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Beatriz Teixeira Guimarães c, Vinicius Kutter c, Ana Paula Linhares d, Daniel Lima e, 
Julianny Dos Santos Silva b, Ricardo Tadeu Lopes a 

a Federal University of Rio de Janeiro (UFRJ), Nuclear Instrumentation Laboratory, Nuclear Engineering Program/COPPE, Av. Horácio Macedo, Cidade Universitária, 
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A B S T R A C T   

Worldwide, some of the largest hydrocarbon reservoirs are located in tropical neritic carbonate deposits. 
Biostratigraphic and paleoenvironmental analyzes of these sedimentary records are often based on the study of 
foraminiferal assemblage. Foraminifera-based biozones are widely employed in the oil industry to support 
drilling processes that, alongside petrophysical prospecting, define interval favorable for exploiting hydrocarbon 
resources. Both scientific research and the petroleum industry, however, usually apply traditional petrographical 
and paleontological methods to analyze microfossil assemblages, especially for large benthic foraminifera. New, 
faster, and more accurate methods based on microCT analyzes have emerged as a valuable high-output tool to 
obtain high-resolution microfossil records for biostratigraphy and paleoenvironmental reconstructions. This 
method is also useful for the development of digital databases for artificial intelligence applications. MicroCT 
analyzes, therefore, lead to faster identification of foraminifera assemblage and support digital access to inter-
national foraminifera repositories and reference collections, introducing a new dimension in micropaleonto-
logical research.   

1. Introduction 

Some of the most important hydrocarbon reservoirs in the world are 
located within carbonate deposits (Khodja et al., 2020). Tropical car-
bonate platform successions, in particular, contain some of the largest 
known reservoirs, such as the Arab-D Formation in Saudi Arabia 
(Pemberton and Gingras, 2005; Al-Awwad and Collins, 2013), the 
Asmari Formation in Iran (Perry and Choquette, 1985; Amirshankarami 
et al., 2007; Coletti et al., 2017; Mahmoodabadi and Zahiri, 2022), the 
Perla limestone in Venezuela (Castillo et al., 2017; Coletti et al., 2017), 
the French Guiana-Guyana-Suriname plays (Wong and Geuns, 2019), 
and some of the Pre-salt fields at the Campos Basin in Brazil (Bruhn 
et al., 2003). 

Off-shore, Paleocene to Miocene, neritic carbonate deposits of the 

Brazilian equatorial platform are often characterized by a remarkable 
abundance of large benthic foraminifera (LBF) (Abreu et al., 1986; de 
Mello e Sousa, 1994; Pessoa-Neto, 1999; de Mello e Sousa et al., 2003; 
BouDagher-Fadel and Price, 2010a, 2010b; BouDagher-Fadel et al., 
2010; Alvarado et al., 2023). The Miocene of the Brazilian equatorial 
platform, outcropping along the coastal plain is characterized by the 
occurrence of small and large benthic foraminifera and planktonic 
foraminifera (Petri, 1954, 1957; Távora and Fernandes, 1999; Rojas 
et al., 2022; Teixeira et al., 2024). Foraminiferal assemblages are useful 
in identifying biozones and determining or constraining ages within 
these deposits. 

Until now, the academy and the oil industry have routinely applied 
traditional geological methods to obtain petrographic thin sections from 
cores for microfossil analyzes. These can be also used by 
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biostratigraphers to analyze the morphological parameters of embryonic 
structures which are in turn fundamental in the identification of LBF 
species (e.g., Muhammed and Ghafor, 2008; Ghafor, 2014; Benedetti 
et al., 2017; Torres-Silva et al., 2017; Coletti et al., 2018; Cotton et al., 
2018; Hohenegger and Torres-Silva, 2020). Although disaggregation of 
lithified carbonate rocks, employing mechanical, chemical, or physical 
methods may still be the best way to recover isolated and well-preserved 
foraminifera samples (Malik et al., 2022), and although wet sieving 
(2 mm, 500 µm, 250 µm, 125 µm, and 65 µm meshes) is still the most 
advantageous method to recover microfossils from non-lithified rocks 
(Green, 2001), fast and accurate methods based on microCT imaging are 
currently been developed. 

