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Ceará basin, Brazilian Equatorial margin 

Ana Clara B. de Souza a,*, Daniel R. do Nascimento Jr. b, Francisco Nepomuceno Filho c, 
Alessandro Batezelli d, Felipe H. dos Santos e, Karen M. Leopoldino Oliveira f, 
Narelle Maia de Almeida b 

a Postgraduate Program in Geology, Federal University of Ceará (UFC), Fortaleza, Ceará, Brazil 
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d Institute of Geosciences, State University of Campinas (UNICAMP), Campinas, São Paulo, Brazil 
e Institute of Geosciences and Engineering, Federal University of Western Pará (UFOPA), Santarém, Pará, Brazil 
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A B S T R A C T   

An organic geochemical investigation combined with sequence stratigraphy was performed in the Ceará Basin, 
an offshore basin located in Northeastern Brazil. The information available from 30 well logs (gamma-ray, re
sistivity, density), besides geochemical (TOC, and pyrolysis indexes) and isotopic (δ13C) data, aided the prepa
ration of a dataset for this study. The application of sequence-stratigraphic methods helped classify and correlate 
seismic and organic facies. Four key petroleum source-rock units were identified, from the oldest to the youngest: 
(1) Mundaú Formation – top of the Rift Sequence (Berriasian-Aptian); (2) Paracuru Formation – Breakup 
Sequence (Aptian-Albian); (3) Itapajé Member of the Ubarana Formation – Continental Drift Sequence (Albian- 
Turonian), and (4) Uruburetama Member of the Ubarana Formation – Continental Drift Sequence (Turonian- 
Maastrichtian). The geochemical characteristics of the Mundaú Formation (high total organic carbon (TOC), 
hydrogen index (HI), relative hydrocarbon potential (RHP = (S1 + S2)/TOC)) point to a typical transgressive 
sequence. Six transgressive-regressive (T-R) cycles were recognized in the entire Paracuru Formation. The best 
geochemical marker is related to the top of the Paracuru Formation. This stratigraphic unit can be correlated to a 
major anoxic event and is the best source rock of this basin. Evaporitic facies found in this top section, maximum 
RHP values (anoxic conditions), and maximum flooding surfaces related to transgressive events characterize this 
interval. Moreover, the wide spatial cover of organic-rich rocks, carbon isotopic data, and the recognition of 
favorable characteristics for anoxia in other basins of the Equatorial Margin are suggestive of the Aptian-Albian 
Oceanic Anoxic Event (OAE-1b) occurring in the Ceará Basin. The Ubarana Formation represented by the 
Uruburetama Member and the Itapajé Member yields the least promising source rocks. However, high TOC 
values suggest the occurrence of the late Cenomanian–early Turonian Oceanic Anoxic Event (OAE-2), when 
organic-rich strata started to deposit in deep-water regions. The predominance of a regressive interval in the 
Uruburetama Member points to oxic or sub-oxic conditions. Additionally, the correlations between the Brazilian 
Equatorial Margin and its African counterpart, and the organic geochemical characterization allied to the defi
nition of depositional systems for these regions proved to be useful for oil exploration.   

1. Introduction 

Oceanic anoxic events (OAEs) have been characterized in 

sedimentary records by levels of widespread organic enrichment 
induced by stimulated primary productivity and nutrient accumulation, 
derived from both terrestrial or planktonic sources. The broad spatial 
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Fig. 1. Location of the study area. A) Equatorial Atlantic seafloor map highlighting the Romanche Fracture Zone, the Brazilian Equatorial Margin on the South 
American continent northeastern coast, composed of the Potiguar, Ceará (study area), Barreirinhas (Bar), Pará-Maranhão (Pará-Mar) and Foz do Amazonas sub- 
basins (modified after Morais Neto et al., 2003) and the conjugate West African margin on the African continent western coast, represented by the Gulf of 
Guinea Province, which includes the Niger River Delta, Ghana-Togo, Benin, Ivory Coast, and Liberia basins (modified after Brownfield and Charpentier, 2006). B) 
Detail of the Brazilian Equatorial Margin highlighting the Ceará Basin limits, sub-basins, structural elements, and production fields. C) Bathymetric map showing the 
location of four regional 2D seismic profiles (indicated as Fig. 4–6) and wells used in this study (see Table 1). D) Location of the 11 wells selected for lateral 
correlations and three seismic profiles (indicated as Figs. 11–13). 

A.C.B. Souza et al.                                                                                                                                                                                                                             



Marine and Petroleum Geology 129 (2021) 105074

3

occurrence and geochemical δ13C anomalies indicate that marine waters 
were relatively depleted in oxygen, causing changes in fossiliferous as
semblages (c.f. Schlanger and Jenkyns, 1976; Jenkyns et al., 1999; 
Bralower et al., 1994; Gröcke et al., 1999; Jenkyns, 2010; Soua, 2016; 
Rodrigues et al., 2019). The Cretaceous OAEs are generally associated 
with eustatic transgressions, which are understood as intense flooding 
events (Schlanger and Jenkyns, 1976, 2007; Haq et al., 1987; Soua and 
Tribovillard 2007; Tiraboschi et al., 2009; Jenkyns, 2010; Bastos et al., 
2020). These transgression events are mostly related to specific eustatic 
sea-level rises and they can influence source-rock distribution and hy
drocarbon generation (e.g., Jenkyns, 1980; Haq et al., 1987; Wagner 
et al., 2007; Jenkyns, 2010; Slatt and Rodriguez 2012; Haq et al., 2014; 
Rodrigues et al., 2019). 

Source-rock organic geochemical characterization includes deter
mining and quantifying, respectively, type and amount of organic 
matter and, after that, its hydrocarbon generation potential (Espitalié 
et al., 1977; Peters, 1986; Katz, 1983, 2005; Tissot and Walte, 1984; 
Anders, 1991; Hunt et al., 2002; Dembicki, 2009; Jarvie, 2012; Hart and 
Steen, 2015). The relative hydrocarbon potential is a geochemical 
parameter that reflects the oxygenation conditions of the depositional 
environment (Fang et al., 1993; Slatt and Rodriguez, 2012; Miceli-R
omero and Philp, 2012). It can be related to relative sea-level fluctua
tions within a sequence-stratigraphic context. From a geochemical 
approach, Pasley and Hazel (1990), Pasley (1991), Pasley et al. (1991), 
Fang et al. (1993), Creaney and Passey (1993), Hart et al. (1994), Harbor 
(2011), and Gürgey and Bati (2018) noted that changes in kerogen type 
is a useful parameter in outlining transgressive and regressive se
quences. In a broad sense, recent studies carried out in marine and 
lacustrine environments have shown that Rock-Eval parameters, 
geochemical proxies (i.e., total organic carbon (TOC), hydrogen index 
(HI), relative hydrocarbon potential (RHP = (S1 + S2)/TOC)), and 
stable isotopes can also be used to understand sea-level changes in 
related depositional setting (Bohacs et al., 2000; Harris et al., 2004; Slatt 
and Rodriguez, 2012; Gambacorta et al., 2020). 

Sequence stratigraphy of fine-grained sedimentary rocks combined 
with organic facies characterization is a powerful tool for regional to 
local stratigraphic correlations from well logs, seismic reflection records 
and geochemical analysis (Creaney and Passey, 1993; Fang, 2011). 
Sequence stratigraphy may give clues about the time interval for the 
generation of organic-rich and organic-poor strata related to 
transgressive-regressive sequences (Hancock and Kauffman, 1979; Van 
Wagoner et al., 1987; Pasley and Hazel, 1990; Pasley et al., 1991; Emery 
and Myers, 2009; Slatt, 2013; Kaixuan et al., 2017; Embry and Johan
nessen, 2017). The variation of TOC contents provides a critical clue for 
locating key boundaries within shale-dominated successions (Loutit 
et al., 1988; Creaney and Passey, 1993; Tayson, 2001; Freire and Mon
teiro, 2013). In addition, maximum flooding surfaces can be charac
terized by low sedimentation rates, and constant supply of organic-rich 
material under anoxic conditions that favor minimum decomposition of 
organic matter (Wignall, 1991; Creaney and Passey, 1993; Catuneanu 
et al., 2011). Additionally, an integrated approach using geochemistry 
and sequence stratigraphy is a reasonable way for assessing subsurface 
basin fills, focusing on environmental conditions (Adatte et al., 2002; 
Lüning et al., 2004; Slatt and Rodriguez, 2012; Daher et al., 2015; Peng 
et al., 2016; Omodeo-Salé et al., 2016; Delgado et al., 2018; Shekarifard 
et al., 2019; Adeoye et al., 2020). 

Despite recent advances in the definition of the stratigraphic 
framework of the Ceará Basin via geochemical approaches (e.g., Maia de 
Almeida 2020a; 2020b; Leopoldino Oliveira et al., 2020; Souza et al., 
2021), issues related to the paleoenvironmental significance of 
organic-rich rocks still require further study. Thus, the objective of this 
paper is to present an integrated study of sequence stratigraphy and 
organic geochemical characterization of transgressive and regressive 
cycles that occurred during the Cretaceous of the Ceará Basin. This 
approach enabled to estimate sea-level variations that led to environ
mental changes, and to construct models for organic facies deposition 

linked to the tectonic evolution of the Equatorial Atlantic Ocean. The 
discussions focus on the assessment of paleoenvironmental dynamics 
and the regional occurrence, significance, and characteristics of oceanic 
anoxic events in the Brazilian Equatorial Margin and its African 
counterpart. 

2. Geological background 

2.1. The Ceará Basin 

The Ceará Basin is an offshore basin located in Northeastern Brazil 
and belongs to a series of offshore basins of the Brazilian Equatorial 
Margin (Costa et al., 1990; Condé et al., 2007). The Tutóia and Fortaleza 
Highs separate the Ceará Basin from the Barreirinhas and Potiguar ba
sins (Fig. 1B). The Precambrian Borborema Province marks the south 
limit in the continent. In the north limit, two tectonic and geo
morphologic features stand out: i) the Ceará Guyot, a volcanic feature 
that is considered as an extension of the Fernando de Noronha Chain 
(Costa et al., 1990; Beltrami et al., 1994; Morais Neto et al., 2003; Condé 
et al., 2007), and ii) the Romanche Fracture Zone, which extends to its 
conjugate African margin. There, the West African basins of the Gulf of 
Guinea Province extend from the western border of the Niger River delta 
to the eastern part of Ghana (Brownfield and Charpentier, 2006) 
(Fig. 1A). 

The Ceará Basin is subdivided into four sub-basins, from west to east: 
Piauí-Camocim, Acaraú, Icaraí and Mundaú (Fig. 1B). This subdivision is 
based on different aspects of the stratigraphic evolution and different 
tectonic-sedimentary regimes (Zalán et al., 1985; Costa et al., 1990; 
Morais Neto et al., 2003; Condé et al., 2007), and also on structural 
features, such as the Ceará High, the Transbrasiliano Lineament exten
sion and the Mundaú sub-basin border fault inflection from west to east 
(Fig. 1B) (Mohriak, 2003; Morais Neto et al., 2003; Condé et al., 2007). 
The Mundaú sub-basin stratigraphic record, which ranges from Early 
Cretaceous to recent, is the thickest of the Ceará Basin. It encompasses 
the Xaréu, Atum, Curimã, and Espada fields (Beltrami et al., 1994; 
Morais Neto et al., 2003; Pessoa Neto et al., 2004; Condé et al., 2007). 
All these fields are exploited for oil and gas. 

2.2. Evolution of the brazilian Equatorial Margin 

The geodynamic evolution of the Ceará Basin is related to the 
breakup of Western Gondwana, which resulted in the separation of the 
South American and African plates in the Early Cretaceous (Mascle et al., 
1988; Almeida et al., 2000; Matos, 2000; Mohriak et al., 2003; Davison 
et al., 2015). The process started with thinning of the continental lith
osphere and mantle exhumation. Plate tectonics at this stage is charac
terized by rifting, block faulting, subsidence and pulling apart of the 
crystalline basement, which created a series of horsts and grabens and 
deposition settings controlled by the Romanche Fracture Zone (Mascle 
et al., 1997; Matos, 2000; Tamara et al., 2020). This stage started in the 
Barremian (?)–early Aptian with deformation distributed within E− to 
ENE-trending intracratonic basins filled with non-marine sediments 
(Mascle et al., 1988; Azevedo, 1991; Matos, 2000). 

Plate kinematic models suggest that accretion of oceanic crust in 
isolated basins started in the early Albian (120-105 Ma) (Heine et al., 
2013; Moulin et al., 2010) and was coeval with transtension along the 
Ceará transform margins (Matos 2000; Davison et al., 2015; Tamara el 
al., 2020). This evolutionary model relates to the Equatorial Atlantic 
Ocean opening, which continued creating more space for the accom
modation of sediments. This led to the initial breakup of the continents, 
causing the first marine transgression. It was succeeded by regressions 
that caused sedimentation and formation of claystones, mudstones, 
shales, and sandstones in depositional environments ranging from 
fluvio-deltaic to marine develops (Matos, 2000; Heine and Brune, 2014; 
Davison et al., 2015). This interval was reported in the Gulf of Guinea 
Province, which accredited their similar geologic histories suggesting 
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that the two continents were in close proximity (Brownfield and Char
pentier, 2006; Mohriak et al., 2003). 

Deep marine environments developed with ocean spreading initi
ating at approximately 110 Ma (Matos, 2000; Heine and Brune, 2014). A 
change in plate-movement vectors must have occurred near the end of 
the Albian. Inversion of transtensional basins and the formation of 
transpressional belts along the Ceará Basin has been attributed to late 
Albian–Cenomanian contraction driven by changes in the extension 
direction, and relative movement between South America and West 
Africa (Mascle and Blarez, 1987; Azevedo, 1991). Final separation of the 
continental lithosphere corresponding to South America and Africa 
occurred at 104 Ma along the western Ivory Coast margin and at 94 Ma 
along the Ghana–Ivory Coast margin, together with migration of the 
oceanic spreading centers along the respective transform margins at 96 
and 74 Ma, respectively (Szatmari et al., 1987; Mascle and Blarez, 1987; 
Azevedo, 1991; Heine et al., 2013; Nemčok et al., 2013). 

