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Abstract

The Pirabas Formation (early to middle Miocene) from the equatorial margin of North
Brazil is characterized by a shallow-marine carbonate platform with high fossil diversity
and abundant micro- and macrofossil remains. The Pirabas Formation represents a unique
carbonate system along the Atlantic margin of South America that developed before the
onset of the Amazon delta. We studied the paleontology and lithofacies of outcrops of the
uppermost Pirabas Formation and found that was deposited in a c~astal marine environment
with marginal lagoons under the influence of atidal regime ~nu trupical storms. The
remains of calcareous algae, molluscs, crustaceans, echw.hiderms, bryozoans, solitary
corals, fish and marine mammals, together with foram *{era, ostracods and other marine
microfossils, shaped a biogenic framework, thai *fogr ther with the post-depositional
processes of dissolution of skeletal grair., ic responsible for the mean packstone-floatstone
porosity of 14.9%. The palaeontologicc! framework and the petrophysical characterization
of the carbonate rocks from the 1"oe ‘most Pirabas Formation outcrop represent a baseline
to interpret the entire Pirabas ~ornation in the subsurface stratigraphic sections (cores) of
this important Neogene 'muw. Considering that carbonate rocks account for ~50% of oil and
gas reservoirs around e world, this research provides a model for Neogene tropical
carbonate deposits useful for carbonate petroliferous reservoirs in the Brazilian equatorial

basins.
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1. Introduction

The carbonate platform in the equatorial margin of North Brazil (Soares et al., 2011)
includes the Foz do Amazonas Basin (Figueiredo etal., 2007), Pard-Maranhdo Basin
(Soares et al., 2007) and Barreirinhas Basin (Trosdtorf-Junior et al., 2007) in the coastal
plain of the states of Para and Maranhdo. Oligocene-Miocene circumtropical carbonate
deposits have similar stratigraphic characteristics across tropical America (Leigh et al.,
2013), Asia (Vahrenkamp, 1998; Zampetto et al., 2003; Janjuhal. ~t al., 2017a; Dill etal.,
2018), Africa (Buchbinder, 1996; John et al., 2003) and Austra» (Ehrenberg et al., 2006),
and most of these Cenozoic carbonate sequences are powntial reservoirs for gas and oil
exploration.

Miocene carbonate deposits from northern Bi=_il are exposed along the onshore coastal
plain of Par4 State and are represented Fv th. Pirabas Formation (Maury, 1925). The
Pirabas Formation accumulated in a v.~stern Atlantic shallow-marine setting until carbonate
production was terminated as cor<ec,'e.ace of the massive imput of siliciclastic sediments
from both the Amazon delta . d te coastal plain drainages during the late Miocene
(Damuth and Kumar, 1975, \A olff and Carozzi, 1984; Branddo and Feijo, 1994; Silva et al.,
1998; Figueiredo et ai., 2u09; Watss et al., 2009). Andean alluvial terrigenous sediments
(Hoorn et al., 2017) filled the Marajé Basin following the progradation of the Barreiras
Formation which overlaps the Pirabas carbonates (Rossetti et al., 2013; Aguilera et al.,
2017b).

The Pirabas Formation outcrops, first studied by Ferreira-Penna (1876), have a high
density and diversity of fossils. White (1887) and Maury (1925) conducted the first studies
of the mollusc, bryozoan, and coral assemblage from this formation. Palaeontological

contributions by Petri (1957) on foraminifera, Beurlen (1958 a, b) on crustaceans, Santos



(1958, 1967) on echinoids, Barbosa (1961) on bryozoans, Fernandes (1979, 1981) on
corals, Santos and Travassos (1960) on fish, Paula-Couto (1967) on sirenids, and Duarte
(2004) on the palaeofiora further improved the knowledge of the Pirabas Formation.
Additional contributions included new species descriptions and new records compiled by
Tavora et al. (2010), Aguilera and Paes (2012), Aguilera et al. (2013 a, b, c; 2014; 2017 a,
b) and palaeontological reviews of bryozoans (Tavora et al., 2014; Zagorsek et al., 2014;
Ramalho etal., 2015, 2017; Muricy etal., 2016), echinoids (Moo. et al., 2018) and
ostracods (Nogueira and Nogueira, 2017). Palaeoclimatic irtar.-etations based on
taphoflora show mean annual atmospheric temperatures -anging between 24.6 °C and 25.0
°C and mean annual precipitation between 1,849 and »,%23 mm (Santiago and Ricardi-
Branco, 2018). Isotopic analyses of teeth from i sil elasmobranchs (derived 880
temperature) indicated a mean seawater oale 2otemperature of 26.3 °C, ranging between
21.7 °C and 30.1 °C (Aguilera etal., 2117a). Both terrestrial palaeoclimate and the ocean
palaeotemperatures could be reletad ‘o the final stages of an abrupt episode of global
cooling at the Oligocene-Mio.>ne ooundary, the Mi-1 glaciation (Stewart et al., 2017;
Egger et al., 2018) and the Shal warming period of the middle Miocene climate maximum
(You etal., 2009; Gow'mer etal. 2014).

In spite of the abundant and excellent preservation of the fossil record in the Pirabas
Formation, palaeontological research in the Pirabas Formation over the past two decades
has been scarce, isolated, and restricted to outcrop surveys and has produced doubtful
taxonomic identifications (e.g., see Muricy et al., 2016 for bryozoans; Luque et al., 2017
for crustaceans). Furthermore, both the stratigraphic framework of the carbonate deposits

and the influence of diagenesis on the carbonate porosity remain unknown.



The main aims of this work are to provide an accurate description of the biogenic
framework of carbonate rocks, detailed palaeoenvironmental interpretation,
palaeontological assemblage descriptions and a stratigraphic facies model for Pirabas
Formation. We used a wide arrange of tools in multiple scientific fields to reach accurate
palaeoenvironmental results using high technological resources and innovative solutions in
the field of micropalaeontology. The new dataset acquired by microcomputer tomography
(CT) allow high-resolution recovery of fossil arrangement in the matrix and can provide an

important baseline for core research on analogous equatoria' k.~Zian carbonate platforms.