The microCT imaging method allows obtaining high-resolution de-
tails of the inner and outer morphology of LBF, which are useful for 
species identification (Görög et al., 2011; Ferràndez-Cañadell et al., 
2014; Aguilera et al., 2020a, 2020b; Mouro et al., 2021; François et al., 
2022; Alvarado et al., 2023). This approach can allow detailed analyzes 
of the internal structures (e.g., Briguglio et al., 2014, 2016), but it can 
also be used to acquire large amounts of data in a much shorter time 
frame in comparison to classical paleontological and petrographical 
approaches (e.g., Coletti et al., 2018). 

3D analyzes and reconstruction of foraminifera could be used to 
create digital repositories and provide data that could be used in ma-
chine learning, leading to the development of fossil guides for taxonomic 
and biostratigraphic applications. 

Thus, the present study aims to compare different methods of 
analyzing foraminifera assemblages (stereomicroscope, petrographic 
microscope, scanning electronic microscope, and computer digital to-
mography) using core cutting and lithified rock samples, in order to 
precisely recognize the most accurate, time- and cost-effective 
procedure. 

2. Geological setting 

The Ilha de Santana Formation (Brandão and Feijó, 1994; Figueiredo 
et al., 2007; Soares et al., 2007) is situated within the Humberto de 
Campos Group in the Pará-Maranhão and the Barreirinhas basins of the 
Brazilian equatorial platform (Fig. 1). This formation comprises an 
extensive carbonate package from the Cretaceous (Maastrichtian) and 
encompasses a substantial portion of the Cenozoic (Oligocene and 
Miocene), consisting of i) calcarenites and calcirudites, deposited in the 
inner platform; ii) calcarenites and calcilutites, deposited in the middle 
platform; and ii) marls, shales, and mudstones, deposited in the outer 
platform and along the slope (Brandão and Feijó, 1994; Figueiredo et al., 
2007). The section of 1-MAS-16-MA (between 798 and 1200 m below 
the sea surface (mbsf) from the Ilha de Santana Formation, the object of 
this study, has an age spanning from Chattian to Burdigalian (Alvarado 
et al., 2023). This interval represents the initial biofacies BF-6 to initial 
biofacies BF-3 of the Ilha de Santana Formation, dominated by frag-
ments of calcareous algae and LBF (Alvarado et al., 2023). 

The Pirabas Formation (Maury, 1925) is well-recognized through 
equatorial coastal plain outcrops and quarries located in the Pará state, 
Brazil (Fig. 1). It is characterized by a mixture of carbonatic–siliciclastic 
deposits formed in shallow water context ranging from the inner to the 
middle platform (Rossetti et al., 2013; Aguilera et al., 2020a, 2020b, 
2022), spanning from the late early Miocene to the late middle Miocene. 
However, recent studies examining from the Ilha de Fortaleza in the 
Ponta do Castelo and the Fazenda outcrops suggest an age of late early 
Miocene (Burdigalian) (Gomes et al., 2023). It is deposited over Pre-
cambrian rocks and it is overlain by the siliciclastic deposits of the 
Barreiras Formation (Rossetti et al., 1989; Rossetti, 2006). Aguilera et al. 
(2022) distinguish four main facies within the Pirabas Formation: i) 
facies α1, shallow-water offshore platform characterized by 

Fig. 1. Map indicating the well 1-MAS-16-MA location within the Pará-Maranhão Basin, Ilha de Santana Formation (yellow square) and the carbonate outcrops of 
Pirabas Formation (red dots) at the Pará state coast, Brazil. 
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echinoderm-bryozoan packstone to rudstone (with ≤10% of siliciclastic 
content in the rock); ii) facies α2, shallow-water inner platform, 
comprising siliciclastic-rich wackestone to packstone (with siliciclastic 
content ranging between 10% and 30%); iii) facies β, shallow coastal 
plain dominated by siliciclastic fine-grained sandstone to mudstone 
(with ≥50% siliciclastic content); and, iv) facies γ, restricted tidal 
coastal plain of marginal mangroves dominated by sand-sized angular 
grains, iron-rich nodules, and pyritized fossils. The lithified rock samples 
studied here come from the Ilha de Fortaleza (Ponta do Castelo and 
Fazenda outcrops) represent the facies α1. 

