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Abstract. The Aptian–Albian interval is characterized by significant paleoclimatic, paleoceanographic, and
paleogeographic changes, which in turn affected the distribution and evolution of marine ecosystems. Despite
the importance of such studies, there have been few correlations between Aptian–Albian sections of the Tethys
Sea and those of the South Atlantic Ocean. This interval, including the Aptian–Albian transition, is preserved in
the deposits of the Riachuelo Formation (Sergipe–Alagoas Basin, Brazil) located in the South Atlantic Ocean;
therefore, this location was chosen for drilling four new cores. The goals of this paper are as follows: (1) to
explain the drilling operation carried out in the deposits of the Riachuelo Formation and the methods used;
(2) to present a brief lithostratigraphic characterization of the holes and the paleomagnetic data of core SER-
03; and (3) to describe the high potential of the cores recovered for additional investigation in the future. The
lithostratigraphic units of the SER-01 core consist mainly of coarse- to fine-grained sandstone, shales, marls,
and mudstones; the SER-02 core was excluded due to low recovery; the SER-03 core is mainly composed of
fine-grained sediments (shale, marls, and packstone) and bears some ammonite shells; the lithology of core SER-
04 is mainly sandstones. Magnetic susceptibility values (χ lf and χhf) and frequency-dependent susceptibility
(χ fd) data suggest that the section is located within the Cretaceous Normal Superchron. Future studies on these
cores integrating micropaleontological, paleoichnological, geochemical, stratigraphic, and paleomagnetic (e.g.,
relative intensity) data will allow for a better understanding of paleoceanographic and paleogeographic events
related to the early evolution of the South Atlantic Ocean and how these events correlate to similar events in
Tethyan sections.
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1 Introduction

The Early Cretaceous was an important period in the his-
tory of the Earth, during which greenhouse conditions pre-
vailed and oceanic gateways gradually opened, allowing for
the wide dispersion of marine organisms. The Aptian–Albian
interval is characterized by significant paleoclimatic, paleo-
ceanographic, and paleogeographic changes. In addition, im-
portant perturbations in the global carbon cycle, the develop-
ment of large igneous provinces (LIPs) such as the Kergue-
len Plateau and Rajmahal Traps, and an increase of the global
sea level have also been recognized (e.g., Leckie et al., 2002;
Courtillot and Renne, 2003; Haq, 2014). These changes af-
fected the distribution and evolution of marine ecosystems
on a worldwide scale (e.g., Dias-Brito, 1987; Riccardi, 1991;
Leckie et al., 2002; Browning and Watkins, 2008; Huber
and Leckie, 2011; McAnena et al., 2013; Coccioni et al.,
2014; Dummann et al., 2020). This interval contains multiple
black shale horizons associated with oceanic anoxic events
(OAEs) such as the Selli, 113/Jacob, Kilian, Urbino/Paquier,
and Leenhardt events (e.g., Erbacher et al., 1999; Leckie et
al., 2002; Browning and Watkins, 2008; Jenkyns, 2010; Coc-
cioni et al., 2014; Sabatino et al., 2015, 2018; Bottini and
Erba, 2018). In addition, the Aptian–Albian was one of the
most recent prolonged periods of stable polarity in the mag-
netic field of the Earth, the so-called Cretaceous Normal Su-
perchron (CNS), which occurred approximately from 121 to
83 Ma (Helsley and Steiner, 1968; Gee and Kent, 2007; He et
al., 2008). Although the CNS has been extensively studied by
paleomagnetic methods (e.g., Tarduno, 1990; Tarduno et al.,
2001; Cronin et al., 2001; Granot et al., 2007, 2012; Biggin
et al., 2008; Linder and Gilder, 2011), there is no consensus
on the nature of this event. The global boundary stratotype
section and point (GSSP) for the base of the Albian Stage
has been formally defined in the Col de Pré-Guittard section,
Vocontian Basin (VB), France, which contains deposits from
the Tethys Sea (Petrizzo et al., 2016; Kennedy et al., 2017).

Micropaleontological, geochemical, and paleomagnetic
studies in the GSSP section, as well as in other important
sections, led to the establishment of different criteria for the
identification and correlation of the Aptian–Albian boundary
around the world (e.g., Herrle et al., 2004; Satolli et al., 2008;
Petrizzo et al., 2012; Coccioni et al., 2012, 2014; Sabatino et
al., 2015, 2018; Kennedy et al., 2017). For many years, dis-
cussions regarding the Aptian–Albian boundary were com-
plicated mainly by the difficulty in correlating different sec-
tions of the Tethys Sea using ammonite zonal schemes and
planktonic fossil groups (e.g., Kennedy et al., 2000, 2014;
Huber and Leckie, 2011; Petrizzo et al., 2012; Ogg et al.,
2016). Studies correlating sections of the Tethys Sea with
those of other oceans such as the South Atlantic Ocean are
very rare.

