 111 CE well was drilled in the eastern region of the area
on a basement high (Fig. 7c) and volcanic bodies were reported in the
cutting samples description. Hydrocarbons were not found, and this
well was considered dry. The analysis of drill cuttings indicated that
argillites were deposited in deepwater and that they do not characterize
typical deposits generated by gravitational flows. They also do not
present favorable characteristics for the formation of good reservoirs.
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Fig. 12. (a) Plot of total organic carbon (TOC) versus depth showing the source rock generation potential; (b) Tmax versus Depth displaying the maturity of organic
matters; (c) Hydrogen Index versus Tmax showing the maturity and the kerogen type; (d) Modified Van Krevelen diagram presenting the primary composition.

However, it should be emphasized that the analysis of electric well data
shows that this section is composed of interbedded sandstones and ar-
gillites. Apparently, only the argillite sections with more cohesive
portions were sampled. Twelve samples were analyzed with the for-
aminifera method, in order to obtain paleoenvironmental indications.
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From 2361.60 to 2366.60 m the samples indicate a domination of
planktonic forms. These are sometimes well preserved or oxidized in
the middle-lower batial environment. From 2485 to 2494 m, the data
suggests a dominance of oxidized planktonic forms, with the presence
of agglutinating forms of Cyclammina sp. These, although scarce, are
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Fig. 13. Seismic lines with stratigraphy uninterpreted and interpreted detailed section showing magmatic bodies. a) NW-SE strike section interpreted showing sills,
vents and magmatic bodies; b) SW-NE dip section showing several high-amplitude reflectors associated with sills and a massive magmatic body. Red polygon
indicates the area in Fig. 14b; ¢) SW-NE dip section showing sills, vents, a mini-volcano, and a large magmatic body. Red polygon indicates the area in Fig. 14c. All
the magmatic features with the exception of the vents are presented in this area until the late Eocene. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

also indicative of sedimentation in deeper water environments in the
Mid-Miocene age.

Fig. 12a illustrates the values of TOC percentage of rocks from
Aptian to Turonian age. Analyzing the last interval, from Early Cen-
omanian and Cenomanian-Turonian, twenty-six samples presented TOC
between 1.0 and 1.5%, with fair potential as source rocks; fifty-seven
presented TOC between 1.0 and 2.0%, with a good potential as source
rock; eighteen samples presented TOC between 2.0 and 4.0% indicating
a very good source rocks; seven samples presented TOC values from 4.0
to up 6% indicating excellent source rocks.

A total of 106 samples from four wells was used for Maximum
Temperature (Tmax) analysis (Fig. 12b). Of these, eighty-five samples
have Tmax between 400 and 430 °C and are considered immature ac-
cording to Tissot and Welte (1984), while 21 samples have Tmax values
between 430 and 445 °C and are considered to be within the mature
zone. Thus, according to well data, the depth of Early Cenomanian and
Cenomanian-Turonian source rocks at deepwater of Mundai-sub basin
occurs approximately between 3400 and 3900 m below sea water
bottom. At this depth and deeper, there is the additional possibility of
oil and gas generation.

On a graph of Hydrogen Index (HI) versus Maximum Temperature
(Tmax), seven samples plot within the oil window zone (Fig. 12c).
Considering the Hydrogen Index (mgHC/gTOC) versus Oxygen Index
(mgC02/gTOC) of the samples from Albian to Turonian obtained from
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the recent three wells, it was verified that they have mainly Type II and
some samples are Type III organic matter (Fig. 12d). According to Tissot
and Welte (1984), Type II organic matter, which is derived from au-
tochthonous marine organic matter deposited in a reducing environ-
ment, is favorable to oil and gas generation; while Type III organic
matter, which is originated from terrestrial plants, is favorable to gas
generation at great depths. Well data analyses support that the drift
sequence, characterized by the Ubarana Formation, has a high potential
to be a source rock (geochemical graphs) as well as a good reservoir
(Fig. 4c-facies).