3. Material and methods 

3.1. Cuttings 

Ten cutting samples from the 798–1200 mbsf section of the well 1- 
MAS-16-MA (Chattian to Burdigalian) were analyzed. These samples 
were loaned by the Brazilian National Petroleum Agency (ANP, Protocol 
SAA 46.19) for this study. A schematic diagram of the sampling analysis 
methods employed herein is depicted in Fig. 2. 

Cutting samples from this section are characterized by the presence 
of LBF e.g., miogypsinids and lepidocyclinids. Therefore, the study of 
inner diagnostic structures is mandatory in order to correctly identify 
the different taxa. 

Step 1 (pretreatment and stereomicroscopy). Cutting samples from 
the core were quartered and separated into 12 mm3 sub-samples. Each 
sub-sample was placed on a glass Petri dish, treated with 4% acetic acid 
for three minutes, washed under running water, sieved through a 
125 µm mesh, and dried at 28ºC. The LBF present in the samples were 
observed with a stereomicroscope, separated, picked, counted, and 
placed into sterile polypropylene Eppendorf vials using fine brushes. 

Step 2 (metallization and scanning electron microscopy). LBF spec-
imens were selected for detailed external morphology assessments by 
scanning electron microscopy (SEM). The specimens were attached to 
12 mm-diameter aluminum supports using double-sided carbon adhe-
sive tape and metalized with Au for 90 s. Metallization resulted in a thin 
gold film, averaging 12 nm in thickness, over the sample surface. Images 
were generated using a secondary electron detector and applying a 
voltage acceleration between 5 and 1 kV and a working distance of 
about 15 mm. 

Step 3 (microcomputer tomography). MicroCT scan acquisitions and 
3D digital imaging of sorted LBF (specimens) were performed on cutting 
sub-samples stored in a 1.5 mL sterile polypropylene Eppendorf using a 
microcomputer tomograph v|tome|x M 300 with an X-ray microfocus CT 
system (BHGE). Scanning parameters were set at 60 kV voltage, 100 μA 
current, 333 ms exposure time per scan, 1 mm-thick Al filter, 6 μm voxel 
size resolution and a total of 1500 scans within a 360◦ rotation. The 
Phoenix Data X Reconstruction v. 2.2 (GE) software was used for the 3D 

Fig. 2. Simplified diagram of the methodology applied herein to the micropaleontology analysis of cutting samples from the Ilha de Santana Formation (well 1-MAS- 
16-MA), Pará-Maranhão Basin, Brazil. Sub-sample treatment, microfossil picking, and digital recording by stereomicroscopy, petrography microscopy, scanning 
electron microscopy, and computer scanner microtomography. Note the digital specimen images and structures details. 
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reconstructions, employing slice alignment, beam hardening correction, 
and ring artifact reduction. A mathematical edge-enhancement filter 
was applied to achieve higher LBF contrast. The VG Studio Max v 3.0 
and Avizo v. 2021.1 software were used for 3D visualizations and the 
plates were edited using Photoshop 2020. 

Step 4 (virtual analyzes, measurements, and identification). The 
biometric LBF analyzes were based on equatorial section measurements 
of individual foraminiferal tests following the standard methods used in 
the identification of LBF species (Van der Vlerk, 1959, 1963; Matteucci 
and Schiavinotto, 1977; Van Vessem, 1978; Schiavinotto, 1978; Chap-
roniere, 1980; Muhammed and Ghafor, 2008; Less et al., 2008; Özcan 
et al., 2009; Ghafor, 2014; Renema and Cotton, 2015; Benedetti et al., 
2017; Torres-Silva et al., 2017; Coletti, et al., 2018; Hohenegger and 
Torres-Silva, 2020). Taxonomic identifications follow in particular the 
main references for Cenozoic LBF assemblages (Robinson, 2003; de 
Mello e Sousa et al., 2003, 2009; Fiorini and Jaramillo, 2007; Brandano 
et al., 2009; BouDagher-Fadel and Price, 2010a, b; BouDagher-Fadel 
et al., 2010; Albert-Villanueva et al., 2017; BouDagher-Fadel, 2018; 
Coletti et al., 2018; Özcan et al., 2019; Mitchell et al., 2022). 

