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ABSTRACT

The Bragantina Platform is an onshore basin of the Brazilian equatorial margin, including the Pirabas Formation,
the youngest bioclastic-dominated formation in the area (early-middle Miocene), testifying to the final demise of
carbonate factories along this margin area and the transition to a siliciclastic-dominated sedimentation. Although
the greatest part of the Pirabas Formation is overlain by the Barreiras Formation and the post-Barreiras deposits,
the outcrops provide the opportunity to investigate these Neogene successions that are the onshore equivalent of
the large offshore basins (e.g Amapa Formation: Foz do Amazonas and Ilha de Santana Formation: Para-
Maranhao) of the margin. The latter are deemed to represent an important target for reservoir models. Aiming to
thoroughly describe the Pirabas Formation deposits and provide a quantitative and simple approach to analysing
the outcropping successions, this study examines seven different successions and a quarry using palaeontological
and petrographical methods. Similar to the modern Brazilian equatorial margin, the siliciclastic fraction in the
Pirabas Formation rocks decreases as the distance from the coast increases, whereas the bioclastic material is
found in greater amounts offshore. However, while the carbonate production close to the Amazon River mouth
currently occurs hundreds of kilometres offshore, the carbonate factories in coastal along the Pirabas platform
are also located in coastal waters. This indicates that the terrigenous input over the carbonate rocks was still
lower than that found at present. The combining analysis of the skeletal and foraminiferal assemblages enabled a
separation of protected embayments (characterised by seagrass-related assemblages), exposed areas (charac-
terised by bioclastic shoals) and mangrove forests (characterised by dark fine-grained sediments). This accurate
approach serves as an unprecedented reference for the northeastern part of the South American equatorial
margin and lays the foundation for future research.

1. Introduction

sedimentary cover of these basins records the long evolution of the
Brazilian equatorial margin following the breakup of the African and

The Brazilian equatorial margin comprises five large offshore basins
(from northwest to southeast, Foz do Amazonas, Para-Maranhao, Bar-
reirinhas, Ceara and Potiguar) and several onshore basins (Avila, 2018;
Pellegrini and Ribeiro, 2018; Nogueira et al., 2021). The thick
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American plates owing to the Atlantic Ocean opening (Szatmari et al.,
1987; Brandao and Feijo, 1994a, b; Figueiredo et al., 2007; Soares et al.,
2007; Trosdtorf et al., 2007; Pellegrini and Ribeiro, 2018; Cruz et al.,
2019). The recent discovery of the world-class hydrocarbon plays along
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the margin (e.g. the Zaedyus field in the French Guiana-Suriname), and
the conjugate African margin (e.g. Jubilee field; Brownfield and Char-
pentier, 2006; Zalan, 2015; Kelly and Doust, 2016; Avila, 2018; Pelle-
grini and Ribeiro, 2018; Wong and Geuns, 2019; Zalan et al., 2019) have
emphasized the need to improve our knowledge concerning the suc-
cession of these large offshore basins. Amongst these offshore basins, the
Para-Maranhao and Barreirinhas basins, representing a geological con-
tinuum (Trosdtorf et al., 2007), are the least explored (Pellegrini and
Ribeiro, 2018). The onshore (and thus the easiest accessible) portions is
represented by the Bragantina Platform (Nogueira et al., 2021). The
Bragantina Platform comprises deposits whose age ranges from the
Cretaceous to the late Neogene (e.g. Rossetti et al., 2013; Aguilera et al.,
2014; Avila, 2018; Nogueira et al., 2021). Most early Neogene succes-
sions of the Bragantina Platform are represented by the Pirabas For-
mation, which comprises carbonate to mixed siliciclastic-carbonate
deposits formed in the shallow-water coastal settings (Petri, 1957;
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Ferreira, 1977; Goes et al., 1990; Rossetti et al., 2013; Aguilera et al.,

2014; Antonioli et al., 2015; Nogueira and Nogueira, 2017; Aguilera

et al., 2020a, b; Nogueira et al., 2021, Fig. 1). These deposits are

equivalent to those of the Pirabas Formation of the Barreirinhas Basin

and those of the upper part of the Ilha de Santana Formation of the
Para-Maranhao Basin. They could be correlated to the upper part of the
Amapa Formation of the Foz do Amazonas Basin (Pamplona, 1969;
Rossetti and Goes, 2004; Figueiredo et al., 2007; Soares et al., 2007;
Trosdtorf et al., 2007; Rossetti et al., 2013; Cruz et al., 2019, Fig. 1).
Consequently, correlating onshore and offshore sedimentary records
would aid in reconstructing the stratigraphic, large-scale geometries and
palaeoenvironmental evolution of the Brazilian equatorial margin,
improving the understanding of the onshore Pirabas Formation. More-
over, the Pirabas Formation is the last bioclastic-dominated formation of
this margin area. The deposits which overlie the Pirabas Formation
mainly comprise the siliciclastic material, revealing the transition from a
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Fig. 1. Map displaying the fossiliferous outcrop and quarry localities of the Pirabas Formation along the equatorial Brazilian coast. A) Cenozoic architecture of the
Eastern Amazonian coast (modified from Nogueira et al. (2021) and Soares et al. (2011); the square marked by a D illustrates the area of the Bragantina platform, that
is, the study area, displayed in Panel D. B) Stratigraphy succession of Pirabas-Barreiras formations (modified from Rossetti, 2001 and Nogueira et al., 2021). C)
Outline map of Brazil (square empty A shows the area of interest displayed in Panel A). D) Detailed map (modified from Vasquez et al., 2008) showing the stud-

ied localities.
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carbonate platform environment, which persisted for millions of years,
to a siliciclastic-dominated platform similar to that of the current margin
(Nogueira et al., 2021, Fig. 1). The timing and dynamics of this
remarkable change are stored within the offshore basins of the margin
and Pirabas Formation, further revealing the need for a coherent
framework for analysing the onshore and offshore sedimentary records.

