Facies (2019) 65:1
https://doi.org/10.1007/5s10347-018-0543-2

ORIGINAL ARTICLE

@ CrossMark

Stratigraphic evolution of a Brazilian carbonate platform
during the Cretaceous: the late Albian—early Turonian
of the Sergipe-Alagoas Basin

Bruno Valle'® - Patrick Fiihr Dal’Bé' - Marcelo Mendes' - Julia Favoreto' - Ariely Luparelli Rigueti' -
Leonardo Borghi' - Roberto Silva Jr.2

Received: 21 May 2018 / Accepted: 17 October 2018 / Published online: 1 November 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

The Cretaceous of Brazil is widely known for vast carbonate platforms that developed along the Brazilian east coast. An
onshore well drilled and logged in Sergipe State on a structural low allowed the recovery and study of a continuous 439-m
core section that records an interval aged from the late Albian to the early Turonian. The section is characterized by calci-
lutites, marls, and shales, with occasional carbonate breccias. Ten sedimentary microfacies were recognized that indicate
deposition in a deep-marine paleoenvironment constantly affected by gravitational flows. These deposits were influenced
by climatic variation, as suggested by the alternation of micritic and clayey layers. The analysis of the vertical microfacies
pattern, supported by well logs and geochemistry analyses, led to the subdivision of the core into three third-order deposi-
tional sequences. A long-term sea-level rise trend in the studied interval, which records the evolution of a partially protected
carbonate-siliciclastic mixed platform to a distally steepened carbonate ramp, is proposed herein. The conclusion obtained
by this study is important to the understanding of carbonate platform evolution, with the integrated approach of microfacies,
geochemistry, and well logs proving to be essential in obtaining precise information when working with deep-marine deposits.

Keywords Carbonate platform - Sedimentary microfacies - Paleoenvironmental evolution - Cretaceous of Brazil - Sergipe—
Alagoas Basin - Cotinguiba Formation - Riachuelo Formation

Introduction

Many carbonate platforms have developed around the world
throughout geological history. Numerous authors have stud-
ied carbonate platform deposits and proposed useful models
to classify and explain their evolution (see Ahr 1973; Wilson
1975; Read 1982; Tucker 1985; Carozzi 1989). Despite the
proposed models and their associated facies being widely
used, the application of such models to a particular case
study should be performed with caution since there are vari-
ables (i.e., tectonics, eustatic sea-level changes, climate,
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sedimentation rate) not accounted for in these models that
can severely affect the way that platforms develop and evolve
in each particular case.

During the formation of the South Atlantic Ocean, many
sedimentary basins developed at the continental margin of
Brazil, with an establishment of vast carbonate platforms
in most of these basins during the Cretaceous due to the
development of suitable conditions for carbonate deposi-
tion (i.e., a warm and dry climate). The Sergipe—Alagoas
Basin is the one with the more complete Cretaceous carbon-
ate sections exposed onshore, represented by the Riachuelo
and Cotinguiba formations; thus, the comprehension of its
evolution is essential for a better understanding of the east-
ern continental margin of Brazil and Cretaceous carbonate
platforms in general.

The Albian—Turonian interval is globally known for
showing records of important events that occurred during
the Cretaceous and changed the sedimentation pattern in
carbonate platforms. Intervals of black shales with high
total organic carbon (TOC) are described and correlated
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in many sections around the world, corroborating a global
implication for these events (e.g., Ocean Anoxic Event 2
and the maximum global sea level; Schlanger and Jenkyns
1976; Haq 2014). The study of this section is of great
importance in understanding the paleoenvironmental
changes and evolution of a sedimentary basin through
time.

This study was the first developed in Brazil that used a
439-m-thick continuous well core section to present geo-
chemical, well log, and sedimentological data to support
the evolution of a carbonate platform, from the late Albian
to the early Turonian, exhibiting the expressions of a sea-
level rise and a possible oceanic anoxic event correlated
globally (Koutsoukos et al. 1991). The presented data are
related to a section of the Riachuelo and Cotinguiba For-
mations and provides information that helps understand
the evolution of the Sergipe—Alagoas Basin during the
Cretaceous and the effects of particular events acting on a
carbonate platform through time.

37°15'0"W

Geological setting

The Sergipe—Alagoas Basin is located in the northeast Bra-
zilian margin and lies between latitudes 9°S and 12°S and
longitudes 35°E and 38°E. It measures ca. 53,000 km?,
of which 40,000 km? is located offshore and 13,000 km?
onshore (Fig. 1).

The geologic evolution of the Sergipe—Alagoas Basin is
related to the opening of the South Atlantic Ocean and is
part of an extensional basin system that operated during the
end of the Jurassic and through the Early Cretaceous (Lana
1990). The basin is formed by a network of half-grabens
with a regional dip towards the southeast (Ojeda and Fugita
1976) and a predominance of synthetic faults over antithetic
faults, forming a series of structural highs and lows (e.g., the
Divina Pastora Low, Fig. 1). Its structural framework com-
prises a north—south fault system intersected by east—west
and northeast—southwest faults (Lana 1990).

