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ABSTRACT

The Brazilian equatorial margin (BEM) evolved in response to
transform motion between Brazil and Africa. In 2012, Petrobras
drilled the Pecém well in the Mundat subbasin (Ceara Basin) of
the BEM to record the first deep-water oil discovery in the region.
This work investigates the deep-water evolution of the Mundau
subbasin focusing on its structural and sedimentary evolution, and
characterizes the petroleum systems in this new exploration
frontier. For such purposes, poststack seismic reflection, borehole,
and geochemical data were used. Three tectono-stratigraphic
sequences representing synrift (Mundad Formation), transitional
(Paracuru Formation), and drift strata (Ubarana Formation) were
divided into seven seismic units. Different tectonic domains were
interpreted: proximal, distal, and Romanche Fracture Zone.
Typical structures of transform margins, such as marginal ridges
and marginal plateaus, were not identified in the Mundat sub-
basin. Instead, the subbasin was predominantly deformed by
transtensional movements. The Mundat and Paracuru Forma-
tions are mature within the oil window, whereas the Ubarana
Formation is immature. Main reservoir intervals consist of ap-
proximately 1-m (~3.28-ft)-thick intercalations of sandstone
between shales, siltstones, and marls. The seal rocks comprise
shales in the Ubarana Formation, whereas the hydrocarbon trap is
related to an unconformity and a normal fault. This work concludes
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that the Paracuru Formation is the main source and reservoir in the
deep-water Mundati subbasin, effectively comprising a Paracuru—
Paracuru petroleum system. The results have significant im-
plications for petroleum exploration in the BEM by proposing a
developed transitional petroleum system in the distal parts of
northeastern Brazil.

INTRODUCTION

Transform margins are formed by rifting continental crust that is
increasingly thinned as adjacent continents progressively move
apart. Eventually, newly formed oceanic crust is juxtaposed
against the continental margin on the opposite oceanward side
of the transform fault (Mascle and Blarez, 1987). Despite the
multitude of studies about transform margins published in the
last 45 yr, focused on regions such as offshore Agulhas,
Africa (Dingle, 1973; Scrutton, 1973, 1976; Ben-Avraham et al.,
1997), Cote d'Ivoire-Ghana (Arens et al., 1971; Delteil et al., 1974;
Mascle and Blarez, 1987; de Caprona, 1992; Basile et al., 1993),
Brazil equatorial margin (BEM) (Zalan, 1985; Zalin et al,,
1985; Nemcok et al., 2012; Krueger et al., 2014; Davison
et al., 2016), Exmouth Plateau, Australia (Lorenzo et al., 1991),
Gulf of California (Bischoff and Henyey, 1974; Moore and Curray,
1982; Lonsdale, 1985), and Newfoundland, North Atlantic (Todd
et al., 1988; Keen et al., 1990), as well as synthesis studies and
reviews (Scrutton, 1976, 1979, 1982; Lorenzo and Wessel,
1997; Reid and Jackson, 1997; Bird, 2001; Basile, 2015;
Mercier de Lépinay et al., 2016), this type of margin is poorly
understood when compared to its divergent and convergent
counterparts. Transform margins are also difficult to investigate
because of their relative steepness and complex geometries, in
particular near intersections with rifted divergent margins
(Mercier de Lépinay et al., 2016). Furthermore, the economic
interest in transform margins is relatively new as they became a
significant target for industry only after the discovery of the Ju-
bilee field, offshore Ghana, in 2007 (Dailly et al., 2013; Mercier
de Lépinay et al., 2016).

Considerable progress has been made in terms of under-
standing how tectonic and sedimentary processes interact in
shallow parts of the Ceara Basin, BEM (Zalan, 1985; Zalan et al.,
1985; Costa et al., 1990; Beltrami et al., 1994; Morais Neto et al.,
2003; Condé et al., 2007; Antunes et al., 2008) (Figure 1).
However, detailed seismic stratigraphic, depositional, and
structural frameworks for deep-water areas of the Ceara Basin
are still lacking in the published literature. Published seismic in-
terpretations in deep-water Ceara have never been fully validated
because of the absence of well ties. In 2012, Petrobras (Petrdleo
Brasileiro, SA) drilled the Pecém well (1_BRSA_1080) responsible
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for the first deep-water oil discovery in Ceara Basin (Figures 1, 2).
This well provided, for the first time, stratigraphic ties for
the deep-water Mundat subbasin, which is the focus of this
paper.

This paper aims to investigate the tectono-stratigraphic
evolution of the deep-water Mundat subbasin, the only hy-
drocarbon producing region offshore Ceara, focusing on the
geometries and nature of faults, as well as on structural and
sedimentary restorations. Novel interpretations of multichannel
seismic reflection data, borehole, and geochemical data from the
deep-water Mundat subbasin, along the westernmost segment
of the Romanche Transform Fault Zone (Figure 1), are presented.
This study addresses the following research questions.

1. What are the major variations, magnitude(s) and timing(s)
of deposition in deep-water Mundaa?

2. What is the structural framework of this margin in its deep-
water region?

3.In what way does the deep-water tectono-stratigraphic
evolution contribute to a complete knowledge of petroleum
systems along the BEM?

GEOLOGICAL SETTING
Equatorial Atlantic Ocean Opening

Continental breakup occurred first in the southern South At-
lantic (southern branch) during the Early Cretaceous, progressing
into the equatorial Atlantic (equatorial branch) by the Albian
(Matos, 1992; Moulin et al., 2010). Nemcok et al. (2015) con-
sidered that the initial stress field controlling the development
of a transform fault system in the equatorial Atlantic was able
to develop a right-stepping system in east-northeast dextral
strike-slip fault zones. Shear orientations indicate that the po-
sitions of fault zones were controlled by prominent crustal
weaknesses in equatorial Brazil, namely northeast-striking fea-
tures associated with Proterozoic and Paleozoic basement
structures (Mascle et al., 1988; Genik, 1992; Guiraud and
Maurin, 1992). In addition, Moulin et al. (2010) and other au-
thors (e.g., Niirnberg and Miiller, 1991; Macdonald et al., 2003;
Konig and Jokat, 2006; Eagles, 2007) suggested significant in-
traplate deformation in both Africa and South America during
Atlantic opening. On the South American plate, Moulin et al.
(2010) inferred 10-20 km (6.2-12.4 mi) of extension in the
northeastern Brazil block, along the Potiguar and Araripe Ba-
sins, 50-60 km (31.1-37.3 mi) of extension in the Tucano
Basin, and 60 km (37.3 mi) of dextral strike-slip motion along
the Transbrasiliano lineament (Figures 1, 2). Their paleogeographic
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Figure 1. (A) Map of the northeast Brazilian margin depicting the location of sedimentary basins on the Brazilian equatorial margin (Foz
do Amazonas, Para-Maranhao, Barreirinhas, Ceara, and Potiguar basins), as well as the larger fracture zones in the area. (B) The Ceara
Basin is compartmentalized into four subbasins: Piaui-Camocim, Acarau, Icarai, and Mundau. The study area is located in the Mundau
subbasin. The topographic model was provided by the Brazilian Geological Service. The structural data were compiled from Zalan (1985),
Silva et al. (1998), and Morais Neto et al. (2003). The basin boundaries were provided by Brazilian National Petroleum Agency and the
subbasins boundaries were adapted from Morais Neto et al. (2003). FZ = fault zone.

model shows that opening of the equatorial At-
lantic Ocean occurred during the Aptian—Albian
and supports the hypothesis of a northward propaga-
tion of the South American deformation, as proposed
by Eagles (2007).

The initial propagation of intracontinental
strike-slip zones in the equatorial Atlantic started
by progressively extending a transtensional setting
(Szatmari, 2000). Dextral shear was responsible for
crustal rupture, resulting in the generation of a
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Figure 2. Four producing fields (Xaréu, Atum, Curima, and Espada) in the Mundau subbasin. The location of the wells and seismic data
(two-dimensional [2-D] and three-dimensional [3-D]) are shown on the bathymetric map. The bathymetric data were provided by the

Brazilian Geological Service.

complex pattern of subvertical oblique faults that
controlled the rift geometry of the BEM, which later
evolved into large oceanic fracture zones parallel
to the coast (Gorini and Bryan, 1976). These fault
zones include the Chain Fracture Zone (CFZ),
Romanche Fracture Zone (RFZ), and Sao Paulo Frac-
ture Zone (Figure 1).

