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Abstract: During the Upper Devonian, a thick package of organic matter-rich shales belonging to the Barreirinha Formation developed in the Amazon
Basin. Twenty-six samples collected from two shales outcrops on the southern edge of the basin were studied using Rock-Eval pyrolysis and
palynofacies, and interpreted using inferential and multivariate statistics. The total organic carbon (TOC) values vary from 1.47 to 9.50%, indicating
good to excellent production conditions of organic matter. The generating potential (S2) values range from 3.92 to 33.98 mg HC/g rock, denoting a
generating potential that falls between moderate to excellent. These samples present high hydrogen index (HI) and low oxygen index (OI) values,
indicating predominantly type II kerogen. The low free hydrocarbon values (S1) and the maximum pyrolysis temperature (<440 °C) may be associated
with their thermal immaturity. The organic component analysis shows a predominance of amorphous organic matter (AOM) and palynomorphs and
marine components predominate over terrestrial components, indicating deposition within a marine environment. Cluster analysis established two
palynofacies correlated to stratigraphic intervals associated with sea-level variability. The ternary diagrams of organic components indicate that the
depositional paleoenvironment was that of a distal platform that varied between oxic and anoxic conditions.

Keywords: Organic Geochemistry; palynofacies; Barreirinha Formation.
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Resumo: Durante o Devoniano Superior, um espesso pacote de folhelhos ricos em matéria organica pertencentes a Formagao Barreirinha,
desenvolveu-se na Bacia do Amazonas. Vinte e seis amostras coletadas em dois afloramentos de folhelhos da borda sul da bacia, foram estudadas por
meio da pirdlise Rock-Eval e palinofécies, e interpretados com o auxilio da estatistica inferencial e multivariada. Os valores de carbono orgéanico total
(COT) variam de 1,47 a 9,50 %, indicando boa a excelente condi¢@o de preservacdo da matéria organica. Os valores de potencial de gera¢ao (S2)
variam de 3,92 a 33,98 mg HC/ g rocha, denotando potencial gerador entre moderado a excelente. As amostras apresentam altos valores de indice de
hidrogénio (IH) e baixos valores de indice de oxigénio (I0), indicando querogénio predominantemente do tipo II. Os baixos valores de hidrocarbonetos
livres (S1) e de Temperatura Maxima da Pirélise (<440°C) podem indicar imaturidade termal. A analise de componentes organicos mostra
predominancia de matéria organica amorfa (MOA) e palinomorfos; e uma predominancia de componentes marinhos sob terrestres, indicando deposigao
em ambiente marinho. A andlise de cluster estabeleceu duas palinofacies correlacionadas a intervalos estratigraficos associados a variagdo do nivel do
mar. Os diagramas ternarios de componentes organicos inferem que o paleoambiente deposicional era uma plataforma distal com variagdo 6xico-
anoxica.

Palavras-chave: Geoquimica organica; Palinofacies; Formagao Barreirinha.
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1. Introduction

Since the 1950s, systematic studies on the organic geochemistry of the Devonian strata of the Amazonas Basin have been
closely linked to research conducted by Petrobras. Previous research providing data on palynology, organic geochemistry (thermal
maturation, generating potential), and depositional paleoenvironment demonstrates that the Barreirinha Formation is the location in the
Amazonas Basin with concentrated radioactive shales and that this formation contains the layer most favourable for the generation of
hydrocarbons (Garcia, 2014; Calder6n, 2017; Goes et al., 2021; Souza et al., 2021; Goes et al., 2022). Characterized by its great
thickness, the Barreirinha Formation contains abundant and highly mature organic carbon. This deposit is the result of a major marine
transgression that took place at the end of the Devonian (Frasnian and Famennian) because of the epicontinental sea-level oscillations
that developed in Brazil during this period (Dino et al., 2002; Souza et al., 2013; Sedat et al., 2016; Kabanov and Jiang, 2020).