For the African counterpart, analogous to the Brazilian Equatorial 
Margin, three tectonic evolution stages are reported: (1) a Lower 
Cretaceous pre-transform stage, represented by continental to marginal 
marine rocks; (2) a lower Cretaceous to late Albian syn-transform stage, 
and (3) a Cenomanian to Holocene transform stage (Brownfield and 
Charpentier, 2006). 

2.3. The Ceará Basin stratigraphic sequence 

Three Barremian (?)–recent sequences compose the Ceará Basin; the 
rift (continental), post-rift (transitional) or breakup, and the drift (open- 
marine) sequences (Szatmari, 1987; Beltrami et al., 1994; Condé et al., 
2007; Maia de Almeida, 2020a) (Fig. 2). The Mundaú Formation (Ber
riasian? to Aptian) encompasses the syn-rift sequences of the Mundaú 
Sub-Basin and is composed of fluvial-deltaic and lacustrine deposits 
(Beltrami et al., 1994; Condé et al., 2007; Holz et al., 2017). Sandstones 
and shales of the Mundaú Formation represent the continental sedi
mentation of the Ceará Basin. The Paracuru Formation (~115 Ma) 
overlies these deposits and represents fluvial-deltaic to lacustrine sili
ciclastic sedimentation. The Trairí Member of the Paracuru Formation 
stands out for being composed of carbonates and evaporites (Beltrami 
et al., 1994; Conde et al., 2007). 

The Paracuru Formation defines the first marine ingression in the 
Ceará Basin (Regali et al., 1989; Costa et al., 1990; Beltrami et al., 1994; 

Condé et al., 2007) and more recently it has characterized as a breakup 
sequence sensu Soares et al. (2012) (Leopoldino Oliveira et al., 2020; 
Maia de Almeida et al., 2020a). The following Ubarana, Tibal and 
Guamaré formations represent the drift sequence sedimentation in open 
marine settings. The Ubarana Formation is subdivided into two distinct 
members in the study area. The Uruburetama Member (~110 Ma to 75 
Ma), composed of thin shale beds, was deposited on an unconformity on 
top of the Paracuru Formation and records a transgression event. The 
Itapajé Member (~75 Ma to 65 Ma) overlies the Uruburetama Member, 
and is composed of thick turbidite layers, which correspond to a 
regressive marine phase, attested by basinward prograding movements 
(Costa et al., 1990; Beltrami et al., 1994; Condé et al., 2007; Rios and 
Picanço, 2018; Maestrelli et al., 2020). 

A major NW-SE trending fault, known as the Mundaú Fault, struc
turally limits the Mundaú Sub-basin (Fig. 1D) (Azevedo, 1991; Pessoa 
Neto et al., 2004; Leopoldino Oliveira et al., 2020; Maia de Almeida 
et al., 2020b). The boundary faults that limit the Xaréu and the Atum oil 
fields compose a series of normal faults with listric geometry. Tilted 
blocks trending NW-SE and dipping NE were formed during the rifting 
phase (Costa et al., 1990; Pessoa Neto et al., 2004; Leopoldino Oliveira 
et al., 2020; Maia de Almeida et al., 2020b). The top of grabens and 
horsts thus formed was later eroded. Previous interpretations correlated 
this angular unconformity known as Electric Mark 100 with a period of 
regional flooding that affected the Ceará Basin during the lower Aptian, 
during which time the geodynamic evolution of the Mundaú Sub-basin 
was predominantly subjected to a distensional regime in the shallower 
platform and slope. 

Some researchers have approached the Ceará Basin evolution via 
sequence stratigraphy. Hashimoto et al. (1987), applying event stratig
raphy, made the stratigraphic and paleoenvironmental characterization 
of the Alagoas Stage, which, according to the authors, ranges from the 
top of the Mundaú Formation to the top of the Paracuru Formation. The 
authors also recognized transgressive and regressive successions that 
correlate laterally within the Ceará Basin context. Regali (1989), using 
lateral correlations, characterized the first marine ingression and 
evaporite deposition in the late Aptian. Costa et al. (1990) and Pessoa 
Neto et al. (2004), based on seismic interpretation, illustrated the main 
relationships between stratigraphic sequence and discordances for the 
Xaréu field. Beltrami et al. (1994), Morais Neto et al. (2003), and Condé 
et al. (2007) updated the Ceará Basin chronostratigraphic chart 

Fig. 2. Nomenclature of the main Cretaceous Oceanic Anoxic Events (OAEs) according to Jenkyns (2010). The OAEs are correlated with the chronostratigraphic 
chart, depositional environments, and formations of the Ceará Basin (compiled from Condé et al., 2007). 
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including the major geological events and sedimentary successions. 

2.4. Previous geochemical studies 

In the 1980’s, the Brazilian Petroleum Corporation – Petrobras 
authored the first reports containing geochemical data for the Ceará 
Basin. In these reports, the Mundaú Sub-basin is presented as prone for 
hydrocarbon generation, and the Paracuru Formation is indicated as the 
best source-rock (e.g., Mello et al., 1984). Later, oil generation and 
migration aspects were presented by Costa et al. (1990). ANP (2017) 
summarized kerogen types and TOC contents for the Mundaú and Par
acuru Formation. Recent research on the Brazilian Equatorial Margin 
(Pellegrini and Ribeiro, 2018; Maia de Almeida et al., 2020a; Leopoldino 
Oliveira et al., 2020; Souza et al., 2021) and its counterpart in Africa, the 
West Africa Margin (Brownfield and Charpentier, 2006; Adeoye et al., 
2020), has presented geochemical data on the source rocks. 

New publications on the deep-water domain of the Ceará Basin have 
presented a conventional geochemical characterization (kerogen anal
ysis, hydrogen index, total organic carbon) of the Mundaú, Paracuru and 
Ubarana formations (e.g., Souza et al., 2021). Geochemical analyses of 
autochthonous hydrocarbon show that kerogen is predominantly of type 
II and III and reveal fair to excellent potential for oil generation (Maia de 
Almeida et al., 2020a). Regarding maturity windows, Leopoldino Oli
veira et al. (2020) classified Aptian to Turonian samples as mature to 
post mature. The majority of the samples were of organic matter type II 
and some of type III. The Ubarana Formation (Turonian) was considered 
to contain autochthonous marine organic matter with terrestrial 
contribution, deposited in a reducing environment favorable to oil and 

gas generation (Leopoldino Oliveira et al., 2020). 
Additionally, the deposition of organic-rich sediments in the Mundaú 

Formation was strongly controlled by half-graben systems, specifically 
close to border faults in proximal areas (Souza et al., 2021). The Para
curu Formation presents the best source rock in the Ceará Basin, which is 
characterized by abundant organic matter and indicating a high hy
drocarbon potential for these rocks considered oil and gas-prone (Souza 
et al., 2021). The Ubarana Formation, represented by the Uruburetama 
and the Itapajé members, contains less promising source rocks. These 
members yielded immature to early oil-window thermal conditions 
(Souza et al., 2021). Comparing the continental shelf area and the 
deep-water domain, the source rocks belong both areas indicate large 
resemblance (Leopoldino Oliveira et al., 2020; Souza et al., 2021). 

3. Dataset and methodology 

3.1. Available data 

The Brazilian Agency for Petroleum, Natural Gas and Biofuels (ANP) 
provided all dataset presented in this study. Fifteen regional poststack- 
migrated 2D seismic data were used for regional stratigraphic inter
pretation (Fig. 2C). The seismic survey in which these data were ac
quired dates from 1980 to the 1990’s. Vertical resolution of the 2D 
seismic lines is 22 m. Frequency ranged from 40 to 70 Hz, with dominant 
40-Hz frequency and 4-ms sampling. The data were interpreted in two- 
way travel time (TWT) and the stratigraphy was calibrated with well-log 
data. Sonic (DT), density (ROHB) and check-shot were also used for 
comparison with synthetic seismograms to confirm or modify well-to- 

Table 1 
Well logs selected for the preparation of the dataset used in this study. Fig. 1B presents the spatial distribution of the wells.  

Well Location Oil 
field 

Year Classification Main Objective TOC 
# of 
samples 

Pyrolysis 
# of 
samples 

Check 
Shots 

3 AT 8 Outer shelf Atum 1985 Extension for oil 
production 

Description of sequences (Figs. 9 and 12) and well-to- 
seismic calibration 

112 103 42 

1 CES 44 Outer shelf 1980 Sub-commercial oil 
production 

Description of sequences (Figs. 10 and 11) 114 98 

1 CES 80 Middle 
shelf 

1983 Dry Description of sequences (Figs. 8 and 13) 69 56 

1 CES 8 Middle 
shelf 

Xaréu 1977 Discovery of oil field Description of sequences (Figs. 7 and 12) and isotope 
data 

237 151 

4 CES 
12A 

Middle 
shelf 

Xaréu 1977 Sub-commercial oil 
production 

Well-log correlation (Fig. 11) 114 86 

4 CES 21 Middle 
shelf 

Xaréu 1978 Sub-commercial oil 
production 

Well-log correlation (Fig. 13) and isotope data 48 45 

4 CES 14 Middle 
shelf 

Xaréu 1977 Sub-commercial oil 
production 

Well-log correlation (Fig. 13) and isotope data 39 32 

4 CES 13 Middle 
shelf 

Xaréu 1977 Sub-commercial oil 
production 

Well-log correlation (Fig. 12) 86 32 

1 CES 
45A 

Middle 
shelf 

Xaréu 1980 Sub-commercial oil 
production 

Well-log correlation (Figs. 5, 6 and 13) and well-seismic 
calibration 

64 54 14 

1 CES 78 Middle 
shelf  

1982 Sub-commercial oil 
production 

Well-log correlation (Fig. 11) 144 127 

1 CES 27 Outer shelf Atum 1979 Discovery of oil field Well-log correlation (Fig. 13) and well-seismic 
calibration 

83 54 14 

1 CES 43 Outer shelf 1981 Dry Well-log correlation (Figs. 6 and 13) and well-seismic 
calibration 

98 91 19 

3 CES 
47A 

Outer shelf 1980 Dry Well-seismic calibration   6 

1 CES 67 Middle 
shelf 

Xaréu 1981 Sub-commercial oil 
production 

Well-seismic calibration   18 

4 CES 72 Outer shelf 1982 Dry Well-seismic calibration (Fig. 4) 70 34 10 
1 CES 82 Outer shelf 1982  Well-log interpretation 156 147 
1 CES 68 Outer shelf 1982 Sub-commercial oil 

production 
Well-log interpretation 109 105 

1 CES 79 Outer shelf 1982 Sub-commercial oil 
production 

Well top information and seismic interpretation 23 18 

1 CES 36 Middle 
shelf 

1979 Dry Well top information and seismic interpretation 

1 CES 
122 

Middle 
shelf 

1994 Dry Well top information and seismic interpretation  
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seismic calibration (Bassiouni, 1994) (see Table 1 with data available). 
Interpretation was based on attributes of the seismic data, such as 
reflection amplitude and continuity and wavelet frequency. Twenty 
wells with gamma-ray (GR), resistivity (ILD), spontaneous potential 
(SP), neutron (NPHI), caliper (CAL), and lithological data, were 
available. 

The lithostratigraphic and chronostratigraphic dataset used in this 
study contains the stratigraphic top for each formation and their relative 
age, respectively. The chronostratigraphic information refers to well- 
established strata recognized from their biological zones. Sixteen from 
the twenty wells have chronostratigraphic information, amounting to 
434 chronostratigraphic marks. Thus, to construct a more reliable 
stratigraphic framework, this dataset was checked and combined with 
those from the chronostratigraphic chart from Condé et al. (2007). 

The ANP made available the geochemical database from which the 
dataset for this study was built. Sixteen well logs were selected for the 
dataset (Table 1). A total of 1566 samples with TOC values and 1233 
pyrolysis data for different sedimentary facies were used in this study. 
The majority of the samples varied from black to medium-gray shales, 
siltstones, mudstones and other fine-grained rocks. 

The data from the dataset prepared for this study were uploaded to 
the Petrel E&P platform, whose license was granted by Schlumberger to 
the Federal University of Ceará (UFC). Petrel was used for the inter
pretation of the seismic data and recognition of seismic patterns, such as 
seismic terminations horizons and faults. These features are determined 
in the time domain (Figs. 4–6). After that, suites of gamma ray, TOC, and 
geochemical logs aided the delineation of the formations and sequence 
stratigraphy patterns (Figs. 7–10). Correlation canvas provided by Petrel 
were used to evaluate hydrocarbon distribution, lateral continuity, and 
RHP curves that showed RHP correlations with changes in oxic condi
tions and the interaction with lithofacies stacking patterns (Figs. 11–13). 

3.2. Sequence-stratigraphic analysis 

Classical concepts of sequence stratigraphy presented by Vail et al. 
(1977), Mitchum (1988), Van Wagoner et al. (1988) and Milton and 
Emery (2009) were used to interpret the stratigraphic framework and in 
the discussions in this study. The seismic stratigraphic interpretation 
was performed applying Mitchum et al. (1977) seismic facies description 
methods. Key seismic characteristics used in the seismic stratigraphic 
analysis include reflection strength and continuity, amplitude, fre
quency, and configuration (e.g., sigmoidal, oblique, mounded, etc.), and 
reflection geometries or stratal termination patterns such as onlap, 
downlap, toplap, and truncation (Vail et al., 1977; Mitchum et al., 1977; 
Veenken et al., 2006). Reflection configuration, and geometry were used 
to individualize sedimentary stratification patterns. The stratigraphic 
correlation was based on facies distribution, lithostratigraphic, chro
nostratigraphic markers, gamma ray patterns, TOC values, and 
geochemical data. 