2. Geological setting

The Pirabas Formation is located in the north.=ste n area of Para State, Brazil (Fig. 1). It
represents an early to middle Miocene rarir: unit of the Bragantina Platform (Rossetti et
al., 2013). The Pirabas Formation has “een described as representing a complex inshore
shallow platform (consolidated craintcnes and packstones, stratified wackestone to
laminate packstones and mua.tones). Coastal palaeoenvironments (shoreface/foreshore
deposits), marginal lagonns, r.stricted platforms (grey to olive green mudstones and
conglomerate sandstoi.~s) and estuarine mangroves (dark and laminated mudstones) are
also found in the Pirabas (Gées et al., 1990; Rossetti, 2001; Rossetti and Goes, 2004;
Rossetti etal., 2013; Aguilera et al., 2013 a, b; Borges, 2016). Three major ecofacies have
been described, the Capanema Ecofacies (lagoonal environment), the Baunilha Grande
Ecofacies (open marine, lagoon, and mangrove forest environments) and the Castelo
Ecofacies (continental and carbonate platform environments) (Antonioli et al., 2015 and
references therein). Early studies suggested that the Capanema is the oldest ecofacies and it

is overlain by the Baunilha Grande Ecofacies, which in turn is overlain by the Castelo



Ecofacies, the top of the Pirabas Formation (Francisco etal., 1971). The Castelo Ecofacies
is overlain by the Barreiras Formation, a fully siliciclastic unit (Francisco etal., 1971;
Antonioli et al.,, 2015 and references therein). Later works highlighted that these three
ecofacies are interlayered rather than stacked, with gradual lateral and vertical facies
transitions (Ferreira and Francisco 1988; Antonioli etal., 2015 and references therein). The
Baunilha Grande Ecofacies was dated to be in palynological zone T-13,17.7 to 16.1 Ma
(late Burdigalian), of Jaramillo et al. (2011), using samples from e locality of Quatipuru
(about 50 km ovest of Salinopolis) (Antonioli etal., 2015).

The majority of the published studies on the Pirabas F.rmaton have been mostly
restricted to few stratigraphic metres at outcrops and qu~iries (Goes et al., 1990; Leite,
2004; Rossetti and Goes, 2004; Aguilera and Pe<s, 7.012; Rossetti et al., 2013; Borges,
2016), while the rest of the formation, reas ring almost 148 m (Freimann et al., 2014), still
remains unknown. There are many co.froversies over its age, its facies framework and how
it correlates to contiguous, coeve! ar.1 nalogous Brazilian equatorial carbonate platforms
of the Amazon Basin (e.g., A.napa Formation: Schaller etal., 1971), Para-Maranhdo Basin
(e.g., llha de Santana Formtica: Pamplona, 1969; Abreu et al., 1986) and Barrerinhas
Basin (e.g., Pirabas Fu mation: Maury, 1925; Pamplona, 1969). Planktonic foraminiferal
assemblages (Petri, 1954, 1957; Ferreira et al., 1978; Fernandes, 1984, 1988; Fernandes
and Tavora, 1990; Tavora and Fernandes, 1999) and palynomorphs (Leite, 2004) mainly
suggest an early to middle Miocene age, zones N5to N8 of Berggren et al. (1995),
corresponding to zones M2 to M5 of Wade et al. (2011) (late Aquitanian to early
Langhian). This age overlaps the palynological data from the Atalaia outcrop (Silva, 2016)
and Capanema B-17 Quarry (Aguilera et al., 2014). Nogueira and Nogueira (2017) suggest

an Oligocene-Miocene age based on ostracod assemblages, while Martinez etal. (2017),



based on isotopic analyses of 87Sr/86Sr from molluscs, suggested an early Miocene

Burdigalian age (17.3 to 16 Ma).

3. Materials and methods

Field trips to the Pirabas Formation were conducted during low tides at the Atalaia beach
outcrop, Salindpolis municipality (0°35'37” S, 47° 18' 54.4” W), Para State, Brazil. A ~5
meter stratigraphic section at Atalaia was mapped and measured (~ig. 1). The stratigraphic
location of Atalaia seems to be at the very top of the entire Far.»2%0on, just below the
contact with the overlying Barreiras formation. Rock sa.™les were collected vertically
along the section from the base (0.10 m) to the top (5.v =), using a masonry saw to cut out
large pieces of slabs (six slabs at 3.9 mand five <.ab; at 5.0 m), portable drill to cutting out
micro plugs (two plugs at 5.0, 4.5, 3.9, 7.6 21d 2.8 m from each level; one plug at 0.4 and
0.3 m from each level; two plugs at 0.* m), acrylic tube core to collect unconsolidate
samples including one core per lerel at 3.0, 2.5 and 2.4 m, and a bulk with six kilograms of
samples at 3.4 m. (Fig. 2).

Micro-CT was performeu o1 all rock pieces (slabs) with sizes of approximately 190 mm
long, 80 mm high anu 20 mm wide were using a V/ITOMEX/M (GE) instrument (Fig. 3).
All micro plugs approximately 60 mm in length and 25mm in diameter were also used for
nanno-CT acquisition (Fig. 4). Each single micro plug used for the nanno scanner
represented three thousand 3D sections (X, Y, Z) with detailed views of the microfossil
framework (Supplementary file S1). The micro-CT parameters for the acquisition of these
large slices included a current of 150 KV, an energy of 350 pA, 5 frame, and a Cu filter
with a thickness of 0.3 mm. The geometry had a magnification of 24.94, pixel size of 10.47

pm, FOD of 43.37 mm and FDD of 807.68 mm. The pixel size during the rotation step 0.5°



to 360° along the Z-axis of samples was 18 pm. The 3D volume was reconstructed using
the software Phoenix Datos/X reconstruction v. 2.2 (GE), and for visualization VG Studio
v. 3.0. Subsamples (micro plugs) of ~3000 mm® were used for nanno-CT microfossil
acquisition. In order to calibrate the images we used a four-step process including, (i)
alignment, (ii) smoothing, (iii) X-ray spectra attenuation and (iv) correction of ring
artifacts. The procedures of image segmentation for rocky matrix and for pore mesh were
used to obtain separate quantitative analyses. The micro-CT ana.yces included (i) the
identification of fossil assemblages on the rocky matrix, (iD the thickness of the rocky
matrix and pore separation, (iii) the total porosity. Reco:. tructed 3D models of fossil fauna
were used for systematic palaeontological identificatin,. (rigs. 5-7, 11), following three
steps: (i) identification and digital selection of t.¢ fcssil structure along the acquisitions
sets, (i) separation of the volume of inte.est of the recovered fossil using the software CT-
Analyzer v 3.1, (iii) construction of s> models of fossils using the Avizo Fire 9.1, and (iv)
digital editing of composite imapes (sirig Photoshop S5.