Step 5 (petrographic thin sections). Cutting sub-samples of around 
3 g each were placed in a plastic form, embedded in an acrylic resin 
block, cut, fixed on 76 ×26 mm glass slides, and polished to 30 μm 
thickness. A total of 31 petrographical thin sections were then 

qualitatively and quantitatively analyzed for foraminifera assessments. 
Photomicrographs were obtained using a petrographic microscope 
equipped with an integrated digital system. 

Step 6 (microcomputer tomography, virtual analyzes, and identifi-
cation). A total of 10 unsorted bulks of cutting sub-samples (not only 
with LBF but including also all the bioclasts, skeletal grains, and ag-
gregates constituting the cutting sub-samples) were placed into 1.5 mL 
sterile polypropylene Eppendorf vials and analyzed by microCT acqui-
sition, processed using the AVIZO software to capture digital coronal, 
sagittal and axial planes (six thousand sections) and sequentially edited 
using the Windows Media Video software (WMV format) to identify and 
determine LBF assemblage. 

3.2. Lithified carbonate rock 

A total of 13 lithified carbonate rock samples from the Pirabas For-
mation (Burdigalian) were collected in the type locality of the Ilha de 
Fortaleza (Ponta do Castelo and Fazenda outcrops) along the coastal 
marine platform of Pará state (Aguilera et al., 2022, 2023). A schematic 
diagram is depicted in Fig. 3. 

Disaggregated samples from lithified rocks are characterized by the 
absence of LBF in these outcrop sections e.g., miogypsinids and lep-
idocyclinids. In this sense, most of the identification of the small benthic 

Fig. 3. Simplified diagram of the methodology applied herein to the micropaleontology analysis of lithified rocks samples from the Pirabas Formation (Ponta do 
Castelo and Fazenda outcrops), Pará state, Brazil. Sub-sample treatment for rock disaggregation, microfossil picking, and digital recording employing stereo-
microscopy, petrography microscopy, scanning electron microscopy, and computer scanner microtomography. Note the digital specimen images, structure details, 
and digital plug sub-sample. 
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and planktonic foraminifera assemblage is not fixed to the study of the 
inner diagnostic character. 

Step 1 (pretreatment). A consolidated packstone from the Ponta do 
Castelo and the Fazenda outcrops located at Ilha de Fortaleza was dis-
integrated using around 1 kg of each sample. The rock fractions (1 kg 
each) were then immersed in common water within a beaker (without 
added soda or some other chemicals), and put over a heating plate at 
70 ◦C for 72 h, replenishing the evaporated water when necessary. The 
disaggregated sediments were then washed and sieved through 500 µm, 
250 µm, 180 µm, 125 µm, and 65 µm meshes and dried in an oven at 
60ºC for 48 h. 15 g of sample was separated for foraminifera picking 
using a splitter. 

Step 2 (stereomicroscopy). Microfossils were separated, identified, 
counted, and photographed under a stereomicroscope coupled to a 
digital system. 

Step 3 (microcomputer tomography and virtual analyzes). MicroCT 
scan and 3D reconstructions of the foraminifera were performed, 
following the previously described protocol, on non-disaggregated 
fragment of lithified packstone. 

Step 4 (petrographic thin sections). A total of 31 petrographical thin 
sections were prepared using fragments of rocks with about 3 cm3 of 
volume, following the standard method for thin sections preparation. 
The microphotographs were taken using a digital system coupled to a 
petrographic microscope. 

3.3. Statistical analyzes 

Relative abundances of foraminifera are calculated as the ratio be-
tween the number of specimens of a species (n) and the total number of 
specimens of all species in the same sample (T): RF = (n x 100)/T. The 
relative frequencies are expressed as percentages. Absolute abundances 
expresses the number of times a taxon was recorded at each depth in the 
different analyzed methods. Similarity between methods was assessed 
using the Jaccard and Bray-Curtis indexes. All analyzes were conducted 
using PAST software (4.0) and further edited in Adobe Illustrator when 
necessary. 