Shales, mudstones, and other fine-grained rocks are commonly 
identified by high gamma-ray (GR) values (Beers, 1945; Schön et al., 
2015). These high GR values have been attributed to uranium contents 
associated with organic matter (Swanson, 1960; Hesselbo, 1996). For 
sequence stratigraphy analysis many researchers have pointed to co
incidences between the occurrence of organic-rich intervals and depo
sition during transgression (Vail et al., 1977; Demaison and Moore, 
1980; Dean and Arthur, 1989; Pasley 1991; Emery and Myers, 2009; 
Slatt and Rodrigues, 2012). For the identification of these intervals in 
the Ceará Basin, T-R sequences were interpreted. These sequences are 
formed by transgressive systems tracts overlain by regressive systems 
tracts (Embry and Johannessen, 1993, 2017; Ashton, 2002; Mancini and 
Pucket, 2005; Catuneanu, 2009, 2019; Lü et al., 2010; Jacquin and 
Graciansky, 2012; Gürgey and Bati, 2018). The maximum regressive 
surface (MRS) marks the upper boundary of a regressive systems tract 
and represents changes toward a transgression depositional regime 
(Embry et al., 2007; Embry and Johannessen, 2017). In transgressive 

systems tracts there is a base level rise, and this change reflects a reduced 
supply of sediments and migration of the shoreline landward. Contrarily 
to the MRS, the maximum flooding surface (MFS) is the surface that 
delimits changes from transgressive systems tract to regressive systems 
tracts (Embry et al., 2007; Embry and Johannessen, 2017). From this 
boundary, there is an increase in sediment supply resulting in coarse 
sediment progradation across the shelf, and a base level fall. Thus, 
lateral extension was described using lateral correlation integrated to 
the geochemical markers in the interpreted T-R sequences. 

3.3. The geochemical dataset 

The geochemical dataset prepared for this study encompasses the 
following parameters: Total Organic Carbon (TOC), Rock-Eval pyrolysis 
indexes (free hydrocarbons – S1; hydrocarbon generative potential – S2; 
hydrogen index – HI; oxygen index – OI; temperature at the maximum of 
the S2 peak – Tmax), and other parameters calculated using the rock-eval 
indexes, as detailed below. 

The Total Organic Carbon (TOC) represents the organic carbon 
content in weight percent (wt.% TOC). It is a semi-quantitative infor
mation on the organic matter contained in a rock sample, regardless the 
carbonate fraction (Tissot and Welte, 1984; Hart and Steen, 2015). It 
represents the biogenically-derived carbon and reflects the production 
and preservation conditions in a depositional environment (Espitalié 
et al., 1984; Jarvie, 1991; Hunt, 1995; Hart and Steen, 2015). 

The Rock-Eval pyrolysis simulates the natural conditions of organic 
matter metagenesis and catagenesis for source-rock characterization and 
evaluation (Espitalié et al., 1977; Hunt et al., 2002). A rock sample is 
placed in a chamber filled with inert gas. The sample is gradually heated 
according to a heating program. A flame ionization detector senses 
organic compounds emitted during each heating stage, while sensitive 
infrared detectors measure CO and CO2 (Espitalié et al., 1977). The 
quantification of the amounts of these gases provides the following in
dexes: S1, the first peak of the pyrolysis and expressed in milligrams of 
hydrocarbons per gram of rock, represents the amount of free hydro
carbons within organic matter; S2, the second peak of the pyrolysis and 
also expressed in milligrams of hydrocarbons per gram of rock, repre
sents the amount of hydrocarbons formed during the thermal decom
position of kerogen; S3, expressed in milligrams CO2 per gram of rock, is 
the proportion of pyrolyzed CO2 relative to the oxygen present in the 
kerogen, and Tmax, expressed in degrees Celsius, is the temperature at 
the maximum of the S2 peak (Barker, 1974; Espitalié et al., 1977, 1984; 
Jarvie, 1991; Behar et al., 2001; Hart and Steen, 2015). 

The parameters calculated using the pyrolysis indexes are:  

• HI – hydrocarbon index (HI = S2/TOC*100) expressed in milligrams 
of hydrocarbons (HC) per gram of TOC. It is related to the hydrogen 
to carbon ratio (H/C), and is used to characterize the origin and 
maturity of the kerogen of organic matter;  

• OI – oxygen index (OI = S3/TOC*100), expressed in milligrams of 
hydrocarbons (HC) per gram of TOC). It is a parameter that corre
lates with the oxygen to carbon ratio (O/C);  

• GP – genetic potential (GP = S1+S2) is the sum of the values S1 and 
S2 expressed in milligrams of hydrocarbons (HC) per gram of rock;  

• And RHP – relative hydrocarbon potential (RHP = [S1+S2]/ 
TOC*100), which is, among other environmental characteristics, an 
indicator of oxic/anoxic conditions, as discussed below. 

3.4. Anoxic signature 

In addition to the classical stratigraphic analysis, the organic 
geochemical indexes (i.e., TOC, HI, and RHP) are indicative (proxies) of 
shale deposition, organic matter preservation, persistence of anoxic and 
oxic conditions, and relative sea-level changes (Harris et al., 2004; Slatt 
and Rodriguez, 2012; Miceli-Romero and Philp, 2012; Abouelresh and 
Slatt, 2012; Gürgey and Bati, 2018) (see Fig. 3). The relative 
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hydrocarbon potential (RHP) is a reliable geochemical parameter when 
it comes to the oxygenation characteristics of depositional systems. It 
can be associated with sea-level changes within a sequence-stratigraphic 
setting (Fang, 1993; Slatt and Rodriguez, 2012; Gürgey and Bati, 2018). 

This parameter was first used by Fang et al. (1993), who established 
two main sequences based on RHP. The first represents a vertical, 
rising-upward change in organic facies, from hydrogen-poor to 
hydrogen-rich. It indicates a change from oxic to anoxic conditions and 
sea-level rise, during which time most of the organic matter is preserved 
(Fig. 3). The second, also vertical but contrarily to the first – a 
falling-upward change, represents a change from hydrogen-rich to 
hydrogen-poor organic facies, indicating a change from anoxic to oxic 
conditions and sea-level fall, and consequently less organic matter is 
preserved (Fig. 3). Thus, the concept of regressive-transgressive cycles 
can be applied to sequence stratigraphy. 

Furthermore, Creaney and Passey (1993), Hart et al. (1994), Buckner 
et al. (2009), Slatt et al. (2011), Slatt and Rodriguez (2012), Miceli-R
omero and Philp (2012), and Gürgey and Bati (2018) also attest RHP or 
vertical changes in organic facies as a potential proxy for oxygen con
ditions and sea-level fluctuations. The RHP curve assessment indicates 
that there is a positive correlation with the TOC patterns or gamma-ray 
readings, which are established by a traditional sequence-stratigraphic 
framework (Miceli-Romero and Philp, 2012). Slatt and Rodriguez 
(2012) show that maximum RHP values (anoxic conditions) correspond 
to flooding surfaces, while minimum RHP values (oxic conditions) 
correlate with the location of sequence and parasequence boundaries. 
Thus, RHP values are indicative of redox conditions, extent of anoxia in 
sequence stratigraphy, and the boundary of transgression and regression 
moments (Abouelresh and Slatt, 2012; Slatt and Rodriguez, 2012; Gür
gey and Bati, 2018). 

The RHP as an indicator/proxy of anoxic and oxic depositional en
vironments and organic matter preservation is related to anoxic condi
tions associated with transgressive events (Fang et al., 1993; Gürgey and 
Bati, 2018). Additionally, in sequence stratigraphy transgressive phases 
may represent relative sea-level rising. Thus, the results shown by the 
RHP can also be considered as a fingerprint of relative sea-level fluctu
ations when traditional information, such as biostratigraphic, seismic, 
and isotopic data, are lacking or limited (Curiale et al., 1992; Hart et al., 
1994; Miceli-Romero and Philp, 2012; Abouelresh and Slatt, 2012; Slatt 
and Rodriguez, 2012; Gürgey, 2018). 

4. Results 

4.1. Regional seismic setting 

Martins and Coutinho (1981) subdivide the Ceará Basin into three 
sectors, according to their sedimentological and morphological charac
teristics: inner shelf (up to 20-m deep), middle shelf (between 20 and 40 
m of depth), and outer shelf (from 40 m to the slope segment). The depth 
of the slope or shelf-breaking zone is 60–70 m (Fig. 1C and D). 

The interpretation of dip seismic reflection profile R0003 GRAND 
NORTH 0222 0506. MIG FIN.395 corroborates the subdivision of the 
Ceará Basin into inner-, middle- and outer-self domains, which is the 
zonation adopted in this study (Fig. 4). The most proximal domain 
corresponds to the inner shelf and to shallow waters (acoustic basement 
at ~ 500 ms). In this zone, no faulting or sedimentation related to the 
Mundaú or Paracuru formations occur. The middle-shelf domain is 
formed by border and listric faults related to the Xaréu field and prox
imal sedimentation (Fig. 4). The faults in this domain were reactivated 
throughout the rift to post-rift events without significant changes in 
attitude. The outer shelf is the last shelf-margin domain. It is correlated 
with environmental conditions prior to continental breakup. The Atum 
field is located in this domain, close to the continental slope. As shown in 
Fig. 4, the Mundaú and Paracuru formations do not seem to be affected 
by the reactivation of faults. 

The structural signature related to the main rifting phase is pre
dominantly composed of NW-SE-trending en echelon and listric faults. 
The Xaréu and Atum fields are limited by such faults. Other structures, 
such as negative flowers, anticlinal folds, high-angle normal faults 
(generating grabens and horsts), mainly affect the Mundaú Formation. 
Reactivation is recorded in the Paracuru Formation, as sedimentation 
takes place along major normal faults, revealing active tectonic subsi
dence during deposition. In the beginning of the drift phase, faulting is 
ceased, and the Uruburetama Formation represents the last sequence 
affected by reactivation. 

4.2. Key surfaces and sequence-stratigraphic units 

The formations and members of the Ceará Basin are subdivided in 
eleven major seismic stratigraphic subunits or seismic facies. The iden
tification of boundaries and surfaces indicates possible distinct T-R cy
cles (Fig. 5). 

Regional unconformities/horizons are identified, and the sedimen
tary units are named from bottom to top as shown in the table of Fig. 5C. 
Seismic units and their boundaries (Horizons) are defined by the 
occurrence of seismic features such as truncations, onlaps, hiatuses, and 
distinct surfaces associated with facies changes. The main unconfor
mity/horizon marks the contact between sediment accumulation on the 
basement and the rift sedimentation. Four subunits are identified in the 
Mundaú Formation and named 2 A, 2 B, 2C, and 2D from bottom to top. 
Three subunits are identified in the Paracuru Formation, namely 3 A, 3 B 
(which corresponds to the Trairí Member) and 2C. The Uruburetama 
Member of the Ubarana Formation is into subunit 4, and the Itapajé 
Member into subunits 5. The Tibal and Guamaré Formations are gath
ered in Subunit 6. 

4.2.1. Subunit 1 – the basement 
Subunit 1 is located around ~3500–4000 ms TWT. It is overlain by a 

thick, 2000–2500 ms TWT sedimentary layer named Subunit 2. Subunit 
1 is described as a seismic interval characterized by weak, discontin
uous, and chaotic reflections, limited by Horizon 1. This highly dis
rupted reflectors show strong amplitude and variable frequency, 
characterizing the acoustic basement. The faults extend overlying the 
basement limit. Onlap-fill facies are recognized onlapping against the 
fault planes of the border faults. These seismic facies above the basement 
are characterized by being relatively more parallel and correspond to 
the sedimentary fill of the Ceará Basin. In the outer shelf, seaward- 

Fig. 3. Schematic profile correlating depth (m), lithofacies, gamma-ray stack
ing patterns (GR), transgressive (TST) and regressive (RST) sequence tracts, and 
sequence boundary (maximum flooding surface – MFS and maximum regressive 
surface – MRS). Relative changes in oxygen levels indicated by the relative 
hydrocarbon potential (RHP) curves proposed by Fang et al. (1993) (modified 
after Slatt and Rodriguez, 2012). 
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dipping reflectors indicted the limit. In the middle shelf, chaotic re
flections prevail, and in the inner shelf a prominent reflector separates 
the shallow basement from the parallel seismic reflector. 

4.2.2. Subunit 2 A – the base of the Mundaú Formation 
Subunit 2 A is the oldest stratigraphic layer of the Ceará Basin 

identified in the study area. This subunit is the thickest and has not been 
drilled. In the middle shelf, Subunit 2 A is limited by Horizon 1 
(3500–4000 ms TWT) at the base and Horizon 2 (2000–2500 ms TWT) at 
the top. Subunit 2 A is characterized by a set of reflectors of high- 
intermediate continuity, with locally discontinuous, subparallel to 
wave internal reflection patterns, strong-moderate reflectors with 
stronger amplitude (Fig. 6). The continuity of the seismic reflectivity in 
Subunit 2 A generally decreases in the proximal domain close to the 
faults, which can be interpreted as syn-tectonic deposition. Subunit 2 A 
is interpreted as onlapping strata landward, limited by normal faults and 
downlapping in the reflector of basement forming occasional wedges 
composed of prograding reflectors in the rift sedimentary fill succession. 
The base of the Mundaú Formation is interpreted as a progradational 
seismic pattern. The pattern is discontinuous with onlapping and 
downlapping. Thickening of layers can be common in confined topog
raphy, associated with rapid changes in the depositional environment. 
This seismic facies suggests the presence of continental sedimentation 
associated with grabens and half-grabens during the early stages of the 
rifting event. Coarse-grained fluvial sediments, fine-grained sediments 
related to flood plains and lacustrine systems are associated with this 
event in a syn-depositional context. 

4.2.3. Subunit 2 B –The Mundaú Formation – transgressive sequence 
In general terms, Subunit 2 B shows parallel internal reflection pat

terns, strong amplitude seismic packages, mostly high frequency, and 
great lateral continuity. This subunit is limited by Horizons 2 and 3 
(Fig. 6). The external geometry is sheet-like, whereas internal seismic 
reflectors consist of a set of parallel axes with concordant contacts. 
Thickness is relatively constant, despite faulting. Subunit 2 B is retro
gradational on the coastal onlap landward and shows onlapping against 

the border fault. This is the most evident stacking pattern. The baselap 
(apparent onlap) surface is overlain by parallel to sub-parallel Subunit 2 
A. This reflection can suggest that the depositional system formed under 
relatively stable and low-energy conditions. This interpretation is usu
ally related to a transgressive systems tract. The top of Subunit 2 B limits 
the reflection-free (low reflectivity) seismic pattern that characterizes 
Subunit 2C. 