We used Digital Rock Phy. ~s 1wr fast-forward imaging technology to predict the
petrographic properties /cuch s porosity). The petrographic analysis was performed using
CT-Analyzer v.3.1. 1.~ morphometric porosity analyses followed the image discretization
of elements as a function of the grey level; the pore volume was identified by the black
pixels in the images and separated from the grey level pixels as the rock matrix. We used
the global segmentation method compiled by De Araujo etal. (2018) to separate the images
into two categories (background and object). This separation was accomplished by
scanning an image peer to peer and identifying the elements as points of the object or
background according to a threshold. Thus, a binary image was obtained with the objects in

black (0) and the background in white (255) following the Gonzales and Woods (2002)



method. This technique allowed to separate the porosity of the carbonate rock and to
calculate the quantitative results for the total porosity (%), the number of pores per slice
and the pore size distribution.

Twelve thin sections of subsamples (six at 3.9 and five at 5.0 m) were prepared for
petrographic analysis, fixed to 76x26 mm glass slices and polished to 30 um thickness. The
photomicrographs were obtained using a petrographic microscope with an integrating
digital system (Figs. 8-10, 12-13). A photomosaic was acquired "m each petrographic
slice using a motorized petrographic microscope. From eacr sn22, we use a set of parallel
acquisition modes (Module P&B) and crossed acquisitio.  modes (Pol TL) with a 10X
objective. The compositions of the skeletal assemblace. were also studied on thin sections
using the point-counting technique and more thcr. 31,0 points were counted in each section
(Fligel, 2010). The palynological slides fror the Atalaia outcrop, described in Leite (1997)
under the numbers GP/4E 1453 to 14C?, are deposited in the palynological collection of the
University of S&o Paulo. These s'ide. vvere reanalysed in order to infer age and to
compare them with new asse:.hlages described in northern Amazonia (Jaramillo et al.,
2011). The entire bulk samy.'= were processed and sieved at the laboratory using 500 pm,
250 pm, 125 pm and c? pm mesh sizes. The photomicrographs of specimens were made
using light stereomicroscopy with an integrating digital system and using a scanner electron
microscope for selected specimens. All rock slices and micro plugs were deposited in the
Palaeoecology and Global Changes Laboratory (LP&MG) at Fluminense Federal

University, Niterdi, Rio de Janeiro.

4. Results

4.1. Age

10



The co-occurrence of palynomorphs Crassoretitriletes vanradshoovenii,
Psilastephanocolporites tesseroporus and Malvacipolloides maristellae (Figs. 14.1, 14.11
and 14.10, respectively) (Leite, 1997; Antonioli et al., 2015; Silva, 2016), indicates a
middle Miocene age (palynological T15 zone, 14.2 — 12.7 Ma, late Langhian to
Serravallian; Jaramillo et al., 2011) for the top of the Pirabas Formation at the Atalaia
outcrop. Common species of mangroves such as Zonocostites ramonae, Lanagiopollis
crassa and Deltoidospora adriennis (Figs. 14.3-14.4,14.5-14.7 a1 14.22, respectively) are
abundant in the palynological records but cannot be used to 4a.> *10se outcrops due to their
long-range stratigraphic distributions (Leite, 1997; Agui..>ra etal.,, 2014; Antonioli et al.
2015; Silva, 2016).

Identifications of foraminifera from the lithifed la ser of the Atalaia outcrop, using micro-
CT and 3D reconstruction, include spec’ss cithe families Hauerinidae (Pyrgo,
Quinqueloculina, Spiroloculina) and \ *ilamminidae (Spirosigmoilinella). In addition,
identifications from the petrograrhic slces include Amphisteginidae, Elphidiidae,
Globigerinidae, Miliolidae, S:ritoniea and Textulariidae. The samples from the poorly
lithified layers yielded the _necies Ammonia parkinsoniana, Amphistegina lessonii,
Elphidium sagrum, G ttunnaovalis, G. irregularis, Guttulina sp., Planulina sp., and Pyrgo
subsphaerica. The majority of these species have a very long stratigraphic range and do not
offer information to date the formation. However, the apparent absence of Lepidocyclina in
the Atalaia outcrop samples (which disappears from the American bioprovince in the
Burdigalian; BouDagher-Fadel and Price, 2010), could be consistent with a post-

Burdigalian age for Atalaia.

4.2. Lithology and microfacies
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The composite section of the Atalaia outcrop is five meters long. It is overlain by the
siliciclastic sandstones and mudstones of the Barreiras Formation, while the contact with
the underlying basement was not observed as the Pirabas formation is ~148 meters thick
(Fig. 1). Four main lithologies can be observed in the outcrop. Massive yellowish
packstone to floatstone with a diverse fossiliferous assemblage, including disarticulated
macrofossils, fragmented shells, mollusks moulds (including common specimens of the
gastropod Turbinella) and vertebrate remains. The siliciclastic fraction of this rock is
dominated by sand-sized quartz grains (sub-rounded to sub-~ny ") and opaque minerals
(mainly Fe203) (Fig. 1). Dark-green, poorly consolidate. wackstone with foraminifera,
ostracods, echinoderms fragments and common grains ~7 quartz (sub-rounded to sub-
angular) (Fig. 1). Dark-green massive dolomurs‘cne, without well preserved macrofossils,
characterized by a dolomite-matrix and ‘with common grains of quartz (Fig. 1).
Fossiliferous and locally bioturbated u~rk mudstones (Fig. 1).

On the basis of the fossiliferous ccntent three main microfacies (A, B, C) were
recognized, corresponding to lifferent coastal environments. The Microfacies A which
characterizes the packstrne *o floatstone layers and presents a skeletal assemblage
dominated by large be~tric foraminifera (mostly soritids) and molluscs. Echinoderm
remains and coralline algae are also common, while Halimeda plates, bryozoans and small
benthic foraminifera are less abundant (Figs. 8-10, 12-13). Vertebrates remains (including
bones of sirenids and shark teeth) also occur. In this facies, due to the high porosity,
aragonite shells (e.g., gastropods and solitary corals) are mostly dissolved during the early
phase of diagenesis, forming empty vugs and moulds that are often infilled by calcite (Figs.
2, 3); micritized fragments of fossils are also present. Microfacies A seems to have

accumulated in a shallow inner platform located in the shallowest part of the photic zone, as
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suggested by the abundance of soritids and the presence of green calcareous algae. The
abundance of epiphytic foraminifera (the soritids in particular) suggests the presence of a
vegetated substrate, possibly a seagrass meadow. Microfacies B characterizes the poorly
consolidated wackstones, it presents a skeletal assemblage dominated by echinoderms
(mainly crinoids, ophiuroids and asteroid ossicles, echinoid test fragments and spines),
benthic foraminifera (mostly Amphistegina lessonii, Ammonia parkinsoniana and
Elphidium sagrum; Fig. 15) and ostracods. Bryozoans, fragmentc f the carapace and chela
of decapods, shark teeth and otoliths also occur. The palaeo~v.:~:iment of microfacies B is
interpreted as a surf zone, where very small fragments ©. marine organisms randomly
accumulated. Microfacies C characterizes the fine gran.~a rocks of the central part of the
interval (the mudstone and the dolomudstones). Tne skeletal assemblage includes
echinoderms, crustaceans remains (inclv «inc whole specimens buried in their tunnels) and
plant remains (including pyritized trui.’s). This microfacies is probably related to a
protected lagoonal setting, with the ¢ alomite-rich layers possibly related to a tidal-flat
environment and the dark mucstones related to a brackish, dysoxic, environment, possibly

related to a mangrove fores.