The Sergipe–Alagoas Basin includes the most complete
marine Cretaceous sequences among all South Atlantic
basins (Bengtson, 1983; Bengtson et al., 2018). It is known

for its economic importance (oil and gas) and the diversity
of its Cretaceous fauna and flora. The Lower Cretaceous ma-
rine sequence contains well-preserved Aptian–Albian strata
in the Riachuelo Formation deposits, which have been ex-
tensively investigated using stratigraphic, paleontological,
and geochemical data (e.g., Beurlen, 1968; Cainelli et al.,
1987; Koutsoukos et al., 1991a, b; Koutsoukos and Bengtson,
1993; Bengtson et al., 2018). Multidisciplinary studies have
demonstrated that the marine sequences in the basin repre-
sent “type-sections” of the full opening of the Equatorial At-
lantic Gateway, considered as the last continental link be-
tween South America and Africa (Koutsoukos et al., 1991b;
Feijó, 1996; Arai, 2014). In recent years, some studies have
used different multiproxies (ichnofossils, microfossils and
macrofossils, and sedimentological, geochemical, and pale-
omagnetic data) to identify the paleoenvironmental and pa-
leoceanographic changes that took place during the Aptian–
Albian interval in the South Atlantic (e.g., Koutsoukos et al.,
1991a; Carvalho et al., 2016; Valle et al., 2019).

2 Scientific objectives

The most important objectives of drilling the Sergipe–
Alagoas Basin are to understand the nature of the marine
incursions during the Aptian–Albian interval and if there
are possible correlations with paleoclimatic and paleoceano-
graphic events on a global scale during this time interval
(Fig. 1). It is also important to assess if a correlation exists
between the biotic assemblages of the South Atlantic Ocean
and Tethys Sea through a detailed study of a fresh, continu-
ous drill core. These objectives will be pursued through (i) a
detailed stratigraphy of the whole sections, (ii) organic and
inorganic geochemistry of sedimentary rocks, (iii) study of
microfossils, (iv) study of ichnofossils, (v) geochemistry (in-
cluding stable isotopes) on microfossils, and (vi) paleomag-
netic study on oriented core samples. Thus, from these data,
we intend to evaluate three important questions about the
Aptian–Albian interval, which are outlined in Sects. 2.1–2.3.

2.1 What is the impact of the establishment of oceanic
gateways during the Aptian–Albian interval?

This is based on the composition of the microfossil (plank-
tonic foraminifera, calcareous nannofossil, ostracods, paly-
nology, and radiolarians) and macrofossil assemblages in the
South Atlantic Ocean. These data could suggest a grade of
provincialism or a direct relation with the biota assemblages
identified in the Tethys Sea. During the Early Cretaceous,
the physiographic barriers of the Rio Grande Rise–Walvis
Ridge System (located in the southern region) and the Equa-
torial Atlantic Gateway (located in its northern region) may
have restricted the development of a connection between the
proto-South Atlantic and the surrounding oceans (Fig. 1),
thereby interfering with the establishment of open marine
conditions (e.g., Arthur and Natland, 1979; Rabinowitz and
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Figure 1. (a) Paleogeographic reconstruction at 112 Ma (modified after Hay et al., 1999) showing the location of the Sergipe–Alagoas Basin,
the Equatorial Atlantic Gateway, the Rio Grande Rise–Walvis Ridge System, the Vocontian Basin (VB), the Poggio le Guaine (PLG) core,
and the Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP) sites containing the Aptian–Albian boundary. (b) Stratigraphic
chart of the drilled section with biostratigraphic zones for ammonoids, planktonic foraminifera, and calcareous nannofossil (Gale et al., 2020).
For this interval, the main ocean anoxic events (Gale et al., 2020), cold snaps (Hu et al., 2012), large igneous provinces – LIPs (Courtillot
and Renne, 2003), and sea level curves (Haq, 2014) are also shown.

Labrecque, 1979; Rand and Mabesoone, 1982; Sibuet et al.,
1984; Dias-Brito, 1987; Azevedo, 2004; Torsvik et al., 2009;
Arai, 2014; Silva et al., 2020).

During the late Aptian–Albian interval, the surface water
connection between the South Atlantic and eastern Tethys
(Central Atlantic segment) was fully formed, creating mi-
gration routes and physicochemical conditions in the water
column that were ideal for the establishment of new marine
biota (e.g., Dias-Brito, 1987; Riccardi, 1991; Feijó, 1996;
Pérez-Díaz and Eagles, 2017). Fossil assemblages of the
South Atlantic have shown a strong affinity to the Tethyan
realm (e.g., Dias-Brito, 1987; Colin and Andreu, 1990; Kout-
soukos, 1992; Arai, 2014; Silva et al., 2020; Bruno et al.,
2020). However, South Atlantic ammonite fossils do not
seem to show any affinity to the “Tethyan standard zonation”

(Bengtson et al., 2018). According to Michels et al. (2018),
the South Atlantic Aptian–Albian palynologic assemblages
show a high degree of provincialism as well, such as the
Dicheiropollis etruscus/Afropollis Province, which can be
observed in other marginal basins around Brazil and Africa
and is mainly defined by a gymnosperm paleoflora strongly
adapted to warm and dry local climate conditions.