According to Freimann et al. (2014) the correlation of the litholog-
ical and geophysical well logs, spontaneous potential, electrical re-
sistivity and gamma-ray analyses indicates that the Pirabas Formation
has a thickness of approximately 120 m in onshore areas. However, only
the upper 5-15 m are exposed in small and discontinuous outcrops
scattered along the coast (e.g. Aguilera et al., 2020a, b). The outcrop
surfaces are often altered, hindering detailed studies on large-scale
sedimentary structures. Longer sections have only been observed in
quarries and short drill cores (e.g. Aguilera et al., 2014; Nogueira et al.,
2021). Although recent assessments have significantly expanded our
knowledge concerning the Pirabas Formation palaeontology (Antonioli
et al., 2015; Nogueira and Ramos, 2016; Nogueira and Nogueira, 2017;
Aguilera et al., 2020a, b; Lima et al., 2020a, b; Bencomo et al., 2021; De
Aratijo et al., 2021; Lima et al., 2021; Nogueira et al., 2021), the patchy
nature of the outcropping successions curtails any attempts to establish
large-scale correlations. Furthermore, as most described boreholes from
successions stem from drillings performed for groundwater prospecting,
they are largely based on cuttings, resulting in poorly constrained
stratigraphic analyses and often confusing lithological descriptions.
Therefore, a comprehensive quantitative approach considering all the
limited available information is needed to further understand the Pira-
bas Formation and correlate and compare the various sections. This
study integrates lithological descriptions with palaeontological analyses
of the scattered outcrops deposits of the Pirabas Formation aiming to
provide a comprehensive framework for integrating further researches
and offset the limitations owing to the lack of extensive outcrops. The
skeletal assemblages of the bioclastic carbonates be influenced by the
temperature, water depth, light availability, seafloor characteristics,
sedimentation rate and nutrient concentrations (e.g. Lees and Buller,
1972; Carannante et al., 1988; Hayton et al., 1995; James, 1997; Lokier
et al., 2009; Coletti et al., 2017, 2019; Pomar et al., 2017; Michel et al.,
2018). Their accurate analyses combined with the petrographic studies
might help reconstruct a comprehensive palaeoenvironmental scenario
to better correlate the onshore Pirabas Formation with the offshore basin
successions, improving our knowledge with respect to the Brazilian
margin sedimentary deposits for both scientific research and industrial
purposes.

2. Geological setting and hydrocarbon systems

The basins of the Brazilian equatorial overlay a complex Precam-
brian basement (e.g. Sao Luis Craton) and were shaped by the exten-
sional tectonics that created the Atlantic Ocean (Figueiredo et al., 2007;
Soares et al., 2007; Trosdtorf et al., 2007; Soares et al., 2008, 2011;
Nogueira et al., 2021). Three main supersequences can be recognised in
most basins, which represent the large-scale stratigraphic organisation
of the margin: 1) pre-rift; 2) syn-rift and 3) post-rift/passive margin
(Figueiredo et al., 2007; Soares et al., 2007; Trosdtorf et al., 2007). The
pre-rift sedimentary supersequence primarily comprises sandstones and
marls deposited in the continental settings whose age ranges from the
Paleozoic to the early Cretaceous. The syn-rift supersequence spans from
the Berrasian—-Aptian to the Albian and comprises sediments deposited
in the continental and shallow-water marine environments. The passive
margin (Albian-Recent) supersequence comprises various sedimentary
deposits related to the marine environments ranging from the shallow
carbonate platforms to deep-water basins. Different hydrocarbon sys-
tems are recognised within the margin, with various sources and res-
ervoirs (Pellegrini and Ribeiro, 2018). The following are the main source
rocks: 1) Devonian shales of the pre-rift supersequence (Pimenteiras
Formation, Pard-Maranhao and Barreirinhas basins), which represent
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source rocks in the conjugated African margin (Soares et al., 2007;
Trosdtorf et al., 2007); 2) lower Cretaceous lacustrine shales of the
pre-rift supersequence (Pendéncia Formation, Potiguar Basin); 3)
lacustrine and lagoonal Aptian shales of the syn-rift supersequence
(Cassiporé and Codé formations, Foz do Amazonas, Para-Maranhao and
Barreirinhas basins; Mundat and Paracuru formations, Ceara Basin and
Pescada and Alagamar formations, Potiguar Basin); 4) Albian to Cen-
omanian calcilutites and marine shales of the initial post-rift super-
sequence (Limoeiro Formation, Foz do Amazonas Basin and Caju Group,
Para-Maranhao and Barreirinhas basins), which are source rocks in the
conjugate African margin and 5) Cenomanian to Turonian marine shales
of the post-rift supersequence (Travosas Formation, Para-Maranhao and
Barreirinhas basins), which are source rocks in the conjugated African
margin. The main known reservoirs of the various systems are: 1) Ber-
rasian to Albian fluvial-deltaic sandstones of the syn-rift supersequence
(Cassiporé Formation, Foz do Amazonas Basin, Canarias Group,
Para-Maranhao Basin; Bom Gosto and Barro Duro formations, Barreiri-
nhas Basin; Mundat and Paracuru formations, Ceara Basin; Pendéncia,
Pescada and Alagamar formations, Potiguar Basin); 2) Cretaceous to
Paleogene shelf and turbiditic sandstones of the post-rift supersequence
(Limoeiro Formation, Foz do Amazonas Basin; Travosas Formation,
Para-Maranhao and Barreirinhas basins; Ubarana Formation, Ceara
Basin and Agu and Ubarana formations, Potiguar Basin). Among these
sandstones, the turbiditic host world-class plays in both the South
American (Zaedyus, French Guiana-Suriname) and conjugated African
margins (Jubilee); 3) Paleogene shelfal calcarenites (Amapa Formation,
Foz do Amazonas Basin and Ilha de Santana Formation, Para-Maranhao
Basin) and 4) Neogene shelf and turbidite sandstones of the late passive
margin supersequence (Orange Formation, Foz do Amazonas Basin).
From the palaeoenvironmental perspective, the passive margin
supersequence can be divided into two main stages: the pre-Amazon
stage (Late Cretaceous-middle Miocene, i.e. prior to the establishment
of the Amazon transcontinental river drainage) and the Amazon fan
stage (late Miocene-nowadays, i.e. following the establishment of the
modern Amazon drainage system; Vasquez et al., 2008; Figueiredo et al.,
2009; Gorini et al., 2014; Nogueira and Nogueira, 2017; Cruz et al.,
2019 and references therein). The Pirabas Formation in the Para state
(Fig. 1) is a young Cenozoic formation of this margin, although its age is
poorly constrained owing to a inadequate preservation of microfossils.
Molluscs and ostracods suggest that the Pirabas Formation might extend
from the late Oligocene to the latest early Miocene (Ferreira and Cunha,
1957; Nogueira and Nogueira, 2017), while palynomorphs, foraminifera
and nannofossils indicate that it extends from the early to the middle
Miocene (Antonioli et al., 2015 and references therein; Aguilera et al.,
2020a, b). Although the stratigraphic framework is still incomplete, its
composition reveals that it should have deposited towards the end of the
pre-Amazon stage. Thus, it should have recorded the initial stages of the
progressive transition of the margin from a carbonate-dominated to a
siliciclastic-dominated environment. Older formations, such as the
Amapa Formation, mainly comprise the biogenic carbonates (mostly
large benthic foraminifera) and only in the lower-middle Miocene in-
terval display a relevant terrigenous fraction (e.g. De Mello e Sousa et al.,
2003). Similar to the current Brazilian equatorial margin, the Pirabas
Formation was characterised by a complex coastline displaying various
shallow-water marine environments developed along a gently sloping
platform (Petri, 1957; Gdes et al., 1990; Antonioli et al., 2015; Nogueira
and Nogueira, 2017; Aguilera et al., 2020a, b; Bencomo et al., 2021;
Nogueira et al., 2021). This large number of shallow-water facies has
been historically grouped into three major ecological facies (Petri, 1957;
Ferreira, 1977), namely, the Castelo, related to the open shallow-water
marine settings, Capanema (also termed the Canecos), associated with
the lagoonal settings and Baunilha Grande, related to the
magrove-dominated coastal settings (Petri, 1957; Ferreira, 1977; Anto-
nioli et al., 2015; Nogueira and Nogueira, 2017). Since each of these
facies includes a large variety of different lithological and palae-
ontological  assemblages (only grouped by a  general
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palaeoenvironmental interpretation), they were defined as ecofacies.
They lack accurate and detailed descriptions. As these facies are inter-
layered rather than stacked, they display a complex pattern, with
gradual, lateral and vertical facies transitions (Ferreira and Francisco,
1988; Antonioli et al., 2015).