According to Davison et al. (2016), the RFZ
was originally an Aptian corridor of dextral
transtensional rifting along the margins of the
equatorial Atlantic. A transpressional tectonic
episode occurred at the time to produce large
folds, thrusts, and positive flower structures
throughout the Barreirinhas and Ceara Basins of
equatorial Brazil (Zalan, 1985), and also along
the Ghana-Togo-Benin—-West Nigeria segment
of the African margin (Figure 1). The two fold
belts were then separated by continued opening
of the equatorial Atlantic Ocean (Davison et al.,
2016).
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Brazilian Equatorial Margin

The BEM comprises the Foz do Amazonas, Para-
Maranhao, Barreirinhas, Ceara, and Potiguar Basins
(Figure 1). The BEM is characterized by the presence
of east-west segments and northwest-southeast seg-
ments, forming en echelon features that are typically
associated with strike-slip movement on transform
margins (Gorini, 1993). This margin is also affected
by gravitational tectonic processes (Silva et al., 1998;
Cobbold et al., 2004; Reis et al., 2010, 2016; Oliveira
et al., 2012). Silva et al. (1998) were the first authors
to identify a linked extensional-compressional system
gliding over two surfaces of weak overpressured shales,
likely induced by progradation and overloading of the
Amazon fan (Foz do Amazonas Basin): (1) a lower
decollement placed at the top of the Lower Creta-
ceous marine megasequence (ca. 100 Ma), and (2) an
intermediate decollement at the base of the
Paleocene-Focene marine megasequence (ca. 65 Ma).

MAIA DE ALMEIDA ET AL. 799



Cobbold et al. (2004) attributed hydrocarbon
generation as the best explanation for the presence of
a decollement in Cretaceous rocks. The broadly tri-
angular area of detachment coincides with an in-
ferred pod of Cenomanian-Turonian source rock,
which was interpreted to have been in the gas
window during the decollement’s formation. In the
Para~Maranhdo and Barreirinhas Basins, the gravita-
tional system is characterized by thrusts developed
in a classical backstepping sequence, with younger
thrusts developing on the hanging wall and showing
marked landward migration of depocenters through
time (Oliveira et al., 2012).

All the gravitational systems known on the BEM
occur in drift sequences (Silva et al., 1998, 2010;
Cobbold et al., 2004; Oliveira et al., 2012; Reis et al.,
2016).

Ceara Basin and Mundau Subbasin

The Ceara Basin is bounded to the east by the For-
taleza High, to the west by the Tutéia High, to the
south by basement rocks, and to the north by
the RFZ (Figure 1) (Costa et al., 1990). Because of
the distinct tectonic character along and across the
margin, the Cearé Basin has been divided into four
subbasins, from east to west: Mundati, Icarai, Acarad,
and Piaui-~Camocim (Figure 1). The Piaui~-Camocim
is separated from the Acarat subbasin by the Ceara
High (Figure 1B). The Acarati and Icarai subbasins
have, as a common limit, the Sobral-Pedro II linea-
ment. In addition, the Icarai is separated from the
Mundat subbasin by an important fault inflection
(Morais Neto et al., 2003) (Figure 1B).

The tectono-sedimentary evolution of the Mundaa
subbasin consists of three major megasequences
(Beltrami et al., 1994): synrift, transitional, and
drift. The synrift phase is characterized by the de-
velopment of northwest-southeast normal faults
forming asymmetric half grabens, and continental
sedimentation marked by fluvial-deltaic sandstones
and shales of the Mundati Formation, particularly
toward proximal parts of the margin (Beltrami et al.,
1994) (Figure 3).

The transitional sequence (upper Aptian to
lower Albian) is marked by the first marine incur-
sions recorded in the subbasin, comprising fluvial,
deltaic, and lacustrine sandstones. Limestones and

subordinate evaporites were also deposited at this
stage. These rocks comprise the Paracuru Forma-
tion (Costa et al., 1990; Beltrami et al., 1994; Condé
et al., 2007) (Figure 3).

The drift or marine megasequence (Albian to
Holocene), developed in association with continental
drift, records a phase of thermal subsidence on the
whole of the BEM. The Ubarana Formation com-
prises two members (Figure 3). The first one, the
Uruburetama Member, corresponds to a marine trans-
gression spanning from the Albian to the Campanian,
and predominantly consists of shales. The second
member, Itapagé Member, correlates with a regres-
sive marine phase developed from Campanian to
Eocene, and comprises turbiditic shales and sand-
stones (Costa et al., 1990; Beltrami et al., 1994;
Condé et al., 2007).

The Guamaré Formation consists of shelf car-
bonates, whereas the Tibau Formation comprises
proximal sandstones. The clastic continental strata
of the Barreiras Formation (Miocene-Holocene)
comprises the youngest unit in the basin (Condé
et al.,, 2007) (Figure 3).

Magmatism in the Ceara Basin occurred be-
tween the middle Eocene and early Oligocene. It
was associated with a mafic event represented by
intrusive bodies of basalt and diabase, some of which
were sampled in several exploration wells (Condé
et al., 2007). Data from K-Ar and Rb-Sr (Mizusaki
et al., 2002) indicate that volcanic rocks range in age
from the Eocene (44 Ma) on the Ceara High, to the
Oligocene (32 Ma) on the Fortaleza High. Locally,
near the Xaréu field (Figure 2), a diabase provided
a K-Ar age at circa 83 Ma, and may be related
to the Cu6 magmatic event—also recorded in the
Potiguar Basin and dated as Santonian-Turonian
(Condé et al., 2007).

The Mundat subbasin is an oil- and gas-producing
basin with four fields in its shallow waters (Xaréu,
Atum, Espada, and Curima) (Figure 2). Explora-
tion started in the 1970s and has continued un-
til the present day. In 2012, Petrobras recorded
the first deep-water discovery in the Pecém well.
According to the Brazilian National Petroleum
Agency (ANP), in situ volumes are estimated at
4.9 billion bbl of oil. The region is particularly attrac-
tive because it has already established infrastruc-
ture for hydrocarbon transport and downstream
activities.
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DATA AND METHODS

For this study, (1) seismic, (2) well, (3) chronostrati-
graphic, and (4) geochemical data from the Pecém
well were used. The data were obtained by Petrobras
and supplied by ANP.

The seismic data comprise approximately 900 km
(~560 mi) of poststack time-migrated multichannel
two-dimensional seismic reflection profiles, with a
sample interval of 4.0 ms, covering an area of ap-
proximately 12,800 km? (~4940 mi?) (Figure 2).
Two regional seismic lines reach 18,000 ms two-way
traveltime (twt) depth, whereas others reach ap-
proximately 7000 ms twt.

A three-dimensional (3-D) seismic volume was
used to correlate the shallow and deep-water data
sets. The 3-D seismic volume consists of 172 inlines
spaced 75 m (246.1 ft), and 663 crosslines spaced
25m (82.0 ft). The inline length is 16.6 km (10.3 mi)
and the crossline is 12.8 km (8.0 mi), comprising a
total area of 212 km? (81.9 sq mi). The seismic
volume images strata to a depth of 5000 ms twt.

Seismic—stratigraphic interpretations were un-
dertaken based on data from exploration wells
1_BRSA_1080 (Pecém well), 1_BRSA_47,1_CES_0017,
and 4_CES_128, drilled by Petrobras (Figure 2).
Well data include standard log suites (e.g., gamma-
ray [GR], sonic [DT], density, and resistivity), check-
shot surveys, lithologic data, formation tops, and
biostratigraphic ages.

Seismic interpretation was performed using
Schlumberger’s Petrel®. Seismic analysis was con-
ducted based on the general principles of seismic
stratigraphy considering the seismic patterns such
as seismic terminations, seismic facies, and seis-
mic units (SU) (Mitchum et al., 1977; Catuneanu,
2006). Firstly, chronostratigraphic information
was plotted on the seismic lines. Then, the most
significant seismic reflectors were mapped in terms
of continuity and amplitude to define discrete
seismic sequences. The data set was interpreted
in twt.