2.2 Do the South Atlantic Ocean deposits record the
Aptian–Albian climatic variations?

This is based on the capacity of an integrated analysis of
the micropaleontological, ichnological, paleomagnetic, and
stratigraphic data from the Riachuelo Formation for impor-
tant paleoenvironments events in the South Atlantic Ocean
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during the Aptian–Albian interval, such as the supposed
cooling events (cold snaps) and the two previously recorded
evolutionary phases and biota disturbances (Mutterlose et al.,
2009; Huber and Leckie, 2011; McAnena et al., 2013). McA-
nena et al. (2013) expressed that cold snaps during green-
house conditions could cause perturbations in the marine bio-
tas and biogeochemical cycles. Although greenhouse condi-
tions are widely accepted for the Aptian–Albian interval on a
global scale, some studies using geochemical and micropale-
ontological data indicate that short-lived cooling events (cold
snaps) also occurred (e.g., Pirrie et al., 1995, 2004; Erbacher
et al., 1999; Clarke and Jenkyns, 1999; Herrle and Mutter-
lose, 2003; Mutterlose et al., 2009; Huber and Leckie, 2011;
Jenkyns et al., 2012; McAnena et al., 2013; Bottini et al.,
2015; Herrle et al., 2015).

Studies based on stable oxygen isotope analyses in bulk
marine carbonates and belemnites (e.g., Pirrie et al., 1995,
2004; Clarke and Jenkyns, 1999; Föllmi, 2012; Jenkyns et
al., 2012), TEX86 paleothermometry proxies (e.g., Jenkyns
et al., 2012; McAnena et al., 2013; O’Brien et al., 2017), and
calcareous nannofossil distributions (Herrle and Mutterlose,
2003; Mutterlose et al., 2009; Herrle et al., 2015; Bottini et
al., 2015) have indicate a transition from a prolonged cooling
period during the late Aptian to a significantly warmer period
during the early Albian. Mutterlose et al. (2009) showed two
possible cooling periods at low- and high-latitude sites us-
ing nannoplankton data in this interval. Both periods have
been identified in the Northern and Southern hemispheres.
Finally, Huber et al. (2011) correlated foraminifer biostratig-
raphy and chemostratigraphic data from the Aptian–Albian
interval in the Blake Nose region (Ocean Drilling Program,
ODP, sites 1049A and 1049C; Fig. 1), and they suggested
cool sea surface temperatures and elevated salinity related to
high evaporation rates, demonstrating a limited connection
between the sedimentary basins of the proto-Atlantic Ocean
(Central Atlantic Seaway or Tethys Sea).

2.3 What are the prospects for a multidisciplinary
correlation between the Tethys Sea and the
Sergipe–Alagoas Basin?

The idea is to integrate analyses of the micropaleontolog-
ical, geochemical, and paleomagnetic data obtained from
the Riachuelo Formation (Aptian–Albian interval, Sergipe–
Alagoas Basin) to identify similar patterns and help clar-
ify the relationship between the South Atlantic Ocean and
the Tethys Sea, and to try identify the paleoclimatic, pale-
oceanographic, and evolutionary/distribution events of the
marine biota in the Sergipe–Alagoas Basin as recorded in
other Aptian–Albian reference sections (Vocontian Basin;
Poggio le Guaine section, PLG; DSDP 511; DSDP 545; ODP
1049) (Fig. 1). In these sections, studies using micropaleon-
tological and geochemical data as well as paleomagnetic sig-
nals have provided important information for the identifica-
tion and characterization of the Aptian–Albian boundary and

some paleoclimatic inferences such as the OAE1b. For exam-
ple, the first occurrence (FO) of the planktonic foraminifera
Microhedbergella renilaevis, the last occurrence (LO) of the
planktonic foraminifera Paraticinella rohri (=Paraticinella
eubejaouensis), the FO of the calcareous nannofossils Pre-
discosphaera columnata (circular forms) and Helicolithus
trabeculatus, and the geochemical correlation event (mini-
mum value of 1 % negative δ13C excursion) have demarked
the Aptian–Albian boundary in the global boundary strato-
type section and point (GSSP) of the Col de Pré-Guittard
section from the Marnes Bleues Formation, Vocontian Basin,
France (Petrizzo et al., 2016; Kennedy et al., 2017).

In addition, the late Aptian–Albian interval has been char-
acterized by an important time in the evolution of plank-
tonic foraminifera including extinction and speciation events
and changes in shell architecture (e.g., Leckie et al., 2002;
Huber and Leckie, 2011; Petrizzo et al., 2012). Thus, late
Aptian foraminiferal assemblages showed larger, heavily or-
namented species, whereas the Albian foraminiferal assem-
blages comprise small-sized species in different deep-sea
sites in the Atlantic and Indian oceans (Huber and Leckie,
2011). Coccioni et al. (2014) used geochemical proxies,
planktonic foraminifera, and calcareous nannofossils assem-
blages to characterize the PLG section that can be used to
correlate OAE1b black shale horizons between different ma-
rine environments. They also demonstrated that the PLG sec-
tion can be correlated with the Aptian–Albian deposits of the
Vocontian Basin (Fig. 1). Later, Sabatino et al. (2015) devel-
oped a chemostratigraphic study for the same sites studied
by Coccioni et al. (2014), suggesting an increase in surface
water productivity and a reduction in bottom water ventila-
tion during the OAE1b. Other data available for correlation
are the presence of an isotopic standard curve (Herrle et al.,
2004) and the identification of a geomagnetic event Super-
chron C34–Cretaceous Quiet Zone (Ogg et al., 2016) for the
Aptian–Albian interval.