This work integrates inferential and multivariate statistical analyses and organic geochemistry to determine the type of
kerogen, and to analyze the palynofacies, paleodepositional conditions, thermal maturity, and hydrocarbon generation potential of the
black shales in the Barreirinha Formation which were deposited at along two outcrops located near the city of Rurdpolis — Para — Brazil.

1.1 Regional geology

The current morphology of the Amazonas Basin is due to the heterogeneity of its basement lithology, which is related to
Paleozoic tectonic-sedimentary events. The Amazonas Basin (Figure 1) is located in northern Brazil between the Purus and Gurupa
structural arcs, covering part of the states of Pard, Amazonas, Amapa, and Roraima. It is a syneclise basin and has an area of
approximately 600,000 km? (Cunha et al., 2007; Caputo and Soares, 2016). This basin is part of the group of Brazilian intracratonic
basins, developed during the stabilization phase of the South American Platform. It presents a sizeable sedimentary package
approximately 5000 m thick deposited from the Paleozoic to the Cenozoic (Loboziak et al., 1997; Cunha et al., 2007; Ferreira et al.,
2015; Caputo and Soares, 2016) (Figure 2).

Divided into two mega-sequences, the first sedimentary package of the Amazonas Basin dates to the Palacozoic age and the
second package is from the Mesozoic-Cenozoic ages (Cunha et al., 2007). Four sequences related to their depositional ages and
stratigraphic stacking separated the Palaeozoic mega sequence (Figure 2) into the Ordovician-Devonian, Devono-Tournaisian,
Neovisean, and Pennsylvanian-Permian sequences.

The Curué and Urupadi Groups belong to the Devono-Tournaisian Sequence and are characterized by shallow marine
sedimentation superimposed by glacial incursions. Due to its heterogeneity, the Curua Group is divided into the following formations:
(I) Barreirinha (marine platform), (II) Curiri (glacial to periglacial), and (IIT) Oriximina (shallow/river marine).

Among these formations, the Barreirinha Formation is considered the primary source rock in the Amazonas Basin (Cunha et
al., 2007). The deposition of this formation is related to a rapid relative rise in sea level associated with a significant marine transgression
that occurred on the South American Shelf during the Frasnian. Therefore, the formation comprises a thick section of grey to black
bituminous, radioactive, laminated, breakable shales (Cunha, 2000; Caputo, 1984; Ferreira et al., 2015).
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Figure 1 - Location map; A) map of Brazilian sedimentary basins, emphasizing the Amazonas Basin, B) states that intersect the
Amazonas Basin; C) geological map of the sample collection site.
Source: Adapted from CPRM (2020).

2. Materials and methods
2.1 Description of sampling

To recover the entire sedimentary package corresponding to the Barreirinha Formation, twenty-six samples were collected
from two outcrops, RR05 and RR09, on the southern edge of the Amazonas Basin, close to highway BR-230, in the municipality of
Rurépolis-PA (Figure 1). Fifteen samples were collected at outcrop RR0S5, and eleven samples were collected at outcrop RR09. The
local geology of both outcrops was similar, with the presence of dark grey to black, fissile, and laminated shales. Small trenches were
dug in the outcrops to help collect the most well-preserved samples and remove possible contaminants, such as branches and roots. The
samples were wrapped in aluminum foil, placed in previously labelled pure cotton bags, and taken to the LEPETRO laboratory,
Excellence in Geochemistry: Petroleum, Energy, and Environment, at the Geosciences Institute (IGEO) located at the Federal University
of Bahia (UFBA) to perform the analyses of Total Organic Carbon (TOC), Rock-Eval Pyrolysis and palynology.

2.2 Rock-Eval Pyrolysis
For this analysis, 100 mg of each sample were sieved through a 0.177 mm sieve and then placed in tin capsules. Capsules

were then analyzed with a Rock-Eval 6 instrument following the procedure proposed by Espitali¢ et al. (1977) and Lafargue et al. (1998)
to determine the TOC as well as the peaks for S1, S2, S3, Tmax, the Hydrogen Index (HI) and the Oxygen Index (OI).
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Figure 2 — Stratigraphic chart of the Amazonas Basin.
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Source: Souza et al. (2021), adapted from Cunha et al. (2007) and Milani et al. (2007).