Geochemical information from the Pecém well
includes total organic carbon (TOC) and Rock-Eval
pyrolysis data. For the determination of organic car-
bon content (TOC), a small fraction of each sample
was powdered, weighed, and chemically treated
with hydrochloric acid to remove any inorganic
carbon (carbonate). Samples were washed, dried,

and analyzed using a LECO apparatus, which di-
rectly provided the weight percentage of TOC. The
TOC content was evaluated according to Peters and
Cassa (1994) classification (Table 1). For samples
displaying a TOC content of approximately 1%, sed-
iments were further submitted to Rock-Eval pyrolysis
analyses. The pyrolysis analyses were performed with
a Rock-Eval apparatus following the method described
by Espitalié et al. (1977, 1985).

Espitalié et al. (1977) stated that the first peak
(S;) represents the amount of free hydrocarbon
(milligrams of HC per gram of sediment), vaporized
at 300°C. The second peak (S>) is the amount of
hydrocarbon released from cracking organic com-
pounds (milligrams of HC per gram of sediment) and

Table 1. Classification of Total Organic Carbon Content, Po-
tential Generator of Organic Matter and Hydrogen Index, Pro-
duction Index, and Migration Index

Parameter Classification
Total organic carbon*

<0.5 Poor

0.5-1.0 Moderate

1.0-2.0 Good

2.0-4.0 Very good

>4.0 Excellent

Generation potential of
organic matter'
<2.0 Low source potential generator

2.0-5.0 Moderate source potential
5.0-10.0 Good source potential
>10.0 Excellent source potential
Hydrogen index'
<200 Gas potential
200-300 Gas and condensate potential
>300 Oil potential
Production index*
<0.10 Immature
0.10-0.30 Mature (oil generation)
>0.30 Overmature (gas generation and
destruction)
Migration index®
<15 Autochthonous hydrocarbons
>15 Allochthonous hydrocarbons

*According to Peters and Cassa (1994).
'Based on Espitalié et al. (1977, 1985).
*Based on Peters and Cassa (1994).
$Based on Peters (1986) and Hunt (1996).
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heavy hydrocarbons during temperature programmed
pyrolysis (300°C-600°C), being related to the residual
hydrocarbon source potential. The S; peak represents
the amount of CO; resulting from breaking carboxyl
groups and other oxygen-containing compounds ob-
tained at 300°C-390°C.

The hydrogen index (HI) (HI = (S»/TOC) x 100
in milligrams of HC per gram of TOC) and oxygen
index (OI) (OI = (S3/TOC) x 100 in milligrams of
CO, per gram TOC) were calculated following the
procedures of Espitalié et al. (1977). The HI is a
parameter used to characterize the origin of organic
matter. Marine organisms and algae are, in general,
composed of lipid- and protein-rich organic matter
in which the H/C ratio is relatively higher than in
the carbohydrate-rich constituents of land plants
(Espitalié et al., 1977). Thus, HI typically ranges from
approximately 100 to 600 in marine geological sam-
ples. The OI is a parameter that correlates with the
O/C ratio, and it is related to the amount of oxygen in
organic compounds. The Ol is high for polysaccharide-
rich remains of land plants and inert for organic ma-
terial in marine sediments. The OI values range from
near 0 to approximately 150 (Espitalié et al., 1977).

The production index (PI) (PI = S;/(S; + S5)) is
the ratio of the amount of free hydrocarbons al-
ready generated compared with the total amount of
hydrocarbon that rocks can generate (Peters and
Cassa, 1994). The maximum temperature (T,.) is
recorded at the maximum of hydrocarbon genera-
tion during pyrolysis, and it is used as a kerogen
maturation rank evaluation (Espitalié¢ et al., 1977,
1985). The migration index (S;/TOC) was calcu-
lated based on Peters (1986). The range in values
typical of source rocks is shown in Table 1.

RESULTS
Seismic Stratigraphy

Three principal tectono-stratigraphic sequences rep-

resenting synrift, transitional, and drift strata were
subdivided into seven SU (Figures 3-6).

Seismic Unit 1: Lower Cretaceous (Synrift 1)
The lower boundary of SU1 is marked by a surface of
moderate to high amplitude, locally diffusive, and is
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interpreted as comprising the top basement (Figures
4,7, 8). The SU1 shows moderate- to high-amplitude
seismic reflections in its upper part and low- to
high-amplitude reflections in its lower part. All re-
flections dip oceanward. At the location of the Pecém
well, seismic reflections become horizontal and sub-
parallel (Figure 5).

On the continental shelf, SU1 is tilted by oceanward-
dipping faults, whereas on the continental slope
and abyssal plain it is cut by landward and oceanward-
dipping, high-angle extensional and rollover faults
(Figures 4, 5). The unit fills asymmetric half grabens
showing a maximum thickness of approximately
2500 ms in shallow waters, and approximately 3750 ms
in deep waters. It also presents growth faults (Figure
5). The SU1 comprises strata deposited in early synrift
time.

The upper boundary of SU1 consists of the ex-
tension, from shallow to deep waters, of a continuous
high-amplitude seismic reflection that coincides with
the electric mark 80 (Costa et al., 1990) or 800
(Condé et al., 2007) (Figures 4, 5, 7, 8).

Seismic Unit 2: Lower Cretaceous to Lower Aptian
(Synrift 1)

Strata in the lower part of SU2 are of moderate to
high amplitude and, in its upper part, of low am-
plitude and high frequency (Figures 3, 5). The SU2
becomes thicker toward deep-water areas and most
of the imaged faults intersect it in its entirety. Simi-
larly to SU1, SU2 fills asymmetric half grabens and
presents growth faults (Figures 4, 5, 7).

The upper boundary of SU2 coincides with the
high-amplitude Aptian electric mark 100 (Costa
et al., 1990) or 1000 (Condé et al., 2007) recog-
nized on the continental shelf (Figures 5, 7, 8).
Both SU1 and SU2 correlate with the Mundau
Formation, which, based on the Pecém well, is com-
posed of interbedded continental sandstone, siltstone,

and shale (Figure 6).

Seismic Unit 3: Lower Aptian to Upper Aptian
(Transitional Sequence)

The SU3 is composed of subparallel, locally trans-
parent to high-amplitude seismic reflections. In
Figure 5D, SU3 is observed at the crest of a rollover
anticline. It presents growth onto major normal
faults, highlighting active tectonic subsidence in

MAIA DE ALMEIDA ET AL. 803



un J1WsRS = NS “()-(g) ut g pue (y) ui ¢ st (7) uonesaddexa
[E2143 "UIRWIOp 74y AU} JO SHNe} [edIAA (@) "LNS Ul S10p3)pRs apnyjdwie-ydiy AJSA (D) "SHNe} sy Jo JaPeJeyd d1joRYD 0} ISNYIP Ay} SMoys os|e ndyy Y] "suaqe.s jey ajdnnuw
Suiwioy ‘eyenys snoadejau) Jo doy Ay} Jeau pajeAdRaI 43 S)Ne) JLUAS (g) "BIep dIWSIIS Y3 Jo uonedoT (V) I} Ul 3[edS [PIIISA SN [BJUSURUOD 3y} 0} S3duanbas Alejudwipas
woJy uomsues) 3y} Sunpew se pajaadiaiul st () swnpAes Aem-omy sw 0008 APRlewixoidde suoz ApaPRYRI-YSIY ¥ "UIRWOP [BISIP AY} Ul PAAIISQO SI ISNJD [RIUURUOD UIY)
Iym ‘urewop [ewixoud sy ut pajRadiBul SI JSNID [BIUSURUOD YIIY] JUNOWIESS JIULI[OA B pue S)nej [edILRAGNS Aq pazLRpeIey) si ulewop 74y ay] “uield [essAqe pue ‘3si [eJuSURUOD
‘adojs |eusunuOd 3y} SAPNPUI Ulewop [elsip 3y “s)ne} Suiddip-piemuiseq pue psempuel jSue-ysiy Aq pazuspeieyd St uiewop [elsip 3y “susqess jjey sjdnjnuu w0y s)nej [euoISuIIXd
Suiddip-psemuiseq ‘(jjays [ejuaunuod) urewop [ewixoid ay) uj 'ease Apnjs 3y ul SUlRWIOp (74Y) dU0Z INPeIS SyYdueWoY pue ‘[eisip ‘fewixoid dy) Suimoys uondas JIWSIRS " 34N

Sjinej 20Uy

s10j08|j01 |9||eJed
JUNOWESS DIUED|OA uield |essAqy "~ @suU[ejusunuo) adojs |eyusunuon JSUS [BJUSURUDD
uretiop 745 wrewop [ejsig UTELlop [BUIX01d
N 6 m%m_“_ MS