From the palaeontological perspective, the Pirabas Formation ex-
hibits a high diversity of the shallow-water marine fossils. These include
foraminifera (Petri, 1957), ostracods (Nogueira et al., 2019), molluscs
(Maury, 1925), bryozoans (Tavora et al., 2014; Zagorsek et al., 2014;
Ramalho et al., 2015, 2017; Muricy et al., 2016), echinoids (Santos,
1958, 1967; Mooi et al., 2018; Bencomo et al., 2021), crustaceans
decapods (Beurlen, 1958; Brito, 1971, 1972; Martins-Neto, 2001;
Tévora et al., 2002; Tavora and Dias, 2016; Aguilera et al., 2020b; Lima
et al., 2020a, b; Lima et al., 2021), fishes (Aguilera et al., 2014, 2017),
mammal sirenids (Toledo, 1989), ichnofossils (Soares et al., 2019; De
Aratijo et al., 2021) and fossil pollens, suggesting the presence of
mangrove forests (Leite, 2004; Antonioli et al., 2015).

The Pirabas Formation is gradually overlain by the Barreiras For-
mation and post-Barreiras siliciclastic deposits. Moreover, their age is
poorly constrained; the Barreiras Formation is deemed to have been
deposited between the early Miocene and the late Miocene, whereas the
post-Barreiras deposits should cover the late Neogene (Nogueira et al.,
2021, Fig. 1).

3. Materials and methods

Field trips for sample collection were conducted at seven outcrops
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and a quarry located at i) Praia do Atalaia (ATA; 0°35'37"S, 47°18'54.4"
W), ii) Aricuru (ARI; 0°43'50.14"S, 47°29’' 20.01”W), iii) Praia do
Magarico (MAGC; 0°36'44.61"S, 47°21'26.58"W), iv) Ponta do Castelo
(PTA; 0°40'55.69” S, 47°10'13.30” W), v) Fazenda (FA; 0°42"43.79" S,
47°9'58.65"W), vi) Baunilha Grande (BAU; 0°48'2.4"S, 43°57"3.2W),
vii) Colonia Pedro Teixeira (COL; 1°10'38"S, 47°13'00"W) and viii)
Capanema quarry B17 (B17; 1°10'S, 47°13° W; Fig. 1). Simplified
stratigraphic logs of the various outcrops are illustrated in Figs. 2 and 3.
The locality Colonia Pedro Teixeira was visited. However, the outcrop
no longer exists, and samples were obtained from the Brazilian
Geological Service collection. The Pirabas Formation is poorly exposed
at the Baunilha Grande, impeding an adequate section description.
Sampling activities were authorised by the Brazilian National Mining
Agency, under the control of paleontological research direction. The
samples for the petrography (Tables 1 and 2) analysis comprise 27
micro-plugs obtained with a portable drill from the lithified lithologies.
The samples are stored in the Paleoecology and Global Changes Labo-
ratory of Fluminense Federal University. The sub-samples destined for
the palaeontological and petrographic analyses were consolidated using
the epoxy resin followed by thin-section preparation (barring the black
siliciclastic mudstone of Praia do Magarico, Sample MAC-3, which was
too soft to be prepared as a thin section). The petrographic character-
istics and skeletal and foraminiferal assemblages were examined in all
thin sections. The skeletal assemblages were quantified by the point-
counting technique (Fliigel, 2010), using a 300 pm grid and counting
over 500 points in each section. The foraminiferal assemblages were
investigated by counting all occurring specimens in each section. Both
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point-skeletal assemblage counting and foraminiferal assemblage area
counting were performed in the samples, demonstrating abundant and
sufficiently well-preserved skeletal assemblages.