2.3 Palynology

2.3.1 Isolation of kerogen
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The procedure adopted for kerogen isolation followed the standard non-oxidative procedures described by Tyson (1995),
Mendonga Filho et al. (2010, 2011, 2014) and Poggio et al. (2019). Routine palynological techniques involved manual maceration of
the samples before they were sieved between 1.0 and 2.8 cm. Then, they were acidified with hydrochloric acid (37%) and hydrofluoric
acid (40%) to remove carbonates and silicates, respectively. Between successive acidifications, the samples were washed with distilled
water to remove excess acid. Kerogen separation was performed using a zinc chloride solution (density from 1.9 to 2 g/cm?®). To halt
this process, commercial alcohol was added to the samples, and the particulate organic fraction was then recovered. Finally, the isolated
kerogen was mounted on thin glass slides using Entellan and sealed with coverslip.

2.3.2 Analysis of palynofacies

Particulate organic matter was evaluated by optical microscopy through the analysis of organopalinological slides. This
analysis used a Zeiss microscope (Model A2 m) that was coupled to a computer and utilized white light and incident blue/ultraviolet
light (fluorescence mode), with different magnification objectives (10%, 20x, 50x%, 100x). To obtain photomicrographs of the slides, an
AxioCam MRc digital camera coupled to the microscope was used.

In this evaluation, 300 organic components (size >10 um) were counted and identified in the 20x objective, following the
methodology adapted from Tyson (1995) and Poggio et al. (2019). The state of preservation, shape, structure, coloration, and
fluorescence of the organic constituents were also analyzed through qualitative analysis. The organic components were grouped
following the three main general classification groups of organic matter: (1) amorphous organic matter (AOM), (2) palynomorphs, and
(3) phytoclasts. (Tyson, 1995, Mendonga Filho & Gongalves 2017; Poggio et al., 2019).

2.4 Statistical analysis

The data generated by the palynological analyses were processed using the Bioestat 5.3 and Past 4.03 programs. Cluster
analysis (Cluster) and principal component analysis (PCA) were performed on the main groups of organic matter. In addition, the
Pearson correlation coefficient 'r' 'between all parameters was generated to quantify the relationship between them.
3. Results and discussions

3.1 Rock-Eval Pyrolysis

The results of the analyses led to the evaluation of the thermal maturity and the depositional paleoenvironment of the sampled
shales as well as the potential for hydrocarbon generation. The analytical results are shown in Table 1.

Table 1 - Results of the Rock-Eval pyrolysis analysis of samples from the Barreirinha Formation, southern edge, Amazonas Basin.

Rock-Eval Pyrolysis
Heoi%ht Free Source Carbon Maximum Hydrogen . Oxygen
SAMPLES samples TOC Hydrocarbons Potential Dioxide temperature index 1nc1er>;éOI
(m) (%) (S;—mg HC/g (S, —mg (S;—mg (Tznax - (HI -mg COvg
rock) HC/g rock) CO»/g rock) C) HC/g TOC) TOC)
RR 05-213 0 2.88 0.11 7.22 1.85 428 251 64
RR 05-214 1 3.41 0.29 9.62 0.26 424 282 8
RR 05-215 2 2.55 0.20 8.50 0.14 425 333 5
RR 05-216 3 4.95 0.19 19.67 0.41 425 397 8
RR 05-217 4 2.37 0.17 8.03 0.12 429 339 5
RR 05-218 5 2.03 0.15 4.69 0.18 426 231 9
RR 05-219 6 1.59 0.07 3.92 0.11 426 247 7
RR 05-220 7 3.32 0.22 10.70 0.23 425 322 7
RR 05-221 8 2.86 0.14 6.71 0.42 424 235 15
RR 05-222 9 4.09 0.12 10.23 64.00 425 250 16
RR 05-223 10 2.31 0.12 5.80 0.14 427 251 6
RR 05-224 11 9.50 0.58 33.83 1.02 421 356 11
RR 05-225 12 4.75 0.26 18.71 0.28 424 394 6
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RR 05-226 13 4.08 0.28 14.24 0.46 422 349 11
RR 05-227 14 5.34 0.34 17.81 0.75 425 334 14
RR 09-278 0 2.38 0.20 5.44 0.17 424 229 7
RR 09-279 1 3.72 0.04 9.96 0.31 426 268 8
RR 09-280 2 3.90 0.38 14.23 0.15 430 365 4
RR 09-281 3 1.47 0.10 242 0.09 426 165 6
RR 09-282 4 6.80 0.49 26.84 0.87 424 395 13
RR 09-283 4.5 9.33 0.74 33.98 1.38 422 364 15
RR 09-284 5 6.93 0.46 20.10 2.26 424 290 33
RR 09-285 5.5 7.69 0.38 24.86 1.67 423 323 22
RR 09-286 6 6.12 0.29 27.80 2.07 430 454 34
RR 09-287 6.5 5.11 0.24 15.63 2.50 426 306 49
RR 09-288 7 431 0.20 18.48 0.94 428 429 22