Evolution and Petroleum Systems of Deep-Water Mundal Subbasin

804

Downloaded from http://pubs.geoscienceworld.org/aapgbull/article-pdf/104/4/795/4983625/bltn17381.pdf

bv UNIVERSIDADE FEDERAI DO CEARA UFC user



sw NE

Proximal domain Distal domain Fig“f 2
submarine . ;:C'“ a S — Horizon 7: Miocene - Ubarana Top
\cany‘on ESilstone  DShale @ Marl Pt Herizon 6: intra-Miocene

Horizon 5: upper Oligocene

—— Horizon 4: near top Cretaceous

—— Horizon 3: upper Aptian - Paracuru Top
— Horizon 2: lower Aptian - Mundau Top

—— Horizon 1: Lower Cretaceous
—— Basement

em Well

Contourites submarine creep

Figure 5. Southwest-northeast seismic section showing the proximal domain with synthetic faults and the distal domain with antithetic
faults. The location of the Pecem well, the first oil discovery well in deep-water Ceara Basin, is shown together with facies and the location
of hydrocarbon shows. Vertical scale in two-way traveltime (meters per second). (A) Location of the seismic data. (B) Horizon 3 comprises
an angular unconformity between seismic unit 3 (SU3) and SU4. (C) Closely spaced normal faults in the distal domain. (D) Faulted rollover
anticline. (E) Wavy and plastered reflectors typical of contourites in SU7. (F) Small-scale submarine creep in SU7. (G) Differing seismic
characters across a normal fault. (H) Very thin sandstones reservoirs in the Paracuru Formation (Fm.) top (SU3) among shales, siltstones
and marls. (I) High-amplitude seismic reflectors in SU1. (J) Abrupt changes in gamma-ray (GR) and sonic (DT) logs when crossing horizon 3.
Vertical exaggeration (2) is 3 in (A) and 5 in (B) to (J).
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the late Aptian. In addition, SU1, SU2, and SU3
are cut by high-angle normal faults. Divergent throws
and dips offset SU1 and SU2, forming an asymmetric
graben (minibasin) filled by SU3 (Figures 7B, 8F).
The SU3 comprises the Paracuru Formation,
which, in deep waters is composed of thin intercala-
tions of sandstone, siltstone, shales, and marls, filling
fault-bounded depocenters in the area around Pecém
well (Figures 5, 6). This sequence becomes thinner
toward the most distal part of the margin (Figure 4).
A magmatic intrusion is observed at the top of
SU3 (Figure 8E). This intrusion has a parabolic shape
and its internal reflections are chaotic (Figure 8E).

Seismic Unit 4: Upper Aptian to Near-Top

Cretaceous (Transgressive Drift Sequence)

The SU4 shows transparent to parallel internal re-
flections, the latter of which are continuous and of
low amplitude. An abrupt change exists in the pet-
rophysical character between SU3 and SU4 when
considering the GR and acoustic slowness curves
(DT). The GR values decrease sharply in SU4 (mean
GR values in SU4 = 30 APL; mean GR values in SU3 =
85 API), together with sonic traveltime (mean acous-
tic slowness in mean acoustic slowness in SU4 =
125 ps/ft (410 ps/m); mean acoustic slowness for
SU3 = 90 ps/ft (295 us/m) (Figures 3, 5J).

The SU4 is the first sequence in deep-water that
is not significantly affected by faulting, and fills the
hanging-wall depocenter in Figure 5. Its lower bound-
ary is an upper Aptian regional unconformity. Along
this same boundary, there are multiple incision
surfaces (Figure 9B) and an angular unconformity is
observed between SU4 and SU3 (Figure 5B).

These features, and the sharp change in GR and
sonic traveltime across this same unconformity indicate
a regional erosional event. The onlapping reflections
observed in Figure 5B indicate that SU4 comprises
a transgressive sequence marked by the deposition of
marine calcareous shale with very thin intercalations
of sandstones, marls, and calcilutites (Figure 6).

The SU4 comprises the Uruburetama Member
of the Ubarana Formation (Figure 3).

Seismic Unit 5: Near-Top Cretaceous to Upper
Oligocene (Regressive Drift Sequence I)

The lower boundary of SUS (horizon 4) is a high-
amplitude continuous horizon. The SUS is locally
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transparent with prograding and subparallel low-
amplitude internal reflections (Figure 3). It is locally
deformed by closely spaced normal faults (Figure
5C). Lithologically, SUS is composed of thin in-
tercalations of marls, calcilutites, and shales (Figure 6).
The SUS5, SU6, and SU7 comprise the Itapajé
Member of the Ubarana Formation (Figure 3).

Seismic Unit 6: Upper Oligocene to Intra-Miocene
(Regressive Drift Sequence II)

The lower boundary of SU6 is marked by an ero-
sional unconformity. The SU6 is composed of pro-
grading high-amplitude reflections and its internal
character is chaotic to continuous (Figures 3, 5, 8).
The SU6 is mainly composed of marls with minor
intercalations of shales, sandstones, and calcilutites

(Figure 6).

Seismic Unit 7: Intra-Miocene to Miocene
(Transgressive Drift Sequence)
This unit is shown as an alternating succession of
chaotic to continuous, low- to medium-amplitude
seismic reflections of high frequency (Figures 3, 5,
6). The SU7 comprises plastered deposits on the
continental rise, which are slope-elongated and char-
acterized by their high-amplitude seismic reflec-
tions with hummocky and wavy reflectors (Figures 4,
5E, 8). Therefore, these deposits are interpreted as
contourites (Faugeres et al., 1999). They are crossed
by furrows and submarine canyons. Transgressive
seismic configurations are observed on Figure 5.
Submarine creep movements also occur in the
deep-water Mundaa subbasin. Listric faults may root
into the basal gliding planes responsible for these
creep movements (Figures 5F, 8C).
Lithologically, SU7 is composed of marls, shales,
mudstones, and calcilutites (Figures 3, 5, 6).

Petroleum System

Source Rocks

Table 2 presents the values of percentage of TOC
(TOC%) and Rock-Eval pyrolysis obtained for the
shales of the Ubarana, Paracuru, and Mundat For-
mations in the Pecém well. Their TOC content
ranges from 0.46% to 4.19%. In general, a value of
approximately 1% TOC is considered a minimum
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Horizon 7: Miocene - Ubarana Top
Horizon 6: intra-Miocene
- Horizon 5: upper Oligocene

— Horizon 4: near top Cretaceous
——— Horizon 3: upper Aptian - Paracuru Top
——— Horizon 2: lower Aptian - Mundad Top
Horizon 1: Lower Cretaceous
—. Basement

Submarine
canyon

Figure 7. Southwest-northeast seismic section. Vertical scale in two-way traveltime (milliseconds). (A) Location of the selected seismic
section. (B) Normal faults with divergent throws and dips, forming a small subbasin in seismic unit 1 (SU1), SU2 and SU3 (synrift and
transitional sequences). (C) Faults in the postrift SU7. (D) Upper Oligocene, reactivated negative flower structure (interpreted and
noninterpreted data). (E) High-amplitude reflectors in SU1. Vertical exaggeration (Z) is 3 in (A) and 5 in (B)-(E).
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Figure 8. Southwest-northeast seismic section. Vertical scale in two-way traveltime (milliseconds). (A) Location of the seismic section.
(B) Fault in postrift sequences (seismic unit 6 [SU6] and SU7). (C) Sediment creep in SU7. (D) Upper Oligocene reactivated flower structure
(interpreted and noninterpreted data) and high-amplitude seismic reflectors in SU1. (E) Volcanic intrusion in SU3. (F) Minibasin filled by

SU3. Vertical exaggeration (2) is 3 in (A) and 5 in (B)-(F).
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Figure 9. Northwest-southeast seismic section showing the Pecém well over a raised tilt block limited by faults. Vertical scale in two-
way traveltime (milliseconds). (A) Location of the seismic section. (B) Erosive feature in horizon 3. (C) Reservoirs in seismic unit 3 (SU3)

and SU4. Faults in postrift strata. Vertical exaggeration (2) is 3 in (A) and 5 in (B) and (C).
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value to form an effective source rock. The vertical
distribution of our results shows, from a stratigraphic
point of view, seven samples with values above 1%

(1-5, 11, and 12; Table 2).