4. Results

As the outcropping successions are located close to the sea level, rock
surfaces are usually altered, hindering analyses on an outcrop scale
(Fig. 4). Three main lithologies are observed, as exemplified by the Praia
do Atalaia outcrop (Fig. 2). These include the bioclastic and frequently
grain-supported rocks (Fig. 4A, B, H-K), mudstones (Fig. 4B and C),
locally dark-coloured and rich in plant remains and siliciclastic sand-
stones, often located in the upper part of the section and probably
associated with the overlying Barreiras Formation. Macro-fossils can be
found in common in the bioclastic rocks and mainly comprise echino-
derms (Fig. 4D), molluscs (mainly preserved as internal moulds; Fig. 4E,
I and K) and vertebrate remains. Furthermore, locally dense networks (e.
g. Aricuru outcrop) of large-sized burrows, mainly attributed to Tha-
lassinoides ichnogenus (Fig. 4F and G) occur.

Based on the lithological characteristics, two main groups of samples
were recognised, namely, the mudstones (ATA-3, ATA-4.1, ATA-4.2,
MAC-1, MAG-3, B17-2 and B17-M2) and coarse-grained sedimentary
rocks (the remaining samples; Tables 1 and 2). Excluding Samples B17-2
and B17-M2, which are the carbonate mudstones, samples belonging to
the former group comprise large amounts of siliciclastic grains (Fig. 5).
Barring ARI-1 and BAU-1, samples comprising the second group consist
mainly of the bioclastic material (Tables 1 and 2; Fig. 6). ARI-1 is a fine-
grained sandstone that presents a small biogenic fraction (echinoderm
fragments, ostracods and benthic foraminifera; Tables 1 and 2; Fig. 6A
and B). BAU-1 is a micrite-rich siliciclastic-carbonate sandstone dis-
playing a skeletal assemblage consisting entirely of crustacean frag-
ments, associated with common angular fine-grained siliciclastic
particles (Tables 1 and 2; Fig. 6C and D).

The bioclastic coarse-grained rocks belonging to the second group
are characterised by various biogenic fragments. Overall, the skeletal
assemblage contains echinoderms, bryozoans (mostly erect-flexible
cellariform colonies; sensu Nelson et al., 1988; Smith, 1995), large
benthic foraminifera (mainly soritids) and molluscs (Tables 1 and 2;
Fig. 7A-D). Soritids prevail mainly in the Praia do Atalaia and Aricuru
outcrops (i.e. in the eastern part of the study area; Figs. 1, 7A and 7E),
whereas echinoderms and bryozoans are more common at Ponta do
Castelo, Fazenda, Colonia Pedro Teixeira and Capanema quarry B17 (i.e.
in the western part of the study area; Tables 1 and 2; Fig. 7B, C and D).
Mollusc moulds and mouldic porosity possibly associated with the
molluscs dissolution are common in most samples, especially in ATA-5
and samples from Capanema quarry B17 (Figs. 4E and 7B), indicating
that molluscs were probably more abundant prior to diagenesis. Small
benthic foraminifera are usually abundant (Tables 1 and 2). Red
calcareous algae are found in great amounts (Fig. 7F), mainly occurring
in coastal areas (Praia do Atalaia, Praia do Macarico, Ponta do Castelo
and Fazenda) and almost absent from the inland outcrops (Aricuru,
Colonia Pedro Teixeira and Capanema quarry B17) (Tables 1 and 2;
Fig. 1). Barnacles are relatively common in the skeletal assemblage of
Capanema quarry B17 (Table 2). Green calcareous algae (mainly Hal-
imeda) and ostracods are usually not abundant (Tables 1 and 2; Fig. 8).
No sample characterised by common planktonic foraminifera was
observed.

The foraminiferal assemblages from Praia do Atalaia and Aricuru are
dominated by soritids (probably belonging to the Sorites) and associated
with common small rotaliids, small miliolids (mainly Pyrgo and Trilo-
culina) and textulariids, with rare Amphistegina and Planorbulina speci-
mens (Tables 1 and 2; Fig. 9). The Ponta do Castelo and Fazenda
assemblages (Tables 1 and 2) are dominated by small miliolids, thick-
walled Amphistegina specimens (Fig. 9E), textulariids and small rota-
liids. Furthermore, soritids are common (mainly Sorites fragments and
rarer, poorly preserved, large miliolids potentially belonging to the