Source: author (2026).

The total organic carbon (TOC) contained in the collected samples varied between 1.47 and 9.50%. According to the ranking
scheme from Peters & Cassa (1994), of the 26 samples analysed, two (totaling 7.70% of the samples) have a TOC (1.0-2.0%), eleven
(42.3%) have a very high TOC (2.0-4.0%) and thirteen (50.0%) have an excellent TOC (> 4.0%) (Figure 3). An average value of 3.74%
(n=15) was obtained for the RRO5 samples and 5.25% (n=11) for the RR09 samples. These results agree with those presented by Souza
et al. (2021) and Goes et al. (2022), who obtained TOC values between 0.11-6.29% and 1.42% - 5.6%, respectively.
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Figure 3 — Diagram with TOC vs. height of samples from the Barreirinha Formation, southern edge, Amazonas Basin. Source:
Adapted from Peters & Cassa (1994).

The Rock-Eval pyrolysis results showed low values of free hydrocarbons (S1 < 0.5 mg HC/g rock), which indicates that there
was little natural generation of hydrocarbons. The generating potential (S2) ranged from 3.92 to 33.98 mg HC/g rock. According to
Peters and Cassa (1994), 26 samples were classified according to their hydrocarbon generation potential (S2), three (11.5%) have a
moderate potential (2-5 mg HC/g rock), eight (30.8%) have a good potential (5-10 mg HC/g rock) and fifteen (57.7%) have an excellent
generating potential (>10 mg HC/g rock) (Figure 4). An average value of 11.98 mg HC/g rock (n=15) was obtained for the RR05
samples, and an average value of 18.16 mg HC/g rock (n=11) was obtained for the RR09 samples. Figure 4 shows a strong correlation
between the TOC and S2 values, such that the higher the TOC value is, the higher the S2 value. This same relationship was noted in
other works related to the Barreirinha Formation, such as Garcia (2014), Calderén (2017) and Goes et al. (2022).
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Figure 4 — Classification of the generating potential as a function of the S2 versus TOC ratio of the samples from the Barreirinha
Formation, Amazonas Basin. Source: Adapted from Peters & Cassa (1994).

The maximum temperature (Tmax) values were used to assess the thermal maturity of the samples. For this parameter, all
samples showed values bellow 440 °C (421 °C to 430 °C), indicating thermal immaturity according to Tissot & Welte (1984) (Figure 5).
This thermal immaturity exhibited by the samples is in line with several studies of different outcrops in the Barreirinha Formation at the
southern edge of the Amazonas Basin (Calderén, 2017; Souza et al., 2021; Gdes et al., 2022).
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Figure 5 — Diagram with the values of Tmax vs. Height of samples from the Barreirinha Formation, southern edge, Amazonas Basin.
Source: Adapted from Peters & Cassa (1994).