The Divina Pastora is a structural low located in the
southwest portion of the Sergipe—Alagoas Basin and is
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Fig. 1 Location map of the Votorantim quarry with the structural elements of the Sergipe—Alagoas Basin (northeast Brazil), displaying its fault

zones in light gray and the structural highs and lows in numbers
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bounded to the west by the Itaporanga and Riachuelo Highs
and to the east by the Aracaju and Santa Rosa de Lima
Highs, establishing an elongated north—south trend concord-
ant to the main fault system (Lana 1990). It displays a com-
plete stratigraphic section and is an important study location
for understanding the Sergipe—Alagoas Basin evolution.

In relation to the other Brazilian continental east margin
basins, the Sergipe—Alagoas contains one of the more com-
plete stratigraphic records and has its tectono-stratigraphic
evolution divided by Campos Neto et al. (2008) into five
sequences: Paleozoic, Pre-Rift, Rift, Post-Rift, and Drift.
The studied units, the Riachuelo and Cotinguiba Formations,
are part of the Drift sequence; thus, this paper focuses on the
Drift phase of the Sergipe—Alagoas Basin.

The Drift phase began during the late Albian and resulted
in the effective rupture of continental crust between Brazil
and Africa. By that time, warm and dry climatic conditions
led to the formation of extensive high-energy carbonate plat-
forms represented by calcarenites, marls, shales, sandstones,
and conglomerates attributed to the Riachuelo Formation.
This formation is interpreted as a carbonate-siliciclastic
mixed platform exhibiting high lateral facies variation and
is divided into three members: Angico, Maruim, and Taquari
(Campos Neto et al. 2008). The Angico Member is formed
by sandstones and conglomerates deposited in fan deltas at
the basin edge. The Maruim Member is formed by oolitic
and oncolitic calcarenites with isolated algal patches and
locally dolomitized by diagenetic events. This member was
deposited in high-energy oolitic shoals on structural highs.
The Taquari Member is composed of marls and shales rep-
resenting the deposits of the deeper portions of the basin
such as protected lagoons or slopes (Koutsoukos et al. 1993;
Campos Neto et al. 2008).

A global sea-level highstand event occurred during the
early Cenomanian with a peak in Turonian and drowned the
shallow water Riachuelo platform, depositing fine-grained
sediments on the carbonate ramp of the Cotinguiba For-
mation (Koutsoukos 1989). The Cotinguiba Formation is
mainly composed of calcilutites, marls, and shales, with
intervals rich in foraminiferans, calcispheres, and radio-
larians. It is divided into two members: Sapucari and Ara-
caju (Schaller 1970). The Sapucari Member is composed
of gray to bluish gray carbonates with local thickness up
to 1,000 m. It consists of massive to laminated carbonates
locally interbedded with horizons of cherts, coquinas, and
intraformational breccias (Berthou and Bengtson 1988;
Walter 2000; Walter et al. 2005). The Aracaju Member is
composed of laminated carbonates, marls, and organic-rich
shales (Bandeira 1978). The distribution of the rocks consti-
tuting this member is restricted to structural lows (e.g., the
Divina Pastora Low) and in offshore portions of this basin,
representing a more distal facies (Koutsoukos et al. 1993).
The sediments of the Cotinguiba Formation were deposited

during the Cenomanian—Coniacian in the neritic to upper
bathyal portions of a carbonate ramp with hypoxic to anoxic
bottom conditions and well-oxygenated epipelagic waters
(Koutsoukos et al. 1991).

Materials and methods

This study presents sedimentological, well log (gamma
ray), geochemistry, and microfacies analyses of a continu-
ous 439-m-thick well core drilled in the Votorantim quarry
(Fig. 1), which outcrops have been studied by many authors
in past years (cf. Bengtson 1983; Hessel 1988; Berthou and
Bengtson 1988; Andrade 2005). The core 2-LRJ-1-SE is
63 mm in diameter and is stored in the Laboratory of Sedi-
mentary Geology (Lagesed) at the Federal University of Rio
de Janeiro (Brazil).

The core description was performed at 1:40 scale to
describe high-frequency sedimentological changes. The
macro- and mesoscale features described include: lithol-
ogy, texture, sediment color (Munsell system), sedimentary
structures, fossiliferous content, bed thickness, and bounda-
ries. The lithological classification was in accordance with
Grabau (1904).

The main described lithotypes were sampled, and 132
thin-sections (see Fig. 2; sampled intervals) were prepared
(impregnated with blue-epoxy) at Solintec© laboratories.
The petrographic analysis involved the following: (1) recog-
nition of primary and diagenetic constituents, sedimentary
structures, textures (Embry and Klovan 1972), clay content
and calcite-dolomite proportion according to Friedman’s
(1959) technique (staining with Alizarin Red-S) and (2)
microfacies characterization (Fliigel 2004). The quanti-
fication method was purely qualitative, and the allochem
abundance followed the ACFOR scale (abundant for >30%;
common for 25-35%; frequent for 15-25%; occasional for
5-15%; and rare for <5%).

For biostratigraphy, 78 samples were systematically col-
lected every 6 m and processed for nannofossil analysis,
following the methodology of Alves et al. (2016). In this
study, the biostratigraphic framework followed the standard
zonations of Burnett (1998) and Antunes (1997).