5.2.1. Magmatism

Sill complexes and hydrothermal vents are imaged by numerous
high-amplitude reflections primarily within the Cretaceous successions
(Figs. 7a, 13 and 14). Hydrothermal vents are characterized by diffuse
and irregular seismic features that were identified below the top of the
Oligocene unconformity (Fig. 7a). Sills were mapped inside the breakup
sequence and in the Unit 6 (Figs. 13 and 14). In the ultra-deepwater, the
Unit 6 is almost completely offset by vertical faults related to the re-
activation of the Romanche Fracture Zone and emplacement of mag-
matic bodies (Figs. 5c and 14a). Most of the magma appears to be in-
trusive, with the exception of the magmatic body imaged in Figure 7b
and the Canopus Bank (Figs. 2, 5 and 10).
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6. Discussion
6.1. Basin architecture

6.1.1. Continental shelf segment
The continental shelf segment forms a significant depocenter up to
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NE Fig. 14. SW-NE dip seismic lines with stratigraphy
uninterpreted and interpreted detailed section
showing turbiditic bodies in deepwater. a)
Interpreted section showing several bright spots and
turbidites of the Late Albian to Turonian possibly
saturated with hydrocarbons. These turbidites were
interpreted with updip pinch-out and some of them
are associated with magmatic bodies. Also, mass-
transport are clearly associated with these turbidites.
Turbidites from the Late Eocene were also inter-
preted with updip pinch-out and associated with
magmatic bodies (red forms); b) Interpreted section
showing several high-amplitude reflectors with pat-
terns probably associated with turbidites of the Late
Albian to Turonian; c) Interpreted section showing
turbidites of the Late Albian to Turonian. Faults
connecting rift, transitional, and drift sequences
were interpreted near these turbiditic bodies. This
indicates a possible play where the migration occurs
directly from rift and transitional source rocks to
drift turbiditic reservoir. The seismic section B and C
are also shown in a larger view in Fig. 13. (For in-
terpretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)

22 km wide (Fig. 10). This segment is underlain by Precambrian
basement, which was cut by NW-SE-trending, planar, high-angle ex-
tensional fault systems bounding a series of horst and graben structures
infilled by wedge-shaped syn-rift sediments growth strata (units 1 and
2). The thickness reaches up 1200 ms in the central part of the graben
(Figs. 5a, 10a and 10b), but accommodation space is related to the main
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phase of rifting in the Aptian age. Oceanward-dipping faults are pre-
dominant features and the deposition of syn-rift stage was controlled by
the border fault that which appears in most of the equatorial margin
basins and is well marked by potential field data (Silva Filho et al.,
2007). Extensional reactivation of the major faults, and deposition of
the breakup sequence (Figs. 5a and 10c), occurred during the earlier
Albian and reaches up 800 ms into the central part of the depocenter.
Following the end of the rift phase in the upper Aptian, the basin was
infilled with a thick (~1700 ms) post-rift sediment sequence during
Late Cretaceous-Late Miocene thermal subsidence. All the units de-
scribed in this work are present in this shelf segment. In addition, the
reservoir potential of the rift, breakup and drift sequences within the
shelf segment is exemplified by the Curima, Espada, Xaréu, and Atum
fields that are producing in shallow waters.

The greatest thicknesses of drift sediment sequence correspond to
Unit 5 on the mini-basin (~800 ms) (Figs. 9e and 11b) and Unit 7 age
within three mini-basins (~700 ms) (Figs. 9g and 11d). The period
between these two units correspond to Unit 6 (Mid-Eocene to Mid-
Oligocene), whose top is related to a major regional unconformity, the
“Oligocene unconformity”, identified in the Brazilian Equatorial Margin
(Condé et al., 2007; Trosdtorf et al., 2007) throughout the west African
margin (e.g. (Massala et al., 1992; Séranne et al., 1992; McGinnis et al.,
1993; Meyers et al., 1996; Rasmussen, 1996; Mauduit et al., 1997; Nzé
Abeigne, 1997; Karner and Driscoll, 1999; Mougamba, 1999; Séranne
and Nzé Abeigne, 1999; Cramez and Jackson, 2000; Lavier et al., 2000),
and Eastern Margins of Brazil (Rossetti et al., 2013).