The HI and OI were correlated by using the Van Krevelen-type diagram (Figure 6) to qualitatively analyse the organic matter
present in the samples and indirectly infer its nature (type of kerogen) and its degree of preservation. The interpretation of these diagrams
(Figure 6) facilitated in the classification of the samples, demonstrating that the kerogen present in the samples was predominantly type
II, with few samples containing type III kerogen (Peters & Cassa, 1994).
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Figure 6 - Van Krevelen-type diagram showing sample distribution and kerogen types in this study.
Source: Adapted from the parameters of Espitalié (1985).

3.2.1 Organic components

The organic matter present in the samples was analyzed with palynological slides in a quantitative and qualitative way. Among
the organic components, amorphous organic matter does not fluoresce, and acritarches and prasinophytes fluorescence strongly, which
indicates good preservation and low thermal maturity of these components.

For the quantitative analysis, three hundred components were counted on each slide and were classified and synthesized into
the three main groups of organic matter and their subgroups - palynomorphs (spores, acritarches, prasinophytes and zoomorphs),
phytoclasts (opaque and non-opaque) and amorphous organic matter (AOM), as shown in Table 2. The levels of AOM obtained in the
26 analyzed samples ranged from 9% to 75%, those of phytoclasts ranged from 0 to 10% and those of palynomorphs ranged from 32%

to 81%.

Table 2 - Percentages of the main groups of organic matter obtained from the analysis of palynofaciological slides of samples from
the outcrops of the Barreirinha Formation.

Phytoclasts Palynomorphs

Samples AOM Opaque Non-Opaque Total | Miospores | Acritarches | Prasinophytes | Zoomorphs | Total
RR 05-213 9% 5% 5% 10% 4% 33% 40% 4% 81%
RR 05-214 33% 1% 4% 5% 1% 16% 37% 9% 62%
RR 05-215 48% 1% 1% 1% 1% 11% 38% 1% 51%
RR 05-216 39% 1% 0% 1% 9% 10% 31% 10% 60%
RR 05-217 25% 1% 0% 1% 6% 8% 56% 4% 74%
RR 05-218 27% 0% 0% 0% 31% 9% 30% 4% 73%
RR 05-219 30% 0% 0% 0% 2% 12% 43% 13% 70%
RR 05-220 48% 0% 1% 1% 1% 7% 31% 11% 51%
RR 05-221 39% 0% 0% 0% 18% 17% 17% 8% 61%
RR 05-222 50% 0% 1% 1% 16% 12% 17% 5% 49%
RR 05-223 35% 0% 1% 1% 6% 13% 34% 11% 64%
RR 05-224 68% 0% 0% 0% 2% 11% 17% 3% 32%
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RR 05-225 48% 0% 0% 1% 7% 27% 16% 1% 51%
RR 05-226 33% 1% 1% 1% 3% 20% 35% 9% 66%
RR 05-227 55% 0% 0% 0% 3% 20% 20% 2% 45%
RR09-278 23% 0% 0% 0% 0% 13% 49% 14% 77%
RR09-279 47% 0% 0% 0% 2% 18% 20% 13% 53%
RR09-280 46% 0% 0% 0% 9% 19% 17% 9% 54%
RR09-281 28% 1% 1% 2% 3% 28% 33% 6% 70%
RR09-282 74% 0% 0% 0% 1% 10% 14% 1% 26%
RR09-283 75% 0% 0% 0% 2% 7% 15% 1% 25%
RR09-284 48% 0% 0% 0% 2% 16% 20% 13% 52%
RR09-285 50% 0% 0% 0% 4% 20% 26% 1% 50%
RR09-286 38% 0% 0% 0% 1% 22% 37% 2% 62%
RR09-287 32% 1% 0% 1% 2% 24% 41% 1% 68%
RR09-288 31% 0% 0% 0% 1% 44% 23% 1% 69%

Source: author (2026).