Table 1 
Foraminifera. Species abundance per method (picking, petrography, and microCT) from the Ilha de Santana Formation (Oligocene/Miocene section), 1-MAS-16-MA 
well, Pará-Maranhão Basin, Brazilian equatorial platform.  
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Fig. 4. Benthic foraminifera recovered from the Ilha de Santana Formation at well 1-MAS-16-MA using picking, petrography, and microCT methods. 1, absolute 
abundance. 2, relative abundance expressed as stacked areas. 3, clustering dendrogram based on taxa abundances (Bray-Curtis). 4, clustering dendrogram based on 
taxa occurrences (Jaccard). The geochronological time scale and lithology follows Alvarado et al. (2023). 
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4. Results 

Table 1 and Figure 4.1 display the comparative cutting sample an-
alyzes for foraminifera recovery, identification, and quantification. A 
total of 10,146 specimens were recovered in the cutting samples from 
well 1-MAS-16-MA, taking into account picking, petrography, and 
microCT methods. MicroCT was the most effective method for recov-
ering benthic foraminifera (n= 5851), followed by picking (n= 3839) 
and petrography (n= 456). MicroCT also recovered the highest number 
of taxa (n= 13), followed by petrography (n= 12) and picking (n= 8) 
(Fig. 4.2). 

The methods successfully recovered the index taxa (i.e., Amphiste-
gina, Miogypsina, Lepidocyclina, Victoriella, and Heterostegina); however, 
differences in absolute and relative frequencies were observed among 
the methods (Figs. 4.1, 4.2). Amphistegina was well-recovered in the 
picking method (n= 1235), whereas Victoriella was predominantly 
recovered by the microCT method (n= 847) and only minimally in the 
picking (n= 22) and petrography (n= 14) methods (Fig. 4.2). 

MicroCT and petrography were the most effective methods for 
recovering the non-index taxa, with Nummulites, Textularia, Operculina, 
small benthic Hialine (SBHialine), and small benthic Porcelaneus 
(SBPorcelaneous) foraminifera exclusively recovered by these methods. 
Eulepidina and Sorites were exclusively recovered by the microCT 
method, while Sphaerogypsina and Archaias were exclusively recovered 
by picking and petrography, respectively (Fig. 4.2). 

Considering the number of taxa recovered by all methods, microCT 
and petrography were the most similar, with 67% similarity (Fig. 4.3). 
On the other hand, when the abundances of taxa recovered are consid-
ered, microCT and picking showed about 65% similarity (Fig. 4.4). 

Table 2 and Figs. 5 and 6 present results of the comparative lithified 
rock analyzes for foraminifera recovery, identification, and quantifica-
tion. A total of 1693 specimens were recovered in the lithified rock 

samples from the Pirabas Formation in the Ilha de Fortaleza outcrops, 
considering both picking and petrography. Picking was the most effec-
tive method for recovering benthic and planktonic foraminifera (n=
1449) followed by petrography (n= 244). Picking also recovered the 
highest number of taxa (n= 21), followed by petrography (n= 10) 
(Fig. 6). The methods successfully recovered the index taxa (i.e., 
Amphistegina, Archaias, Cibicides, Discorbis, Pyrgo, Quinqueloculina, and 
Textularia). 

The microCT scans allowed for the visualization and measurement of 
inner LBF diagnostic structures (Fig. 7) necessary for accurate species 
identification and optimized working time (Table 3). The microCT 
method was able to explore digital frames in coronal, axial, and sagittal 
views and based on Table 1 (number of specimens) and 3 (time) 
improved the method for species/specimens sampling recovery 
compared to the petrographical thin sections and picking methods 
(Figs. 6.1–6.2). The rock disaggregation and picking method of fora-
miniferal species/specimen recovery is the second method that provides 
a high foraminiferal recovery (Table 2). The microCT scan shows clear 
resolution for individual well-preserved specimens to visualize the 
diagnostic inner structures required for accurate identification. How-
ever, the resolution in the cutting-bulk (i.e., those in which all the 
allochems and not only the foraminifera were analyzed with the 
microCT), was subject to overlapping specimens, foraminiferal test 
preservation and or x-ray density/contrast similarities between matrix, 
bioclast, and LBF tests that decreased the efficiency for qualitative/ 
quantitative analyzes. The method is not absolutely perfect, but the 
results show desirable recovery of microfossil diversity and assemblage 
context (Tables 1 and 2). This method for the foraminiferal bulks in 
Eppendorf vials of sorted species/specimens from disaggregated rocks 
shows excellent scan results (Fig. 8). 