4.3. Fossil assemblages and palaeoecology

The fossil record of the Atalaia outcrop shows a wide diversity of taxa including plants,
calcareous algae, foraminifera, ostracods, sponges, bryozoans, corals, molluscs,
echinoderms, crustaceans, fish and sea mammals that seems to have accumulated in
shallow tropical marine palaeoenvironment (inner platform, from the tidal zone to water
depths of less than 50 m) (Fig. 17). Foraminifera are characterized by the common

occurrence of shallow continental-shelf species Amphistegina lessonii (most abundant
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species in the poorly consolidate wackstone) and Guttulina ovalis (Birkenmajer and
Jednorowska, 1997), followed by Elphidium sagrum, Elphidium poeyanum and Ammonia
parkinsoniana, which are indicative of warm and low-salinity waters, according to Petri
(1954). The abundant presence of soritids, observed in the thin sections of the packstone to
floatstone, also suggests a shallow marine setting (Murray, 2006). The combination of large
benthic epifaunal species (Amphistegina and soritids) together with small miliolids (such as
Pyrgo and Spiroloculina), brackish and/or stress-tolerant species {Ammonia parkinsoniana,
Elphidium sagrum, Spirosigmoilinella) and rare planktonic ~ryonms is generally
considered indicative of shallow coastal settings (inner s.elffoack

reef/lagoonal/transitional) both in modern oceans and .~ ine Neogene (Culver, 1988; Reid
1998; Leckie and Olson, 2003; Fiorini and Jara.~4lo 2007; Boudagher-Fadel, 2008;
Hayward, 2014; Zoeram et al., 2015; M-. et “.l., 2017; Roozpeykar et al., 2019).

The distribution of the microfacies clong the section could suggests a major
environmental cycle starting with ini er -platform conditions (A), moving into shoreface
condition (B), then into a resiu*ctea lagoonal environment (C) and then back again to
shoreface and inner-platfrri,> ~onditions (Fig. 1). The abrupt lithological changes observed
in such a short section: ~ouid be related to brief periods of exposure and or
depositional/erosive cycles, possibly resulting in massive mortality in the benthic fauna and

floral assemblages.

4.4. Fossil preservation
Aragonite shells and corals were mostly dissolved during diagenesis followed by calcite
recrystallization and cementation especially in low-energy palaeoenvironments where high

organic contents favoured microbial decay and acidity. We observed frequent shell remains
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of juvenile and adult gastropods, such as Turbinella cf. tuberculatus (Ferreira, 1964), and
bivalves, such as Mercenaria sp., that were lost due to the dissolution of the entire hard
shell and are preserved exclusively as internal moulds infilled by packstone matrix. In the
wackstone, the preservation of shells is very rare and mostly represented by micro
molluscs. In contrast, the bryozoans are fragmented but well preserved. The high-Mg
calcite skeletons of echinoderms (crinoids, ophiuroids and echinoids) are
thermodynamically metastable (Kroh and Nebelsick, 2010), but 5l more stable than
aragonitic remains and this explain the better preservation of .22 biogenic fragments.
Disassociated siliceous spicules of sponges are also weh nreserved. Unlike mangrove
derived-pollen, benthic foraminifera typical of mangro.~ environments were not observed.
Generally, the benthic foraminifera assemblage . mangroves is mainly composed of
agglutinated species with low preservatir.n rotential due to post-mortem disaggregation
(Woodroffe et al., 2005). Furthermore, in the mangrove forest environment, the acids
released from organic material remiri>r7lization are not favourable for the preservation of
most foraminiferal taxa (Woc Jrohe et al.,, 2005; Wilson and Vicent, 2014). Presently, an
extant mangrove area near ,*zjaia presents a foraminiferal assemblage dominated by
species from the genei> Arenoparrella, Haplophragmoides and Trochammina (Laut et al.,

2010), which might have also inhabited the area during the Miocene.

4.5. Pirabas assemblage and taphonomy

The arrangement of biogenic remains in Microfacies A and B (disarticulated and
fragmented shells, broken echinoderms tests and spines, fragments of branched, encrusting
and free-living bryozoans, fragments of coralline red algae, Halimeda and large benthic

foraminifera) in a cemented carbonate matrix could be related to a marine environment

15



with strong currents (probably of tidal origin) affecting a complex system of coastal
environments (Longhitano et al., 2012). The extremely broken shells and heavily
fragmented echinoid tests (Figs. 2.2-2.5, 4) could be a consequence of strong littoral
currents and high wave energy in the surf zone and/or tropical storms. Entire specimens of
molluscs and echinoids recovered in “living position”, and decapod crustaceans buried in
their galleries (the latter in microfacies C) could be interpreted as representing rapid burial
events. Empty molluscs covered by boring sponges, encrusting L. ‘©0zoans and balanoids
fixed over shells reflect the dynamic use of available substrates . colonization (Figs. 5.1,

5.2,5.16, 6.8).

4.6. Porosity

Primary pores (depositional porosity) are epresented by interparticle and intraparticle
pores within fragments of calcareous 'nae, foraminifera, bryozoans, echinoderms, and
mollusc shells. Secondary pores ‘wvh.~b are those resulting from carbonate dissolution
during depositional diagenesi., coisist of large empty moulds in the rock matrix (Figs. 3, 4,
Appendix S1). The cementasin:), associated with the mechanical or chemical compaction,
results in a mean pacn:torie-floatstone porosity of 14.93% (n=7), wackstone 2.64% (n=1),
dolomustone 1.4% (n=1) and dark mudstone 0.97% (n=2). Overall, the five meters section
of the Atalaia outcrop has low porosity (Figs. 1, 18-19) compared with desirable porosity

values above 25% for an oil reservoir (Sadeq and Yusoff, 2015).