4.2.4. Subunit 2C – The Mundaú Formation – regressive sequence 
Subunit 2C, limited by Horizons 4 and 5, has a typically unclear or 

chaotic internal structure, although occasional steeply inclined or sub- 
parallel reflectors can be discerned. This subunit is dominated by rela
tively weak amplitudes throughout the entire sequence, in some parts 
being almost transparent. Continuous reflectors with low or poor con
tinuity and internal pattern are reflection-free (low reflectivity). 
External structures present wedge-shaped features with downlapping 
reflectors. Subunit 2C is interpreted as oblique prograding in areas of 
high sediment supply – as base level rises, progradation occurs. Pro
gradational reflectors show the progradation of the phase axis into the 
basin center, which is a common seismic reflection characteristic of the 
delta front facies; the transparent reflection represents deposition 
product with relatively high energy formed in turbulent hydrodynamic 
condition. An oblique geometry marks the external pattern and suggests 
little or no accommodation space during progradation. Infill associated 
with half grabens and faults limited the accommodation space. This 
subunit marks shifts from shoreline transgression to regression. At the 
base, downlaps divided subunits 2C and 2 B. Toplaps and truncations at 
the top are the patterns that indicate the limit of Subunit 2C. 

4.2.5. Subunit 2D – the top of the Mundaú Formation 
The last subunit of the Mundaú Formation is limited by horizons 5 

and 6. Subunit 2D is characterized by high to intermediate reflection 
continuity (locally continuous), with internal sub-parallel patterns, and 
moderate to high frequency and strong amplitude. Two distinct external 
patterns are recognized in Subunit 2D. The first is wedge shaped and the 
stacking pattern of channels is related to regressive systems tracts. These 

Fig. 4. Simplified interpretation of dip seismic reflection profile R0003 GRAND NORTH 0222 0506. MIG FIN.395 (For seismic profile location see Fig. 1C), showing 
the continuity of the Ceará Basin formations in the inner-, middle- and outer-shelf domains, as adopted in this paper for the study area. 
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tracts acted as by-pass channels, transporting sediments to deeper por
tions of the basin. Another possibility is that the turbidity currents no 
longer had enough energy to erode the underlying substrate, so that they 
deposited their sedimentary load. 

The second pattern is positioned at the top and corresponds to the 
infilling of erosional features. It is characterized by seismic facies 
showing discontinuous, irregular, and strong-amplitude reflectors. 
These two external patterns are associated with a regressive to trans
gressive phase. Associated facies can be related to proximal siliciclastic 
and distal carbonate deposits, the latter expected to extend to the outer 
shelf and slope, below the zone of optimal carbonate production, as 
marls or siliciclastic mud. 

The top of the Mundaú Formation is related to waning continental 

sedimentation and is characterized by an angular truncation that marks 
the erosional contact with the early sedimentation of the Paracuru 
Formation. The angular unconformity known as Electric Mark 100 is 
interpreted to be the last sequence boundary recognized in seismic and 
well-log data regarding the Mundaú Formation. The end of the conti
nental interval presents rocks of the Mid-Aptian. The top of the Mundaú 
Formation is represented by a strong-amplitude and continuous 
reflector, which is also truncated and is overlain by a series of pro
grading reflections (Fig. 5D). Above the unconformity, three strati
graphic units are distinguished and related to the upper Albian to Aptian 
Paracuru Formation. Mark 100 represents a lithological change from 
sandstone and shale intercalations to siltstone, shale and carbonate 
deposits, and an environmental change from fluvial, floodplain to 

Fig. 5. Main seismic facies identified with 2D seismic profiling (For seismic profile location see Fig. 1C). A) Dip seismic line (0222 CEARÁ 6 B 0222 0529 MIG FIN 
622) and the location of the subunits listed in C. B) Strike seismic line (0222 CEARÁ 6 B 0222 0554 MIG FIN 3) illustrating seismic characteristics of the subunits. C) 
Table showing the classification of seismic subunits based on the description of four seismic reflection attributes (frequency, internal reflection configurations, 
continuity and amplitude), four stratigraphic features (external forms, stacking pattern, internal termination and systems tract), interpretation and depositional 
environments. Identification and interpretation based on Vail (1977) and Veeken (2006). 
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lacustrine systems, characterizing the transitional (rift to breakup) 
stage. 

4.2.6. Subunit 3 A: the base of the Paracuru Formation 
In seismic reflection profiles, the subunit 3 A, limited by horizons 6 

and 7, is a strong marker and represents an erosional surface that defines 
a composite unconformity, which includes the sequence boundary pre
viously described that separates the rift phase from the breakup sedi
mentation named Mark 100. Above the downlapping reflector of 
Subunit 2C, Subunit 3 A is identified as a chaotic reflector. The internal 
reflection pattern is subparallel, locally wave or transparent. Subunit 3 A 
is highly continuous. Inclined reflectors are associated with a series of 
moderate to high frequencies and weak to moderate amplitudes. This 
interval is made of turbiditic facies and in some cases regressive sand 
deposits. This deposition is caused by energy changes in the depositional 

environment in the middle shelf. 
The recognition of seismic facies depends on and is associated with 

structural styles. For example, the basal sequence of the Paracuru For
mation shows a complex downlapping wedge geometry that correlates 
with thicker sedimentation in proximal areas and listric faults. In distal 
areas, however, there is a decrease in the number of faults and change in 
inflection, which corresponds to parallel seismic facies deposited during 
seafloor spreading. The characterization of an extensional tectonics and 
diachronous breakup is attested by magmatic injections in deep-water 
regions (Maia de Almeida et al., 2020a; Leopoldino Oliveira et al., 
2020). This magmatism allows to correlate the Paracuru basal sequence 
with the lithospheric breakup of the Equatorial Margin of Brazil from its 
counterpart in Africa, the Gulf of Guinea Province. Subunit 3 A also 
correlates with the Alagoas local stage (mid to late Aptian – see Fig. 2). 

Fig. 6. Detailed dip seismic profiles (0047 CEARA 2 A.0047 0111. MIG FIN.2) across the Xaréu and Atum fields (For seismic profile location see Fig. 1C), highlighting 
the Paracuru Formation. A) Seismic record showing the base and top of the breakup sequence and tops of formations and members of the Ceará Basin. B) Inter
pretation of the stratigraphic framework of the Paracuru Formation top onlapped by the Uruburetama Member transgressive deposits (dashed white lines). C) 
Regional stratigraphic feature of the Trairí Member. Characterized by a strong-amplitude and continuous reflector, with downlap termination at the bottom and 
subparallel on top of this member (dashed white lines). D) Seismic interpretation of the base of the Paracuru Formation showing the truncation of rift sediments 
(dashed white lines below the arrows) and typical downlap geometries (dashed white lines above the arrows) formed by regressive systems tracts. 
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4.2.7. Subunit 3 B – the Trairí Member 
Subunit 3 B is characterized by a concordant reflector of moderate to 

strong amplitude, limited by horizons 7 and 8. The internal reflection 
pattern is continuous, varying from wave to parallel and horizontal. The 
external geometry is sheet-like, whereas the internal seismic reflectors 
consist of a set of parallel axes with parallel contacts. The frequency and 
the amplitude are mostly high and strong to moderate, respectively. The 
reflectors form relatively thick packages, and, in some portions, they 
show wave to transparent internal pattern. The thickness is relatively 
constant. Such characteristics represent depositional systems formed 
under relatively stable and low energy conditions, as found in deep 
lacustrine environments. 

The retrogradation pattern and erosional truncations at the top are 
associated with downlapping towards an unconformity that covers the 
overlying transgressive event interpreted as Subunit 3C. The gamma-ray 
pattern indicates finning upward of the sedimentary sequence, primarily 
consisting of shale, mudstone, carbonaceous mudstone and siltstone 
seams which act as seal or source rocks for the Ceará Basin petroleum 
systems. Sedimentation took place under steady and low-energy, sub
aqueous conditions, which denotes deep-lacustrine hydrocarbon source 
rocks. The external geometry is sheet-like, whereas the internal seismic 
reflectors consist of a set of parallel axes with parallel contacts. The 
thickness is relatively constant. Again, a depositional system formed 
under relatively stable and low-energy conditions, i.e. deep-lacustrine 
depositional environment, is indicated. The lithological change from 
sandstone to carbonate or restricted evaporites is the cause for the 
abrupt strong amplitude of this reflector. These isolated evaporitic 
layers are dated late Aptian to Mid Albian. In addition to the amplitude 
variability along the depositional dip, along-strike variations can also be 
expected, such as the presence of carbonate or hybrid deposits in areas of 
lower siliciclastic influx between deltaic systems. This interval is related 
to the Trairí Member deposited in restricted lacustrine, deltaic, and 
marine environments. 

4.2.8. Subunit 3C – the top of the Paracuru Formation 
The top of the Paracuru Formation comes after the top of the Trairí 

Member and extends to the beginning of the Uruburetama Member. This 
interval is limited by reflectors 8 and 9 and represents the end of the 
transitional sequence and the beginning of the drift sedimentation. The 
chronostratigraphic mark for this unit is the transition mid Albian-late 
Albian. The reflection patterns have moderate to strong amplitude 
with medium to high frequency. The internal geometry of the reflectors 
is sub-parallel to concordant and are of intermediate continuity and 
locally discontinuous. Subunit 3C is composed of oblique tangential 
clinoforms. Downlap and toplap characterize the lower and the upper 
boundaries, respectively. Lithological outstand over shale, limestone, 
mudstones eventually interlayered to sandstones. This subunit is inter
preted as having a shallow marine signature. From base to top the 
subunits from Paracuru Formation are thinning. 

4.2.9. Subunit 4 – the Uruburetama Member – transgressive sequence 
Subunit 4, limited by horizons 9 and 10, corresponds to the Uru

buretama Member and is characterized by onlap-type seismic reflection 
terminations indicative of transgression. The transgressive surface co
incides with a regional unconformity, defined by toplap and/or toplap 
truncations. This reflector is of strong to moderate amplitude, mainly of 
high frequency and regional character. The internal reflection pattern is 
parallel-subparallel, locally wave, and continuity is high to intermediate 
and locally discontinuous. At the base, onlap and retrogradation pat
terns may indicate that the entry point of the sediment influx to the basin 
shifted landward or that the depocenters changed position, creating 
trough infill patterns. The parallel sub-horizontal seismic reflectors in 
the outer shelf are interpreted as shallow-marine deposits. A thin 
sequence that composes Subunit 4 is underlain by a downlap (Fig. 6B). 

This reflection termination is interpreted as a transgressive marine 
sequence that presents retrogradational with a depositional surface 

moving landward and composed of shale or siltstone. The strong 
amplitude and continuous character of the reflector, its downlap pattern 
and the gamma-ray peak defining the top of the TST are all interpreted 
to represent the MFS at the top. This sequence correlates with the late 
Albian-Turonian. Sea-level rise builds the major marine transgressive 
systems tracts of the Ceará Basin. Downlap at the top is interpreted as 
corresponding to a sequence boundary represented by Horizon 10. Ho
rizon 10 is the maximum flooding surface (MFS) forming the lower 
boundary surface of the following regressive systems tract. 

4.2.10. Subunit 5 – The Itapajé Member – prograding sequence 
Subunit 5 A is limited at the base by Horizon 10 and at the top by 

Horizon 11. The subunit contains an internal downlap surface, repre
sented by stratified, semi-continuous reflections, indicating a domi
nantly hemipelagic deposition. This interpretation is supported by 
borehole information indicating a well-defined, continuous, and pro
gradational and aggradational reflection pattern defined by overall 
constant thicknesses and parallel reflections, correlating with the Con
iacian to Mid Eocene. 

The regressive systems tracts are distinguished by progradational 
successions with internal clinoform geometry (sigmoid clinoforms). The 
Itapajé Member seismic mapping reveals thicker downlapping clino
forms in the distal area (Fig. 6C), identified in reflection records of the 
Atum field. In the Xaréu field the seismic termination is described as 
toplap or onlap of decreasing thickness. This description characterizes 
progradational clinoforms and supports the interpretation of regressive 
sequences for this member. The regressive interval is related to the 
advance of shelf slope break to basin landward. The deposition of 
sandstone and carbonate facies takes place at distal positions. This 
member comprises progradational parasequences. These sequences are 
further subdivided into three systems tracts with a predominant 
regressive interval dating Maastrichtian-Campanian. This prograding 
sequence is interpreted to constitute the RST that configures the top of 
Ubarana Formation. 

4.2.11. Subunit 6 – the Tibal and Guamaré formations 
Subunit 6 has continuous, parallel, and sub-horizontal to horizontal 

internal reflections, characterized by moderate to strong amplitude and 
moderate to high frequency. Subunit 6 is individualized by the onlap
ping that marks the sequence boundary and the top of the Itapajé 
Member (Horizon H11). The drill cores show seismic Subunit 6 consists 
primarily of shale interlayered with limestone, interpreted as hemi
pelagic to pelagic sediments. Previous studies have dated this subunit as 
Mid-Oligocene to recent. The lack of organic geochemical data is the 
reason why this subunit has not been included in the following sections. 

4.3. Stratigraphic framework and organic geochemical data 

The integration of gamma-ray data, seismic facies analysis, and 
organic geochemical data (TOC, GP, and RHP) results in the basis for 
interpretation of the transgressive-regressive (T-R) cycles. These results 
mark the time of transgression and regressions, which are functions of 
sea-level rises and falls. Transgressions are related to TOC preservation 
and consequently to anoxic events. Sea-level cycles comprehend relative 
sea-level maxima and minima and can be identified using fine-grained 
rocks, such as shales, because fine sediments are deposited in the early 
and late stages of these cycles (Figs. 7–10). 

The Mundaú Formation is deposited as a 2nd order sequence 
(approximately 10–25 My) and is limited by faults and grabens toward 
the northeastern part of the study area. Electrical marks 70, 80, and 100 
represent transgressive and regressive events that occurred in the Aptian 
(Condé et al., 2007). Mark 100 indicates the top of the last transgressive 
sequence and is interpreted as a sequence boundary for the overlying 
sedimentation. Six relatively short T-R cycles are interpreted in this 
study (Fig. 7). Well-log 1 CES 8 was initially considered the type of 
section of the Mundaú Formation by Beltrami (1994). Maximum 
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regressive surfaces (MRS) define the bases of T-R sequences MS1 and 
MS2 (Fig. 7) and are placed at gamma-ray minima and in the 
conglomerate facies. The bases of MS3, MS4, MS5, MS6 are also related 
to MRS placed in sandstone or siltstone, showing low gamma-ray and 
TOC values. Six transgressive systems tracts (TST) display 
upward-increasing gamma-ray values (“dirtying”). The maximum 
flooding surface (MFS) is placed at a gamma-ray peak (Fig. 7). The 
Mundaú Formation MFS reflects fining-up grain size and increasing TOC 
related to base level rising. In more distal areas, the first sequences have 
not been drilled and the top sequence seems to be very thin. In distal 

areas, TOC peaks are related to TST and spatially to border fault of field 
(See isoline maps of mean TOC values in Fig. 14A). At that time, envi
ronmental conditions were favorable to organic matter preservation 
under anoxic conditions, confirmed by Atum field well-log data. For the 
top of the Mundaú Formation, MFS is placed at a gamma-ray peak, a 
short distance above MRS. MFS is roughly coincident with a condensed 
section defined by thin shale layers. This interval is described as a 
hardground. 