From the qualitative and quantitative analysis of kerogen, it was possible to characterize the samples from each outcrop.
Palynomorphs and amorphous organic matter (AOM) are predominant in both outcrops (Figure 7), but their relative proportions vary
within the sequences studied. Phytoclasts appear the least. The predominance of amorphous organic matter and palynomorphs in relation
to phytoclasts was also evidenced in the work by Goes et al. (2022), which was similarly conducted on the southern edge of the
Barreirinha Formation. In the figure, it is possible to identify an inverse relationship between AOM and palynomorphs in the two groups
of samples (RR05 and RR09), as one parameter increases the other decreases in a similar proportion. A very strong inverse correlation
(-0.992) was obtained between the counts of AOM and of palynomorphs, suggesting that the AOM can be formed, primarily, by the
degradation of palynomorphs.
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Figure 7 — A) Graph showing the distribution of the three main groups of organic matter (AOM, palynomorphs, phytoclasts) along the
outcrops of the Barreirinha Formation, Amazonas Basin. B) Graph showing the correlation between palynomorphs and AOM.
Source: Author (2026).

A principal component analysis (PCA; Figure 8) was performed on the AOM, palynomorph and phytoclast data. PC1 (X axis)
and PC2 (Y axis) totaled 99.99% of the variance; that is, 99.99% of the data are explained by these two components. These results show
that there are two principal groups: those that have considerable levels of AOM and those that have considerable levels of palynomorphs.
Of the 26 samples analyzed, twelve samples (six from each outcrop) had the greatest AOM abundances. For the palynomorphs, seven
samples from RRO5 and five from RR09 showed substantial abundance. There were only 2 samples that had significant phytoclast
abundances, RR05-213 and RR05-214, which appear ungrouped in Figure 8.
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Figure 8 — PCA of the three main groups of organic matter (AOM, palynomorphs and phytoclasts) along the outcrops of the
Barreirinha Formation, Amazonas Basin.
Source: Author (2026).

Phytoclasts occur in small proportions. Opaque phytoclasts are characterized by elongated, equidimensional or corroded
shapes. Non-opaque phytoclasts, instead, occur mostly in a degraded form and with cuticles and lack fluorescence (Figure 9).

: . >t b
‘- . ' Ny )
Figure 9 — Photomicrograph of different cuticles; (a) and (b) cuticles in white light; (c) cuticle in fluorescent light.
Source: Author (2026).

Amorphous organic matter (AOM) occurs in lumps or agglomerates of formless organic matter, are various shades of brown
in colour, and show little or no fluorescence under UV light (Figure 10).
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Figure 10 — Photomicrograph of amorphous organic matter found in the samples. (a) Agglomerated and darker coloured amorphous
organic matter. (b) Lightly coloured amorphous organic matter.
Source: Author (2026).

The palynomorphs are mainly represented by large amounts of marine microplankton (acritarches and prasinophytes) and low
amounts of terrestrial components (spores). Prasinophytes occur in large proportions on the slides and are characterized by moderate
and intense fluorescence (ranging from green to yellow; Figure 11). Of the genera identified, Pterospermella, Cymatiosphaera,
Leiosperidia, Tasmanites, and Maranhites, the latter were the most common. The acritarches occur in different proportions on the slides
and are light to transparent in white light with intense (greenish - yellowish) fluorescence. This palynological association has previously
been found in other works from the Amazonas Basin (Calderén, 2017; Goes et al., 2022) and in works from other Devonian Basins
(Andrade et al., 2019; Gonzalés et al., 2020). It is also worth noting that this association, composed of a wide variety of Acritarch’s and
Prasinophytes, is dated by several authors to the Middle to Upper Devonian range and from a predominantly marine paleoenvironment
(Grahn, 1992; Grahn et al., 2000; Filipiak, 2002; Grahn and de Melo, 2004; Trindade et al., 2015; Trindade and Carvalho, 2018; Andrade
et al., 2019; Gonzalés et al., 2020a; Gonzalés et al., 2020b).