3 Geological background

The Sergipe–Alagoas Basin was originally described as a
single basin by Schaller (1969). However, later stratigraphic
revisions divided it into two sub-basins, Sergipe and Alagoas
(Feijó, 1994; Campos Neto et al., 2007). It is an elon-
gate continental-margin basin located in northeastern Brazil
(9–11◦30′ S, 37–35◦30′W), delimited by the Pernambuco–
Paraíba Basin to the northeast (Maragogi high) and the
Jacuípe Basin (Jacuípe high) to the southwest (Fig. 2). The
onshore and offshore sedimentary sequences of the Sergipe–
Alagoas Basin reflect distinct tectono-sedimentary phases of
the Brazilian Equatorial Continental Margin (BECM), pre-
rift, rift, post-rift, and drift. The onshore portion covers an
area of approximately 13 000 km2, whereas its offshore por-
tion is around 40 000 km2 (Feijó, 1994; Mohriak, 2003; Cam-
pos Neto et al., 2007; Antonietto et al., 2015). The structural
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framework of the basin is characterized by large tilted fault
blocks, forming structural highs and lows (e.g., Mohriak et
al., 1998; Kellogg and Mohriak, 2001).

The stratigraphic evolution of the Sergipe–Alagoas Basin
is similar to other South Atlantic marginal sedimentary
basins, starting with continental sequences that gradually
transition to marine ones (e.g., Asmus and Porto, 1972;
Berggren and Hollister, 1974; Asmus, 1984; Kellogg and
Mohriak, 2001; Milani et al., 2007; Mohriak et al., 2008;
Mohriak and Fainstein, 2012). Sedimentary deposits related
to the first marine incursions in the South Atlantic are charac-
terized by extensive evaporitic and calcareous sequences de-
veloped during the Early Cretaceous, mainly characterized
by sedimentary deposits of the Muribeca Formation (e.g.,
Asmus and Porto, 1972; Milani et al., 2007; Mohriak et al.,
2008; Mohriak and Fainstein, 2012). The evolution from re-
stricted marine to open marine conditions in the late Aptian–
Albian interval in the Sergipe–Alagoas Basin correspond to
the deposition of the sediments of the Riachuelo Formation
occurring in the beginning of the drift phase (e.g., Kout-
soukos et al., 1991b; Koutsoukos and Bengtson, 1993; Feijó,
1996).

The Riachuelo Formation is a 2800 m thick sedimen-
tary package belonging to the Sergipe Group (Fig. 3). It is
mainly characterized by mixed calcareous and siliciclastic
sediments deposited in a shelf setting (e.g., Schaller, 1969;
Cainelli et al., 1987; Koutsoukos and Bengtson, 1993; Cam-
pos Neto et al., 2007). The biota of this unit is mainly com-
posed of ammonites, calcareous nannofossils, foraminifers,
ostracods, dinoflagellates, gastropods, bivalves, and echi-
noids (e.g., Schaller, 1969; Koutsoukos, 1989; Antonietto et
al., 2015; Bengtson et al., 2018). The unit was assigned to
the Lower Cretaceous (upper Aptian–Albian interval) mainly
based on the ammonite biozones (Schaller, 1969; Bengtson
et al., 2018). The Riachuelo Formation is subdivided, from
base to top, into the Angico, Maruim, and Taquari members
(Fig. 3). The deposits of the Angico Member are located
mainly on the edge of the basin and in lowered blocks. It
represents delta fan deposits composed of mixed calcareous–
siliciclastic sediments. The Maruim Member reflects areas
that had a lower sedimentary input, and it is composed of
grainstones and oolitic/oncolitic packstones deposited on a
carbonate shelf. Finally, the Taquari Member represents the
deposition of mudstones and wackestones in lagoons on the
external shelf and on the slope (e.g., Schaller, 1969; Cainelli
et al., 1987; Campos Neto et al., 2007). The goal of our
work is the development of a high-resolution multiproxy
study (microfossils, macrofossils, ichnofossils, sedimento-
logical, geochemical, and paleomagnetic data) using cores
of the Riachuelo Formation to contribute to the understand-
ing of the impact of establishing gateways in the formation
of the South Atlantic, the composition of the marine biota
in the South Atlantic Ocean, possible correlation with the
Tethyan realm biota or determination of endemism for the

assemblages, and the recognition of global paleoclimatic and
paleoceanographic events in the Sergipe–Alagoas Basin.