Table 1
Lithological characteristics, skeletal and foraminiferal assemblages of the examined samples from the outcrops based on point- and area-counting analysis, respectively.
Praia do Atalaia Aricuru Praia do Macarico Ponta do Castelo Fazenda Baunilha Colonia
Pedro
Teixeira
ATA-1.1 ATA-2 ATA-3 ATA-4.1 ATA- ATA-5 ARI-1 ARI-2 MAC-1 MAC-2 PTA-1 PTA-2* FA-1 FA-2* BAU-1 COL-1
4.2
Lithology Packstone Packstone Siliciclastic- Black Iron Siliciclastic- Mixed Siliciclastic- Mud- Wackestone Packstone to Packstone to Coarse- Packstone Mixed Packstone
rich- Mudstone rich rich siliciclastic  rich supported to packstone grainstone grainstone grained siliciclastic  to
wackestone nodule packstone carbonate  packstone  sandstone packstone carbonate  rudstone
sandstone sandstone
Terrigenous grains  Fine to Fine to Fine-sand // Sand- Fine to Fine-sand Fine-sand // Coarse-sand Sand sized,  Sand sized, Sand sized,  Fine-sand Fine-sand Coarse-
coarse coarse sized, sized, coarse sand  sized, sized, sized, subangular  subangular subangular sized, angular sized sand sized
sand -sand angular angular sized, angular angular angular to to angular angular
sized, sized, angular to subrounded subrounded grains grains
angular to angular to rounded
rounded  rounded
Main bioclastic BRY & LBF // // BRY & ECH ECH & OS  LBF // BRY & ECH ECH ECH BRY & ECH BRY Crustacean BRY
components LBF ECH & SBF & MOL & fragments
RCA
Secondary bioclastic ECH ECH & // // SBF BRY & LBF  // BRY & SBF  // // BRY & SBF LBF & SBF MOL & LBF ECH & LBF & // ECH &
components MOL & & MOL & SBF SBF MOL
RCA
Foraminiferal Soritids, Soritids // // // Soritids, // Soritids, // // Small Textulariids, Small Amphistegina, // //
assemblage small textulariids small miliolids, soritids, miliolids, small
rotaliids miliolids textulariids, Amphistegina small rotaliids,
soritids, rotaliids, small
small soritids, miliolids,
rotaliids textulariids,  soritids,
Amphistegina  textulariids
Alteration of Moderate Moderate Strong // Strong  Moderate Moderate Moderate Complete  Strong Low to Low to Low to Low to Strong Low
bioclasts moderate moderate moderate moderate
Point Counting
Echinoderms (ECH) 15% 10% // // // 40.5% // 8.5% // // 37% 35% 32% 23% // 30%
Bryozoans (BRY) 27% 3.5% // // // 12.5% // 12% // // 16% 9% 27.5% 43% // 43%
Molluscs (MOL) 9% 10% // // // 13% // 1% // // 10% 11% 14.5% 1% // 24%
Sorites (LBF) 31.5% 46% // // // 23% // 63% // // 7.5% 14.5% 5% 6% // 1%
Amphistegina (LBF) 0% 0% // // // 0% // 0% // // 1.5% 1.5% 0.5% 6.5% // 0%
Other large benthic  1.5% 0% // // // 0% // 0% // // 0% 7.5% 0% 0% // 0%
foraminifera (LBF)
Small benthic 8% 7.5% // // // 2.5% // 9% // // 16% 13% 12% 18% // 2.5%
foraminifera (SBF)
Red calcareous algae 0% 23% // // // 7.5% // 0% // 7% 5.5% 3.5% 1% // 0%
(RCA)
Green calcareous 6% 0% // // // 0% // 2.5% // // 3.5% 0% 2% 0.5% // 0%
algae (GCA)
Barnacles (BAR) 0% 0% // // // 0% // 0% // // 0% 0% 2% 0% // 0%
Ostracods (0S) 2% 0% // // // 1% // 4% // // 1.5% 0% 1% 1% // 0%
Serpulids (SER) 0% 0% // // // 0% // 0% // // 0% 3% 0% 0% // 0%
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Table 2

Lithological characteristics, skeletal and foraminiferal assemblages of the examined samples of Capanema Quarry B17 based on point- and area-counting analysis, respectively.

Locality Capanema quarry B17
B17-M1 B17-M2 B17-M3 B17-M4 B17-M5 B17-M6 B17-M7 B17-1.1 B17-1.2 B17-2 B17-M8

Depth from the base 2.1 4.5 5.8 6.3 8 8.2 10.2 10.2 10.2 12.5 16.8
of the quarry (m)

Lithology Mudstone Packstone Rudstone Packstone Floatstone Packstone Floatstone Packstone to  Packstone to Mudstone Packstone

floatstone floatstone

Terrigenous grains Very-fine sand Sand to coarse-sand Coarse-sand  Coarse to very- Coarse-sand Coarse-sand Coarse-sand Sand sized, Coarse-sand Sand sized,  Sand to fine sand

sized, angular sized, angular sized, coarse sand sized, sized, angular sized, angular sized, angular angular sized, angular sized, angular
angular angular angular

Main bioclastic ECH & SBF MOL BRY & MOL BRY & ECH BRY BRY & ECH BRY & ECH ECH ECH & BRY SBF & OS BRY & ECH
components & MOL
(section
observation)

Secondary bioclastic PLK ECH & SBF ECH & BAR BAR & MOL ECH & MOL MOL & SBF MOL & SBF BRY & MOL BAR // MOL & SBF
components
(section
observation)

Foraminiferal Small benthic Small benthic // Small benthic Small benthic Small benthic Small benthic Small Small // Small benthic
assemblage (area rotaliids, rotaliids, soritids, rotaliids, rotaliids, rotaliids, rotaliids, benthic benthic rotaliids,
counting) planktonic planktonic textulariids, planktonic Planorbulina textulariids rotaliids rotaliids planktonic

foraminifera foraminifera, soritids foraminifera foraminifera
textulariids

Alteration of Low Low Low Low Low Low Low Low Low Low Low
bioclasts

Point Counting

Echinoderms (ECH) // 15.5% 9% 54.5% 15.5% 22% 27.5% 53% 29% // 26.5%

Bryozoans (BRY) // 24.5% 57.5% 28% 67.5% 65% 56.5% 19% 25% // 55.5%

Molluscs (MOL) // 41% 15.5% 6.5% 15.5% 11.5% 8.0% 23.5% 23% // 8.5%

Sorites (LBF) // 1% 0% 5.5% 0% 0% 0.0% 0% 5.5% // 0.0%

Amphistegina (LBF) // 0% 0% 0% 0% 0% 0.0% 0% 0% // 0.0%

Other large benthic // 0% 3% 0% 0% 0% 0.0% 0% 0% // 0.0%
foraminifera (LBF)

Small benthic // 12% 0% 0.5% 1% 1% 5% 2% 0% // 6.0%
foraminifera (SBF)

Red calcareous algae  // 0% 0% 0% 0% 0% 0.0% 0.5% 0% // 0.0%

(RCA)

Green calcareous // 0% 0% 0% 0% 0% 0.0% 0% 0% // 0.0%
algae (GCA)

Barnacles (BAR) // 0% 13% 3% 0% 0% 2.5% 2% 14.5% // 0.0%

Ostracods (OS) // 6% 2% 2% 0.5% 0.5% 0.5% 0% 1.5% // 3.5%

Serpulids (SER) // 0% 0% 0% 0% 0% 0.0% 0% 0% // 0.0%
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Archaiasinae sub-family; Fig. 7F); rare Planorbulina specimens were also
observed at Ponta do Castelo (Tables 1 and 2; Fig. 9). Benthic forami-
nifera are less common in the samples derived from Colonia Pedro
Teixeira and Capanema quarry B17, whereas the assemblage mostly

Marine and Petroleum Geology 145 (2022) 105855

Fig. 4. Pirabas Formation outcrops. A) Praia do
Atalaia, an overview of a part of the outcrop exposed
on the beach. B) Praia do Atalaia, mudstones overlain
by the bioclastic rocks. C) Praia do Atalaia, mudstone
with plant remains. D) Praia do Atalaia, irregular
echinoderm. E) Praia do Atalaia, internal model of
gastropod. F) Aricuru outcrop. G) Aricuru, Thalassi-
noides. H) Lower part of the Praia do Macarico sec-
tion. I) Ponta do Castelo, internal mould of gastropod.
J) Fazenda outcrop. K) A fresh surface of the coarse-
grained bioclastic rock from the Fazenda outcrop.