The Paracuru Formation was described using well-log 1 CES 80, 
positioned between the proximal and distal areas (Fig. 8). Well-log 1 CES 

Fig. 7. Sequence-stratigraphic type section of the Mundaú Formation as described by Beltrami (1994), using well 1CES 8 and geochemical data including total 
organic carbon (TOC) trends along the depositional sequences. MRS = maximum regressive surface; MFS = maximum flooding surface; RST = regressive systems 
tract; TST = transgressive systems tract; MS = Mundaú sequence. 

A.C.B. Souza et al.                                                                                                                                                                                                                             



Marine and Petroleum Geology 129 (2021) 105074

13

6, type section of the Paracuru Formation (Betrami, 1994), was not 
available. Four complete T-R sequences were recognized. Paracuru 
Sequence 1 (PS1) is an incomplete sequence placed at a gamma-ray 
minimum close to or at the top of the Mundaú Formation. This inter
val is related to a regressive interval at the base of the Paracuru For
mation, characterized by weak gamma-ray response, reduced organic 
carbon content and a sandstone facies. MRS-7 defines the base of a 
complete T-R sequence that begins with PS2. Both PS2 and PS3 are 
formed by shales or siltstones in a transgressive section and sandstones 
at the top of a regressive systems tract (RST). This intercalation is related 

to increasing clastic detritus deposition at proximal facies, were dis
placed seaward and accommodation space diminished. Beltrami (1994) 
and Condé et al. (2007) describe this interval as a main target for 
exploration. Costa et al. (1990), Condé et al. (2007), and Maia de 
Almeida (2020b) describe these facies as fluvial, deltaic, and lacustrine. 

PS4 is the last sequence related to the lower Paracuru Formation. The 
observed base level fall reflects RST that finished at MRS-10 and 
culminated with the accumulation of carbonate and restricted halite 
deposits of the Trairí Member. This interval comprises a restricted 
environment that prograded in response to the base level fall. This 

Fig. 8. Sequence-stratigraphic type section of the Paracuru Formation. The lower interval that encompasses the Trairí Member has been previously described as 
lower Paracuru sedimentation. The upper part of the Paracuru formation is related to late sedimentary sequences and encompasses the major geochemical marker of 
the Ceará Basin. TST = transgressive systems tract; RST = regressive systems tract; MFS = maximum flooding surface; MRS = maximum regressive surface; PS =
Paracuru sequence. 
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stratigraphic interpretation supports the regressive phase observed in 
the geochemical dataset for the lower Paracuru Formation (Fig. 8) (see 
isoline maps of mean TOC values in Fig. 14B). 

Regarding the upper Paracuru sedimentation, well-log signatures 
suggest a rapid transition from PS5, shown by high gamma-ray values, 
with asymmetric patterns typified by a rapid initial base level rise. TST 
in PS5 begins with carbonate deposition, which represents transgressive 
deposits and records the beginning of the PS5 base level rise. Shale and 
thin sandstone deposits at the top of this transgressive interval are 
formed close to MRS-10. The whole interval is marked by increases in 
organic carbon contents and gamma-ray intensity (see isoline maps of 

mean TOC values in Fig. 14C). These deposits comprise the bulk of a 
major TST. Geochemical data showed a strong correlation between 
maximum TOC values and intervals of sediment starvation. Sea envi
ronments, relatively high base levels and low sedimentation rate acted 
effectively to isolate shale and generate source rocks. 

RST deposits immediately above MFS-10 (Fig. 8) record falling base 
levels, increasing sediment (sand) supply and consequently seaward 
shoreline shift. Increasing clastic detritus supply from the continent into 
the basin and consequent dilution of organic matter is reflected by 
diminishing TOC values. Furthermore, some gamma-ray logs display 
upward facies changes from lower organic carbon-rich RST layers to 

Fig. 9. Sequence-stratigraphic type section of the Ubarana Formation – Uruburetama Member. Note that the thickness of the transgressive interval is predominant 
(~50–150 m). TST = transgressive systems tract; RST = regressive systems tract; MFS = maximum flooding surface; MRS = maximum regressive surface. US =
Uruburetama sequence. 
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overlying organic carbon-poor RST layers. 
Well-log 3 AT 8 was selected to represent the Uruburetama Member, 

as it is spatially near to well 1 CES 66, the type of section of this member 
(Fig. 9). The Uruburetama Member is in discordant contact with the 
Paracuru Formation, the contact separating a “dirtying-up trend” from 
an overlying “cleaning-up trend”, which indicates a transgressive 
sequence (Emery and Myers, 1996). MRS-11 delimits the top of the 
Paracuru Formation. Carbonate accumulations occur at a gamma-ray 
minimum. Sequences US1 and US2 are dominated by a TST interval. 
Moreover, gamma-ray data suggest that transgressive systems tract de
posits are less organic carbon rich than the Paracuru Formation. 

The Uruburetama transgression is the largest of the drift phase from 
Ceará Basin, which can be visualized as a seismic facies retrogradation 
and attested by geochemical isoline maps of mean TOC values (see 
Fig. 14d). This interval is marked by landward onlapping TST deposits. 
US1 and US2 comprise the Uruburetama Member TST (Fig. 9). Rising 
base level is indicated by upward increasing gamma-ray response and 
increasing source rock potential. MFS is placed at the gamma-ray peak 
within the organic-rich layer and the best trend for other geochemical 
parameters. In the regressive event sandstones and marls are interlay
ered with shales and in the transgressive event thick shale layers pre
dominate. Immediately overlying the RST deposits, a slow base level fall 

Fig. 10. Sequence-stratigraphic type section of the Ubarana Formation – Itapajé Member. Note that the thickness of regressive interval is predominant (~100–200 
m). TST = transgressive systems tract; RST = regressive systems tract; MFS = maximum flooding surface; MRS = maximum regressive surface. IS = Itapajé sequence. 
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and/or increased sediment influx relative to a base level rise is recorded, 
reflecting a decrease in organic carbon. The base level fall, attested by 
MFS-12 and MFS-13, culminates with the accumulation of carbonate 
interlayered with sand deposits during the early regressive sequence. 

The Uruburetama Member includes facies deposited in fluvial and 
near-shore environments on the continental shelf. The beginning of the 
Uruburetama Member sedimentation is associated with the upper 
Aptian and extends to the Maastrichtian, which is marked by a regional 
regression and abrupt contact with the Itapajé Member. 

The Itapajé Member begins with the regression that marks the 
Maastrichtian regional erosion. The type of section for this member is 
located in the Curimã field, outside the study area. Well-log 1 CES 44, 
located in a distal area, was selected because of the good geochemical 
and chronostratigraphic controls (Fig. 10). In distal areas, the Itapajé 
Member facies are fine grained, predominating calcitic shales, siltstones, 
and fine-grained sandstones interlayered with shales. Contrasting with 
relatively high TOC values in distal areas, the shales of the proximal 
areas are organic carbon-poor shales See isoline maps of mean TOC 
values in Fig. 14E). 

The sequence-stratigraphic interpretation suggests a shoreline 
starting from a regressive seaward migration, shown in seismic data. 
RST is predominant in sequences IS1 and IS2. Increasing sediment 
supply results in progradation of coarser sediments across the shelf and 
siltstone predominance in distal areas. The surface defining the change 
from the transgressive systems tract to regressive systems tract is MFS 
(Embry et al., 2007; Embry, 2012). For this sequence, these surfaces are 
MFS15, MFS16, and MFS17. High TOC values found in thin shale beds 
are interpreted as condensed sections. In more basinal environments, 
this reflects the markedly reduced supply of clastic detritus ((Partington 
et al., 1993)). In some cases, such as IS2, the condensed section is close 
to or at the top of the transgressive systems tract. The described facies 
shift is manifested by a general upward increase in TOC from the base of 
the transgressive systems tract (Creaney and Passey, 1993). Still, 
organic-rich source rocks may continue to accumulate as part of the 

regressive systems tract as relative base level begins to fall. Further base 
level falling and reduction of accommodation space, however, is nor
mally accompanied by an increase in clastic sediment influx and 
consequent dilution of organic matter (Creaney and Passey, 1993). 

Despite well-log 1 CES 44 displays good TOC values locally, other 
essential parameters (e.g., temperature) makes this member less favor
able for hydrocarbon generation. The evidence of high-energy media in 
proximal areas, the predominance of sandstones, the lack of geochem
ical data pointing to promising source rock potential, the progradation 
aspect in seismic data, the intercalation described as a turbiditic facies, 
suggest an oxic event for the Ceará Basin (Fig. 10). 

4.4. Geochemical markers as indicators of sea-level fluctuations 

The geochemical markers of the Mundaú Formation, the Paracuru 
Formation and the Uruburetama Member are related to maximum RHP 
values (anoxic conditions) (Fig. 11). Maximum RHP values correspond 
to maximum flooding surfaces (MFS), while minimum RHP values (oxic 
conditions) are associated with maximum regressive surfaces (MRS) 
(Figs. 11 and 12). 

The Mundaú Formation was deposited over a time interval of 
approximately 10 My (125-115 Ma), which encompasses four 3rd order 
cycles from seismic interpretation (Fig. 5C). These T-R cycles are sub
divided into six 4th order T-R cycles (Fig. 7). In the approach used here, 
the difference between long-term and short-term cycles occurs because 
of (i) variable thickness range of the drilled formations; and (ii) gap in 
some geochemical proxies (TOC, HI, and RHP). In Figs. 11 and 12, the 
top of the Mundaú Formation is marked by a TST and has a more 
organic-rich interval than the beginning of the formation, as evidenced 
by RHP values (see well logs 1 CES 8, 4 CES 13, 1 CES 80, and 1 CES 45 
A). The upward increasing RHP values are related to kerogen type III 
instead of kerogen type IV, making this interval gas prone (Fig. 15). The 
terrestrial-derived organic matter is preserved during transgression and 
was transported basinward. A change in organic facies from hydrogen 

Fig. 11. Cross section correlations illustrating sea-level fluctuations indicated by hydrocarbon potential (RHP) values recorded in three well logs. The first well is 
located in the Xaréu field and the two others in the Atum field. Note the increasing RHP values (i.e., increasing anoxicity) at the base of the geochemical marker of the 
Paracuru Formation, implying sea-level rise or transgression. 

A.C.B. Souza et al.                                                                                                                                                                                                                             



Marine and Petroleum Geology 129 (2021) 105074

17

poor to hydrogen rich from base to top, plus a related increase in RHP on 
top of the Mundaú Formation, indicates a change from oxic to anoxic 
conditions. 

The Paracuru Formation was deposited over a time interval of 
approximately 5 My (115-110 Ma) which encompasses three 3rd order 
cycle from seismic interpretation (Fig. 5c). These T-R cycles are sub
divided into six 4th order T-R cycles (Fig. 8). These six short-term T-R 
cycles are recognized within two long-term T-R cycles that collectively 
encompass the major geochemical marker of the Ceará basin, as dis
cussed below. This initial deposition (lower Paracuru Formation) is 
related to the transition from continental to marine (first ingression) 
settings. The mixture of kerogen types in this stratigraphic unit indicates 
transitional environment (Souza et al., 2021). In this scenario, there is 
the predominance of transgressive events that reflect sea-level rising. 
The major geochemical marker is interpreted as having been generated 
in restricted marine conditions. The conditions are fundamental for the 
preservation of organic matter under anoxic conditions. The most 
expressive anoxic event of the Ceará basin is related to this time interval. 
After this interval, the last T-R cycle occurred, with the predominance of 
regressive events causing more oxygenation during sea-level falls. The 
abundant sediment supply under marine conditions makes this interval 
(upper Paracuru Formation). Both are the best source rocks for hydro
carbon generation (Fig. 15). 

The deposition ages of the Uruburetama Member range from the 
Albian to the early Maastrichtian (110-70 Ma). In the Late Cretaceous, 
there was the predominance of marine facies related to the early drift 
stage. Tectonic activity, rapid production of oceanic crust and sea
mounts could play a fundamental role in global sea-level rising and 
subsequent transgression in northern Africa and probably in the Equa
torial Margin during the upper Cretaceous (Bosellini et al., 1999; Adatte 
et al., 2002; Bachmann and Hirsch, 2006; Fluteau et al., 2007; Kidder 
and Worsley, 2010). The transgressions described in the Mundaú For
mation, Paracuru Formation and Uruburetama Member correspond to 
thicker sequences and larger areas, when compared to those of the 
regressive phases. Biostratigraphic data attest that the Uruburetama 
transgression was a major event in the Ceará Basin (Lana et al., 2002). 
This significant transgression in the upper Cretaceous has been attrib
uted to a global sea-level rise and represents the highest sea-level 

reached in the geological history (Haq et al., 1987, 2014). 
The Itapajé Member was deposited from the early Maastrichtian to 

the Paleogene, for approximately 50 My (70-30 Ma). Regression is well 
represented in this unit. The progradation of facies is recorded in the 
Atum field (Figs. 11 and 12). In distal areas, the available geochemical 
indexes reveal changing conditions, but insufficient to promote hydro
carbon generation. In relation to sea-level fluctuation, the Itapajé 
Member was deposited during a 2nd order sea-level fall, represented by 
progradation clinoforms (downlap). Short-term superimposed 3rd order 
sequences consisting of three T-R cycles are overlain by the uncon
formable deposition of the Tibal and Guamaré formations. 