For geochemical analyses, 147 bulk rock samples were
systematically collected every 3 m (Fig. 2). They were
crushed and macerated using an agate mill and dried
at 80 °C for 4 h. The analyses were conducted at the
Chemostratigraphy and Organic Chemistry Laboratory
(LGQM) at State University of Rio de Janeiro (UERJ).
The samples were dissolved in hydrochloric acid (50%
of HCI) to eliminate the calcite and dolomite content and
measure the carbonate volume and the insoluble residue
(IR), which is basically organic matter, sulfur, quartz, and
clay minerals. The total organic carbon (TOC) and total
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Fig.2 Schematic sedimentary

log showing the lithology

distribution and the locations of
samples for laboratory analyses
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sulfur (S) were then measured in the previously acidized
samples with a LECO SC-632 analyzer. Rock—Eval pyrol-
ysis was conducted in every sample (42 in total) with a
TOC higher than 1%. This method focused on the quanti-
fication of free hydrocarbons in the rock, the quantifica-
tion of hydrocarbons produced by thermal cracking of the
organic matter and the amount of oxygen present in the
kerogen. Rock—Eval 6 standard equipment was used and
the results were certified with the IFP 160000 standard.
The geophysical gamma ray (wireline) well log was
used to calculate the shale volume (linear model), which
is an important tool to understand argilosity changes at
the studied section. The linear model uses a rule of three
to calculate the shale volume (Vsh): a 100% shale vol-
ume is attributed to the maximum gamma ray measure-
ment, a 0% shale volume is attributed to the minimum
value, and any log measurement between the maximum
and minimum is considered to have a shale volume with
a proportional variation from 0 to 100% (Poupon and
Gaymard 1970). The estimated shale volume was further
calibrated based on the carbonate content and insoluble
residue results obtained from the geochemistry analysis.
The sequence stratigraphic framework was constructed
based on the concepts of Galloway (1989), which con-
sider a genetic stratigraphic sequence as a unit bounded
by two stratigraphic surfaces of maximum marine flood-
ing. The use of the genetic stratigraphy sequences of Gal-
loway (1989) was chosen because features indicative of
subaerial exposure or linked to regressive surfaces are
absent in the studied section. The analysis of microfacies,
supported by the gamma ray and geochemistry analyses,
allowed the recognition of three third-order sequences,
which provided a better understanding of the paleoen-
vironmental changes and stratigraphic evolution at the
Divina Pastora Low from late Albian to early Turonian.

Results
Microfacies characterization

Based on macroscopic and petrographic description, ten
microfacies (MF) were identified in the studied section:
six of carbonate composition, two of terrigenous compo-
sition, and two of hybrid composition. The microfacies
are summarized in Table 1. The microfacies organiza-
tion was based on composition, fossiliferous content, and
energy of deposition, with the objective of identifying
large-scale environmental changes.

Description

The microfacies MF I (Crystalline dolomite) is composed
mainly of dolomite with the original rock texture mostly
obliterated (Fig. 4a), sometimes showing a primary paral-
lel lamination (Fig. 3a). The dolomite crystals are mostly
euhedral and zoned; however, subhedral and anhedral
crystals may occur. Bioclasts are rarely described. This
microfacies is highly faulted and fractured, exhibiting
mostly partially or completely cemented fractures. Berthou
and Bengtson (1988) and Walter (2000) noted dolomitized
intervals; however, these previous works did not individu-
alize it as a microfacies.

The floatstone lithotypes are represented by two dif-
ferent microfacies, both matrix-supported with massive
structure and differentiated mostly by the main compo-
nents, bioclasts or intraclasts. The microfacies MF 2 (bio-
clastic floatstone) is characterized by frequent bioclasts,
mainly similar-sized macrofossil remains (mostly bivalves)
with a chaotic orientation, more than 2 mm in diameter
(Fig. 4b) and sometimes fragmented. It is compared to
microfacies L Tur A of Berthou and Bengtson (1988) and
microfacies type 3 of Walter (2000). The microfacies MF
3 (intraclastic floatstone) consists of gravel-sized intra-
clasts of peloidal grainstones, peloidal packstones, and
wackestones (Fig. 3b). It is poorly sorted with the presence
of very fine to very coarse sand-sized peloids, ooids and
oncoids. Berthou and Bengtson (1988) described brecci-
ated or coarsely intraclastic limestones in many localities;
however, they did not establish microfacies of this nature.

The microfacies MF 4 (graded grain- to packstone) is
composed of poorly sorted grainstones and packstones
with a basal erosive contact and crude normal grading
(from granule to fine-grained sand) (Fig. 3c). Ooids,
oncoids, and intraclasts are the predominant allochems
(Fig. 4d); however, peloids and bioclasts also occur. Mud
intraclasts (20—40 mm in diameter) are concentrated at the
base. Dolomitization had occurred, replacing the original
blocky calcite cement. This microfacies type was recog-
nized by neither Berthou and Bengtson (1988) nor Walter
(2000).