4 Drilling operations and sampling

The drilling campaigns (Table 1) started in August 2014 and
were successfully completed in April 2015, but investiga-
tions on the core were not begun before the year 2019. The
drilling was in the onshore section of the Sergipe–Alagoas
Basin (Sergipe sub-basin) because the paleoenvironmental
changes were more conspicuous in the onshore section of the
unit, where the sedimentary deposits contain a diverse, abun-
dant, and well-preserved marine macro- and microfossil as-
semblage (e.g., Manso and Souza-Lima, 2003; Hessel, 2004;
Bengtson et al., 2018). Also, marine microfossils (mainly
foraminifera) were present and have been considered a use-
ful tool for understanding the paleoenvironmental evolution
of the basin (Koutsoukos, 1989; Antonietto et al., 2015).
The drill sites were located mainly in quarries close to out-
crops with paleontological studies (Table 1 and Fig. 2) previ-
ously assigned to the Riachuelo Formation (Aptian–Albian
interval). The drilling rig was oriented mainly perpendicu-
lar to the bedding or structural orientation of the lithologi-
cal units on the ground. Several precautions were taken dur-
ing the drilling project to preserve the original rock chem-
istry: (i) only lake water was used as drilling mud; (ii) a
clean drilling rig was used, which was repeatedly washed,
and the drilling site was kept clean of potential contaminants;
and (iii) cores were packed in plastic boxes with polyfoam
chips for transportation. The project comprised the drilling
of approximately 200 m of rock per site with a minimum of
80 % recovery (Table 1) using a core drilling rig machine
with 3.02 m long rods and a 50 mm diameter diamond drill
(Fig. 4).

In total, four cores were obtained during the campaigns.
Three of them (SER-01, SER-03, and SER-04) were drilled
between the towns of Pacatuba, Laranjeiras, and Riachuelo,
respectively (Table 1), and SER-02 was drilled in the rural
area of the Siriri municipality (Fig. 2). The cores are curated
at ambient room temperature at the Instituto Tecnológico
de Paleoceanografia e Mudanças Climáticas (itt Oceaneon)
of the Unisinos University, Brazil. This study includes the
lithostratigraphic results of the SER-01, SER-03, and SER-
04 cores as well as the paleomagnetic data of the SER-03
core (Table 1). Technical problems during the drilling oper-
ation prevented SER-01 from reaching the desired depth of
200 m, but the 174.7 m depth reached was considered satis-
factory (Table 1). After core opening and initial lithologic de-
scription and fossil registration, the preliminary results were
used to divide the section into distinct units (Fig. 5).

For paleomagnetic analyses, 2 cm thick slices were col-
lected at a resolution of approximately 25 cm throughout
core SER-03. Cubic samples (2 cm× 2 cm× 2 cm) were cut
from the center of the slices, and the top and bottom of
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Figure 2. Sketch map of eastern Brazil with the lithostratigraphy of the Sergipe–Alagoas Basin (modified of Bengtson, 1983), locations of
boreholes (SER-01, SER-03, and SER-04), key outcrops near the cores (see Table 1), and major cities.

each sample was identified. The mass of all samples was
measured to normalize their mass according to magnetic pa-
rameters. Paleomagnetic susceptibility measurements were
carried out at the Laboratório de Paleomagnetismo e Geo-
magnetismo (USPMag) of the Universidade de São Paulo.
Magnetic susceptibility (χ ) measurements were made with a
MFK1-FA multifunction kappabridge (Dearing et al., 1996;
Hrouda and Pokorný, 2012) at two operating frequencies
(976 and 15 616 Hz) in a field of 200 A m−1. To recognize
the characteristic remnant magnetization (ChRM), stepwise
alternating field (AF) demagnetization was used. A total of
368 samples from core SER-03 were measured after progres-
sive AF treatment at 2, 4, 7, 10, 15, 20, 25, 30, 35, 40, 50, 60,

70, 80, 90, and 100 mT using a 2-G Enterprises cryogenic
magnetometer (model u-channel 755R) housed in a magnet-
ically shielded room. The components of ChRM directions
were determined from the interpretation of vector end-point
demagnetization diagrams (Zijderveld, 1967), and magnetic
components were calculated using principal component anal-
ysis (Kirschvink, 1980) and analyzed using the Remasoft 3.0
paleomagnetic software package.

5 Results

The drilling campaigns managed to successfully collect
Lower Cretaceous carbonate and siliciclastic sediments (on-
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Figure 3. Lithostratigraphic chart of the late Aptian–Albian interval deposits of the Sergipe–Alagoas Basin (e.g., Schaller, 1969; Campos
Neto et al., 2007; Bengtson et al., 2018).

Figure 4. The drilling rig used to retrieve core material for this
study was mainly oriented perpendicular to the strata truncated.

shore section) from the Riachuelo Formation, Sergipe–
Alagoas Basin. Preliminary sedimentological results for each
core that mainly represent Riachuelo Formation deposits
and magnetostratigraphic, cyclostratigraphic, and biostrati-
graphic results of core SER-03 are summarized below (Ta-
ble 1). Detailed stratigraphic studies will be carried out as
more analyses of the recovered cores are performed.