Hydrocarbon Potential

The TOC% values for source rocks in the Mundau
Formation (SU1 and SU2) are between 0.46% and
1.97%, indicating poor to good source potential
(Tables 1, 2). However, Peters and Cassa (1994)
point out that TOC by itself is not always a good
indicator of source rock potential because measure-
ments may include inert carbon that has little or
no generating potential. The two aforementioned
authors believe that the S, measurement derived
from pyrolysis analysis is a better indicator of the
generation potential of source rocks. The plot of TOC
versus S> was established to get an idea about the
quantity of organic matter present and its associated
hydrogen. The data shown in Figure 10A indicates
that the Mundad Formation samples represent fair
to good generation potential.

In the Paracuru Formation (SU3), TOC% values
are between 1.16% and 3.56%, indicating good to
very good amounts of organic matter (Table 1) and
good to very good generation potential (Figure 10A).

For source rocks in the Ubarana Formation (SU4),
TOC% values vary between 3.63% and 4.19%, indi-
cating very good to excellent source rocks (Tables 1-5)
with a very good hydrocarbon generation potential.

Analyzed samples from the Mundati Formation
are composed of dark to reddish-brown shales,
whereas samples in the Paracuru and Ubarana For-
mations are composed of greenish, dark to light gray
carbonaceous shale (Figure 6).

According to the S, parameter on Rock-Eval tests,
and the classification of Espitalié et al. (1977) (Table 1),
the Mundat Formation presents moderate to good
potential as a source interval (Table 2). The Paracuru
Formation presents good to excellent potential and the
Ubarana Formation displays excellent potential.

Organic Matter Type

The HI shows that most samples are potential oil
generators (Tables 1, 2), except for one sample in the
Paracuru Formation showing potential for gas and
condensate.

On a graph of HI versus OI (van Krevelen,
1961), most of the samples plot in the field of type II
kerogen (Figure 10B). Type II kerogen is a mechan-
ically and chemically complex mixture of algae,
marine organisms, and plant debris. This is the usual
type of kerogen found in marine basins where
mixtures of phytoplankton, zooplankton, and micro-
organisms have accumulated under reducing con-
ditions, commonly containing land-derived plant

material (Bjerlykke, 2010).

Thermal Maturity

To assess the maturity samples taken from the deep-
water Pecém well, the data obtained were plotted
on a HI versus T, diagram (Figure 10C). Ac-
cording to Peters (1986) and Espitalié et al. (1977,
1985), oil generation from source rocks begins at
Tax = 435°C —-465°C, which means that the
Mundat and Paracuru Formations are within the oil
window (type II kerogen). The source rocks of these
formations are thermally (early) mature (T, values
range from 439°C to 449°C). However, the samples
from the Ubarana Formation are considered ther-
mally immature (T, ranges from 424°C to 425°C)
(Figure 10C; Table 2), not reaching sufficient
maturity to generate hydrocarbons.

The PI confirms that most samples are mature
(oil generation) because PI ranges from 0.10 to 0.29
(Tables 1, 2), except for two samples from the
Mundat Formation, whose PI values are 0.08 and
0.09 (immature).

Durand (1988) stated that the expulsion (or
primary migration) of hydrocarbons from source
rocks toward their reservoir(s) is the first migration
stage for organic material after its transformation
into petroleum. Smith (1994) and Hunt (1996)
determined that the ratio of S; to TOC should be
between 0.1 and 0.2 for oil expulsion to start in the
source rock. Table 1 shows that the S;/TOC ratios
for all the samples are higher than 0.1. The values
range from 0.42 to 1.80. Hence, these results in-
dicate that these source rocks are able to expel
hydrocarbons.

A plot of S; versus TOC (Figure 10D; Table 2) was
used to discriminate nonindigenous (allochthonous)
from indigenous hydrocarbons (autochthonous)
(Peters, 1986; Hunt, 1996; Rabbani and Kamali,
2005). The graph distinguishes between migrated
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Figure 10. (A) Plot of total organic carbon (TOC) versus residual hydrocarbon potential (S,) showing source rock generation po-
tential. (B) Modified Van Krevelen diagram showing the primary composition of source rocks in the Pecem well. (C) Hydrogen index versus
maximum temperature recorded at the maximum of hydrocarbon generation during pyrolysis (7;,,,,) showing the maturity of organic matter.
Im = immature. (D) Diagram of S; versus 7OC to discriminate between nonindigenous (allochthonous) and indigenous (autochthonous) hy-

drocarbons in the Pecém well.

hydrocarbons and contaminants from autochtho-
nous hydrocarbons. The dividing line in the plot
(Figure 10D) is where S;/TOC = 1.5 (Hunt, 1996;
Rabbani and Kamali, 2005; El Nady et al., 2015).
Values belonging to allochthonous hydrocarbons
appear above this line, whereas autochthonous
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hydrocarbon values emerge below it. In the study
area, most of the samples are classified as autoch-
thonous hydrocarbons (Figure 10D). This indi-
cates that oil has not migrated from a distant
source rock. In essence, they were accumulated very
close to their source. Only one sample is considered
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here to represent allochthonous hydrocarbons (Ubar-
ana Formation, Figure 10D).

It is noted here that the deepest sample analyzed
was taken at 5913 m (19,400 ft). The possibility of
source rocks at depths greater than 5913 m (19,400 ft),
putatively related to the onset of rifting on the BEM,
cannot be ruled out (see the Discussion section).

Reservoir Rocks

Reservoir intervals in the deep-water Mundad sub-
basin are chiefly siliciclastic. They comprise very thin
intercalations of sandstone, shale, siltstone, and marls
(Figure 6). Hydrocarbons were found in fluid samples
and by gas detectors in several intervals (Figures 5H, 9C;
Table 3). The sandstone layers forming reservoir inter-
vals in the Pecém well are approximately 1-m (~3.28-
ft) thick near the top of Paracuru Formation (SU3).
However, as the depth increases, the thickness of sand-
stone layers also increases, reaching 10 m (32.8 ft)
in some intervals (Figures S5H, 9C).

The main reservoir rock in the Paracuru For-
mation is composed of brownish subangular sandstone.
Its grain size ranges from very fine to medium sand and
is well sorted. It consists of quartz and micritic
sandstone and its matrix can be sandy, silty, or clayey.
Porosity ranges from 0% to 15%. It is semifriable to
friable, sometimes with carbonaceous clasts. These
sandstones are locally stained by dark brownish oil.
Layers of dark clay shales are found in contact with
these sandstones (Figures 5H, 6, 9C).

Well tests from the Pecém well were promising
(Figure 2; Table 3). The test in the interval between
3800 and 3818 m (12,467.2 and 12,526.3 ft) indicated
that it is an oil-bearing overpressured interval. The test
was carried out after a stimulation operation with hy-
draulic fracturing. Before the fracturing operation, the
interval was perforated. The oil is 30° AP, the flow rate
is 90 m>/day (3178.32 ft*/day), the transmissibility is
7.9 md.m/cP, and the maximum temperature regis-
tered was 87.3°C. Other intervals in the Paracuru
Formation also had effective well tests at depths
between 3880-3913 m (12,730-12,838 ft) and
40164178 m (13,176-13,707 f).

Gas shows were found in the Uruburetama
Member of the Ubarana Formation. The reservoirs in
this member comprise very thin layers of sandstone
and calcilutite (Figures 5, 9C). However, well tests
were not favorable at this stratigraphic level (Table 3).

The well-test failures were attributed to poor seal
competence.

Seal Units

The main seal unit in the distal domain is the trans-
gressive, shaley Uruburetama Member of the Ubarana
Formation (SU4) (Figures 5, 6, 9). It comprises
semihard light to dark gray shales, greenish, and
carbonaceous. These shales are thinly intercalated by
light gray marls and very fine to fine hyaline sand-
stones, forming a 607-m (1991.47-ft)-thick unit
(Figure 6). It is also worth mentioning the existence
of intraformational shales that are important seal in-
tervals in the Paracuru Formation (Figures 5, 6, 9).