Mudstones and wackestones are represented by microfa-
cies MF 5 (mudstone/wackestone) and MF 6 (argillaceous
mudstone/wackestone) and are distinguished mostly by the
terrigenous clay content. The fossiliferous content is similar
in both microfacies and the matrix is often neomorphized
or slightly dolomitized. These microfacies present fractures
in a few intervals that are mostly cemented. The microfa-
cies MF 5 is typically burrowed and can exhibit massive or
laminated sedimentary structure (Figs. 4e, f). It is compared
to microfacies Cen B, Cen D, Cen E, and Cen F of Berthou
and Bengtson (1988) and microfacies type 2 of Walter
(2000). On the other hand, MF 6 is always laminated and
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Table 1 Summary of the described microfacies

Microfacies

Bioclasts

Clay content (%) Quartz content Early diagenetic pyrite

(silt-sized) (%)

MF 1: Crystalline dolomite

MF 2: Bioclastic floatstone

MEF 3: Intraclastic floatstone

MF 4: Graded grain- to packstone

MF 5: Mudstone/wackestone

MF 6: Argilaceous mudstone/wackestone

MF 7: Mudrock with allochems

MF 8: Marl

MF 9: Mudrock

MF 10: Fossiliferous mudrock

Rare calcified radiolarians, planktonic
foraminifera, calcispheres, inoceramids,
and echinoids

Abundant bivalve shells. Frequent fish
remains. Rare calcispheres, ostracods,
and echinoids

Rare solenaporacean red algae,
foraminiferal tests and echinoids,
common calcispheres and bivalves.
Occasional brachiopod shells(?)

Occasional brachiopods(?), solenapo-
racean red algae, crinoid and echinoid
fragments, often presenting a micritic
coat

Rare calcified radiolarians, roveacrinids,
ostracods, inoceramids, bivalves, bra-
chiopods, fish remains, and echinoids.
Abundant planktonic foraminiferal tests
and calcispheres

Abundant planktonic foraminiferal tests.
Common calcispheres, calcified radio-
larians. Rare roveacrinids, ostracods,
echinoids, and fish remains

Calcispheres, planktonic and benthonic
foraminifera, gastropods, brachiopods,
solenaporacean red algae, bivalves, and
echinoderms

Abundant calcispheres, planktonic
foraminiferal tests. Rare calcified radio-
larians, benthonic foraminiferal tests,
ostracods, bivalves, and fish remains

Abundant planktonic foraminiferal
tests. Frequent ammonoids and plant
remains. Occasional calcispheres. Rare
benthonic foraminiferal tests, calcified
radiolarian, brachiopods(?) bivalve
shells, echinoid spines, ostracods, fish
remains

Abundant foraminiferal tests. Frequent
ammonoids and plant remains. Rare
calcified radiolarians, ostracods, ben-
thonic foraminiferal tests, bivalves, and
fish remains

0-15 - Rare to abundant

0 <1 Rare

5-20 <1 Moderate

0-10 2 Rare

0-15 4 Moderate to abundant
20-35 4 Abundant

45-55 5-15 Moderate to abundant
35-60 0-8 Abundant

60-90 5-32 Abundant

55-80 0-5 Abundant

bioturbation is very rare, with Thalassinoides (Glossifun-
gites ichnofacies) observed in one bed at the top of the well.

Matrls are represented by microfacies MF 8 (marl). It is
formed by a mixture of clay and micrite in similar propor-
tions, showing a massive or laminated structure. When par-
allel lamination is observed, it is marked by millimeter-thick
alternations of laminae with a predominance of micrite and
laminae with a predominance of clay (Fig. 5b). Bioturbation
is frequently observed (Fig. 5c¢).

Mudrocks are abundant in the lowermost part of the
well; hence, three microfacies were characterized, mostly
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composed of terrigenous mud. The microfacies MF 7
(mudrock with allochems) is composed of massive ter-
rigenous mud with different types of poorly sorted allo-
chem grains (silt to gravel in size) dispersed in terrigenous
mud (Fig. 5a). Localized convolute and disrupted lamina-
tion occur in this microfacies (Fig. 3d). The microfacies
MF 9 (mudrock) is composed mainly of terrigenous mud
(Figs. 5d, e) with up to 16% bioclasts. Plant remains are
frequent (Fig. 3e), micrite is rarely observed and biotur-
bation is common. The microfacies MF 10 (fossiliferous
mudrock) is distinguished by the abundant amount of
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Fig.3 a MF I: Crystalline dolomite with faults displacing and tilting
the original parallel lamination (interval 226.45 m). b MF 3: Intra-
clastic floatstone with wackestones, packstone, and grainstone intra-
clasts indicated by the arrows (interval 346.60 m). ¢ MF 4: Graded
grain- to packstone with poor normal grading and mudrock intraclasts

bioclasts, mostly planktonic foraminiferal tests (Fig. 5f).
Plant remains are rare and the content of organic matter
is high (1-4%). In most cases, this microfacies is lami-
nated but the lamination is not a diagnostic feature, rarely
showing a massive structure and bioturbation. It presents a
variable amount of microcrystalline calcite, which reaches
as high as 20%. Microfacies types with these properties
were not described by Berthou and Bengtson (1988) and
Walter (2000).

Silica nodules occur through the upper part of the sec-
tion (above 300 m, Fig. 2), mostly in microfacies types MF
1, MF 3, MF 5, MF 8, MF 9, and MF 10. They exhibit a
grayish to black color, centimetric size, and are composed
of microcrystalline silica.

at the base indicated by the white arrows (interval 411.90 m). d MF
7: Mudrock with allochems presenting well-marked convolute lami-
nae (interval 407.00 m). e MF 9: Mudrock with massive structure and
plant remains indicated by the white arrow (interval 370.05 m)

Interpretation

Microfacies successions were not established in this study
due to the nature of the deposits, which in many cases were
formed by random episodic events (e.g., debris flows and
turbidity currents generated by earthquakes or storms) or by
climatic-related deposition. Hence, it interrupted any logic
succession that would support the environmental interpre-
tation. Thus, the microfacies vertical pattern was analyzed
individually.