Core SER-01 has a total length of 174.7 m, with a recov-
ery of 82.8 % (Table 1). It has been divided into three main
lithostratigraphic units, from the base to the top (Fig. 5).
Unit I (basal unit) consists of the interval ranging from 174.7

to 99.2 m and is characterized mainly by fine- to coarse-
grained sandstone. At the top of this unit, the sandstone is
interbedded with centimeter-scale mudstone layers. In ad-
dition, within the unit, a large amount of (millimeter- to
centimeter-scale) phytoclasts was observed. Unit II (99.2–
24.1 m) is the most calcareous interval in the section, char-
acterized from the base to the top by light gray fine-grained
sandstones, medium gray mudstones, and light gray marls
(Fig. 6). Centimeter-scale beds of medium gray wackestone
and packstone were observed in the interval between 81.7
and 52.4 m, which usually contain abundant gastropod and
bivalve shells as well as ooliths. In addition, small fractures
filled with calcite were also observed. Unit III (24.1–2.6 m)
consists mainly of medium gray shale (24.1–14.7 m) grad-
ing into a gray claystone (interval 14.7–2.6 m). The inter-
val between 2.6 and 0 m is composed of yellow to white
soil and weathered rock. Outcrops (A-38 and A-39) near the
core SER-01 contain late Aptian ammonites and foraminifers
from the Taquari and Maruim members (Table 1).

Core SER-03 has a total length of 200.1 m, with a re-
covery of 87.7 % (Table 1). It was divided into two lithos-
tratigraphic units (Fig. 5). Unit I includes the interval be-
tween 198 and 95.3 m and is composed mainly of thick in-
tercalated layers of dark gray shale and light gray marl.
There are at least two intervals where the shale exhibits a
dark gray color (184.3–183.3 and 153.0–151.5 m). Phyto-
clasts occur in the shales locally. Small beds of calcareous
mudstone occur between the depths of 178.3 and 177.6 m
(Fig. 6). Ammonite shells are observed at 116.4 and 144.5 m
(Fig. 5). Unit II (95.3–5.8 m) is characterized mainly by
thick intercalated layers of medium light gray mudstone
and medium light gray shale (95.3–15.6 m) followed by
grayish-brown claystones (12.5–5.8 m). Fine- to medium-
grained sandstones forming millimeter- to centimeter-thick
layers (55.2–25.7 m) can be observed at specific depths in the
core. Ammonite fossils are also found in the mudstone layers
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Figure 5. Stratigraphic sections of the Early Cretaceous cores (Aptian–Albian interval) from the Riachuelo Formation (Sergipe–Alagoas
Basin), showing the distinct lithostratigraphic units and ammonites identified for each core. The lithostratigraphic units in each core are
tentatively assigned to the different members identified in the deposits from the Riachuelo Formation. The levels (black arrows) at which
detail pictures of different lithologies were taken are indicated (see Fig. 6).
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Table 1. Overview of the cores obtained from the Riachuelo Formation and Sergipe–Alagoas Basin as well as a summary of the main
paleontological and stratigraphic features of outcrops in the vicinity of drill sites in the Riachuelo Formation and Sergipe–Alagoas Basin.
Information adapted from Koutsoukos (1989) and Siqueira (2005).

Drilled cores’ data

Drilling data SER-01 SER-03 SER-04

Drilling site city Pacatuba Laranjeiras Riachuelo

UTM-N (datum WGS 84) 8848772 8807705 8812502

UTM-E (datum WGS 84) 751401 691528 697149

Total drill core length (meters) 174.7 200.1 201.4

Total recovery (%) 82.8 87.7 82.5

Main paleontological and stratigraphic features of outcrops in the vicinity of drilled cores

Locality data SER-01 SER-03 SER-04

Locality name A-38 A-27 A-32

Type Outcrop on the road from
Japoatã to Pacatuba

Outcrop on the BR-235
highway

Outcrop near Riachuelo

UTM-N (datum WGS 84) 8849775 8806125 8812575

UTM-E (datum WGS 84) 750675 688470 698525

Fossils Ammonites and foraminifers Ammonites and foraminifers Ammonites and foraminifers

Lithostratigraphy Riachuelo Formation, Taquari
Member

Riachuelo Formation, Angico
Member

Riachuelo Formation, Taquari
Member

Biostratigraphy Cheloniceras spp. zone
(ammonite)

Douvilleiceras euzebioi/
Oxytropidoceras buarquianum
zones (ammonites)

Douvilleiceras euzebioi zone
(ammonite)

Age Late Aptian Early–middle Albian Early Albian

Locality data SER-01 SER-03 SER-04

Locality name A-39 A-28 Riachuelo 1

Type Santo Antônio quarry; road
from Japoatã to Pacatuba

Outcrop on the BR-235
highway

Outcrop located between the
SE-210 and SE-102 highways

UTM-N (datum WGS 84) 8847700 8806575 8812424

UTM-E (datum WGS 84) 752250 688100 698482

Fossils Ammonites Ammonites Ammonites, bivalves (Neithea and
Pina), gastropods, and echinoids

Lithostratigraphy Riachuelo Formation, Maruim
Member

Riachuelo Formation, Angico
Member

Riachuelo Formation

Biostratigraphy Cheloniceras spp. zone
(ammonite)