5. Discussion

5.1. Context and correlations with coeval units of tropical carbonate deposits
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Oligocene-early Miocene biogenic carbonate deposits in tropical regions are commonly
produced by coralline red algae, large benthic foraminifera and bryozoans (e.g., Malta:
Brandano et al., 2009; Brazil: BouDagher-Fadel et al., 2010, Sousa et al., 2003; India:
Sarkar et al., 2016; Iran: Roozpeykar and Moghaddam, 2016 and Allahkarampour et al.,
2018; France: Coletti et al., 2017, 2018; Italy: Brandano and Corda, 2002, Coletti et al.,
2017) or by hermatypic corals and coralline algae (e.g., western Mediterranean: Braga et
al., 2009; eastern Mediterranean: Coletti etal., 2019; Malaysia: 1.%ihaljevic etal., 2014
Janjuhah et al., 2017a).

At the top of the Pirabas Formation at Atalaia outcrop, there is no evidence for large
coral reef deposits (Fig. 1). In the shallow water palarc~rwironments of the equatorial
Oligocene-Miocene Brazilian carbonate platforr. (e 3., Pard-Maranhdo Basin: Abreu et al.,
1986), there is no record of large sclerac’inia 1 coral reefs, and the coral fauna is mainly
dominated by isolate ahermatypic Fla.~llidae, asin the Pirabas Formation. Flabellids are
exclusively solitary and distributed \ ©.ldwide from neritic to abyssal occurrences,
including cold-water species .>corded in Antarctic, sub-Antarctic, southwest Atlantic and
south Pacific waters (Schepor and Bremec, 2015). The upper Pirabas Formation differs
from the modern optn.»al range for coral reef production. The relatively high terrestrial run-
off, testified by the presence of abundant quartz grains, was probably sufficient to reduce
water transparency and hinder the development of coral reefs, similar to the equatorial
Spermonde Shelf, which is characterized by reduced water transparency and significant
terrestrial run-off (Wilson and Vecsei, 2005). On the other hand, large benthic foraminifera
(and in particular Amphistegina, which is the most common genus in Microfacies B) and
coralline algae are more tolerant than hermatypic corals to high nutrient concentrations,

high sedimentation sedimentation rate, reduced water transparency and abrupt temperature
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variations (Langer and Hottinger, 2000; Langer, 2008; Lokier et al. 2009; Mateu-Vicens et
al. 2009; Coletti etal., 2017). The stressful, shallow-water coastal environment of the
uppermost Pirabas Formation was probably more suited for the development of mangrove
forests and seagrass meadows rather than fringing coral reefs. The abrupt episode of global
cooling near the Oligocene-Miocene boundary (Mi-1: 23.0 Ma; Stewart et al., 2017), which
led to the early Miocene coral reef extinction in tropical America and removed up 50% of
late Oligocene diversity (Johnson etal., 2009), together with eus..tic sea level changes
(Hag, 1987; Kominz et al., 2008), was also a strong limiting fac*~: for the development of
coral reefs in the region. These palaeoenvironmental cha.aes could also have favoured
calcareous algae, seagrass, and associated shallow waiw - aunal assemblage, as testified by
their expansion throughout the stratigraphic seq v.nc:s of the Amapa, llha de Santana and

Pirabas formations along the equatorial narr,in of Brazil.

5.2. Pirabas Sea and the late Olinncon.-early Miocene stratigraphic hiatus

Sections of the Amapa Foi."atio.1 (Foz do Amazonas Basin: Schaller et al., 1971), llha
de Santana Formation (Par Maranhdo Basin: Pamplona, 1969; Abreu et al., 1986) and
Pirabas Formation (recnrued in the Barreirinha Basin: Pamplona, 1969) in the equatorial
platform of Brazil show an Oligocene-Miocene hiatus interpreted by Abreu et al. (1986) as
an erosive phase without deposition. This hiatus could also be a consequence of sea level
oscillation (Hag, 1987; Kominz et al., 2008) and the Mi-1 event (Stewart et al., 2017; Egger
et al., 2018). In the outcrops of the Pirabas Formation, the hiatus recorded in the Foz do
Amazonas, Para-Maranhdo and Barreirinha basins was not observed because only a few
meters of onshore section are available for accurate interpretation. However, the seismic

records of palaeocanyons in the Para-Maranhdo Basin support the Oligocene-Miocene
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subaerial erosive phase on the carbonate platform recorded by Abreu et al. (1986). The
abrupt lithological changes observed in the Atalaia section could be related to brief periods
of exposure and or minor erosive phases. Climate and weathering were favourable for
erosion and fast diagenesis. In addition, deposits of siliciclastic material throughout the
fluvial drainage and the transport of continental debris (e.g., palaeoflora: sensu Santiago
and Ricardo-Branco, 2018) to the marine deposits of the Pirabas Formation show the
complexities of these outcrops. The coastal plain dominated by :i.2ngrove forests in the
Baunilha Grande locality (sensu Antonioli et al., 2015) is ar ex>™ple of habitat lost during

the abrupt burial of infauna (e.g., Uca maracoanai antiy.'a brito, 1972).

5.3. Porosity characterization

The fossil framework and bioclastic e rarv,ement, meteoric leaching, cementation, depth
of burial and pressure of compaction e related factors responsible for the total porosity
and permeability of carbonate plrtfoim deposits (Schmoker and Halley, 1982; Hébert et al.,
2014; Rashid et al., 2015; Sac>q ad Yusoff, 2015; Janjuhah etal., 2017b). The
heterogeneity of pore stricives, especially in the Atalaia outcrop of the uppermost Pirabas
Formation, is already .iSwie at the centimeter scale in the coquinoid packstone to floatstone
layers from the top at 5.0 m (16.61% porosity; Figs. 1, 18) to the base at 0.1 m (9.91%
porosity; Figs. 1, 19). The packstone to floatstone horizons affected by strong diagenetic
processes, exemplified by the Turbinella and Mercenaria basal horizon (0.10 m), show the
lowest porosity for this lithology (approximately 10%). These porosity values are similar to
those of South Florida carbonates analysed by Schmoker and Halley (1982). The range of
the values is also similar to those of other shallow-water, low-latitude, marine carbonates.

According to Vasconcellos (2013), in the middle Miocene Pirarucu Formation from the Foz
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de Amazonas Basin in Brazil, the total porosity ranges between 23 and 27% (well: 1 APS
0010B AP). However, in the early Palaeocene to middle Miocene Amapa Formation in the
F6z do Amazonas Basin, the total porosity ranges between 12 and 18% (well: 1APS 0021
AP). The porosity of carbonate strata cored on the Marion Plateau (early to late Miocene),
offshore from northeastern Australia (Ehrenderg et al., 2006) ranges between 5 and 55%

(overview of limestone, dolostone and partly dolomitized plugs data).