The microfacies MF 1 (crystalline dolomite) is always
associated with fractured zones, and the original parallel
lamination was tilted due to faulting. The size and nearly
uniform shape of the dolomite crystals may indicate that
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Fig.4 Photomicrographs of the microfacies types MF 1-5. a MF 1:
Crystalline dolomite with euhedric to subhedric crystals and inter-
crystalline porosity in the center (interval 196.30 m, plane polarized
light, magnification 10 X). b MF 2: Bioclastic floatstone with coarse
bivalve fragments and dolomitized matrix (interval 52.75 m, plane
polarized light, magnification 1.25 X). ¢ MF 3: Intraclastic float-
stone with packstone intraclasts and bivalve shell fragments (inter-
val 346.60 m, plane polarized light, magnification 2.5 x). d MF 4:
Graded grain- to packstone showing ooids, intraclasts, bioclasts, and

the original rock was probably a mudstone or wackestone
with small amounts of bioclasts. The dolomitization pro-
cesses were interpreted as having been formed by percola-
tion of meteoric waters through fractures.
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detrital quartz grains as components (interval 412.70 m, plane polar-
ized light, magnification 2.5 X). e MF 5: Mudstone/wackestone with
massive texture, presenting calcispheres, and neomorphized matrix
(interval 375.15 m, plane polarized light, magnification 5 X). f MF
5: Mudstone/wackestone with parallel lamination marked by a high
concentration of bioclasts or by terrigenous clay. The lamination is
tilted due to late tectonic activity (interval 212.5 m, plane polarized
light, magnification 5 X)

The coarse-grained lithofacies (MF 2, MF 3, MF 4, and
MEF 7) were interpreted as gravitational flows deposited at
the toe of the slope, triggered by short-lived increases in
shear stress generated by earthquakes or storms that created
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Fig.5 Photomicrographs of the microfacies types MF 7-10. a MF
7: Mudrock with allochems; note bioclasts, peloids, and highly mic-
ritized ooids and oncoids (interval 414.00 m, plane polarized light,
magnification 2.5 x). b MF 8: Marl characterized by planar-parallel
lamination showing an alternation of thicker laminae of micrite
and thin laminae of terrigenous clay and organic matter (interval
234.45 m, plane polarized light, magnification 2.5 X). ¢ MF 8: Marl
with massive texture showing a mixture of micrite and terrigenous
clay. Note the bioturbation indicated by the arrows (interval 408.35,

the instability necessary for slope collapse (Spence and
Tucker 1997). The microfacies MF 2 (bioclastic floatstone)
was deposited by a debris flow that transported the shells
downslope to a distal subaqueous environment. In terms
of texture and the interpreted sedimentary process, this

crossed polarized light, magnification 5 X). d MF 9: Mudrock with
massive texture presenting elevated amount of quartz and few bio-
clasts (foraminiferal tests); interval 311.25; plane polarized light;
magnification 2.5 X). e MF 9: Mudrock with well-marked lamination
disrupted by a small-scale fault (interval 307.35 m, plane polarized
light, magnification 5 x). f MF 10: Bioclastic mudrock with abundant
planktonic foraminiferal tests immersed in a terrigenous clay matrix
(interval 278.1 m, plane polarized light, magnification 5 X)

microfacies is similar to the bioclastic floatstone to wacke-
stone facies (F1b) described by El-Asmar et al. (2015) in
the Upper Jurassic of Saudi Arabia. The microfacies MF 3
(intraclastic floatstone) was deposited by a cohesive debris
flow (Lowe 1982; Mulder and Alexander 2001), as suggested
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by the massive texture with intraclasts, poor sorting and the
presence of shallow marine grains (e.g., red algae fragments
and ooids) associated with planktonic forms (e.g., calci-
spheres and foraminifera) in a mud matrix. The microfacies
MF 4 (graded grain- to packstone) is vertically associated to
the microfacies MF 7 (mudrock with allochems). The pres-
ence of crude normal grading, erosional contact, and mud
intraclasts were attributed to a deposition by a turbulent flow
characterized as a poorly efficient flow (Mutti et al. 2003).
The microfacies MF 7 (mudrock with allochems) exhibits a
bioclastic content represented by a mixture of shallow and
deep marine fossils and was formed by a debris flow. The
occurrence of localized convolute laminae and disrupted
lamination may suggest the debris flow evolved from a
slump.