6.1.2. Slope segment

Landward-dipping faults are a predominant feature in this part of
the basin and are in contrast to non-volcanic margins, in which the
oceanward-dipping faults are a major tectonic feature (Abreu, 1998).
These landward-dipping faults affected the outer edge of the con-
tinental crust. The slope developed structures of horsts and grabens
formed under the control of extensional landward-dipping faults, con-
trast with the orientation of the ones within the continental shelf. The
structural maps of the Basement, Aptian base and Mid Aptian horizons
document the presence of a well-developed, NW-SE-trending exten-
sional fault system. Four majors NW-SE faults were mapped in the
seismic data set (Figs. 5-7). This segment has well-developed rifted
strata and depression strata with depocenter thickness over 2640 ms
(Figs. 5b, 10a and 10b). Mello et al. (1994) presented that in the
Equatorial Atlantic the most important deepwater petroleum source
rocks are associated with deeply buried syn-rift sediments. Seismic fa-
cies of units 1 and 2 reveal wedge/lens strong reflection configurations
indicating syn-rift deposition. The main depocenters of Unit 1 are up to
2000 ms thick, are located along the syn-rift hanging wall faults. The
assumption of older rocks from Barremian or Jurassic ages is not dis-
regarded due to the fact of the great thickness of these unit and the
presence of the sedimentary column from these ages in the conjugated
margin (Elvsborg and Dalode, 1985; Brownfield and Charpentier,
2006). The Mundat Fm. presents anticline structures caused by high
dip faults and flower structures (Fig. 5b). The deposition of syn-rift
sequence ends in the toe of the slope segment when the proto-oceanic
crust begins to form (Figs. 5b and 10a).

The breakup sequence (Unit 3) has a greater thickness in relation to
the syn-rift sequences as the continental crust is transforming to oceanic
crust (Fig. 10b) (Soares et al., 2012). In comparison with syn-rift de-
position, the drift deposition (Units 4 to 9) has a less representative
thickness demonstrating the basin dynamics of erosion and deposition
during its development (Fig. 10d). Seismic data reveals a contrast of the
structural styles of the intervals deposited above and below the Para-
curu Formation (Figs. 5-7). The structural framework of basement and
syn-rift sequences is characterized by the presence of large antithetic
normal faults, which were formed during the rift stage of the Brazilian
equatorial margin and persisted until end of Albian (Pellegrini and
Ribeiro, 2018). The structural framework of drift sequences is
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characterized by synthetic and antithetic small faults, from upper
Cenomanian to later Eocene ages, which occur mainly in the slope
(Fig. 5b). This same type of fault also occurs in the Barreirinhas Basin
(Pellegrini and Ribeiro, 2018).

6.1.3. Deepwater segment and magmatism

High-angle faults and flower structures are a predominant feature in
this part of the basin as well as bodies related to magmatism: sills and
vents (Figs. 5¢c and 14a). These faults probably developed and deformed
the sediments of the drift stage by reactivation of breakup faults, as its
approaches the Romanche Fracture Zone (Fig. 1b). The transitional
sequence has a thicker sedimentary distribution in this region and the
drift sedimentary infilling has, in general, parallel to sub-parallel
seismic reflection patterns. The detailed interpretation of the sedi-
mentary fill reveals a considerable depocenter of drift sequences
(2300 ms thick) (Figs. 5c, 10a and 10d). A thicker sedimentary over-
burden is the ideal site for the maturation of the Late Albian to Tur-
onian source rocks present at the base of the drift sequences. Inside this
depocenter, a few bright spots associated to updip pinch-out are clearly
visible (Fig. 14a). Such depositional geometries are typical of turbidite
bodies saturated with hydrocarbons; some are trapped in mixed stra-
tigraphic-structural traps by possible sills bodies. These plays are very
similar to the basin's African counterpart, with exception of the turbi-
dites mixed by sills bodies that consists in an atypical play. All of them,
point to hydrocarbon potential in the Mundat sub-basin.

Sill complexes and hydrothermal vents imaged by seismic lines in
the distal Mundau sub-basin are similar in style and position to the sills
observed in the Cretaceous—Paleocene sediments of the others volcanic
margins basins (e.g. Skogseid and Eldholm, 1989; Skogseid et al., 1992,
Larsen and Marcussen, 1992). It is no possible to decipher the exact age
of the magmatism in the deepwater because there are no geochrono-
logical data over these features. Only a few magmatic rocks were re-
covered in the 1 CES 111 CE well into Unit 5 (Fig. 4c), however, this
well does not reached the breakup and rift sequences. Based on the
seismic-stratigraphic interpretation, we suggest that this magmatism
most probably related to a syn-rift phase (pre-break-up) event, and a
reactivation event until Early Oligocene. In the eastern part of the BEM,
within the Potiguar Basin, magmatic events are interpreted to have
occurred during the syn-rift phase (Fonseca et al., 2019).