5.4. The collapse of the carbonate platform

The equatorial margin of Brazil is a stable platform nc* aftected by the Cenozoic
Caribbean and Andean orogenies (Almeida et al., 200u; <ossetti et al., 2013). However,
during the middle to late Miocene, as a consenu.ce of Andean uplift the early
transcontinental palaeo-Amazonas hydrr.grarhic system started to transport massive
amounts of siliciclastic sediments to u= equatorial Atlantic coast (Figueiredo et al., 2009;
Watss et al., 2009), and together ‘il the sedimentary output of coastal plain drainages
brought carbonate production *o ai, end. Riverine input decreased water transparency and
changed water chemical na.~reters (including salinity), which combined with the burial
effect of sediment owe: caicareous fauna triggered the collapse of carbonate production
(Aguilera et al., 2014, 2017a). However, the oldest evidence of Andean sediments reaching
the Amazon delta, and thus the onset of a transcontinental Amazon river, is 9.4 t0 9.0 Ma
(Hoorn et al 2017) while we have dated the Atalaia outcrop as 14.2 — 12.7 Ma. This
discrepancy is still unsolved. It could be possible that Atalaia is not indeed the top of the
Pirabas Formation, or that there is a large unconformity between Pirabas and Barreira
formations, and most of the accumulation of the 12-9 Ma interval has been eroded away.

An alternative third hypothesis could be proposed, namely, that the collapse of the
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carbonate platform in the eastern Amazonia is related to the direct progradation of the
siliciclastic Barreiras Formation, which records the last uplift-subsidence event of the
Brazilian coast related to the Atlantic Ocean opening (Rossetti et al., 2013), over the
carbonate platform, thus having nothing to do with the onset of the Amazon delta.

Several large-scale processes have affected the major reservoirs of Neogene tropical
marine biodiversity along the equatorial margin of South America. Thus, reconstructing the
entire Pirabas Formation is of paramount importance for underst. ding the origin and

evolution of South American marine ecosystems.

6. Conclusions

(1) Macro and microfossil assemblages suggest = miidle Miocene age for the uppermost
Pirabas Formation at the Atalaia outcror. (2, The Atalaia section records in detail the
dynamics of a coastal palaeoenvironnnt dominated by coastal lagoons with mangrove
forests under the influence of a fidal veyime (mudstones, characterized by the non-
preservation of benthic foran. ifera and the occurrence of crustaceans, ichnofossils and
pyritized leaves and trunks,, 2 shallow inner platform (packstone to floatstones dominated
by molluscs, large soi.ias and calcareous algae); a surf zone affected by wave and current
energy (poorly consolidate wackstone, characterized by the accumulation of benthic
foraminifera, ostracods and echinoderms). (3) The fossil frameworks and sedimentary
palaeoevironments are responsible for the heterogeneity in the porosity values. (4) The
ultimate driver of the collapse of Pirabas carbonate production is still uncertaing, but is
most likely related to a the transition to a mainly siliclastic depositional environment. (5)
The Pirabas Formation could become a facies model for Neogene tropical carbonate

deposits of the tropical Atlantic. (6) The use of high technological resources and innovative
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solutions together with improved laboratory techniques provides accurate and valuable

results even in settings characterized by complex and destructive diagenesis.
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Figure and legend

Fig. 1. Location map and the stratigraphic section of the Pirabas Formation (middle
Miocene) at the Atalaia outcrop, Brazil (modified from Aguilera etal. 2017a). The
petrographic nomenclature follows Grabau (1904) and Dunham (1962). Note the
environmental changes from the inner shelf, surf zone and coastal lagoons with mangroves
could be controlled by local or regional effects of sea-level fluctu.*ions, sedimentary
dynamics linked with the tidal regime and carbonate productini.z  The influx of fine-
grained sedimentary mudstones and argillite inhibited ti.. development of large-scale coral-
reefs and formed a heterogeneous seafloor consisting v* consolidated carbonate substrates

with abundant fossil assemblages and soft shale <ed ment.

Fig. 2. Outcrop of the Pirabas Formaucn (middle Miocene) at the Atalaia beach (0° 35'37”
S, 47° 18' 54.4” W), Para State, pvoczeJ during the lowest tidal range (0.0); 2, 3, outcrop
(base) cutting slices, sample .P&nIG-PirAtaS001; 4,5, outcrop (base) cutting slices,
sample LP&MG-PirAtaSNu. ‘note the complexity of fossil remains, empty space, vugs and
infilled moulds in the ~arvonate matrix); 6, outcrop (top) cutting slices, samples LP&MG-

PirAtaS001 to 008.

Fig. 3. Example of a large micro CT view of the outcrop (base) cutting slices, sample

LP&MG-PirAtaS003 showing details of gastropod moulds of Fusinininae (Fasciolariidae)

in the rock matrix and the micro CT volumetric 3D reconstruction.
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Fig. 4. Example of a nano CT sequences view (1-4) of outcrop (base) plug sample from
LP&MG-PirAtaS003 slice from the Atalaia outcrop showing selected area for volumetric
reconstructions of 1, bryozoan Metrarabdotos (Metrarabdotosidae); 2, coralline red algae
(sterile form of Corallinacea); 3, foraminifera Spiroloculina and Quinqueloculina
(Hauerinidae); 4, Echitricolprites (Bombacaceae) and mollusc bivalve Lamelliconcha

(Veneridae).

Fig. 5. 3D reconstructions of fossil specimens from the Pirahas ~~rbonate rock at the
outcrop (base). 1, dorsal and lateral views of cf. Orthaui x (Strombidae); 2, details of
ichnofossil Entobia cf. geometrica fixed to cf. Orthamcox shell; 3, juvenile of Olividae
(Olivellinae), cf. Olivella; 4, shell with a bulbnu~ farval protoconch of a juvenile
Fusinininae (Fasciolariidae), cf. Fusinuc. 5, of. Fusinus without protoconch; 6, cf.
Ranellidae; 7, Strombidae; 8, large fo.~minifera next to Strombidae shell; 9, juvenile of cf.
Cypraeidae; 10, cf. Naticidae; 11 cf. Arcillaridae; 12, a fragment of cf. Ranellidae; 13,
Conus paraensis (note the prciato,y borehole in the shell attacked by boring organisms);
14, Strombidae; 15, Melnnyonidae; 16, Arcilla sp. (Arcillaridae). Sample LP&MG-

PirAtaS003.