4.5. Stratigraphic correlations between the Ceará Basin geochemical 
markers 

Three sequence-stratigraphic cross sections reveal significant aspects 
of the Ceará Basin stratigraphic framework (Fig. 13). For the correlation, 
seismic facies, gamma-ray, TOC, HI and RHP data were used. The cross- 
section correlation (Fig. 13) shows gamma-ray peak, facies, and lateral 
correlation of the organic-rich intervals. Three geochemical markers are 
distinguished and there is a strong relationship between them and 
transgressive events and TOC contents. 

The Mundaú geochemical marker is present in the proximal area of 
the Ceará Basin. This marker tends to intensify in middle areas. How
ever, it was not identified in distal areas because of incomplete drilling. 
In middle areas this marker coincides with the top of the Mundaú For
mation. RST deposited on top of the Mundaú Formation are suggestive 
of local erosion, causing the attenuation of this marker. The strati
graphic framework shows six relatively short-term, high-order T-R cy
cles that occurred from the Aptian to the Albian. However, using organic 
geochemical proxies, only two relatively long-term T-R cycles can be 
visualized during the deposition of this formation. The top of Mundaú is 
close to a transgression. 

The major geochemical marker of the Ceará Basin is in the Paracuru 
Formation. This geochemical marker has a good lateral continuity, is 
identified in all well logs and is characterized by abrupt changes in TOC, 
HI, and RHP values (Fig. 11). It is associated with a TST located between 
the top of the Trairí Member and the upper Paracuru Formation. 

Fig. 12. Cross section correlations illustrating sea-level fluctuations indicated by hydrocarbon potential (RHP) values recorded in three well logs. The first and the 
second wells are located in the Xaréu field and third in the Atum field. Note the increasing RHP values (i.e., increasing anoxicity) at the base of the geochemical 
marker of the Paracuru Formation, implying sea-level rise or transgression. 
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Previous paleoenvironmental interpretations indicate a marine setting 
for this interval. Most probably this marine setting could have supplied a 
high rate of organic matter for the basin. Therefore, this relationship 
justifies the presence of positive TOC values in this marker. Biostrati
graphic studies (Lana et al., 2002) positioned the top of the Paracuru 
Formation in the Alagoas Stage. Additionally, this interval, in a global 
view, is related to an anoxic event. 

The third geochemical marker detected in this study is related to the 
Uruburetama Member. Similarly, to the Mundaú Formation, this marker 
does not have a good lateral continuity and is related to transgressions. 
The Uruburetama Member was deposited under anoxic conditions and 
the Cenomanian-Turonian age is fundamental for the occurrence of this 
marker. In contrast, it is identified only in distal areas of the shelf. The 
presence of this marker is suggestive of organic matter deposition. As 
shown for the Paracuru Formation, the drift setting seems to be less 
favorable than the restricted marine conditions for hydrocarbon gen
eration, as tectonic activity is weak or absent in drift sedimentation. 

5. Discussion 

5.1. Correlations between seismic sequence framework and TOC contents 

Seismic data gives an indication of the spatial distribution of faults 
and sedimentation rates in a sedimentary basin. These approaches are 
important to discuss organic matter preservation, because two settings 
are possible. Frist, at low sedimentation rates, the lack of dilution by 
clastic sediments leads to high organic carbon contents. Second, at high 
sedimentation rates, high sediment supply rate can isolate organic 
matter from an oxidizing water and enhance organic-carbon content 
(Tayson, 2001). Besides, T-R cycles reflect the interplay between the 
creation or destruction of accommodation space and the rate of sedi
mentation, the controlling factors in basin infill dynamics irrespective of 
types of allogenic driving factors such as tectonics, eustasy, climate and 
geomorphology (Embry and Johannessen, 2017). 

The geochemical markers of the Mundaú Formation TST include a 
condensed section (CS) and an MFS (Fig. 13). This interval presents high 
organic carbon contents (Figs. 11 and 12). The distribution and char
acteristics of the organic-rich strata are controlled from horsts and 
graben structures into tilted blocks (Fig. 14A). Their distribution and 
extension were previously described by Souza et al. (2021). In seismic 
profiles this configuration is characterized by thick progradational sec
tions that comprise shale layers incorporated within limestone alter
nating with sandstone. TOC increase coincides with the transgressive 
systems tract (TST) near the Electrical Mark 100. This mark is inter
preted to be the result of a period of regional flooding that affected the 
Ceará Basin during the lower Aptian (Pessoa Neto, 2004), and corre
sponds to a third-order sea-level fluctuation (Haq et al., 1987; Vail, 
1977; Hardenbol et al., 1998). 

The Paracuru Formation was deposited above Mark 100, shown by a 
retrogradational pattern with downlap following a progradational top
lap (Figs. 5 and 6A). The base boundary is recognized by faulting and 
truncations, together with very large-scale unconformities. The regional 
seismic expression of the Paracuru Formation comprises high-to mod
erate-amplitude reflectors showing progradation towards the shelf edge. 
The progradational onlap is concordant with 3rd-order RST (Figs. 5 and 
6). This progradation is related to a reduction in accommodation space 
due to a forced base-level fall or increasing sediment input. Both source 
rock and organic-rich facies also present progradational patterns 
(Fig. 14B), indicated by fining up (coarse-grained sediment deposition 
followed by shale or silt). This feature reflects tectonic evolution related 
to decrease in subsidence, despite such mechanism was an important 
post-rift tectonic activity that affected the tectonic and depositional 
evolution of the Ceará Basin. 

The top of the Paracuru Formation present fine-grained rocks (shale 
or mudstone, siltstones) overlying carbonate successions. This facies 
combination can help absorb and bury organic matter (Bralower et al., Fi
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1999). Data point to sedimentation from continental to restricted marine 
environments (Condé et al., 2007). In this study, the TST close to TOC 
the top of the Trairí Member exhibits high organic carbon contents and 
high organic carbon. The TOC peak is related to widespread redox 
conditions (see next section). Organic matter preservation due to the 
rapid sea-level rise and transgression are proposed by Souza et al. (2021) 
(Fig. 14C). This interval is the major geochemical marker of the Ceará 
Basin and was favored by paleogeography and significant restricted 
paleoenvironment conditions, readily evolving from poorly oxygenated 
to anoxic conditions. 

The Uruburetama Member transgressive systems tract (Fig. 6B and 
D) resulted from transgression with onlaps in proximal areas. It is sub
divided in two T-R cycles, signaling the environmental change to marine 
and drift sedimentation (Costa et al., 1990; Condé et al., 2007). TOC 
distribution suggests that the organic-rich layers are restricted to in
termediate deep waters (Fig. 14D). Vertical distribution of the source 
rocks in different localities depends on the position on the 
paleo-shelf/slope. The excellent TOC values indicate reducing marine 
conditions during transgression. 

The Itapajé Member presents siltstones interbedded with mudstones, 
shales, limestones, and siltstones with interlaminated sandstones. It 
comprises a 3rd-order RST, which is further subdivided into a series of 

4th-order progradational parasequences in response to rising sea-level. 
Accommodation increases less than sediment supply during sea-level 
fall. Facies transects may reflect a progressive increase in detrital ma
terial supply into the basin. Base-level fluctuations caused prograda
tional migration of facies. Low TOC contents, low RHP values, the 
localization related to the outer shelf, and restricted area with source 
rock potential are explained by deposition under oxic conditions 
(Fig. 14E). The drift phase and water column reflect significant fluctu
ations in temperature, salinity, nutrients, and oxygen, unfavorable to 
source-rock generation. 

5.2. Tracking correlations with the Cretaceous Ocean Anoxic Events and 
implications for oil exploration 

The sedimentation in the Ceará Basin occurs from the Barremian to 
the recent (Condé et al., 2007; Leopoldino Oliveira et al., 2020). Glob
ally, during this time interval six Ocean Anoxic Events (OAEs) have been 
identified: OAE-1A, OAE-1B, OAE-1D, OAE2, OAE3, and PETM (see 
Fig. 2 for the visualization of the OAEs that occur in the time interval of 
this study). These events are related to carbon cycle perturbations and 
are lithologically expressed by organic-rich levels (Jenkyns, 2010; 
Friedrich et al., 2012; Sabatino et al., 2015; Caetano-Filho et al., 2017; 

Fig. 14. Isoline maps of mean TOC values (wt. %) according to Souza et al. (2021). (A) Mundaú Formation; (B) Lower Paracuru Formation (interval between the top 
of the Mundaú Formation and the top of the Trairí Member); (C) Upper Paracuru Formation (interval between the top of the Trairí Member the top of the Paracuru 
Formation); (D) Ubarana Formation – Itapajé Member, and (E) Ubarana Formation – Uruburetama Member. 
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Bastos et al., 2020). The origin and preservation of organic-rich strata 
are distinguishing elements for potential source rocks and may reflect 
anoxic conditions in the water column. In a broad view, organic-rich 
rocks related to short-term global oceanic anoxic events, including 
OAE1a, OAE1b, and OAE2, have sourced almost one-third of the world’s 
hydrocarbon reserves (Klemme and Ulmishek, 1991; Zobaa et al., 2011). 
In fact, these organic-rich sediments have large economic significance as 
they include more than 30% of the Aptian-Turonian reserves (ca. 125, 
112, and 93.5 Ma), and 2% of the Coniacian–Santonian reserves (ca. 86 
Ma). Oceanic anoxic events are reported in these periods (Schlanger and 
Jenkyns, 1976; Pedersen and Calvert, 1990; Wignall, 1991; Calvert 
et al., 1996; Nijenhuis et al., 1999; Lüning et al., 2004; Brumsack, 2006; 
Soua and Tribovillard, 2007; Jenkyns, 2010; Soua, 2014). 

In the context of the Brazilian Equatorial Margin and its African 
counterpart, the Gulf of Guinea Basin, several offshore areas are bound 
to record these anoxic events along with their source-rock potential. 
These areas include the Pará-Maranhão, Barreirinhas, Ceará, and Poti
guar basins in the Brazilian Equatorial Margin, and the Ivory Coast, 
Tano, Central, Saltpond, Keta, Benin, and Dahomey basins in the African 
Gulf of Guinea (Table 2). As main general features, these basins share a 
strike-slip tectonic style and absence of expressive evaporitic deposits. 
Additionally, the lack of long-lived deltaic systems in these areas would 
be a first argument in favor that high preserved organic matter contents 
are related to global anoxic events rather than local basin conditions 
(Brownfield and Charpentier, 2006; Pellegrini and Ribeiro, 2018). In 
this sense, anoxic events would be responsible for high hydrocarbon 
production potential. It must be stressed out that in general large deltaic 
systems lead to a rapid source-rock burial and high-quality hydrocarbon 
reservoirs. 

As anoxic events have the potential to generate organic-rich strata, 
we will discuss the main features related to the source rocks of the Ceará 
Basin, as well as paleo-redox and paleogeographic conditions and 
comparisons between the Brazilian Equatorial Margin and its African 
counterpart. 

The oldest source rocks of the Ceará Basin are lacustrine and deltaic 
shales of the Aptian Mandaú Formation. This interval is coeval with the 
Pendência Formation of the Potiguar Basin (Condé et al., 2007). Source 
rocks within this time interval were not found in the Pará-Maranhão and 
Barreirinhas basins (Pellegrini and Ribeiro, 2018). In the Gulf of Guinea, 

source rocks are identified in the Ise Formation of the Dahomey/Benin 
Basin (Brownfield and Charpentier, 2006). The Ise Formation contains 
conglomerates, sandstones, and shales that were deposited in conti
nental and deltaic environments. 

A TOC peak in the top of the Mundaú Formation sedimentary layers 
followed by a RHP increase (Fig. 14) is a geochemical marker related to 
transgressive systems tracts (TST) associated with the Electrical Mark 
100. The shales of the Pendência Formation of the Potiguar Basin were 
deposited in a lacustrine depositional system and are thermally over- 
mature (Trindade et al., 1992; Pessoa Neto, 2007), similarly to the 
lower to mid Albian Mundaú Formation (Souza et al., 2021). Gas-prone 
source rocks have been identified in the Ivory Coast and Tano basins 
(Burke et al., 2003; Macgregor, 2010); in the Dahomey Embayment, in 
the Congo Basin (Tuttle et al., 1999; Haack et al., 2000; Kaki, 2013); in 
the Benue trough, and in the Keta and Ivory Coast basins. These source 
rocks are part of a sequence that consists of approximately 5000 m of 
Lower Cretaceous continental to marginal marine rocks deposited in 
grabens in the Ivory Coast and Tano basins (Chierici, 1996). Similar 
source rocks are likely to be present in the Keta and Benin basins. 
Geochemical and geological features similar to the Lower Cretaceous 
source rocks previously described are thick continental clastic sedi
mentation consisting of fluvial and possibly lacustrine facies, terrestrial 
signature and major gas potential (Fig. 16A). 

In the Ceará Basin, these continental lacustrine source rocks have 
generated oil with high saturated hydrocarbon levels, low sulfur, and 
δ13C < − 28‰, and comprise the Mundaú-Mundaú and Mundaú-Para
curu petroleum systems (Fig. 15). As seen before, the Mundaú Formation 
source rocks are gas-prone. The organic matter is of terrestrial origin 
(kerogen type III), was deposited in grabens during rift activity, and is 
thermally over-mature (Fig. 16A). The Aptian sequence of the Mundaú 
Formation is chrono-correlated with OAE-1a. However, its continental 
signature, highlighted by terrestrial input during transgressive phases 
does not support an association with this oceanic anoxic event. 

The Paracuru Formation is upper Aptian to lower Albian in age. The 
paleoenvironment described for this breakup sequence includes deltaic 
and lacustrine sandstones, limestones and subordinate evaporites (Trairí 
Member) (Costa et al., 1990; Beltrami et al., 1994; Condé et al., 2007). 
Palynological interpretations suggest that this formation was coeval 
with the extinction of Sergipea variverrucata (palynozones P-270) and the 

Table 2 
Comparison between source rocks of the Pará-Maranhão, Barreirinhas, Ceará, Potiguar and Gulf of Guinea Basins. Based on Trindade (1992), Brownfield and 
Charpentier (2006), Soares et al. (2007), Condé (2007); Pessoa Neto (2007); Trosdtorf Jr. et al. (2007), and Pellegrini and Ribeiro (2018).  

Pará-Maranhão and 
Barreirinhas basins 

Ceará Basin (this study) Potiguar Basin African basins (Some 
examples) 

Paleoredox Conditions Environment 

No source rocks Aptian lacustrine shales and 
siltstones 
Mundaú Fm. 