Trap Formation and Migration of Hydrocarbons
The main trapping style in deep-water Mundaa
subbasin is a mixed structural-stratigraphic trap com-
prising a normal fault and an erosional unconformity.
An upper Aptian oceanward-dipping fault is responsi-
ble for the trap because it places Aptian rocks of the
Paracuru Formation (SU3) in direct contact with the
near-top Cretaceous transgressive marine shales of
the Uruburetama Member (SU4). Reservoirs are located
on the footwall of this normal fault (Figures SH, J; 9C).
It is worth pointing out that gas was also found
in local stratigraphic traps at the top of Uruburetama
Member (horizon 4, near-top Cretaceous) (Figures 5,
9C). Here, the stratigraphic traps consist of sand-
stone and calcilutites layers intercalated between
shales. Considering that the Uruburetama Member
is immature (Figure 10C), gas likely migrated from a
deep mature source rock after the trap was formed.
Thus, it is estimated that the migration occurred in
the Cenozoic because the trap was completely formed
near-top Cretaceous (horizon 4). Integrated studies
using geothermal and geochemical data should be
performed to evaluate when exactly the maturation
and migration happened in the study area.
Hydrocarbon migration may have occurred in
two distinct ways in the deep-water Mundat sub-
basin: (1) through direct flow of hydrocarbon-rich
(source) shales juxtaposed with reservoir intervals,
or (2) by migration along faults and unconformity
traps. The regional unconformity topping the Par-
acuru Formation may have been an important path-
way for hydrocarbon migration because the reservoir
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Table 3. Intervals with Oil or Gas Shows and where Well Tests Were Undertaken in the Pecem Well

Interval, m (f) Hydrocarbon Gas Detector Well Static Pressure,
Formation Top Base* Evidence Type!  Total Gas Heavy Gas Test® MPa (psi)"
Ubarana 3194 (10,479) 3197 (10,489) Gas detector 18.0 0.4 - -
Fm. (SU4) 3217 (10,554) 3229 (10,594) Gas detector 22.0 04 - -
3249 (10,659) 3254 (10,676) Gas detector 223 04 - -
3272 (10,735) 3288 (10,787) Gas detector 183 0.5 - -
3424 (11,234) 3436 (11,273) Gas detector 20.6 04 - -
3539 (11,611) 3542 (11,621) Gas detector 7.0 0.1 No seal -
3551 (11,650) 3553 (11,657) Gas detector 9.0 0.1 - -
3568 (11,706) 3570 (11,713) Gas detector 143 0.2 No seal -
3584 (11,759) 3587 (11,768) Gas detector 10.8 04 - -
3591 (11,781) 3596 (11,798) Gas detector 155 0.3 No seal -
3644 (11,955) 3647 (11,965) Gas detector 249 05 - -
3654 (11,988) 3660 (12,008) Gas detector 336 0.7 - -
3666 (12,028) 3671 (12,044) Gas detector 354 0.9 No seal -
Paracuru 3770 (12,369) 3770 (12,369) Fluid sample - - - -
Fm. (SU3) 3774 (12,382) 3774 (12,382) Fluid sample - - - -
3797 (12,457) 3798 (12,461) Gas detector 46.9 17 - -
3802 (12,474) 3804 (12,480) Gas detector 539 14 Effective 625 (90,666)
3811 (12,503) 3811 (12,503) - - - Effective 628 (91,110)
3819 (12,528) 3819 (12,528) - - - Effective 629 (91,250)
3842 (12,605) 3842 (12,605) Fluid sample - - Closed -
3845 (12,613) 3845 (12,613) Fluid sample - - No seal -
3845 (12,615) 3845 (12,615) - - - Effective 632 (91,706)
3880 (12,730) 3880 (12,730) Fluid sample - - Effective 640 (92,838)
3889 (12,760) 3889 (12,760) -~ -~ - Effective 641 (92,935)
3890 (12,762) 3890 (12,762) - - - Effective 640 (92,872)
3913 (12,838) 3913 (12,838) - - - Effective 644 (93,474)
4016 (13,176) 4016 (13,176) - - - Effective 666 (96,526)
4147 (13,606) 4147 (13,606) - - - Effective 691 (100,223)
4178 (13,707) - - - - Effective 700 (101,497)

Abbreviations: Fm. = Formation; SU = seismic unit.
*Dash indicates unknown depth.

tDash indicates no hydrocarbon evidence.

*Dash indicates no gas detection.

$Dash indicates no well test undertaken.

Dash indicates no information about static pressure.

interval is largely located in the upper part of this
formation (Figures S5H, J; 9C).

DISCUSSION

Tectonic Evolution of the Deep-Water
Mundau Subbasin, Ceara Basin

Three main domains were interpreted in the Mundaa
subbasin based on this work: proximal, distal, and RFZ
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domains (Figure 4). The proximal domain is charac-
terized by large extensional faults on the continental
shelf that bound multiple half grabens (Figure 4B).
This domain occurs at water depths between 30 and
60 m (98.4 and 196.9 ft) and shows growth strata
adjacent to oceanward-dipping, synthetic normal
faults (Figure 4). These oceanward-dipping faults
present a mean distance from each other of approxi-
mately 2 km (~6562 ft). The dip on successively
younger strata diminishes, indicating growth in the
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Aptian. The landward dip of horizon 1 is approx-
imately 15°, whereas horizon 3 is almost flat
(Figure 4).

The latter faults sole out in the basement and
were active until the late Aptian. Some of them
continued moving into the Late Cretaceous (early
drift stage) (Figure 4B). Many of these faults have
geometries that indicate strike-slip motion, such
as near-vertical dip, changes in fault throw with depth,
abrupt changes in seismic character and strata thick-
ness across the fault (Figure 4).

The distal domain on the continental slope is
characterized by high-angle landward-dipping roll-
over faults that affect the synrift and transitional
sequences (SU1, SU2, and SU3) (Figures 4, 5, 7-9).
Rollover faults comprise normal faults generated
on top of monoclinal rollovers and turtle anticlines
(Rowan et al., 1999). On the continental rise and
abyssal plain, high-angle landward- and oceanward-
dipping faults occur. The spacing between the
faults ranges from 800 to 3000 m (2625 to 9843 ft).
Similarly to the proximal domain, some of these faults
present geometries that are typical of transtensional
structures, such as near-vertical dip, abrupt changes in
seismic character, and sharp differences in strata
thickness across faults (Figure 5G).

Transtensional deformation caused by the open-
ing of the equatorial Atlantic Ocean, and acting on
second- and third-order transform faults between
the RFZ and the CFZ, produced depocenters lim-
ited by faults with divergent throws and dips
(Figures 7B, 8F). These minibasins provided addi-
tional accommodation space for the transitional
SU3 (Figure 7B).

Our seismic interpretation shows that faults in
the distal domain, in general, sole out around horizon
3 (upper Aptian). However, some faults appear to
be younger than the Aptian. Late Oligocene re-
activation of flower structures is shown in Figures
7D and 8D. In addition, other faults were shown
to crosscut SU4, SU5, and SU6, indicating local
faulting during the drift stage (Figures 5C, 7C, 8B,
9C). The SU7 is also cut by oceanward-dipping listric
faults that are rooted on shallow glide planes ac-
commodating submarine creep movements (Figures
5F, 8C).

The RFZ domain is characterized by subvertical
faults and a volcanic seamount (or guyot), the Ca-
nopus Bank (Figures 2, 4), formed under the direct

influence of the RFZ. The internal character of the
seamount is mainly chaotic (Figure 4).

The Canopus Bank is a north-northwest-trending
intrusion, 80 km (47.71 mi) long, 40 km (24.85 mi)
wide, covering an area approximately 2500 km?
(~965.26 mi?). Its top reaches a water depth of 150 m
(492 ft) and is approximately 120 km? (~46.3 mi®)
in area.

Parallel, subhorizontal seismic reflections on
the Canopus Bank are interpreted as pelagic and
hemipelagic strata. The present-day morphology of
the seamount suggests that magmatic activity has
ceased for several million years; depositional pro-
cesses predominate over the seamount as demon-
strated by a sequence of subparallel reflections on
its top (e.g., Jovane et al., 2016) (Figure 4). It is
interpreted that the magmatism in this region has
been inactive since, at least, the late Oligocene (ca.
23 Ma) because horizon 5 tops the Canopus Bank.
Taking into account that this magmatic intrusive
event cuts across horizon 4 (near-top Cretaceous;
ca. 65 Ma), and the inclined internal reflections in
SUI1 to SU4 (Figure 4D), we conclude that the
intrusive event occurred after the Cretaceous. If the
intrusive event had happened before this time,
the SUI to SU4 reflections should be parallel and
horizontal, not inclined. Thus, estimates of the
timing of the volcanic emplacement range between
65 and 23 Ma. In addition, the hypothesis of sea-
mount building because of multiple magmatic
events is not disregarded. Various sea-floor multi-
ples were found in the seismic data and prevented a
better interpretation of this part of the study area.