Fig. 5. Mud-supported samples. A) Sample ATA-4.2,
a mud-supported, iron-rich nodule collected from
the black mudstones from the Praia do Atalaia
outcrop. B) Quartz grain embedded into the iron-rich
muddy-matrix; red arrowhead = poorly preserved
colony of erected flexible bryozoans. C) Sample B17-
2, a carbonate mudstone with scattered bioclastic
fragments, including ostracods = red arrowhead and
small benthic foraminifera = black arrowhead. D)
Detail of a small benthic rotaliid.

comprises small rotaliids and extremely rare soritids (Tables 1 and 2).
Overall, although large benthic foraminifera were common in most

samples, typical early Miocene markers (e.g. Lepidocyclina and Miogyp-

sina) were not clearly observed, suggesting that the investigated samples



O. Aguilera et al.

Marine and Petroleum Geology 145 (2022) 105855

Fig. 6. Mainly siliciclastic, grain-supported, samples. A) Sample ARI-1, mixed siliciclastic-carbonate sandstone displaying echinoderm fragments = red arrowhead.
B) Detail of an ostracod. C) Sample BAU-1, mixed siliciclastic-carbonate sandstone containing crustacean fragments. D) Detail of a crustacean shell microstructure.

had a post early Miocene age based on both regional and global large
benthic foraminiferal distributions (Abreu et al., 1993; Abreu et al.,
1986 in Pessoa, 1999; BouDagher-Fadel and Price, 2010, 2013).

5. Discussion
5.1. Integrated palaeontological and sedimentological interpretation

Two main groups (a, ) and three main facies (o, az and p) can be

Fig. 7. Skeletal assemblage of grain-supported bio-
clastic samples; major components. A) Sample ATA-5,
ECH = large echinoderm spine; red arrowheads =
soritid fragments. B) Sample B17-1.2, molluscs (both
preserved and recrystallised), bryozoans = white
arrowhead and echinoderms. C) Sample B17-1.2,
small erect-flexible cellariiform bryozoan colonies. D)
Sample B17-1.1, slightly larger and thicker erect-
flexible colony of cellariiform bryozoan. E) Sample
ARI-2, siliciclastic-rich packstone containing a large
soritid specimen = red arrowhead. F) Sample PTA-2,
grain-supported bioclastic sample from Ponta do
Castelo displaying large miliolids = white arrowhead
and articulated red coralline algae = red arrowhead.

recognised. Group « includes biogenic-rich samples derived from Praia
do Atalaia, Praia do Magarico, Ponta do Castelo, Fazenda, Colonia Pedro
Teixeira outcrops and Capanema quarry B17 and those with a more
mixed siliciclastic-carbonate composition (ATA-3, ATA-5 and BAU-1).
Two facies can be recognised in this group.

First is Facies a3, echinoderm-bryozoan packstone to rudstone rich
in molluscs and soritids (Table 3). Along the modern coast of northern
Brazil, bioclastic sediments are only found offshore; close to the coast,
the platform is dominated by terrigenous sediments (Vital et al., 2008;
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Fig. 9. Foraminiferal assemblage of grain-supported bioclastic samples. A) Sample ATA-5, soritid, possibly Sorites. B) Sample B17-1.1, Pyrgo. C) Sample PTA-2, a
textulariid = white arrowhead and a small miliolid = red arrowhead. D) Sample ATA-1.1, Planorbulina. E) Sample FA-2, thick-walled Amphistegina specimen. F)

Sample PTA-1, Planorbulina.

Nascimento et al., 2010; De Mahiques et al., 2019). Near the Amazon
River mouth, bioclastic sediments are found offshore at distances
exceeding 200 km and at water depths exceeding 1000 m (De Mahiques
et al., 2019). Several hundreds of kilometres eastwards (e.g. offshore of
the state of Ceara), they occur much closer to the coast (60 km or less)
and in shallower waters (between 20 and 70 m; Vital et al., 2008;
Nascimento et al.,, 2010; De Mahiques et al., 2019). The skeletal
assemblage of Facies oy clearly points towards a very shallow-water
setting. Planorbulina and Sorites are epiphytes (Langer, 1993; Murray,
2006; Mateu-Vicens et al., 2014). Thus, they commonly occur within the
water-depth range of seagrasses (generally, less than 20 m; Duarte,
1991). Erect-flexible cellariiform bryozoan colonies (Fig. 7C and D)
generally occur in shallow waters (mainly in depths less than 50 m;
Smith, 1995). Furthermore, the shallow-water settings are supported by
the crustacean assemblages observed at Capanema quarry B17 by
Aguilera et al. (2014). Moreover, the relatively common barnacles
characterising the skeletal assemblage of Capanema quarry B17

10

(Table 2) support a shallow-water setting as these sessile crustaceans are
generally abundant in very shallow waters (Coletti et al., 2018). Overall,
Facies al probably represents the distal parts of the inner sectors of a
moderate-energy carbonate platform.