We propose that the architecture of this basin is best classified as a
volcanic margin. Volcanic rifted margins and continental flood basalts
are among the Largest Igneous Provinces (LIP) on Earth (Abreu, 1998).
Examples of conjugate volcanic rifted margins in the South Atlantic
Ocean are Pelotas (Brazil) and Walvis (Namibia) basins. Zdlan (2015)
classified the Mundad sub-basin and Potiguar basin as transitional
passive margins and the onshore rift of Potiguar Basin as volcanic
passive margin. However, strong evidence points out that this margin
can be considered volcanic: (1) the presence of basement and rifts filled
by seaward dipping reflectors; (2) the COB is placed where the SDRs
abut against the tabular body of oceanic crust, and (3) absence of ex-
humed mantle between the continental crust and oceanic crust. In ad-
dition, Hollanda et al. (2018) recognized a Cretaceous LIP in South
America, known as the Equatorial Atlantic Magmatic Province
(EQUAMP), owing to the fact that magmatic products of the Sardinha
Formation and Rio Ceard-Mirim Group were found over an area of
about 700,000 km? in the neighboring basins. In addition, Leopoldino
Oliveira et al. (2018) show evidence of volcanic bodies (dykes) near
coastlines in the Potiguar Basin imaged by potential field methods.

6.2. Implications for the petroleum potential

6.2.1. Magmatism

Senger et al. (2017) explained about the effects of igneous intrusions
on the petroleum system. Magmatic activity has, mostly through im-
proved source rock maturation and compartmentalization, performed a
key role in the petroleum systems of many basins including the
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onshore-offshore Taranaki Basin in New Zealand (Stagpoole and
Funnell, 2001), the Faroe-Shetland and Rockall Trough Basins in the
North Atlantic (Rohrman, 2007; Schofield et al., 2015), the Mgre-
Vgring basins offshore mid-Norway (Aarnes et al., 2015), the Sverdrup
Basin of Arctic Canada (Jones et al., 2007), the Siberian Tunguska Basin
(Svensen et al., 2009) and the Brazilian basins such as the Parnaiba
basin (Miranda et al., 2016). The potential regional impact of igneous
intrusions on hydrocarbon migration has been well documented in
Western Australia (Holford et al., 2013) and the Brazilian basins
(Thomaz Filho et al., 2008).In fact, igneous intrusions may both create
new migration pathways if they are fractured and permeable, or they
can act as fluid flow barriers if they are mineralized and impermeable.
Also, igneous intrusions may form hydrocarbon traps directly and in-
directly. Similarly, to sealing faults, impermeable intrusions such as
dykes, sills, and vents cross-cutting stratigraphy, may generate nu-
merous traps for migrating hydrocarbons (Senger et al., 2017). Besides,
most igneous intrusions that are not fractured and altered are im-
permeable and hence may act as a good sealing rocks (e.g., Wu et al.,
2006). In addition, non-altered intrusions may behave as a lateral and
top seal for hydrocarbon accumulations (Thomaz Filho et al., 2008).

The deepwater of Mundau sub-basin presents igneous intrusions
from Cretaceous to Paleogene strata. This differs from the shallow
water region where magmatism occurred between the Mid-Eocene and
Lower Oligocene, but with local samples of Santonian-Turonian age
(Mizusaki et al., 2002; Condé et al., 2007). Maia de Almeida et al.
(2019) also observed a magmatic intrusion inside the breakup sequence
in the deepwater domain (Unit 3). Due to large presence of igneous
features in the deepwater segment of the Mundati sub-basin, an atypical
petroleum system can exist there. For hydrocarbon generation, magma
intrusions are responsible for the increase in temperature in the system
and consequent maturation of the organic matter. As seen in Fig. 12a
the drift stage, Turonian age samples, has immature sequences with a
good and excellent TOC potential. Regarding the oil migration, if those
intrusions are fractured and have permeability, they will act as a mi-
gration route, if they are impermeable, they will form a structural trap
preventing the passage of fluids. Fig. 14a presents turbiditic bodies
from Oligocene age with a clear proximity of sills that may act as seals.
Furthermore, the mapping of this igneous activity is important also to E
&P activities since they can represent drilling risks.