Barremian to 
Aptian 
lacustrine shales 
Pendência Fm. 

Neocomian Bucomazi Fm.; 
Congo Basin; oldest part of Ise 
Formation; Dahomey Basin 

No Oceanic Anoxic Event Lacustrine source rocks 

Late Aptian to Lower 
Albian lagoon shales 
Codó Fm. 

Late Albian to Aptian deltaic, 
lacustrine and restricted marine 
shales, siltstones, carbonates and 
halite 
Paracuru Fm. 

Aptian 
Alagamar Fm. 

No source rocks Cretaceous Global Oceanic 
Anoxic Event correlated to 
OAE-1b 

First marine transgressive 
event; extreme organic 
enrichment near evaporitic 
rocks 

Late Albian to Early 
Cenomanian marine 
shales and calcilutites 
Caju Group 

Late Albian to Early Cenomanian 
Uruburetma Mb.in continental 
shelf area 

No source rocks Late Albian marine shales 
Sekondi Fm. 
Keta Basin 

Cretaceous Global Oceanic 
Anoxic Event correlated to 
OAE-1d 

Marine transgressive event 

Cenomanian-Turonian 
marine shales 
Travosas Fm. 

Cenomanian-Turonian 
Uruburetma Mb in deep-water 
domain 

No source rocks Cenomanian-Turonian 
marine shales 
Awgu Fm. 
Benin Basin 

Late Cenomanian Early 
Turonian 
Second Cretaceous Global 
Oceanic Anoxic Event (OAE- 
2) 

Marine transgressive event 

No source rocks Campanian and Maastrichtian 
Sandstone interlayered with 
shale 
Itapajé Member 

No source rocks Campanian and 
Maastrichtian Araromi Fm. 
Dahomey Basin 

Late Cenomanian Early 
Turonian 
Third Cretaceous Global 
Oceanic Anoxic Event (OAE- 
3) locally sub-oxic or oxic 
event 

Marine regressive event sub- 
oxic or oxic expression  
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Fig. 15. Carbon isotopic data compiled from Rodrigues 
(1983), reinforcing the origin and migration of the accu
mulated hydrocarbons in the Ceará Basin. Petroleum accu
mulations occur in the same sequences that generate it 
(source rocks) or in overlying sequences. The 1) Mundaú-
Mundaú, 2) Mundaú-Paracuru 3) Paracuru-Paracuru, 4) 
Paracuru-Ubarana petroleum systems are proposed by 
Rodrigues (1983), Costa et al. (1990), Pessoa Neto (2004), 
and ANP (2017) (see arrows maintaining the same 
numbering).   
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first occurrence of Complicatisacus cearenses (palynozones P-280) 
(Regali, 1989). The extinction of Sergipea variverrucata occurred under 
extreme organic enrichment near the Trairí Member carbonates 
(Hashimoto et al., 1987; Regali, 1989). Similarly, to Bastos et al. (2020), 
this palynological argument was used to support an age correlation 
between the Paracuru Formation and the Santa Rosa Canyon section in 
Mexico (Bralower et al., 1999), where OAE-1b was described for the first 
time. 

The sedimentary associations previously described support the ex
istence of a restricted marine environment for the Paracuru Formation 
deposition (Hashimoto et al., 1987; Regali, 1989; Costa et al., 1990; 
Condé et al., 2007). This restricted setting was probably coeval with 
extremely hot climatic conditions. Globally, this warming is explained 
by high atmospheric CO2 concentrations triggered by volcanic activity 
through periods of seafloor spreading (Arthur et al., 1985; Bice et al., 
2006; Hofmann et al., 2008; Turgeon and Creaser, 2008). This hydro
thermal volcanic influence may have played a role in oceanic water 
circulation (Hays and Pitman, 1973; Paytan et al., 2004), causing the 
warming of bottom waters of low circulation rates and less dissolved 
oxygen (Khalifa et al., 2018). 

The anoxic bottom waters support organic-rich strata preservation 
for the Paracuru Formation and this interval may be related to the OAE- 
1b (Bralower and Thierstein, 1987; Wagner et al., 2007; Hofmann et al., 
2008; Jenkyns, 2010; Friedrich et al., 2012; Sabatino et al., 2015; Cae
tano-Filho et al., 2017; Madhavaraju et al., 2018). The TOC peak near 
the top of the Trairí Member is an evidence of the occurrence of this 
anoxic event. The unusual TOC enrichment is recognized in all well logs 
of this study. 

Additionally, stable isotopic data for the Paracuru Formation point to 
δ13C close to − 27‰ (Fig. 15). This value is comparable in magnitude to 
the δ13C values obtained for the upper Aptian to lower Albian of the 
Codó Formation of the Parnaíba and São Luis basins (Bastos et al., 2020) 
and sections of the Araripe Basin from the Aptian-Albian transition 
(Benigno, 2019). These values are also similar to the classic isotopic 
records for the Aptian-Albian section of the Santa Rosa Canyon in 
Mexico (Bralower et al., 1999). All these organic-rich rocks are posi
tioned in the OAE-1b event. 

TOC increase, RHP increase and HI increase contents are related to 
transgressive events. The fluctuations in oxygenation conditions are 
reflected by variations in RHP, and maximum RHP values (anoxic con
ditions) correspond to flooding surfaces (MFS). Therefore, high organic 
matter contents in the Paracuru Formation were promoted by reduced 
terrigenous input during transgression phases, sea-level rise, spreading 
of source rock facies, as pointed out by Souza et al. (2021), and reduced 
tectonic activity and fault reactivation (Schlanger et al., 1987; Arthur 
and Sageman, 1994). These findings suggest that multiple causes, 
including sea-level changes, climatically-driven organic carbon burial, 
and structural framework contributed to the record of the Cretaceous 
OAE-1b. 

Marine-evaporitic oils from the Alagamar Formation of the Potiguar 
basin have the same signature of those produced in the Paracuru For
mation (see Cerqueira, 1985; Mello et al., 1988; Trindade et al., 1992; 
Santos Neto and Hayes, 1999). The source rocks of the Codó Formation 
present in both Pará-Maranhão and Barreirinhas basins originated under 
lagoon anoxic conditions in the Aptian, according to Soares et al. (2007) 
and Trosdtorf Jr. et al. (2007). This unit may be correlated with the 
source rocks from the late Albian, which are also present in the Gulf of 
Guinea basins (Brownfield and Charpentier 2006). The late Albian 
source rocks in the Ceará basin, that encompass the Paracuru-Paracuru 
and Paracuru-Urubarana petroleum system, basically consist of ther
mally mature, oil-prone, marine transgressive source rocks and marine 
evaporitic or mixed rocks, with predominating kerogen type III and 
minor types II and I (Fig. 16B). 

The end of the syn-transform stage in the Gulf of Guinea and the end 
of the breakup sedimentation are delineated by a major unconformity, 
which separates it from the marine post-transform rocks of the 

uppermost Albian and Cenomanian (MacGregor et al., 2003). This un
conformity is also readily recognized in the Brazilian marginal basins, 
which supports the interpretation that the two continents were close to 
one another during the Early Cretaceous and that their geological his
tories were similar during that time. Worldwide the 
Cenomanian-Turonian boundary is marked by the deposition of 
organic-rich shales that resulted from a period of increasing anoxia, due 
to the global anoxic events (Tissot et al., 1980; Soua and Tribovillard 
2007; Jenkyns 2010; Rodrigues et al., 2019). This observation reinforces 
the interpretation of an anoxic event in the Ceará Basin and it correlates 
basins of the Brazilian and African margins. 

According to Brownfield and Charpentier (2006), anoxic oceanic 
conditions that characterize the Middle Cretaceous and continued into 
the Turonian, affected the Gulf of Guinea resulting in the deposition of 
black shale source rocks in the Cenomanian-Turonian in the Ivory Coast 
and Tano basins. Samples analyzed from deep sea drilling sites both 
north and south of the Gulf of Guinea indicate that these source rocks 
contain more than 10% organic matter consisting of kerogen type II. 
According to Mello et al. (1988), the anoxic conditions also prevailed 
during most of the Cenomanian-Santonian interval in the Brazilian 
continental margin. The anoxic events in the Brazilian basins were 
intermittent, rather than continuous, covering relatively short periods of 
time, most of them associated with sea-level rises during transgression. 
These features fit to the sedimentary fill of Uruburetama Member. 
Leopoldino Oliveira et al. (2020) describe TOC values between 6 and 10 
wt% in deep-water wells and Souza et al. (2021) describe the deposition 
under reducing conditions in a transgressive marine environment 
(Fig. 16C). The Cenomanian-Turonian black shales present on both 
Brazilian and African margins were deposited under anoxic conditions 
of the Second Cretaceous Global Oceanic Anoxic Event (OAE-2), char
acterized by periods of deposition of shale facies enriched in organic 
matter in almost every ocean of the world (Mello et al., 1988; Schie
felbein et al., 2000) (Table 2). 

The Cenomanian-Turonian source rocks of the Uruburetama Member 
are described as transgressive marine shales, with oil-prone kerogen 
type II and II-III and terrestrial kerogen type III. This section is related to 
the Travosas Formation of the Pará-Maranhão and Barreirinhas basins. It 
is also correlated with marine black shales related to Cenomanian- 
Turonian anoxic events of the Gulf of Guinea basins. In the Potiguar 
basin, Cenomanian-Turonian sedimentation is related to high-energy 
carbonate source rocks of the Jandaíra Formation. In the Caju Group 
of the Potiguar, Pará-Maranhão and Barreirinhas basins, this interval is 
composed of shales and calcilutites deposited in a transgressive marine 
depositional environment according to Soares et al. (2007), Trosdtorf Jr. 
et al. (2007), Condé et al. (2007), and Pessoa Neto et al. (2007). 

According to MacGregor et al. (2003) and Brownfield and Char
pentier (2006), the most important source rocks within the Gulf of 
Guinea Province are Albian, Cenomanian, and Turonian marine shales, 
with oil-prone kerogen type II and II-III and terrestrial kerogen type III. 
These source rocks are distributed throughout the offshore part of the 
Gulf of Guinea Province and are expected to increase in thickness and 
quality into deep waters. Three main areas of hydrocarbon generation 
were interpreted by Chierici (1996) and MacGregor et al. (2003): the 
offshore of Ivory Coast and Tano basins; the offshore of Keta and Benin 
basins, and the Dahomey Embayment. 

In comparison to the Brazilian Equatorial Margin, the lack of Maas
trichtian and Campanian source rocks, e.g., in the Pará-Maranhão and 
Barreirinhas basins, can be discussed on the grounds of the importance 
of proximal extension in the tectonic evolution of the Equatorial 
Atlantic. Thus, crustal extension and restricted and anoxic conditions 
are preserved in portions between the Romanche Fracture Zone and the 
Chain Fracture. However, these conditions are lacking in eastern portion 
of this segment boundary by the St. Paul Fracture Zone and Romanche 
Fracture Zone. 

When comparing the Araromi Formation developed during the drift 
stages of the Upper Cretaceous (Maastrichtian and Campanian) in the 
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Fig. 16. Organic matter depositional model and its relationship with the Ceará Basin tectonic evolution. A) Rift stage – Mundaú Formation; B) Transitional stage/ 
Post-rift phase – Paracuru Formation; C) Transgressive drift stage – Uruburetama Member of the Ubarana Formation; D) Regressive drift stage – Itapajé Member of 
the Ubarana Formation. The tectonic stages are related to paleogeographic anoxic events in the Equatorial Margins of Africa and South America during the 
Cretaceous (modified from Tissot et al., 1980). 
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Dahomey basin, southwestern Nigeria, with the Itapajé Member, strong 
similarities are observed. Both contain kerogen type III and reworked 
organic matter (kerogen type IV), which probably resulted from the 
contribution of terrigenous components into the basin (Adekeye et al., 
2019; Adeoye et al., 2020). The basal or deeper part of the wells is 
diagnostic of marine algal input, similar to the Itapajé Member 
(Fig. 16D). Organic constituents suggest more contributions from ma
rine settings at the base of the wells, probably deposited under anoxic to 
sub-oxic conditions. 

The source rocks are predominantly immature to marginally mature 
at shallow levels, particularly in the northern border of the Dahomey 
basin, but reaching proven maturity in the southern coastal and offshore 
areas, even though their potential source rocks are immature. The 
Araromi shales predominantly contain gas and exploration efforts 
should be targeted toward more promising, deeply buried source rocks, 
capable of generating hydrocarbons. This similarity attested the exten
sion of oxidation that occurred in the Campanian and Maastrichtian. 

6. Conclusions 

This study evaluated the relationship between source rock potential 
and the sequence-stratigraphic interpretation of the Mundaú, Paracuru, 
and Ubarana formations of the Ceará Basin, in order to establish the 
origin and evolution of the organic matter, paleo-depositional environ
ments, and paleogeographic setting from the Lower to Upper Creta
ceous. The geochemical parameters helped identify anoxic events, sea- 
level changes, and R-T cycles in the Equatorial margins of Africa and 
South America during the Cretaceous. 

For the Mundaú Formation, TOC, and other geochemical parameters 
suggested moderate to good source rock potential. Thermal maturity is 
high, and the source rocks are thermally mature to overmature, which 
indicates good potential for gas production. The source rocks capable of 
generating hydrocarbons are deeply buried. Intervals of high TOC values 
in proximal areas of the Mundaú Formation suggest high primary pro
ductivity. Lateral changes in the Mundaú Formation indicate increasing 
primary productivity coupled with increasing oxygen deficiency. These 
changes are related to border faults. Sediment supply during the rift 
phase points to favorable source rock generation. Kerogen types III and 
IV predominate. Type III kerogen and reworked organic matter in 
shallower parts of the Mundaú basin probably resulted from terrigenous 
contributions from the continent. 

The top of the Mundaú Formation indicates that transgressive- 
regressive cycles occurred during the Aptian, being the main source- 
rock interval of this formation. Six T-R systems tracts are recognized 
along the type section (well-log 1 CES 8). Terrestrial-derived organic 
matter was preserved during the transgression event. From the relatively 
high source-rock and hydrocarbon potential, a proximal mark is inter
preted as an anoxic period. This period is also recognized in the Pará- 
Maranhão, Barrerinhas, and Potiguar basins. In these basins, TOC con
tents increase upward, and the peak occurs in the lower part of the late 
rift section. The sedimentary influx is essential for deposition of organic 
matter and preservation. 