Fig. 6. 3D reconstructions of fossil specimens from the Pirabas carbonate rock at the
outcrop (continued). 1, Dallocardia (Cardiidae); 2, Tellinidae; 3, cf. Lamelliconcha
(Veneridae); 4, small Tellinidae; 5, Dallocardia sp. (Cardiidae); 6, Cupuladria sp.
(Cupuladriidae); 7, articulate valves of Limidae (note the predatory borehole in the shell
attacked by boring organisms); 8, fragments of bryozoan colony of Pirabasoporella

(Jaculinidae) infilled the shells; 9, Cardidae (note the predatory borehole in the shell); 10,
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Trigonocardia?; 11, Turritella sp. (Turritellidae); 12, Trigonocardia; 13, foraminifera
(inside the shell); 14, Cupuladria sp. (Cupuladriidae);15, Metrarabdotos sp.
(Metrarabdotosidae); 16, Flabellus sp. (Flabellidae) in anterior, lateral and posterior views;
17, cf. Flabellus; 18, a proximal fragment of echinoid spine (cf. Prionocidaris) and teste

fragment. Sample LP&MG-PirAtaS003.

Fig. 7. 3D reconstructions of fossil specimens from the Pirabas c.vbonate rock at the
outcrop (continued). 1, Ammodiscus cf. peruvianus Berry, 19%C ’ammodiscidae), dorsal
and lateral views; 2, 3, coralline algae (sterile); 4, 5, Spn ~loculina angulata Cushman,
1917 (Hauerinidae) in rotated views; 6, 7, Spiroloculine cymbium d'Orbigny, 1839
(Hauerinidae) in rotated views; 8, 9, Quinqueloctaina crassicarinata Collins, 1958
(Hauerinidae) in rotated views; 10, Spir sigraoilinella compressa Matsunaga, 1955
(Milamminidae); 11, Pyrgo subsphae:‘~a (d"Orbigny, 1839) in rotated views. Sample

LP&MG-PirAtaS003.

Fig. 8. Photomicrographe ¢ ricrofossils from Pirabas outcrop (base). 1, Amphistegina
(Amphisteginidae): ai.™, and Planorbulinella sp.: pla.; 2, 3, Amphistegina
(Amphisteginidae): amp; 4, echinoid fragment: ech; 5, dissolved fragment of soritids
(Soritoidea): sor; 6, indeterminate foraminifera: for; 7, Globigerina (Globigerinidae): glo;
8, indeterminate (badly preserved bioclast): ind; 9, Amphistegina (Amphisteginidae): amp;
10, regular echinoid spine: ech; 11, sterile coralline algae: alg; 12, indeterminate: ind; 13,
Bigenerina (Textulariidae): big; 14, 15, mollusc fragment: mol. Sample LP&MG-

PirAtaS001.
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Fig. 9. Photomicrographs of microfossils from the Pirabas outcrop (base) (continued). 1,
Bryozoan: bry; 2, small echinoid spine: ech; 3, Amphistegina (Amphisteginidae): amp, and
echinoid spine: ech; 4, small coral Flabellidae: fla; 5, Bigenerina: big; 6, Amphistegina
(Amphisteginidae): amp; 7, Cupuladriidae (ventral view of fragment): cup; 8, algae: alg,
and ostracods: ost; 9, Bryozoan: bry, and indeterminate foraminifera: for; 10, Soritoidea:
sor; 11, miliolids: mil, and Crototricolpites (Tricolpatae): cro; 12, echinoid spine: ech; 13,
large spine of a regular echinoid: ech; 14, crustacean fragment: ¢, v 15, spicule of sponge:

spo. Sample LP&MG-PirAtaS001.

Fig. 10. Photomicrographs of microfossils from the Pn:%as outcrop (base) (continued). 1,
echinoid: ech; 2, echinoid fragment: ech; 3, indetririnate: ind; 4, mollusc fragment: mol;
5, Coralline algae: alg; 6, indeterminate cota.id: rot; 7, Corallinales or Hapalidiales
(Corallinaceae): cor; 8, ostracod: ost, ond coralline algal nodule (possibly composed of
Corallinales and Hapalidiales (Crral.no.ceae): alg; 9, piritaized Globigerina or bulbous air:
ind; 10, mollusc fragment: mc' 1., algae ind: alg, and crinoid: cri; 12, foraminifera: for,
algae: alg, and probably taig> miliolids (cf. Dendritina): mil; 13, fish vertebrae: fis; 14,

foraminifera (mold): \ov; 15, indeterminate bioclast: bio. Sample LP&MG-PirAtaS001.

Fig. 11. 3D reconstructions of fossil specimens from the Pirabas carbonate rock at the
outcrop (top). 1, coralline algae; 2, 3, ind. foraminifera in rotated views; 4, Flavelus
(Flavelidae) in lateral, anterior and posterior views; 5, Cupuladria sp. (Cupuladriidae) in
lateral dorsal and ventral views; 6, ind. gastropod in rotated views; 7, Turritella

(Turretellidae) in rotated views; 8, Conus (Conidae) in rotated views; 9, Strombus
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(Strombidae) in rotated views; 10, Semele (Semelidae) in rotated views; 11, Cupuladria sp.

(Cupuladriidae); 12, shark teeth. Sample LP&MG-PirAtaS004.

Fig. 12. Photomicrographs of microfossils from the Pirabas outcrop (top). 1, Bryozoan: bry,
and foraminifera Amphistegina (Amphisteginidae): amp; 2, 3, Foraminifera Pyrgo sp.: pyr;
4, Bryozoan: bry, and foraminifera ind.: for; 5, echinoid spine; 6, echinoid fragments: ech;
7, Rotaliida Delage and Hérouard, 1896: rot; 8, indetermitad: inc, 9, Globigerina
(Globirenigidae): glo; 10, 11, soritids: sor; 12, foraminifera Te,:*':aria gramen (d'Orbigny,
1839): tex, micro gasteropod: mol, coralline algae: alg; 3, toraminifera: for, coralline

algae: alg, ostracod: ost; 14, algae: alg. Sample LP&MC -PirAtaS004.

Fig. 13. Photomicrographs of microfoss’s from the Pirabas outcrop (top) (continued). 1,
Pyrgo sp.: pyr; 2, 3, green algae: alg; -* bryozoan: bry, indeterminate: ind; 5, algae: alg; 6,
Amphistegina (Amphisteginidae)® ar v, bryozoan: bry, indeterminate: ind; 7, large benthic
foraminifera ind: for; 8, forar.’nife;a Nodosarella sp.: nod; 9, soritid: sor. Sample

LP&MG-PirAtaS004.