The microfacies MF 5, MF 6, MF 8, MF 9, and MF 10
were interpreted as deposits of carbonate and/or terrigenous
mud in a subaqueous low-energy environment. The micro-
facies MF 5 (mudstone/wackestone) represents carbonate
mud deposition in an exaerobic environment (sensu Savrda
and Bottjer 1991); the presence of macrofossil remains and
bioturbation indicate that this water had enough oxygen to
allow the colonization of the substrate. Slight dolomitization
occurred in fractured zones. The high clay content of micro-
facies MF 6 (argillaceous mudstone/wackestone) may have
been due to minimal carbonate productivity and/or a high
clay input from the continent. Thalassinoides ichnogenus
is usually associated with firmgrounds, which can indicate
a pause in sedimentation (Nieto et al. 2014), interpreted
as having been caused by high sea level. The presence of
parallel lamination, rare bioturbation, and high pyrite con-
centrations indicates a quasi-anaerobic environment (sensu
Savrda and Bottjer 1991). Similar to microfacies MF 5, it
was affected by a slight dolomitization in fractured zones.
The microfacies MF 8 (marl) represents the deposition of
carbonate mud in alternation with terrigenous mud in a
subaqueous low-energy environment. The intercalation was
interpreted as a result of cyclic climatic changes. During
more humid periods, the terrigenous input from the conti-
nent was higher, leading to an increase in the clay content;
in drier periods, the terrigenous input was lower and the
carbonate production was higher, resulting in the decrease of
clay content. Bioturbation was often observed when massive
structure was exhibited, suggesting that the lack of lamina-
tion was a consequence of burrowing.

Both mudrock microfacies exhibit micritic content, which
was interpreted as originating by the smashing of very fine
sand-sized peloids. The microfacies MF 9 (mudrock) was
interpreted as terrigenous mud deposited in a marine envi-
ronment close to the continent—suggested by the presence
of plant remains together with marine biota (e.g., radiolar-
ian and foraminifera)—enabling the substantial deposition
of terrigenous mud sourced by rivers. The microfacies MF
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10 (fossiliferous mudrock) was formed by the deposition
of terrigenous mud and abundant planktonic bioclasts. The
presence of sedimentary lamination associated with high
amounts of early diagenetic pyrite indicated an environ-
ment with quasi-anaerobic waters (sensu Savrda and Bottjer
1991). The substantial amount of planktonic foraminiferal
tests and calcispheres were associated with periods of low
sedimentation rates, possibly due to periods of high relative
sea level, favoring the concentration of these microfossils.

The radiolarians found in this section showed its original
siliceous tests replaced by calcite or pyrite. This process
increased the silicate ions in the fluids and induced the dia-
genetic precipitation of microcrystalline silica as nodules.

The Berthou and Bengtson (1988) microfacies study
suggests an open-marine environment for the Cenoma-
nian—Coniacian interval. The authors noted that oxidiz-
ing conditions generally found in shallow waters occurred
in some areas in addition to deep-water regimes found in
most samples and stratigraphic levels. Shallow waters with
oxidizing conditions were not observed herein due to the
geographic location of this study (structural low). The deep-
water environment with periodic anoxic conditions observed
here, however, confirms the previous knowledge of these
authors. In addition, Berthou and Bengtson (1988) did not
observe the mudrock microfacies described in this study.
Indeed, most microfacies with high terrigenous clay content
were associated herein to the late Albian (Riachuelo Forma-
tion), which was not studied by them.

Organic geochemistry

Total organic carbon (TOC) vs. sulfur (S) plots have proved
to be useful to support paleoenvironmental interpretations;
Leventhal (1982, 1995) used TOC vs. S plots to define eux-
inic environments when comparing the results obtained from
the Black Sea. The author proposed that high TOC and S
values suggest anoxic bottom water conditions capable of
preserving organic matter, while low values may indicate
oxic conditions.

In the studied section, most of the sample data points
were located between the normal marine and the euxinic
fields in the Leventhal (1995) plot (Fig. 6). Samples from
deeper intervals in the well were plotted nearer the euxinic
field, while samples obtained from shallower depths were
plotted nearer the normal marine field, indicating a trend of
oxygen availability that increased from the base to the top of
the well. The hatched area indicates a diagenetic sulfidation
overprint due to changes in environmental conditions, also
suggesting that part of the base of the well was affected by
diagenetic sulfidation, corroborated by the elevated pyrite
concentration observed in samples and thin-sections.

The pseudo-Van Krevelen diagram (Fig. 7) of Rock—Eval
data indicates a type II kerogen for every sample location
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presented predominantly a type III kerogen, with one sample
showing a mixed kerogen (types II and IIT), which suggests
an additional contribution of terrestrial organic matter. The

shallower than 317 m, which was derived mainly from algal
presence of continent-derived organic matter at the bottom

organic matter (phytoplankton and zooplankton) but also
from pollens and spores and was interpreted as being depos-

ited in marine environments. The deeper sampled interval
@ Springer
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part of the core and of marine-derived organic matter at the
upper part of the core indicates a reduction of the continent
contribution, possibly due an increase of the relative sea
level.

Sequence stratigraphy

Three third-order depositional sequences (sequence 1,
sequence 2, and sequence 3) were identified (Fig. 8),
bounded by maximum flooding surfaces (mfs 1-mfs 3).
Internally, lower-order sequences were recognized; how-
ever, they have not been detailed in this study because these
sequences did not encompass the scale used here and are,
indeed, less relevant to the proposed stratigraphic model.
The designation of the sequences followed its upper lim-
its (sequence boundaries). In summary, the studied section
represented a transgressive event that began in the early
Cenomanian.

The characterization of depositional sequences is based
on the integrated data analyses (microfacies, fossil content,
gamma ray, TOC, and type of kerogen). The genetic stra-
tigraphy sequences of Galloway (1989) were used because
surfaces of maximum flooding are well developed and rep-
resented across most of the marine sections (shallow to deep
settings), being easier to identify than subaerial exposure
surfaces that are mostly well developed in shallower settings
and might be missing in deeper settings.