The microCT analysis for the highly lithified rock samples has certain 
limitations in the recovery and recognition of well-preserved 

Table 2 
Foraminifera. Absolute numbers of species per method (picking, and petrography) from the Pirabas Formation (Miocene), Ilha de Fortaleza (Ponta do Castelo and 
Fazenda outcrops), Brazilian equatorial platform coastal plain. Data for the empty row (FAZ1-picking) are not available because it was not possible to disaggregate the 
highly lithified rock using the hot water method.  
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Fig. 5. Benthic and planktonic foraminifera recovered from the Pirabas Formation in the Ilha de Fortaleza outcrops. 1, Ponta do Castelo and 2, Fazenda, using 
picking and petrography methods. Absolute abundance expressed as stacked areas. The sections follow Teixeira et al. (2024). 
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microfossils (Fig. 9). False impressions of foraminifera diversity and 
abundance in lithified rocks samples may also result from diagenetic 
processes. The effectiveness of microCT is lower, particularly for species 
with extremely similar external morphologies. In contrast, the tradi-
tional method, although slower in diagnostic character identification 
and taxonomic classification, offers more accuracy (Table 3). The 
microCT method, on the other hand, excels is speed in these aspects. 

5. Discussion 

The comparison of the efficiency and accuracy of the micropaleon-
tology research methods applied herein, including stereomicroscopy, 
petrographic microscopy, scanning electronic microscopy, and com-
puter digital tomography, suggests that the microCT approach repre-
sents the most accurate and efficient method for both industrial and 
academic micropaleontological research (Figs. 2–6). 

Fig. 6. Benthic and planktonic foraminifera recovered from the Ilha de Fortaleza outcrops. 1, Ponta do Castelo and 2, Fazenda, using picking and petrography 
methods. Relative abundance expressed as stacked areas. 

O.O. De Araújo et al.                                                                                                                                                                                                                          



Micron 180 (2024) 103611

10

In this sense, if cutting samples and lithified rock samples contain 
well-preserved foraminifera, the chances of specimen recovery in-
creases. However, the visualization of diagnostic inner structures for 
accurate identification using the microCT methods is faster than the 
manual preparation of thin sections. 

Despite the relatively recent advances in microCT concerning fora-
minifera (Görög et al., 2011; Briguglio et al., 2014, 2016; Ferràndez--
Cañadell et al., 2014; Renema and Cotton, 2015; Coletti et al., 2018; 
Aguilera et al., 2020 a, b; Carvalho et al., 2020; Mouro et al., 2021; 
Alvarado et al., 2023), this method allows for the development of digital 

Fig. 7. MicroCT and schematic drawings of the embryonic apparatus indicating the main biometric parameters and 2D sections of the 3D models of: 1, Miogypsina 
and 2, Lepidocyclina from the Ilha de Santana Formation (well 1-MAS-16-MA), Pará-Maranhão Basin, Brazil. Abbreviations: I = protoconch; II deuteroconch; α =
angle of shortest spiral around the protoconch; β = angle of both spirals around protoconch; c = closing chambers; DI = diameter of protoconch; DII = diameter of 
deuteroconch; DA = internal area of deuteroconch; DAH = height of the DA excluding wall thickness; DAW = width of the DA excluding wall thickness; PA = internal 
area of protoconch; PAC = primary auxiliary chamber; PAC1A = internal area of the largest auxiliary chamber; PAC2A = internal area of the smallest auxiliary 
chamber; PAH = height of the PA excluding wall thickness; PAW = width of the PA excluding wall thickness; POS = Periembryonic spire. 

Table 3 
Method procedures and time estimated for each step. However, caution for processing times for individual samples interpretation is necessary, because it is well known 
that samples processing involve a simultaneous set of samples processing that could be overlapping in time and analyzes (e.g., scanning electron microscope by set of 
stubs, heating plates or mesh batteries for washing in current water).  