Fig. 14. Some sporomorphs of Pirabas Formation in Atalaia outcrop. 1, Crassoretitriletes
vanraadshooveni Germerraad et al. 1968; Maximum diameter 82 p (slide: 1459; Coord. EF:
U35 2; 2, Deltoidospora adriennis (Potonié and Gelletich 1933) Fredericksen 1983
Maximum diameter 42 p (slide: 1459; Coord. EF: Q43 4; 3, Zonocostites ramonae
Germeraad et al., 1968. Maximum diameter 15 p, polar view. 4, Z. ramonae. Maximum
diameter 18 p, equatorial view. (slide: 1461; Coord EF: P44 4); 5, Lanagiopollis crassa

(Van der Hammen and Wymstra, 1964) Frederiksen, 1988. Maximum diameter 62 p.
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equatorial view (slide: 1459; Coord. EF:043 3); 6, and 7, Lanagiopollis crassa polar view
Maximum diameter 58 p slide: 1459; Coord. EF: S35 1); 8, Verrutricolporites rotundiporus
Van der Hammen and Wymstra, 1964. Maximum diameter 27 p (slide: 1461; Coord EF:
R52 1; 9, Fenestrites sp. Maximum diameter 30 p (slide: 1461; coord. EF: V37 3/4); 10,
Malvacipolloides maristellae (Muller et al., 1987) Silva-Caminha et al 2010. Maximum
diameter 30 p (slide: 1461, coord. EF: M39 2); 11, Psilastephanoporites tesseroporus

Regali etal., 1974, Maximum diameter 55 p (slide: 1461; coord. ZF: F55 3).

Fig. 15. Photomicrographs of microfossils from the Pira.as wackstone in the Atalaia
outcrop. 1, Amphistegina lessonii; 2, Ammonia parkin.~iana; 3, Elphidium sagrum. Scale

bar: 100 pm.

Fig. 16. Photomicrographs of microfo.~il ossicles of Echinodermata and spicules of
Porifera from the Pirabas wackstrne. 1.1-1.2, Comatulidae, Sievertsella crinoid calyx; 2.1-
2.2. Comatulidae crinoid bracial ussicle; 3.1-4.3, Gorgonocephalidae ophiuroids vertebrae
ossicles; 5.1-5.2, Ophiomus™a ophiuroids vertebrae ossicle; 6.1-6.2, ophiuroids lateral arm
plates; 7.1-7.2, asteron' niarginal ossicles; 8.1-10.3, echinoid lantern ossicles; 11-12,
Prionocidaris echinoids primary spines; 13, Echinometra echinoids primary spine; 14,
Demospongiae spicule. Scale bar 20 pm (Figs. 1-4,8-13), 40 ym (Fig. 7), 500 pm (Figs. 5-

6, 14).

Fig. 17. Palaeoreconstruction of fossil assemblages recorded in the Atalaia outcrop
according to the palaeoenvironment. 1. Mangrove (dark mudstone), mainly characterized

by the presence of trunk and leave remains, ichnofossils and crustaceans decapods

45



(Microfacies C); 2. Shallow-water sandy bottom (packstone to floatstone) characterized by
epifauna and infauna assemblages mostly represented by molluscs, benthic foraminifera
and calcareous algae (Microfacies A). 3. Surf zone on a sandy bottom (wackstone),
characterized by a high abundance of echinoderms (Microfacies B). Species identification
number: 1, sea catfish Ariidae Bagre; 2, stingray Dasyatidae Dasyatis; 3, swimming crab
Portunidae Portunus; 4, pea crab Pinnotheridae Paleopinnixia; 5, bighand ghost shrimp
Callianassidae Neocallichirus; 6, box crab Calappidae Calappa; " fiddler crab Ocypodidae
Uca; 8, Thallasinoid ichnofossil; 9, trunk and leaf; 10, eagle va, Miyliobatidae Aetobatus;
11, great white shark Lamnidae Carcharodon; 12, corah.e aigae, Lithotamiun; 13, bryozoa
Metrarabdotosidae Metrarabdotus; 14, scleractinian o Flabellidae Flavellus; 15, cake
urchins Clypeasteridae Clypeaster; 16, sea urch.™, Frenasteridae Agassizia; 17, sand dollar
Clypeasteridae Clypeaster; 18, sea urchi"s (,idaridae Prionocidaris; 19, sea urchins
Cidaridae Cidaris; 20, kitten’s paw cx.ms Plicatulidae Plicatula; 21, clam Pectinidae
Amusium; 22, tellins Tellinidae; 23, °5, venus clam Veneridae; 24, cockle Cardiidae; 26,
spine oyster Spondylidae Spcidyius; 27, chanks shell Turbinellidae Turbinella; 28, rock
snails Muricidae Murex: 2y, cowries Cypraeidae Cypraea; 30, top shell Calliostomatidae
Calliostoma; 31, cone ~nail Conidae Conus; 32, spindle snail Fasciolariidae Fusinus; 33,
dwarf olives Olivellidae Olivella; 34, tower snail Turritellidae Turritella; 35, coralline
algae; 36, benthic foraminifera Amphistegenidae Amphistegina; 37, 39, foraminifera
Spiroloculinidae Spiroloculina; 38, foraminifera Miliolidae Quinqueloculina; 40,
foraminifera Hauerinidae Pyrgo; 41, foraminifera Rzehakinidae Spirosigmoilinella; 42,
jack-knifefish Sciaenidae Equetulus; 43, nurse shark Ginglymostomatidae Nebrius; 44, sea
lilies Comatulidae Sievertsella; 45, sponges Demospongea; 46, bryozoa Jaculinidae

Pirabasoporella; 47, basket star Ophiuroidea; 48, ostracod Bairdoppilata.
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Fig. 18. Total porosity and frequency of pores per slice on carbonate rock samples (plugs)

from the Atalaia section.

Fig. 19. Total porosity and frequency of pores per slice on carbonate rock samples (plugs)

from the Atalaia section (continued).

Supplementary material
S1. Microcomputer tomography (video of transaxial plai.>) or packstone micro plug from
the Atalaia outcrop (packstone to floatstone layer at 5.C @ in the section). mp4 format, 58.2

MB, 02:18 minutes.
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Highlights

1.

Microfossil assemblages suggest a middle Miocene age for the uppermost Pirabas
Formation at the Atalaia outcrop.

The palaeoenvironment are characterized by coastal lagoons with mangrove forests
under the influence of a tidal regime and shallow inner platform.

Microfossil frameworks are responsible for the heterogeneity in the porosity values
The ultimate driver of the collapse of Pirabas carbonate production is still
uncertaing.

The Pirabas Formation could become a facies model for (:=0gene tropical carbonate
deposits of the tropical Atlantic.

The use of high technological resources and inno» ativ » solutions provides accurate
and valuable results for micropalaeontological rerearcn
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