The stratigraphic age framework was established based
on: (1) last occurrence of the species Braarudosphaera afri-
cana, top of the biozone N-252 (Albian/Cenomanian bound-
ary) of Antunes (1997); (2) first occurrence of the species
Eprolithus octopetalus, top of Subzone UC5c (Cenomanian/
Turonian boundary) of Burnett (1998); and (3) occurrence
of the species Radiolithus planus, which is placed by Young
et al. (2017) in the lower Turonian. The calcareous nannofos-
sils were absent in the uppermost part of the section.

Sequence 1 consisted of microfacies MF 3, MF 4, MF 5,
MF 7, MF 8, MF 9, and MF 10. In the beginning, it repre-
sents a deposition of gravity flows near the slope of a mixed
carbonate-siliciclastic platform during a sea-level lowstand.
It was evidenced by the presence of reworked microfacies
(MF 3, MF 4, and MF 7) with coated grains and red algae
debris, and the presence of low-energy microfacies (MF 5,
MF 8, MF 9, and MF 10); some of the microfacies are bio-
turbated and/or exhibiting plant remains. Later, a relative
sea-level rise caused a transgression, marked by an increase
in planktonic foraminifera content (MF 10) and in organic
matter content. The rise in the base level led to a consider-
able reduction of the amount of delivered terrigenous sedi-
ment. The predominance of laminated facies, the peak in the
TOC, and the predominance of the planktonic fossil content
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marked the maximum flooding surface and the sequence
limit.

Sequence 2 consisted of microfacies MF 1, MF 5, MF 6,
MF 8, MF 9, and MF 10. This sequence starts with a pro-
gradation of carbonate deposits during a sea-level highstand,
represented by the reduction of the terrigenous clay content,
with deposition of carbonate mud (MF 5, MF 6, and MF
8), indicating an increase in the carbonate factory contribu-
tion. In this sequence, characteristic features of a sea-level
drop could not be observed. Three possibilities, not mutually
exclusive, were assumed: (1) correlative conformities ‘“‘hid-
ing” the presence of such features; (2) the presence of nor-
mal faults omitting the sea-level drop interval; and (3) a rise
in the relative sea level immediately following a sea-level
highstand without a sea-level drop. The transgression was
marked by the presence of highly laminated mudstones and
wackestones and by an increase in the planktonic fauna and
the increase in organic matter content. A peak in the TOC
and a peak in the planktonic fossil content were interpreted
as the maximum flooding surface, which was accompanied
by an increase in argilosity (MF 6) and marked the superior
limit of this sequence.

Sequence 3 consisted of microfacies MF 1, MF 2, MF 3,
MF 5, MF 6, and MF 8. Its beginning is marked by the pro-
gradation of the carbonate ramp and the increase of the car-
bonate mud content (MF 5) in relation to terrigenous mud.
Part of this interval was highly affected by tectonic activity
and shows a high frequency of fracture networks, faults, and
pervasive dolomitization, which made it difficult to form an
accurate stratigraphic interpretation (Fig. 9). The presence
of highly burrowed mudstones and wackestones indicated
a relative sea-level drop, which was also evidenced by the
presence of intraformational floatstones (MF 3) with wacke-
stone and mudstone intraclasts, representing olitostromes
formed by cohesive debris flows and slumps at the toe of
slope. The rise in argilosity (MF 6 and MF 8), increase in
organic content, and the presence of laminated microfacies
(MF 5, MF 6, and MF 8) marked a rise in relative sea level,
which achieved its maximum flooding (MFS) at the 61-m
section interval, as evidenced by a TOC peak and the pres-
ence of Thalassinoides ichnogenus. The upper limit of this
sequence was placed at the base of the dolomitized, karsti-
fied, and weathered section.

Campos Neto et al. (2008) recognized two depositional
sequences (K70-K84 and K86-88) in the studied interval
bounded by regressive surfaces and with a different strati-
graphic order of that used herein. In this study, sequence
boundaries were delimited by maximum flooding surfaces
(Galloway 1989). Hence, the dating of the sequence bound-
aries observed here were different from those of Campos
Neto et al. (2008), making a comparison between them
impossible.
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protected carbonate-siliciclastic mixed platform. b Early Cenomanian
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distally steepened carbonate ramp. ¢ Cenomanian—Turonian progra-
dation of carbonate ramp. d Early Turonian marking the higher influ-
ence of the carbonate factory due to low terrigenous influx
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Paleoenvironmental evolution

The detailed study of the defined sequences, supported
by the available literature (e.g., Koutsoukos 1989; Kout-
soukos et al. 1991, 1993), allowed for the interpretation
of the depositional system and its evolution at the Divina
Pastora Low. The depositional environment evolved from
a partially protected carbonate-siliciclastic mixed platform
(lithostratigraphically correlatable to the Riachuelo For-
mation) to a distally steepened carbonate ramp (lithostrati-
graphically associated with the Cotinguiba Formation).

The studied core was divided into four intervals with
distinct sedimentological and stratigraphic characteristics:
late Albian, early Cenomanian, Cenomanian—Turonian,
and early Turonian.