Facies o2, siliciclastic-rich wackestone to packstone (Table 3) is
represented by the mixed siliciclastic-carbonate samples derived from
the Praia do Atalaia and Aricuru outcrops («2). The proximal inner
platform along the tropical continental margins is usually dominated by
terrigenous sediments (e.g. Bilings and Ragland, 1968; Vital et al., 2008;
De Mahiques et al., 2019). Consequently, the environment represented
by this facies was probably located landwards from the one represented
by Facies al and was probably associated with the shallower-water
conditions. A very shallow marine setting matches of the observed
skeletal and foraminiferal assemblages (Table 1) and crustacean and
ichnofossil assemblages from the Praia do Atalaia and Aricuru outcrops
(Soares et al., 2019; Aguilera et al., 2020b; Lima et al., 2020b; De Aratjo
et al., 2021). Thus, Facies a2 probably represents the intermediate
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Table 3
Summary of the characteristics of the recognised facies.
Code o 2 B
Extended name Echinoderm- siliciclastic-rich siliciclastic fine-
bryozoan wackestone to grained
packstone to packstone sandstone to
rudstone mudstone
Lithological Packstones to Wackestones to Sandstones to
classification rudstones packstones mudstones
Siliciclastic Minor (10% of the Relevant Majority (more
terrigenous whole rock or less) (between 10% than 50%)
fraction and 30%)
Common bioclastic Echinoderms, Echinoderms,
components bryozoans bryozoans,
large benthic
foraminifera
(soritids),
crustacean
remains
Relevant bioclastic Mollusks, large Mollusks,
components benthic coralline red
foraminifera algae
(soritids,
amphisteginids),
small benthic
foraminifera
Minor bioclastic Coralline red algae, Echinoderms,
components barnacles, plant remains
Rare bioclastic Halimeda, Ostracods, Crustacean
components ostracods, small benthic remains,
crustacean foraminifera, bryozoans,
remains, vertebrate  vertebrate small benthic
remains remains foraminifera
Paleoenvironmental Distal inner Intermediate Proximal inner
interpretation carbonate platform  inner carbonate carbonate
platform platform, close

to entry-points
of terrigenous
material

portion of the inner platform.

Further palaeoenvironmental information about Facies al and o2, in
particular information regarding the proximal inner platform distance
can be provided by the skeletal and foraminiferal assemblages. Samples
derived from Aricuru and Praia do Atalaia are characterised by a high
concentration of soritids (Table 1), suggesting the presence of a
macrophyte meadow. This finding combined with the abundance of
micrite and relevant siliciclastic fraction, mainly comprising fine-sand-
sized grains (Table 1), provides evidence that these outcrops were
probably originally located relatively close to the coast, possibly in an
embayment protected from strong waves, a setting favourable for the
development of extensive macrophyte meadows. Conversely, samples
derived from Fazenda and Ponta do Castelo are characterised by a lower
terrigenous fraction, coarser-grained bioclastic particles, less amounts of
micrite and a higher number of thick-walled Amphistegina specimens
(Table 1; Fig. 9E; see Hallock et al., 1986 and Mateu-Vicens et al., 2009
for the environmental significance of test thickness in Amphistegina).
This evidence is suggestive of higher hydrodynamic energy and thus of a
more distal inner platform compared to Aricuru and Praia do Atalaia.
Capanema quarry B17 and Colonia Pedro Teixeira are characterised by a
higher number of bryozoans and barnacles and less large benthic fora-
minifera and coralline algae than Praia do Atalaia, Aricuru, Fazenda and
Ponta do Castelo (Table 1 and 2). This suggests the presence of coastal
settings with turbid waters and reduced light availability at the seafloor,
leading to unfavourable conditions for plants, algae and
symbiont-bearing organisms but favourable for heterotrophs, such as
bryozoans and barnacles (Hallock and Schlager, 1986; Brasier, 1995a,
b).

Facies p, siliciclastic fine-grained sandstone to mudstone (Table 3),
includes mainly fine-grained, locally pyrite-rich and siliciclastic samples
of Group p (and Sample ATA-4.2) and occurs in the Aricuru, Praia do
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Atalaia and Praia do Macarico outcrops. Currently, the siliciclastic-
dominated northern equatorial margin of Brazil displays a strip of
fine-grained sediments very close to the coast, in water depths less than
20 m (Vital et al., 2008; De Mahiques et al., 2019). Furthermore, the
mudstone samples (ATA-4.1, MAC-1 and MAC-3) included in this group
display a dark colour. This dark colour suggests a restricted environment
under low hydrodynamic conditions that foster organic matter preser-
vation and the precipitation of authigenic iron minerals (Otero et al.,
2009; Moreira et al., 2017; Gu et al., 2020). Mangrove forests are
important carbon sinks as their dense root network restricts water cir-
culation, favouring organic matter preservation, leading to reduced
oxygen concentrations in sediments and influencing the behaviour of
redox-sensitive elements (Ferreira et al., 2007; Otero et al., 2009;
Marchand et al., 2012). As mangrove forests are currently common in
the intertidal zone of the study area (e.g. Menezes et al., 2008), the
inner-platform settings of the upper Pirabas Formation were also char-
acterised by a dense mangrove cover. Moreover, this assumption is
supported by the extensive palynological research on the Pirabas For-
mation demonstrating the presence of mangrove pollens (e.g. Antonioli
et al., 2015; Aguilera et al., 2020a). Sample ATA-4.2 is an authigenic
nodule of pyrite. Framboidal, amorph and acicular pyrites have been
observed in the siliciclastic mudstone layers of the Praia do Atalaia
successions (Da Mata, 2021). The genesis of this nodule is most likely
related to the prevailing redox conditions in the mangrove forests.
Overall, Facies [ probably represents the proximal and
siliciclastic-dominated portion of the inner platform. These sectors are
most likely characterised by a complex mosaic of tidal flats (fine sand-
stones) and mangrove forests (siliciclastic mudstones).

The limited exposed area of the observed outcrops and the poor
preservation of the material (Figs. 2-4) significantly hindered the
observation of sedimentary structures related to either currents or mass-
transport events. However, the scarcity of skeletal grains related to the
middle or outer platform carbonate factories (e.g. encrusting coralline
algae) or pelagic settings (e.g. planktonic foraminifera) indicates that the
bioclasts produced in the inner platform were not subsequently trans-
ported into the deeper settings. The abundance of micrite, poorly sorted
sediments and local presence of burrows networks suggesting that
probably the lateral transport of skeletal grains was relatively limited.
Therefore, it is reasonable to assume that the analysed samples of the
Pirabas Formation formed in the inner-platform shallow-water settings.