Good to excellent source rocks are indicated for the Paracuru For
mation. Kerogen type III predominates, with minor type II and I and 
mixed kerogen. The wide range of kerogen types indicates transitional 
environments. The organic-rick source rocks yielded a geochemical 
marker. This unit is thermally mature, and it is gas prone. Reduced 
tectonic events, the first marine ingression, indications of restricted 
environments may have promoted the significant petroleum potential. 

The Paracuru Formation is the main oil source rock. The Aptian- 
Albian interval is a major regional geochemical marker. Six T-R sys
tems tracts are interpreted, and the sedimentation is divided into the 
lower Paracuru Formation sedimentation, a regressive phase, and the 
lower Paracuru Formation sedimentation, a transgressive phase under 
marine and restricted conditions. Both conditions are essential for the 
preservation of organic matter in anoxic environments. This unit can be 

correlated with the source rocks of the late Albian-early Cenomanian of 
the Alagamar Formation and Caju Group of the Potiguar, Pará- 
Maranhão and Barreirinhas basins and with the Gulf of Guinea basins 
and the Benin Basin. This anoxic event recognized in the Ceará Basin and 
correlated basins is positioned in the first Global Oceanic Anoxic Event 
(OAE-1) of the Cretaceous. 

The source rock potential of the Uruburetama Member varies from 
moderate to good and oil and gas prone. This unit is located in proximal 
areas of the Xaréu field and transgression events are interpreted to have 
favored reducing marine environments. The distal area related to the 
Atum filed is a little more promising and mixing of marine end terrestrial 
kerogen is assumed. This mixing is interpreted as relevant for TOC in
crease and probably this resulted from greater contribution from 
terrigenous components. Tmax values point to immature to mature 
organic matter in proximal and distal areas, respectively. These results 
are more promising for samples falling in the oil window zone. The 
kerogen is type II, a mixture of type II and III, and minor type III. 

Seismic data reveal transgression with onlaps in proximal areas of 
the Uruburetama Member. The systems tract is subdivided in two T-R 
sequences, predominating transgressive intervals. One geochemical 
marker is recognized in distal areas and in deep-water domine. The 
Uruburetama Member was deposited under anoxic conditions in the 
Cenomanian-Turonian. The Uruburetama Member drift sedimentation is 
recognized in other Equatorial margin source rocks, such as marine 
shales of the Travosas Formation and in African basins (Dahomey Basin, 
southwestern Nigeria belong to Ghana, Togo, and Benin). This interval 
formed during the Second Cretaceous Global Oceanic Anoxic Event 
(OAE-2). 

The Itapajé Member presents low quality and quantity of organic 
matter mainly in proximal areas. TOC and S2 values suggest poor to fair 
source rock potential. Kerogen type IV was identified in the Xaréu field, 
and kerogen type IV and minor kerogen type III in the Atum field. Type 
IV is inert or degraded and type III is usually terrestrial. The presence of 
inert kerogen is related to high-energy depositional environments and 
oxic conditions. Terrestrial composition in distal areas corroborates the 
interpretation of a regressive event in the Ceará Basin. Source rocks are 
predominantly immature to marginally mature. These results indicate 
that the Itapajé Member may not have attained the required maturity to 
generate hydrocarbons. 

The Itapajé Member regressive systems tract is composed of three T- 
R sequences, predominating regressive intervals. Progradation clino
forms and downlaps are interpreted in seismic profiles and in lateral 
well-log correlations. The comparison with other basins of the Equato
rial margin shows that Maastrichtian and Campanian source rocks are 
lacking. In the African counterpart, the Araromi Formation is also 
interpreted as probably resulting from the contribution of terrigenous 
components under oxic to sub-oxic conditions. 
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Equatorial Brasileira. Rev. Bras. Geociencias 17, 180–188. 

Tamara, J., McClay, K., Hodgson, N., 2020. Crustal structure of the central sector of the 
NE Brazilian equatorial margin. In: McClay, K.R., Hammerstein, J.A. (Eds.), Passive 
Margins: Tectonics, Sedimentation and Magmatism, vol. 476. Geological Society, 
London, Special Publications. https://doi.org/10.1144/SP476-2019-54. 

Tayson, R.V., 2001. Sedimentation rate, dilution, preservation and total organic carbon: 
some results of a modelling study. Org. Geochem. 32, 333–339. https://doi.org/ 
10.1016/S0146-6380(00)00161-3. 

Tiraboschi, D., Erba, E., Jenkyns, H.C., 2009. Origin of rhythmic Albian black shales 
(Piobbico core, central Italy): calcareous nannofossil quantitative and statistical 
analyses and paleoceanographic reconstructions. Paleoceanography 24, 1–21. 
https://doi.org/10.1029/2008PA001670. 

Tissot, B.P., Welte, D.H., 1984. From kerogen to petroleum. Pet. Form. Occur. 160–198 
https://doi.org/10.1007/978-3-642-87813-8_10. 

A.C.B. Souza et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/0012-8252(81)90007-6
https://doi.org/10.1038/326378a0
https://doi.org/10.1038/326378a0
https://doi.org/10.1016/0040-1951(88)90266-1
https://doi.org/10.1016/0040-1951(88)90266-1
https://doi.org/10.1007/PL00007205
https://doi.org/10.1029/GM115p0331
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref109
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref109
https://doi.org/10.1016/0146-6380(88)90023- X
https://doi.org/10.1016/0146-6380(88)90023- X
https://doi.org/10.1306/08101110194
https://doi.org/10.1002/9781444313710.ch4
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref113
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref113
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref114
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref114
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref114
https://doi.org/10.1144/GSL.SP.2003.210.01.13
https://doi.org/10.1144/GSL.SP.2003.210.01.13
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref116
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref116
https://doi.org/10.1016/j.earscirev.2009.08.001
https://doi.org/10.1016/j.earscirev.2009.08.001
https://doi.org/10.1144/SP369.8
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref120
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref120
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref120
https://doi.org/10.1016/j.marpetgeo.2016.01.002
https://doi.org/10.1144/0040347
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref122
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref122
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref123
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref123
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref123
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref123
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref124
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref124
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref125
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref125
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref126
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref126
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref126
https://doi.org/10.1590/2317-4889201820180146
https://doi.org/10.1016/j.marpetgeo.2016.08.007
https://doi.org/10.1016/j.marpetgeo.2016.08.007
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref129
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref129
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref129
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref130
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref130
https://doi.org/10.1306/94885688-1704-11D7-8645000102C1865D
https://doi.org/10.1306/94885688-1704-11D7-8645000102C1865D
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref132
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref132
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref134
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref134
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref134
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref134
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref133
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref133
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref135
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref135
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref135
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref135
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref136
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref136
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref136
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref136
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref136
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref137
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref137
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref137
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref138
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref138
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref139
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref139
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref140
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref140
https://doi.org/10.1144/GSL.SP.1987.026.01.24
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref142
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref142
https://doi.org/10.1016/j.coal.2019.03.005
https://doi.org/10.1016/j.jngse.2012.01.008
https://doi.org/10.1306/03301110145
https://doi.org/10.1306/03301110145
https://doi.org/10.1016/j.jngse.2012.01.008
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref147
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref147
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref148
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref148
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref148
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref148
https://doi.org/10.1016/j.jafrearsci.2014.07.009
https://doi.org/10.1080/00206814.2015.1065516
https://doi.org/10.1016/j.crte.2007.08.002
https://doi.org/10.1016/j.jsames.2020.103092
https://doi.org/10.1016/j.jsames.2020.103092
https://doi.org/10.3133/pp356A
https://doi.org/10.3133/pp356A
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref154
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref154
https://doi.org/10.1144/SP476-2019-54
https://doi.org/10.1016/S0146-6380(00)00161-3
https://doi.org/10.1016/S0146-6380(00)00161-3
https://doi.org/10.1029/2008PA001670
https://doi.org/10.1007/978-3-642-87813-8_10


Marine and Petroleum Geology 129 (2021) 105074

28

Tissot, B., Demaison, G., Masson, P., Delteil, J.R., Combaz, A., 1980. Paleoenvironment 
and petroleum potential of middle Cretaceous black shales in Atlantic basins. Am. 
Assoc. Petrol. Geol. Bull. 64, 2051–2063. https://doi.org/10.1306/2f919738-16ce- 
11d7-8645000102c1865d. 

Trindade, L.A.F., Brassell, S.C., Neto, E.S., 1992. Petroleum migration and mixing in the 
Potiguar basin, Brazil. AAPG Bull. 76 (12), 1903–1924. 

Trosdtorf Jr., I., Zalán, P.V., Figueiredo, J.J.P., 2007. Bacia de Barreirinhas. Bol. 
Geociencias Petrobras 15, 331–339. 

Turgeon, S.C., Creaser, R.A., 2008. Cretaceous oceanic anoxic event 2 triggered by a 
massive magmatic episode. Nature 454 (7202), 323–326. 

Tuttle, M.L., Charpentier, R.R., Brownfield, M.E., 1999. The Niger Delta Petroleum 
System: Niger Delta Province, Nigeria, Cameroon, and Equatorial Guinea. US 
Department of the Interior, US Geological Survey, Africa.  

Vail, P.R., Mitchum Jr., R.M., Thompson III, S., 1977. Seismic Stratigraphy and Global 
Changes of Sea Level: Part 4. Global Cycles of Relative Changes of Sea level.: Section 
2. Application of seismic reflection configuration to stratigraphic interpretation. 

Van Wagoner, J.C.R.M., Mitchum, J., 2003. Seismic Stratigraphy Interpretation Using 
Sequence Stratigraphy: Part 2: Key Definitions of Sequence Stratigraphy. https://doi. 
org/10.1306/bf9ab166-0eb6-11d7-8643000102c1865d. 

Van Wagoner, J.C., Mitchum, R.M., Posamentier, H.W., 1988. Key definitions of 
sequence stratigraphy. AAPG Stud. Geol. 27, 11–14. 

Veeken, P.C., 2006. Seismic Stratigraphy, Basin Analysis and Reservoir Characterisation. 
Elsevier, ISBN 9780080466309, p. 522. 

Wagner, T., Wallmann, K., Herrle, J.O., Hofmann, P., Stuesser, I., 2007. Consequences of 
moderate ~ 25,000 yr lasting emission of light CO2 into the mid-Cretaceous ocean. 
Earth Planet Sci. Lett. 259, 200–211. https://doi.org/10.1016/j.epsl.2007.04.045. 

Wignall, P.B., 1991. Model for transgressive black shales? Geology 19, 167–170. https:// 
doi.org/10.1130/0091-7613(1991)019<0167:MFTBS>2.3.CO;2. 

Zalán, P.V., Nelson, E.P., Warme, J.E., Davis, T.L., 1985. The Piaui Basin Rifting and 
Wrenching in an Equatorial Atlantic Transform Basin. 

Zobaa, M.K., Oboh-Ikuenobe, F.E., Ibrahim, M.I., 2011. The Cenomanian/Turonian 
oceanic anoxic event in the Razzak Field, north Western Desert, Egypt: source rock 
potential and paleoenvironmental association. Mar. Petrol. Geol. 28, 1475–1482. 
https://doi.org/10.1016/j.marpetgeo.2011.05.005. 

A.C.B. Souza et al.                                                                                                                                                                                                                             

https://doi.org/10.1306/2f919738-16ce-11d7-8645000102c1865d
https://doi.org/10.1306/2f919738-16ce-11d7-8645000102c1865d
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref161
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref161
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref162
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref162
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref163
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref163
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref164
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref164
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref164
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref165
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref165
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref165
https://doi.org/10.1306/bf9ab166-0eb6-11d7-8643000102c1865d
https://doi.org/10.1306/bf9ab166-0eb6-11d7-8643000102c1865d
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref167
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref167
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref168
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref168
https://doi.org/10.1016/j.epsl.2007.04.045
https://doi.org/10.1130/0091-7613(1991)019<0167:MFTBS>2.3.CO;2
https://doi.org/10.1130/0091-7613(1991)019<0167:MFTBS>2.3.CO;2
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref171
http://refhub.elsevier.com/S0264-8172(21)00177-X/sref171
https://doi.org/10.1016/j.marpetgeo.2011.05.005

	Sequence stratigraphy and organic geochemistry: An integrated approach to understand the anoxic events and paleoenvironment ...
	1 Introduction
	2 Geological background
	2.1 The Ceará Basin
	2.2 Evolution of the brazilian Equatorial Margin
	2.3 The Ceará Basin stratigraphic sequence
	2.4 Previous geochemical studies

	3 Dataset and methodology
	3.1 Available data
	3.2 Sequence-stratigraphic analysis
	3.3 The geochemical dataset
	3.4 Anoxic signature

	4 Results
	4.1 Regional seismic setting
	4.2 Key surfaces and sequence-stratigraphic units
	4.2.1 Subunit 1 – the basement
	4.2.2 Subunit 2 ​A – the base of the Mundaú Formation
	4.2.3 Subunit 2 ​B –The Mundaú Formation – transgressive sequence
	4.2.4 Subunit 2C – The Mundaú Formation – regressive sequence
	4.2.5 Subunit 2D – the top of the Mundaú Formation
	4.2.6 Subunit 3 ​A: the base of the Paracuru Formation
	4.2.7 Subunit 3 ​B – the Trairí Member
	4.2.8 Subunit 3C – the top of the Paracuru Formation
	4.2.9 Subunit 4 – the Uruburetama Member – transgressive sequence
	4.2.10 Subunit 5 – The Itapajé Member – prograding sequence
	4.2.11 Subunit 6 – the Tibal and Guamaré formations

	4.3 Stratigraphic framework and organic geochemical data
	4.4 Geochemical markers as indicators of sea-level fluctuations
	4.5 Stratigraphic correlations between the Ceará Basin geochemical markers

	5 Discussion
	5.1 Correlations between seismic sequence framework and TOC contents
	5.2 Tracking correlations with the Cretaceous Ocean Anoxic Events and implications for oil exploration

	6 Conclusions
	Credit author statement
	Declaration of competing interest
	Acknowledgements
	References