The late Albian interval was associated with a partially
protected carbonate-siliciclastic mixed platform (Fig. 9a),
with deeper portions in structural lows (e.g., the Divina
Pastora Low, see Fig. 1). The presence of terrigenous
material, plant remains (MF 8), and the mixture between
kerogen of types II and III suggested a constant influx
from the continent associated with a more humid climatic
phase and possibly renewed source areas uplifted by tec-
tonic activity (Campos Neto et al. 2008). The occurrence
of allochem grains (sometimes supported by terrigenous
muddy matrix) at deeper parts (the Divina Pastora Low)
was interpreted as the occurrence of gravitational flows
(MF 3, MF 4, MF7) triggered by earthquakes or storms
that originated at oolitic/oncolitic shoals formed at adja-
cent structural highs (e.g., Aracaju High, see Fig. 1).

The early Cenomanian interval was associated with a
rise in sea level, responsible for the drowning of the oolitic
shoals and continental source areas. The rise of the base
level led to the reduction in the amount of terrigenous
material and continent-derived organic matter transported
by rivers due to a smaller fluvial gradient. This period was
tectonically stable with denuded source areas and lower
terrigenous input. Therefore, the scarcity of terrigenous
material favored the carbonate productivity and provided
the necessary conditions to form a distally steepened car-
bonate ramp (Fig. 9b) morphologically associated with the
Divina Pastora Low. The sediment deposition was heavily
influenced by variations in carbonate production and cli-
matic changes. As a result, calcilutites (MF 5 and MF 6)
occurred interbedded with marls (MF 8) and shales (MF
9 and MF 10). In addition, the presence of carbonate brec-
cias (MF 3) indicated the occurrence of gravitational flows
triggered by short-lived events that increased the shear
stress in the slope, such as earthquakes or storms.

The Cenomanian—Turonian interval (Fig. 9c) repre-
sents the progradation of the carbonate ramp driven by
an increase in the deposition of carbonate mud and the

continuous decrease in argilosity (MF 5, MF 6, and MF 8).
In the beginning, the sea level remained constantly high
and a further transgression occurred without a marked
sea-level drop, as discussed in the sequential analysis (see
section Sequence Stratigraphy). Episodes of oxygen defi-
ciency developed, intensified by the rise in sea level that
expanded the minimum oxygen layer, causing the extinc-
tion of many species and favoring the deposition of lami-
nated facies. The transgression on the Cenomanian—Turo-
nian interval observed in the studied section agrees with
other studies of the Sergipe—Alagoas Basin (e.g., Berthou
and Bengtson 1988; Mello et al. 1989; Koutsoukos 1992;
Koutsoukos et al. 1993; Seeling and Bengtson 2002).
However, Walter et al. (2005), studying an outcrop ca.
20 m thick in the Japaratuba area (approximately 30 km to
northeast, Fig. 1), noted a shallowing-upward trend in this
same time interval. This sharp contrast can be explained
by the differential subsidence related to basement tectonics
in this period (Berthou and Bengtson 1988).

The early Turonian interval (Fig. 9d) was marked by a
higher influence of the carbonate factory and almost no
influence of continental sediments due to tectonic quies-
cence and the possibility of an arid climate. This interval
shows a predominance of mudstones and wackestones
(MF 5) and carbonate breccias (MF 3) with mudstones and
wackestones intraclasts. The carbonate breccias were inter-
preted as being caused by earthquakes that destabilized the
slope that collapsed and evolved into gravity flows. During
this interval, the sea level is considered the maximum of
the entire studied section, as evidenced by the highest level
of TOC and the occurrence of Thalassinoides ichnogenus,
indicating the presence of a firmground formed by a low
sedimentation rate.

Conclusions

In this study, the analysis of 439 m of continuous core
resulted in the establishment of ten sedimentary microfacies
types, which were related to a paleoenvironmental interpre-
tation. The late Albian—early Turonian succession in the Ser-
gipe—Alagoas Basin was deposited on a partially protected
carbonate-siliciclastic mixed platform with a gradual pas-
sage to a carbonate ramp morphologically associated with
a structural low.

The integrated approach of sedimentology, geochemistry,
microfacies, and gamma ray analyses provided substantial
information to support the paleoenvironmental interpreta-
tion when studying deep-marine deposits. These analyses
were crucial in recognizing microfossil abundance, argilos-
ity, and TOC variations, which contributed to the definition
of flooding surfaces to establish depositional sequences and
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to understand the paleoenvironmental evolution in the study
area.

During the late Albian, the sedimentation is considered
to have been highly controlled by tectonic activity and cli-
mate. Further, the tectonic activity ceased and the carbonate
productivity increased following the Cenomanian, with the
climate acting as the primary mechanism controlling the
sedimentation.

The stratigraphy reflects a transgression that drowned
a shallower platform and the source areas. Three genetic
sequences were bounded by maximum flooding surfaces due
to a lack of features, indicating subaerial exposures. Hence,
the evolution of the Divina Pastora structural low from the
late Albian to the early Turonian can be summarized as a
transgressive event that drowned source areas and favored
the implementation of a carbonate ramp. Indeed, it can be
divided into three phases: the first, a partially protected car-
bonate-siliciclastic mixed platform; the second, a sea-level
rise causing the drowning of source areas; and the third,
implementation of the carbonate ramp and consolidation of
carbonate sedimentation.
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