6.2.2. Rift-drift structural trap opportunity

The presence of a well-developed rift architecture in the deepwater
Ceard Basin (Figs. 5-7) provides further opportunities for structural
trapping in the basin and expectations of post-rift stratigraphic traps, as
in the African counterpart (Macgregor et al., 2003; Dailly et al., 2013;
Scarselli et al., 2018). In Ghana, the hydrocarbons would have accu-
mulated mostly in structural traps afforded by the widespread rotated
fault blocks associated with the rifted basins and half-graben (Antobreh
et al., 2009). Maia de Almeida et al. (2019) compared the petroleum
system in shallow water and deepwater of Mundau sub-basin and
suggested that an importance source interval can exist in the initial syn-
rift sequence. Thus, the numerous interconnecting Cenomanian faults
would have the potential to allow charging of deepwater post-rift re-
servoirs from rift sources. (Figs. 5-7). Early drift stage reservoirs have
been found to be of good quality based on well data from the con-
tinental shelf of the Cear4 Basin (Condé et al., 2007) and Cote d’Ivoire
margin (Macgregor et al., 2003). Additional post-rift hydrocarbon
charge may come from Cenomanian source rocks on the equatorial
margin (Morrison et al., 2000; Macgregor et al., 2003; Dailly et al.,
2013). Recent exploration efforts have documented the presence of
high-quality Upper Cretaceous turbidite reservoirs in the inner slope
offshore Ghana (Jubilee field) and Cote d’Ivoire (Paon discovery; Dailly
et al., 2013; Coole et al., 2015; Martin et al., 2015). Detailed seismic
analysis and drilling have indicated that these reservoirs extend into the
deepwater of the Ivorian Tano Basin (Martin et al., 2015).
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6.2.3. Turbidite play

According to Maia de Almeida et al. (2019), based only in the 1
BRSA 1080 CES well, the source rocks of Ubarana Formation was
considered immature, although its excellent TOC values. The authors
also described that gas was found in this formation in reservoirs with
hyaline sandstones intercalated to greenish dark to light shales, and it
was migrated from transitional source rocks along faults. As described
in the well data results, oil was found in Ubarana Formation in the 1
BRSA 1114 CES and 1 BRSA 1150 CES wells with 40 “API, however no
commercial quantity. Also, the interval between Albian base to Tur-
onian age has a good percentage of sandstones and shales as demon-
strated by Vsh and facies log (Fig. 4a and c), and from rock samples in
these wells.

According to Veeken (2007), the configuration and nature of basin
infill are affected by factors such as tectonic subsidence, input of se-
diment supply, morphology of the substratum, eustatic sea level
changes, base-level profile, and climatic conditions. In the deepwater of
the Mundat sub-basin, based on seismic interpretation, the drift de-
posits were mainly influenced by sediment input from the continental
shelf and slope instabilities (e.g. canyons and slumps in Figs. 7 and 11)
and volcanic emplacement represented by sills, mini-volcano, and hy-
drothermal vents (Figs. 7, 13 and 14). The deepwater Ubarana For-
mation from Albian to Turonian age consists primarily of turbidites and
has potential as a hydrocarbon play (as shown in Figs. 14 and 15). In
this region, the main control on the distribution of turbiditic sands is
the post-rift seabed geomorphology that were occasionally affected by
sills intrusion (Figs. 7, 11, 13 and 14). These features could develop
highs that would form structures against which sands would onlap and
pinch out, creating the potential for accumulation of reservoirs and
opportunity for stratigraphic traps to develop (Fig. 14a). These turbi-
dites are extensive and are commonly associated with mass transport
deposits, which is also seen in the east Brazilian margin (e.g. Fiduk
et al., 2004; Mohriak, 2005; Gamboa et al., 2010). The interpreted
turbiditic sandstones have reflectors with high acoustic impedance
contrasts, low frequency, lens external geometry, and variable lateral
extension, ranging from 5 to 8 km (Figs. 14 and 15).

There are two possible source rocks for this play: the marine shales
of the Aptian Paracuru Formation, and the marine shales of the Late
Albian-Early Cenomanian Ubarana Formation. In the first case, the
hydrocarbons generated by shales of Paracuru Formation migrated
through Cenomanian faults and unconformity traps. In the second case,
the hydrocarbons generated by marine shales of the Ubarana Formation
migrate directly from source rock to reservoir. The seal rocks are the
shales of the Ubarana Formation itself, and stratigraphic traps were
created by as depositional pinch-out and structure formed by volcanic
bodies.