Douvilleiceras euzebioi/
Oxytropidoceras buarquianum
zones (ammonites)

Eodouvilleiceras sp. 1 and
Douvilleiceras aff. mammillatum
(ammonites association)

Age Late Aptian Early–middle Albian Aptian–Albian

(19.5–17.5 m) (Fig. 5). Vegetation fragments occur through-
out the interval. Lastly, the top 15 m of the core is character-
ized by unconsolidated soil and weathered rock. In addition,
foraminifers collected from some samples were previously
assigned to the Microhedbergella renilaevis and Ticinella

primula planktic foraminiferal zones, suggesting an early Al-
bian age (Kochhann et al., 2019). Outcrops (A-27 and A-28
of the Angico Member) near core SER-03 contain ammonites
and foraminifers from the early–middle Albian (Table 1).
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Figure 6. Core sections showing lithologies identified in this study:
(A) marl (SER-01, 30.68–30.74 m); (B) shale (SER-01, 73.99–
73.93 m); (C) wackestone (SER-01, 81.75–81.69 m); (D) pack-
stone (SER-01, 172.69–172.63 m); (E) mudstone (SER-03, 178.30–
178.24 m); (F) medium sandstone (SER-04, 93.06–93.00 m);
(G) coal (SER-04, 95.63–95.62 m); (H) gastropod shell (SER-
04, 102.98–102.93 m); (I) mudstone (SER-04, 111.84–111.90 m);
(J) coarse sandstone (SER-04, 120.85–120.79 m); (K) coquina
(SER-04, 130.94–130.88 m); and (L) conglomerate (SER-04,
175.9–175.8 m). The scale bar represents 1 cm.

Core SER-04 has a total length of 201.4 m, with a recovery
of 82.5 % (Table 1). The deposits of core SER-04 are primar-
ily sandstones with varying grain sizes. It has been divided
into two main lithostratigraphic units (Fig. 5). Unit I (201.4–
107.7 m) is dominated by intercalated coarse- to fine-grained
sandstones and thick mudstone layers (Fig. 6). Through-
out the unit, there are at least eight medium reddish-brown
mudstone horizons contrasted with medium light gray mud-
stones. There are occurrences of conglomeratic sandstone
beds (two) in the interval between 175.9 and 173.8 m and
centimeter-scale coquina beds in the interval ranging from
140.3 to 129.7 m (Fig. 6). Unit II (107.7–0.9 m) is com-
posed mainly of fine- to coarse-grained sandstones varying
in color from grayish brown to light olive gray. At the base
(107.7–100.0 m), the unit is mainly characterized by thick
layers of fine- to medium-grained sandstones interbedded
with mudstones, and gastropod shells also occur (Fig. 6).
These sandstones can also be interbedded with light gray co-
quinas, coal (95.6–43.7 m), medium light gray shales (80.3–
78.9 m), medium light gray mudstones (54.7–38.9 m), and
medium light gray packstones with abundant gastropod and
bivalve shells (54.3–53.2 m). Light gray conglomeratic sand-
stones composed of granules and pebbles occur at the top
of the section (interval 32.2–28.5 m). Finally, there are two
remarkable horizons of hybrid centimeter-thick sandstones
containing abundant mollusk shells at depths of 26.4–21.2

and 6.0–4.4 m (Fig. 5). Outcrops (A-32 and Riachuelo 1)
near core SER-04 contain Aptian–early Albian ammonites
and foraminifers and a rich assemblage of bivalves, gas-
tropods, and echinoids from the Taquari Member (Table 1).

For paleomagnetic and cyclostratigraphic data, a total
of 368 discrete ∼ 8 cm3 samples from core SER-03 are
measured in low (χ lf, Fig. 7a) and high (χhf, Fig. 7b)
operating frequencies. Magnetic susceptibility (χ lf) values
ranged from 1.26× 10−7 to 1.83× 10−8 m3 kg−1 (mean of
8.41× 10−8 m3 kg−1). The χ lf values displayed sharp am-
plitude changes throughout the core. Magnetic susceptibility
(χhf) varied between 1.23× 10−7 and 1.82× 10−8 m3 kg−1

(mean of 8.18× 10−8 m3 kg−1) throughout core SER-03
(Fig. 7b), which is close to what was observed with χ lf.
Frequency-dependent susceptibility (χ fd= (χ lf−χhf)/χ lf
× 100) allows for the quantification of contributions from
ultra-fine superparamagnetic (SP) particles (Gewehr de
Mello et al., 2020). The χ fd in the studied sequence (Fig. 7c)
ranged from 0 % to 5.69 % (2.70 % average), which indicates
that the samples contain a mixture of SP and coarse grains.