In regional seismic profiles (Figure 4), our in-
terpretation favors thick continental crust in the
proximal domain (continental shelf) and thin con-
tinental crust in the distal domain (continental slope
and continental rise). The transition from sedimen-
tary sequences to the continental crust is marked by
a high-reflectivity zone at a depth of 7000-8000 ms
twt (Figure 4).

A conceptual model for the evolution of the
deep-water Mundat subbasin is shown in Figure 11.
Here, the models from Mascle and Blarez (1987)
and Mercier de Lépinay et al. (2016) were modi-
fied by adding a transitional stage and adopting the
terms prerift, synrift, transitional, and drift stages
instead of pretransform, syntransform, and post-
transform. These stages are discussed as follows.

816 Evolution and Petroleum Systems of Deep-Water Mundal Subbasin
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The prerift stage (stage A in Figure 11) is char-
acterized by an active continent to continent contact
(Mascle and Blarez, 1987), when the Transbrasiliano
lineament and the Kandi Fault Zone were still
connected in a northeast-southwest direction (Pankhurst
et al., 2008; Moulin et al., 2010). Although there are
no known prerift sedimentary rocks in the Ceara Basin,
they exist on its conjugate margin (Figure 11). The
lower part of the Ise Formation, in the Benin Basin,
is Upper Jurassic. Additionally, the Sekondi For-
mation, in the Keta Basin, may correlate to the
Upper Jurassic Ise Formation (Elvsborg and Dalode,
1985). They represent the uppermost part of the
prerift stage on the conjugate margin.

The synrift stage is characterized by an active
margin-to-margin contact (Mascle and Blarez, 1987).
During this stage, transtensional stresses created
northwest-southeast en echelon depocenters (Matos,
1999), and the Ceara Basin was limited by the RFZ
and CFZ (Figure 11). In the deep-water Mundat sub-
basin, the synrift stage is subdivided into two stages.

Synrift stage 1 (stage B in Figure 11) is charac-
terized by the generation of wide faults bounding
half grabens (Figure 11).

At present, no strata older than the early Aptian
have been sampled in the Ceara Basin. However,
older synrift strata are present in the basin as in-
dicated by the thick seismic packages imaged in this
work (Figure 4). This package suggests the presence
of synrift strata of Berriasian age, equivalent to the
Pendéncia Formation in the Potiguar Basin, depos-
ited in lacustrine, fluvio-deltaic, and fan-deltaic en-
vironments (Pessoa Neto et al., 2007).

This stage is characterized by generation of
oceanward-dipping faults in the proximal domain
and landward- and oceanward-dipping faults in the
distal domain (Figure 11). All faults created large
amounts of sediment accommodation space in basins
generated between tectonically active tilt blocks.
These faults continued to evolve into the next stage.

Synrift stage 2 (stage C in Figure 11) is charac-
terized by the deposition of SU2 during the early
Aptian. There is a continuous increase in lithospheric
extension as marked by the continuous vertical prop-
agation of the older faults. The basin sedimentary cover
was progressively deformed (Figure 11).

The transitional stage (stage D in Figure 11) is
characterized by an upper Aptian breakup sequence
(SU3), correlating with the Paracuru Formation, which
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contains the main reservoir interval of the Mundaa
subbasin (see Soares et al., 2012; Alves and Cunha,
2018). Horizon 2 marks the base of SU3 and it indi-
cates the onset of the lithospheric breakup between
the BEM and West African margin. It separates con-
tinental depositional environments from transitional
and typically marine depositional environments above
(Figures 3, 6).

The lithospheric breakup event is thus associated
with a discrete sedimentary sequence (breakup se-
quence) of regional extent. The faulted sequence SU3
records the transitional period spanning from the onset
of the lithospheric breakup event to the establishment
of thermal relaxation as the main control on sub-
sidence of the continental margin (Soares et al., 2012).

The angular unconformity and the sharp contact
at the top of the SU3 indicate widespread erosion at
the end of the transitional stage (Figures 3; 5B, J; 9B).

During the transitional stage, flower structures
propagated farther (Figures 7D, 8D, 9), indicating
that the deep-water Mundat subbasin developed as
a transtensional system. At the end of this stage, the
mid-Atlantic spreading center was responsible for
the inception of the drift stage.

In the drift stage (stages E and F in Figure 11),
the transform contact was active between two areas
of oceanic crust. Hence, an oceanic fracture zone was
created. The continental margin was directly placed
adjacent to hot (but progressively cooling) oceanic
crust (Mascle and Blarez, 1987).

The drift stage in the distal Mundat subbasin
started in the Late Cretaceous. First, transgressive
deep-marine shales were deposited (SU4), followed
by the accumulation of regressive sequences (SU5 and
SU6) composed of marls, calcilutites, shales, and mud-
stones. The transgressive sequence SU7 comprises plas-
tered and wavy reflections, which were interpreted as
contourites. Submarine canyons eroded the sea floor.

Short submarine creep movements were mapped
highlighting the local importance of gravity tectonics
in the study area (Figures 5F, 7C, 8C). Regional-scale
gravitational systems occur in other basins of the BEM
such as in Foz do Amazonas (Silva et al., 1998;
Cobbold et al., 2004; Reis et al., 2010, 2016), Para-
Maranhio, and Barreirinhas (Oliveira et al., 2012),
but they were not found in the Mundati subbasin.
Silva et al. (1998) proposed some ideal conditions for
the development of these gravity tectonics. Clastic
sediments bypass the shelf edge through submarine
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In the neighboring Potiguar Basin, Berriasian
synrift sediments of Pendéncias Formation
were drilled. This formation is an important
source for Pendéncias-Pendéncias and
Pendéncias-Alagamar petroleum systems.

- Prerift sediments have never been drilled in
Ceard basin. However, correlation between
Mundad subbasin and conjugate margin
basins may exist. For instance, Upper
Jurassic formations in Keta and Benin Basins.

i Midoceanic ridge : £
|:|C0ntmental crust oceanic ridge 5 <8 = Active transform margin \_ Inner comer
ic ri axis

|:| Thinned oonrinenrall: Oceanic crust C] Marginal ridge
crust and related tectonics

Figure 11. Diagram illustrating the geological evolution of the study area, its relationship with its kinematic evolution of transform
margins, and the importance of each stage to the petroleum system recognized in this work. See text for detailed explanation. Total organic
carbon (TOC) content is measured in weight percent. The amount of hydrocarbons formed during thermal pyrolysis (S; milligrams of HC per
gram of rock) is used to estimate the source-rock generation potential. The formula for hydrogen index (Hl) is (HI = [S,/TOC] x 100 in mg HC/g
T0C). Modified from Mascle and Blarez (1987) and Mercier de Lépinay et al. (2016). CFZ = Chain Fracture Zone; RFZ = Romanche Fracture

Passive transform margin “\ Outer corner

Zone; SU = seismic unit.

canyons and reach the continental slope, causing an
increase of sedimentary burden (a function of sedi-
mentation rate) in unstable areas, such as along the
continental slope, creating an ideal setting for the
development of gravity tectonics. The absence of
important gravity systems in the Mundat subbasin
may be attributed to the lower sedimentation rates
recorded here, which are in turn related to the ab-
sence of important rivers such as the Amazonas and
Parnaiba.
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Nemcok et al. (2016) state that an important
control on the structure is the need for faults to
accommodate the spreading centers along the trans-
form margin, ceasing their activity at different times
depending on their location between the landward
and oceanward ends of the transform faults. In the
distal Mundat subbasin some faults were active into
the upper Oligocene, as suggested by the flower struc-
tures in Figures 7D and 8D soling out in horizon 5. In
addition, other subvertical faults intersect the drift
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sequence, some of them reaching horizon 6 (intra-
Miocene) (Figures 8B, 9C). These faults indicate that
strike-slip tectonics affected the Mundati subbasin
until the late Cenozoic and influenced the study area
well after the beginning of the drift stage.
Transpressional structures such as shale ridges,
en echelon folds and transpressive belts (e.g., Tutoia,
Atlantic, and Ceara Highs) (Figure 1), as mapped by
Zalan (1985) in the Piaui-Camocim and Acarad
subbasins, were not identified in the Mundat sub-
basin. Typical structures of transform margins such
as marginal ridges and marginal plateaus (Mercier de
Lépinay et al., 2016) were also not found in the study
area. The relative absence of transpressional struc-
tures can be attributed to the relative location of the
Mundat subbasin in relation to the transform faults.
It is suggested that the Piaui~Camocim subbasin
is closer to the outer corner of a transform fault,
whereas the Mundau subbasin is closer to its inner
corner (Basile, 2015; Mercier de Lépinay et al., 2016)
(Figure 11). Basile (2015) explained that inner cor-
ners are not affected by transform faults, but only by
smaller, secondary transfer structures such as horse-
tail splays connecting strike-slip and normal faults. In
contrast, the outer corner is the part of the transform
margin that experiences the longest transform fault
activity. Mascle and Blarez (1987) considered these
outer corner regions as favorable to the formation
of marginal ridges and transform related tectonics
(Figure 11). Thus, the Mundat subbasin is less
“typical” of a transform setting when compared to the
Piaui-~Camocim subbasin. The Mundat subbasin is
an oblique rift (Matos et al., 1996) developed closer
to the inner corner of the Chain transform fault,
constituting a divergent segment of the equatorial
margin and evolving in a transtensional tectonic regime.