Based on the geochemical data, the depth of Early Cenomanian and
Cenomanian-Turonian source rocks at deepwater of Mundat sub-basin
occurs approximately between 3400 and 3800 m below sea water
bottom. Also, the depth of source rocks from Late Albian-Early
Cenomanian and Cenomanian-Turonian is approximately from 3048 to
4894 m in the deepwater and ultra-deepwater based on the conversion
of time to depth. Thus, it can be inferred that source rocks of the drift
stage from deepwater's Munda sub-basin are at the oil window depth,
since the source rocks reached the burial depth greater than 3400 m
below the sea floor. Unit 4 (Figs. 9d and 11a) reveals the most likely
areas of deepwater turbiditic deposits in the Mundat sub-basin, which
corresponds to Late Albian-Turonian ages, an analogue to the play
found in the Jubilee field offshore Ghana.

7. Conclusions

New well data combined with 1,589 km of 2D seismic lines allowed
for a new geological evaluation of the deepwater stratigraphy of Ceara
Basin and its architectural framework. In this study, new insights were
presented on the influence of structural features on the depositional
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Fig. 15. SW-NE oriented seismic lines with stratigraphy uninterpreted and interpreted detailed section showing turbiditic bodies in deepwater. a) Interpreted section
showing turbidites of the Late Albian to Turonian age. Faults connecting rift, transitional, and drift sequences were interpreted near these turbiditic bodies. This
indicates a possible play where the migration occurs directly from the rift and transitional source rocks to drift turbiditic reservoir; b) Interpreted section showing
turbidites of the Late Albian to Turonian where updip pinch-out was interpreted. These reflector patterns show interbedding of turbidite and shales; c) Interpreted
section displaying turbidites of the Late Albian to Turonian with updip pinch-out. Faults connecting rift, transitional, and drift sequences were interpreted near these
turbiditic bodies. This indicating a possible play where the migration occurs directly from the rift and transitional source rocks to drift turbiditic reservoir. The 1
BRSA 1114 well and its hydrocarbon evidence are labeled (black dots).

elements and their distribution. The interplay between sedimentation data, which would have the potential to allow charging of deep-
and tectonics plays a key role in controlling sediment trapping and water drift reservoirs from rift source rocks.
spatial distribution as well as the petroleum implications of this region. (2) The seismic interpretation reveals evidence of Cretaceous to
The following observations and interpretations have been made: Paleocene magmatism in the region as indicated by the well imaged
volcanoes and associated sills at depth. The proximity of deepwater
(1) The Aptian rift system in Mundat sub-basin might supply further turbidites plays with magmatic rocks could have established an
opportunities for structural trapping in the basin, and expectations atypical petroleum system.
of drift stratigraphic-structural traps through interconnecting faults. (3) The variety of stratigraphic and structural features developed
Four majors landward-dipping faults were mapped in all seismic through the Cretaceous history of the basin offer high-trapping
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potential for a number of plays in the rift as well as in the drift
sequences. The type of plays are: (1) the developed rift system with
major faults which can act as long-distance migration pathways; (2)
turbiditic bodies; (3) turbiditic bodies associated with magmatic
intrusion. Identification of potential plays associated with turbiditic
sandstones of the Ubarana Formation can be correlated to Jubilee
play in Guinea Gulf and Zaedyus play in French Guiana.

The sediments from Late Albian-Early Cenomanian-Turonian age
are at depths ranging from 3048 to 4894 m in the deepwater and
ultra-deepwater domains. Since the top depth of the oil window
occurs from about 3400 to 3800 m in the deepwater Mundat sub-
basin, the analyses of geochemical data suggest that in this basin
there must be generation of oil and/or gas at deepwater plays.
Our data strongly suggest that the architecture of this basin is a
volcanic passive margin. Volcanic passive margins are associated
with the extrusion and intrusion of large volumes of magma, pre-
dominantly mafic, and represent distinctive features of Larges
Igneous Provinces, in which regional fissural volcanism predates
localized syn-magmatic break-up of the lithosphere. The criteria
used to justify our assertion are: (1) the presence of basement and
rifts filled by volcanics (seaward dipping reflectors); (2) the absence
of exhumed mantle between the continental crust and oceanic
crust; (3) the large presence of igneous intrusions; (4) and the
presence of a LIP in the equatorial margin, based on igneous in-
trusions between two basins near the Ceara Basin.
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