CUTTINGS SAMPLES Time per 
method 

Total 

Picking Subsample pretreatment (acid acetic 5 min, washing 5 min, sieving 5 min, and drying 
1 h) 

1 h15 min  

Picking (all microfossil in the sample) 4 h  
foraminifera Identification, counts, and catalog 4 h  
Digital stereomicroscope captions and editions of images (diagnostic well preserved 
microfossil from the sample) 

8 h  

Edition of database and specimens arrangement in the collections 4 h 21h15min h by subsample 
Scanning Electron 

Microscope 
Pretreatment of specimens (ultrasonic cleaning, metalized and mounting on stub). 1 h  
Selection of images obtained and recording on digital files 1 h 2 h by stub 

MicroCT Specimen plug mounting 15 minutes  
microCT acquisition 30 minutes  
3D reconstruction, 3D volumetric editing, digital imaging, selection, counts and 
recording 

4 h 4 h45 min by specimen 

Eppendorf vials cuttings sample acquisition 30 minutes  
LBF biometric assessments, measurements, identification, database, statistical approach 4 h 4 h30 min by Eppendorf vial content 

analysis 
Petrography Acrylic block preparation and time for consolidation 24 h  

Glass slide mounting and polishing 2 h  
Analyzes, counts, and digital imaging employing a petrographic microscope 1 h 27 h by thin petrographic sectioning  

LITHIFIED ROCK  Time per 
method 

Total 

Picking Sample pretreatment by 1 kg rock (boiling water 72 h, sieving 30 min, and drying 
4 h) 

76 h 30 min  

Picking 500um, 250 μm, 120 μm (1Kg rock sample) 72 h  
Identification and counts (all microfossils included) 8 h  
Database and collection 1 h 157 h 30 min by 1 Kg sample from a set of 500, 

250, 125 μm all microfossils included 
Scanning Electron 

Microscope 
Pretreatment of specimens (ultrasonic cleaning, metalizing, and mounting on 
stub), selection of image records, and recording on digital files 

2 h 2 h by stub 

Petrography Obtaining a 3 cm×3 cm subsample cut 20 minutes  
Glass slide mounting and polishing 2 h  
Analyzes, counts, and digital imaging employing a petrographic microscope 1 h 3 h20 min by thin petrographic sectioning 

MicroCT Rock block acquisition 45 minutes  
3D reconstructions, 3D volumetry editing, digital imaging, selection, counts, and 
recording 

4 h 4 h45 min by block  
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Fig. 8. Simplified imagen steps of microCT Eppendorf acquisition from cutting samples from the Ilha de Santa Formation (well 1-MAS-16-MA), equatorial platform of 
Brazil. 1–6, inner sections and 3D volume of Victoriella in rotate views. 7–14, inner sections and 3D volume of Amphistegina lessonii recovery from lithified rock from 
the Pirabas Formation. 15–23, inner sections and 3D volume of Pyrgo subsphaerica recovery from lithified rock from the Pirabas Formation. 24–30, inner sections and 
3D volume of Quinqueloculina recovery from lithified rock from the Pirabas Formation. 31–37, in inner planes views and 3D volume of Archaias angulatus recovery 
from lithified rock from the Pirabas Formation. 
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data useful for accurate taxonomic identification and new artificial in-
telligence research proposals (Hsiang et al., 2019, 2022; Carvalho et al., 
2020; Marchant et al., 2020), creating a wide digital neural network 
linking microfossil repositories to industrial reservoir exploration 
settings. 

Digitalized rock plug samples (S1_Video. Packstone), cutting samples 
(S2_Video.Eppendorf), and individual LBF specimens (e.g., S3_Video. 
Lepidocyclina, S4_Video. Miogypsina, and S5_Video. Sphaerogypsina) 
indicate the irrefutable advantage of microCT analyzes for 3D re-
constructions of LBF external morphology and detailed inner sections 
and structures for accurate taxonomic assessments. However, this 
method is still expensive due to specialized equipment and software, as 
well as the need for specialized expertise in associated software. These 
investments are justified by the quality and speed of results in multi-user 
laboratories and on an industrial scale. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.micron.2024.103611. 

The proposal of this microCT scan method and the comparison with 
classical methods provides an alternative for acquisition and edition 
tools to develop a digital foraminiferal species database for taxonomic 
research and as a baseline for a foraminiferal research machine learning 
network. 

Regardless of the micropaleontological method applied, digitizing 
collections is the best way to prevent fossil fragmentation during 
manipulation and allows researchers and students worldwide to easily 
access the specimens. Some microCT scan limitations are noted, such as 

difficulty recognizing foraminiferal specimens embedded in lithified 
matrices with densities similar to those of the embedding rock matrix, 
resulting in poor 3D images. Furthermore, smaller foraminifera (50 µm 
or less) are challenging for high-quality acquisition, and specimen 
overlaps and agglomerations demand extra time for accurate individual 
3D volumetric records. In addition, highly lithified carbonate rock and 
diagenesis processes may also mask potential microfossil contents. 