Throughout the studied section, the intensity of the magne-
tization ranged from 2.49× 10−9 to 9.49× 10−8 Am2 kg−1

(mean of 2.68× 10−8 Am2 kg−1) (Fig. 7d). Stepwise AF
demagnetization of the representative sediment samples
(190.05, 125.79, 76.38, and 23.75 m) revealed a stable and
well-defined natural remnant magnetization (NRM) compo-
nent (Fig. 8). All identified magnetization directions with
negative inclinations correspond to a normal polarity field
(Fig. 8). These results suggest that the studied section is part
of the Cretaceous Normal Superchron (Gewehr de Mello et
al., 2020). Similar results have already been reported for the
region (e.g., Font et al., 2009). Furthermore, Kochhann et
al. (2019) developed a cyclostratigraphic preliminary study,
using biostratigraphic markers (M. renilaevis and T. primula
planktic foraminiferal zones) and gamma-ray data, estimat-
ing that the sedimentary succession of SER-03 spans about
4 Myr.

6 Future plans

The deposits recovered from the drill cores (SER-01, SER-
03, and SER-04) contain complete records from the Aptian–
Albian interval of the South Atlantic Ocean. Detailed mul-
tidisciplinary studies are being conducted in samples from
these cores in order to develop a multiproxy, high-resolution
dataset, which will be composed of micropaleontologic
(planktonic foraminifera, calcareous nannofossils, radiolar-
ians, ostracods, dinoflagellate cysts, pollens, and spores),
microbiofaciologic, and ichnologic (ichnofabric, ichnolog-
ical suites, and ichnofacies) data. Furthermore, paleomag-
netic (paleosecular variation, paleointensity, environmental
magnetism), geochemical (X-ray fluorescence, XRF; X-ray
diffractometry, XRD; percentage of total organic carbon,
TOC; sulfur, S, and CaCO3 content; and strontium, car-
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Figure 7. Magnetic susceptibility in low-frequency (a), high-frequency (b), and frequency-dependent susceptibility (c) data of 368 samples
from core SER-03. Natural remnant magnetization (NRM) of 368 samples from core SER-03 is also show. The positions of the paleomagnetic
samples in Fig. 8 are indicated by black arrows.

bon, oxygen, and calcium isotopes), and cyclostratigraphic
(orbital tuning and evolutive spectral analysis) data will
also be included. The combination of these paleontolog-
ical, sedimentological, and geochemical analyses in the
drill core samples will provide invaluable information about

the Aptian–Albian, such as the biostratigraphy, paleocli-
matic changes, paleoenvironmental evolution, and paleo-
ceanographic parameters of the South Atlantic Ocean during
this time interval.
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Figure 8. Typical alternating field (AF) demagnetization plots of four representative samples from the studied section. The down-core posi-
tion of the samples is indicated by arrows in Fig. 7. Solid symbols indicate normal components; open symbols indicate reverse components.

7 Conclusion

The drilling campaigns successfully collected Lower Creta-
ceous rocks (onshore section) from the Riachuelo Formation
of the Sergipe–Alagoas Basin. Three holes were cored in this

formation; they represent the only known preserved carbon-
ate shelf containing the Aptian–Albian transition in Brazil
and most likely constitute a complete record of an Aptian–
Albian sedimentary section of the South Atlantic Ocean.
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Sedimentological data of the SER-01, SER-02, and SER-
03 cores show that mixed calcareous–siliciclastic sediments
can be assigned to the Angico Member and probably rep-
resent deposits of delta fan. The calcareous rocks retrieved
are part of the Maruim and Taquari members, mainly de-
posited on a carbonate shelf, on the external shelf, and on the
slope, respectively. Furthermore, phytoclasts, gastropod, and
bivalve shells were observed in the deposits of the core SER-
01, whereas phytoclasts, ammonite shells, and foraminifers
were observed in the deposits of the core SER-03. In this
core, foraminifers collected from some samples were as-
signed to the Microhedbergella renilaevis and Ticinella prim-
ula planktic foraminiferal zones, suggesting an early Albian
age. In addition, core SER-04 recovered coquina layers and
abundant mollusk shells, suggesting that microfossil assem-
blages can be obtained from these sediment samples. The pa-
leomagnetic results obtained in the deposits of core SER-03
suggest that the section is part of the Cretaceous Normal Su-
perchron. The cyclostratigraphic data and gamma-ray data
suggest that the sedimentary succession spans about 4 Myr.

A combination of stratigraphic, sedimentological, paleo-
magnetism, geochemical, ichnological, and micropaleonto-
logical approaches will be applied to obtain critical informa-
tion on the characteristics of the deposits and to understand
the influence of the paleoclimatic and paleoceanographic
global events (e.g., Vocontian Basin and PLG) at the Aptian–
Albian interval in the South Atlantic and to assess if a cor-
relation exists between the biotic assemblages of the South
Atlantic Ocean and the Tethys Sea. In addition, such inte-
grated analysis of the late Aptian–Albian interval will bring
new insights into the stratigraphy and tectonic history of the
basin as well as the onset and early evolution of the South At-
lantic. Cores drilled in this project can potentially allow for
the correlation and calibration of local biozones with global
biozones.

The results from the onshore sites drilled in the Sergipe–
Alagoas Basin will contribute to International Ocean Dis-
covery Program (IODP) Expedition 388, Equatorial Atlantic
Gateway: origin, evolution, and paleoenvironment of the
Equatorial Atlantic Gateway (Dunkley Jones et al., 2019).
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