The Miocene Pirabas Formation was probably similar to the eastern
stretches of the modern northern Brazilian margin, where bioclastic
sediments already occur in shallow waters. Since the investigated out-
crops are located close to the Amazon River mouth, the terrigenous
fluxes were probably lower during the deposition of the Pirabas For-
mation compared with current conditions. The lack of hermatypic corals
and abundance of bryozoans suggest that the Pirabas Formation car-
bonate factory was already influenced by terrestrial runoff. Terrestrial
runoff is a major source of nutrients (both phosphates and nitrates) to
marine coastal ecosystems (e.g. Follmi, 1996). At tropical latitudes,
nutrient abundance can prevent the formation of coral reefs, favouring
carbonate factories dominated by heterotrophs (like bryozoans) that can
take advantage of the plankton abundance and lack of competition from
symbiont-bearing corals (Hallock and Schlager, 1986; Brasier, 1995a,
1995b; Halfar et al., 2004; Reijmer et al., 2012; Reymond et al., 2016;
Coletti et al., 2017, 2019). Based on the general palaeoenvironment
interpretation, the analysis indicates that an increasing number of car-
bonate biogenic factories are found at longer distances from the coast-
line. Furthermore, this trend can be observed in modern sediments from
the northern Brazil margin (Nascimento et al., 2010). The siliciclastic
Facies f is mainly located in the eastern part of the study area, whereas
Facies a; dominates the western part. This indicates that during the
deposition of the upper Pirabas Formation, the Cratonic Amazon River
(i.e. the Amazon River prior to the establishment of the transcontinental
drainage) was already the main entry point for the siliciclastic material
in the study area.
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5.2. Evolution of the mixed siliciclastic—carbonate margin

Based on the analysed dataset that includes most lithologies from
outcrops and quarries at the Pirabas Formation, most observed vari-
abilities seems to be related to the distance from the proximal inner
platform, that is, the main source of terrigenous material. However, both
the position of the coastline and terrigenous fluxes can change over time.
Decrease in the sea level causes the progradation of siliciclastic-
dominated sedimentary environments over bioclast-dominated envi-
ronments, whereas increase in the sea level promotes the opposite.
Certainly, the sea-level decrease that ensued the middle Miocene cli-
matic optimum high-stand (Miller et al., 2020) has been advocated as
the main driver of the progradation of the siliciclastic Barreiras For-
mation over the bioclastic Pirabas Formation and collapse of near-shore
carbonate production along the Brazilian equatorial margin (e.g.
Nogueira et al., 2021). The increase in the terrigenous sediment supply
following the middle-late Miocene initiation of the transcontinental
drainage of the Amazon River (Figueiredo et al., 2009, 2010) contrib-
uted to moving carbonate production progressively offshore. Finally, the
coastal rainfall variations (Schneider et al., 2014) might have led to
terrigenous flux changes along the margin. Regardless of the main cause
of the increase in the terrigenous supply, the samples from the
outcropping portion of the Pirabas Formation clearly reveal the presence
of a terrigenous-influenced platform similar to that of the modern
northeastern Brazilian equatorial margin. Furthermore, the geograph-
ical distribution of the siliciclastic-dominated lithologies indicates that
during the deposition of the uppermost Pirabas Formation (i.e. the
outcropping portion), the Cratonic Amazon River was already a relevant
entry point of the siliciclastic material along the margin. The strati-
graphic columns of the investigated outcrops as well as the general
stratigraphy of the study area (Figs. 1-3) clearly indicate that following
the end of the early Miocene (at least following the local extinction of
miogypsinids and lepidocyclinids, which are absent from the upper
Pirabas Formation), the siliciclastic supply progressively increased.
During the deposition of the upper Pirabas Formation, the influx of the
Cratonic Amazon River and other coastal rivers was probably not high
enough to completely prevent near-shore carbonate production as it is
currently but was already strong enough to prevent photozoan carbon-
ate factories from colonising the margin. When comparing the skeletal
assemblage from the lower Amapa Formation, largely dominated by
symbiont-bearing large benthic foraminifera and calcareous algae (De
Mello e Sousa et al., 2003) to the skeletal assemblage of the upper
Pirabas Formation, which is dominated by heterotrophs (i.e. echino-
derms and bryozoans), it becomes clear that the latter developed under
an increase of coastal plain drainages and nutrient supply compared
with the former. The analyses of the large underground portion of the
Pirabas Formation would allow to follow the near-effect of the sediment
influx on the margin over time (i.e. the physical smothering of carbonate
producers) separating the far-effect (i.e. the increases in nutrient sup-
plies that can prevent photozoan-dominated production), thereby con-
straining the stages of this evolution.

This type of analysis on outcrops and quarries sections and offshore
cores could keep track of this process and may help in correlating the
various cores providing information on the large-scale geometry of the
basin and its deposits. This context improves our knowledge with
respect to those with hydrocarbon potential, such as those at the inter-
mediate inner platform that are characterised by the coarse-grained
bioclastic production and are favourable to burrowing crustaceans (De
Aratjo et al., 2021).

6. Conclusions

The Pirabas Formation is the youngest bioclastic-dominated sedi-
mentary formation of the Brazilian equatorial margin. It records the
Neogene evolution of the platform from the carbonate-dominated pre-
Amazon stage to the siliciclastic-dominated Amazon fan stage and
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represents an important target for the oil industry and groundwater
exploration. This study provides a detailed description of the main facies
and skeletal assemblage of the outcropping portion of the Pirabas For-
mation, providing unprecedented insight for the analysis of core-based
data. Similar to the modern Brazilian equatorial margin, the findings
indicate that the ratio between the terrigenous and bioclastic fractions is
a clear and straightforward proxy for the distance from the proximal
inner platform, which is useful in recognising restricted coastal envi-
ronments characterised by organic matter preservation and authigenic
mineral precipitation (e.g. mangrove swamps). Furthermore, the skeletal
and foraminiferal assemblages greatly help in discriminating between
different inner-platform settings.

Extending this approach to the subsurface portion of the Pirabas
Formation could help improve the stratigraphic framework of the
Cenozoic succession. The correlation of the offshore and onshore records
of the Pirabas Formation with the reservoir-bearing Amapa and Ilha de
Santana formations and tracking the evolution of the Brazilian equato-
rial margin from a carbonate-dominated environment to a siliciclastic-
dominated environment. Extending this approach to the subsurface
portion of the Pirabas Formation could help improve the stratigraphic
framework of the Cenozoic succession.
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