Other methods investigated herein also display several limitations. 
For example, random thin rock sections used in petrographical analyzes 
usually present low probabilities of matching the equatorial LBF plane 
enough to identify specimens at the species levels, and an large numbers 
of thin petrographic sections must be manually prepared, specifically 
searching for the diagnostic equatorial plane in previously isolated LBF 
specimens. Regarding the stereomicroscope method, external LBF 
morphology is insufficient for accurate species identification, and lith-
ified rock pretreatment and manual LBF picking, identification, sepa-
ration, counting and digitalizing are very time-consuming. 

In the case of Miocene lithified rocks, the best and most economical 
method is rock disaggregation and picking, as the taxonomy of Miocene 
groups (mostly amphisteginids, small benthic and planktonic forami-
nifera) does not require the search for internal diagnostic structures. 
However, for cutting samples (core sections) older than the early 
Miocene and throughout the Paleogene/Cretaceous, the LBF miogypsi-
nids and lepidocyclinids are usefully for age determination/biozones. 
Therefore, their accurate identification depends on the recognizing the 
inner diagnostic structures. 

Fig. 9. Simplified steps for rock microCT acquisition and foraminifera volumetry. 1, mixed massif siliciclastic-carbonate sandstone sample from the Fazenda outcrop 
at Ilha de Fortaleza, Brazil, Pirabas Formation (Burdigalian), and Pyrgo 3D reconstruction details in rotated views; 2, packstone rock from the Atalaia outcrop at Praia 
do Atalaia, Brazil, Pirabas Formation, and Spiroloculina 3D reconstruction in rotated view. 
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Finally, for petrographic analysis, thin sections are required for li-
thology and paleoenvironment interpretation. 

6. Conclusions 

The comparative analysis of various micropaleontological methods 
applied to the recovery, identification, and quantification of forami-
nifera in both cutting and lithified rock samples reveals significant in-
sights. The results demonstrate that microCT emerges as the most 
accurate and efficient method, offering advantages in terms of speed, 
accuracy in species identification, and potential for 3D reconstructions. 
Despite being a relatively recent advancement in foraminiferal research, 
microCT proves to be highly valuable for creating digital data essential 
for taxonomic identification and supporting future artificial intelligence 
research initiatives. 

The findings highlight the effectiveness of microCT in recovering a 
diverse range of taxa, including both index and non-index species. 
Notably, the method’s ability to visualize diagnostic inner structures 
surpasses traditional techniques, such as stereomicroscopy and petro-
graphic microscopy, leading to faster and more accurate taxonomic 
classifications. 

While acknowledging the associated costs and the need for special-
ized expertise, the benefits of microCT, especially in multi-user labora-
tories and industrial settings, justify the investments. The proposed 
microCT scan method not only contributes to the development of a 
comprehensive digital foraminiferal species database but also lays the 
groundwork for potential machine learning networks in foraminiferal 
research. 

Nevertheless, it is crucial to recognize the limitations of each 
method, such as microCT’s challenges in dealing with overlapping 
specimens and density/contrast similarities between matrix, bioclasts, 
and foraminifera tests. Additionally, highly lithified rock samples may 
pose difficulties in recognizing well-preserved microfossils, and smaller 
foraminifera may present challenges in high-quality acquisition. 

Finally, the study advocates for the digitization of collections, 
regardless of the applied micropaleontological method, to prevent fossil 
fragmentation and enhance global accessibility to specimens. By 
addressing the strengths and limitations of each method, the research 
provides valuable insights for researchers and students engaged in 
foraminiferal studies, paving the way for further advancements in the 
field. 
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Late Paleocene to Early Eocene, Foz do Amazonas Basin, Brazil. Palaeogeogr., 
Palaeoclimatol. Palaeoecol. 280, 440–455. https://doi.org/10.1016/j. 
palaeo.2009.06.031. 

de Mello e Sousa, S.H., 1994. Estudo microbiofaciológico da Formação Amapá 
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