Comparing Petroleum Systems in the
Proximal and Distal Domains of the
Mundau Subbasin

In the proximal domain of the Mundati subbasin, four
petroleum systems are found: Paracuru-Ubarana,
Paracuru—Paracuru, Mundata-Paracuru, and Mundat—
Mundaa (Costa et al., 1990). The Paracuru—Ubarana
petroleum system consists of turbiditic sandstones
(reservoir) interbedded with shales (seal) from the
Ubarana Formation. The oil found in this stratigraphic

Downloaded from http://pubs.geoscienceworld.org/aapgbull/article-pdf/104/4/795/4983625/bltn17381.pdf
bv UNIVERSIDADE FEDERAI DO CEARA UFC user

play was generated in the Paracuru Formation and
hydrocarbon migration occurred along normal faults.
The Espada, Xaréu and Atum fields are examples of
this petroleum system (Costa et al., 1990).

In the distal domain, gas was found in the
Ubarana Formation (Table 3). The reservoirs are
hyaline sandstones intercalated with greenish dark
to light shales. Hydrocarbons accumulated in strati-
graphic traps similar to those recorded in the proxi-
mal domain. The potential source rocks of the Ubarana
Formation have excellent TOC% values, but they are
immature (Figure 10C). The gas found in this forma-
tion migrated from transitional source rocks (Para-
curu Formation with gas and condensate generation
potential; Tables 1, 2). The migration occurred along
the transtensional faults mapped around the Pecém
well (Figures 5, 9).

The Paracuru-Paracuru petroleum system oc-
curs in the shallow-water Mundat subbasin in a
mixed (structural-stratigraphic) play (Costa et al.,
1990). This play is characterized by truncation of
transitional sandstones of the Paracuru Formation,
associated with the faults that tilted the blocks. The oil
found in reservoir intervals was predominantly gen-
erated in shales that occur intercalated with the sand-
stones, but also reveals contributions of synrift source
rocks (Costa et al., 1990).

This mixed play also occurs in the distal domain
of the Mundat subbasin (Pecém well). Here, Aptian
early-mature source rocks within the oil window
(Figures 5, 9-11; Tables 1, 2) were able to expel
hydrocarbons. These hydrocarbons accumulated very
close to where they were produced (Figure 10A). The
upper Aptian reservoirs are located on the footwall
of a normal fault truncated by an erosional surface
(Figure 5H, J). The well tests undertaken in theses
reservoirs were markedly successful (Table 3).

The possibility of hydrocarbon accumulations on
the rollover anticline of the hanging-wall block is
not ruled out (Figure 5D). The rollover anticline is
formed by reversal of regional dip by rotation of
the downthrown block along a normal fault. The
rollover anticline is the area where a dome-shaped
trap was formed. If the Uruburetama Member
(SU4) also acts as an effective seal in this dome,
hydrocarbons can accumulate at the anticlinal crest,
as observed in the Gulf Coast, Niger Delta, Campos,
Santos, and Kwanza Basins (Krézsek et al., 2007
Quirk et al,, 2012). According to Jackson and Galloway
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(1984) and Sheriff and Geldart (1995), this type of
trap is significant to the hydrocarbon industry. There-
fore, it is also important to consider rollover anti-
clines in the Mundati subbasin as potential structural
traps for hydrocarbons.

Mundati-Mundati and Mundat-Paracuru pe-
troleum systems were not found in the distal
domain of the Mundau subbasin. However, the
interpretation of a thick sequence (SU1) with
high-amplitude internal reflections (Figures 4C,
51, 7E, 8D), the increasing TOC values with
depth (Table 2), and the current knowledge about
correlative source rocks on the conjugate African
margin and other Brazilian basins, suggest that an
important source interval may exist in the basal
synrift strata of the Ceara Basin. In the neighboring
Potiguar Basin, the most important source is the
Berriasian Pendéncias Formation, composed of la-
custrine and gravity-flow deposits (Pessoa Neto
et al., 2007) (Figure 11). In the Campos Basin, the
oil was chiefly generated by Aptian lacustrine shales
of the Coqueiros Formation (Lagoa Feia Group)
(Chang et al., 1992, Winter et al., 2007). Similarly,
the Guaratiba Formation is responsible for oil gen-
eration in the Santos Basin. Here, oil was generated
in rocks deposited in saline lacustrine environments
during the Aptian (Chang et al., 2008). In addition,
Abu et al. (2010) suggest the presence of a Cre-
taceous petroleum system in the Accra-Keta Basin
with at least two key mature source rocks, with one
being Lower Cretaceous lacustrine shale with types II
and III kerogen. Thus, it is suggested that oil may
be generated and accumulated in older sections of
the Mundati Formation not yet reached by the
Pecém well.

CONCLUSIONS

Three tectono-stratigraphic sequences were recog-
nized in deep-water Mundat subbasin, and subdi-
vided in seven SU. Major conclusions are as follows.

1. The SU1 and SU2 are lower Aptian sequences
correlating with the Mundad Formation. The
SU3 is an upper Aptian transitional sequence
correlating with the Paracuru Formation. This
breakup sequence sensu Soares et al. (2012)
marks a gradual transition spanning the onset of

the lithospheric breakup event to the establishment
of thermal relaxation as the main control on sub-
sidence of the continental margin.

2. The SU4 is an Upper Cretaceous transgressive
drift sequence corresponding to the Urubur-
etama Member of the Ubarana Formation. The
SUS and SU6 are Cenozoic regressive drift se-
quences which, together with the transgressive
SU7, correspond with the Itapagé Member of
the Ubarana Formation.

3. Different tectonic domains were interpreted in
this work: proximal, distal, and RFZ domains.
Flower structures and high-angle faults were
mapped in the distal and RFZ domains. However,
typical structures of transform margins, such as
marginal ridges and marginal plateaus, were not
mapped in the Mundat subbasin. Instead, the study
area was predominantly deformed by transtensional
movements typical of an oblique rift. Hence, it is
proposed that the study area evolved near to the
inner corner of the Chain transform fault.

4. The synrift stage generated tilt blocks filled by
the Mundat Formation. During the transitional
stage, diachronous synrift faults propagated ver-
tically into the upper Aptian breakup sequence
(Paracuru Formation). Shales with good to ex-
cellent source potential were deposited together
with thin sandstone layers, respectively compris-
ing source and reservoir intervals.

5. The drift stage begins with the Uruburetama Mem-
ber shale deposition. These shales are competent
seal intervals.

6. Despite the recognition in this work of the Mundau
Formation as a moderate to good source unit, the
results showed that hydrocarbons in the Paracuru
Formation are autochthonous and were accumu-
lated very close to their source.

This work confirms that the Paracuru Formation
comprises both the main source and reservoir intervals in
the distal domain of the Mundat subbasin, constituting
a Paracuru-Paracuru petroleum system. It is suggested
that the presence of this transitional system may con-
tinue in other deep-water basins of the BEM. Further-
more, the existence of the following cannot be ruled out:
(1) source rocks and reservoirs in the synrift Mundat
Formation, which are related to the onset of rifting in
equatorial Brazil, and (2) reservoir intervals in the thicker
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parts of the Ubarana Formation, a unit associated with
the migration of hydrocarbons from synrift and
transitional source rocks into drift reservoirs.
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