According to standard palynofacies and fluorescence scales, the observed fluorescence colors (greenish - yellowish) also
indicate a low to moderate level of thermal maturity, consistent with immature to early mature stages of hydrocarbon generation within
the basin. This interpretation is further supported by the low estimated Tmax obtained from Rock-Eval pyrolysis analyses of the samples.

The spores occur with different colourations, ranging from light brown to dark brown, with different shapes and
ornamentations. Most occur in clusters or in small proportions. These spores are mostly related to bryophytes and pteridophytes from a
wide variety of genera, though the geneses Geminospora, Samarisporites, and Grandispora are the most pronounced. This group has
little or no fluorescence, as shown in Figure 11.
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Figure 11 — Photomicrographs showing the main representatives of the palynomorph group in the samples. The occurrence of several
prasinophytes from part of the RR05-218 sample slide are shown in fluorescent (a) and normal light (b)Image of the RR05-215 sample
slide, highlighting a prasinophyte of the genus maranhites in white (c) and fluorescent light (d),; Image of sample RR09-279 slide,
highlighting a spore with triletles in white (e) and fluorescent light (f).

Source: Author (2026).

In terms of marine and terrestrial components, the analyses of both outcrops show that there is a predominance of marine
components in relation to terrestrial components. In the RROS outcrop there are instances indicating an increase in terrestrial components
(spores and phytoclasts) and a decrease in marine components (prasinophytes and acritarches), and vice versa. These fluctuations likely
reflect the transgressive/regressive cycles that occurred in the basin during organic matter deposition, as shown in Figure 12.
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Figure 12- Graphs showing the variation in marine and terrestrial components along the outcrops of the Barreirinha Formation,
Amazon Basin.
Source: Author (2026).

3.2.2 Cluster analysis and palynofacies

The application of cluster analysis in Q-mode in the counting data of the organic components of the samples organized the
samples into two main groups with different amounts of organic components, which allowed for the two main palynofacies associations
to be defined, palynofacies I (PAL-I) and palynofacies Il (PAL-II), as shown in Figure 13. Two-way analysis of organic components
was also performed, which allowed classifying organic components by their similarity to each other, as shown in Figure 13.
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Figure 13 - Cluster analysis in Q-mode and two-way mode of samples from the Barreirinha Formation. PAL-I: Palinofacies 1
Association; PAL-II: Palinofacies Il Association.
Source: Author (2026).

Palynofacies I consist of samples that have a high AOM content, ranging from 38 to 75%, intermediate levels of marine
palynomorphs (Prasinophytes and acritarches), and contributions of marine zoomorphs (chitnozoans and scholecondons). In addition,
there is a low amount of terrestrial palynomorphs (spores) and no significant amounts of phytoclasts (opaque and non-opaque). This
association occurs in some portions of the studied sections and is represented by samples RR05-216, RR05-224, RR05-225, RR05-
227, and RR09-282 to RR09-287.

Palynofacies II is composed of samples with higher contributions of terrestrial (spores) and marine palynomorphs (acritarches
and prasinophytes), varied AOM contents significantly below those in PAL-I, and phytoclasts (opaque and non-opaque) that, despite
being subordinate, are the largest of the sequences studied. This palynofacies is characterized by high levels of marine palynomorphs;
acritarches occur in all samples with levels ranging from 8 to 44%, and prasinophytes are the largest representatives of these samples,
with minimum values of 16% and maximum values of 56%. This association occurs in samples RR05-213, RR05-214, RR05-215,
RR05-217 to RR05-223, RR05-226, RR09-278 to RR09-281, and RR09-288.

3.2.3 Organic matter and depositional paleoenvironment
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From the analysis of the organic components, their proportions and the palynofacies generated, it is possible to affirm that the
samples from both outcrops were deposited in a predominantly marine environment that contained terrestrial contributions. In addition,
the identified palynofacies correspond to two distinct stratigraphic intervals marking moments of sea level oscillation during the
deposition of shales within the Barreirinha Formation. This hypothesis is supported by the insertion of samples in ternary diagrams that
make inferences about the depositional paleoenvironment (Tyson,1995; Souza et al., 2007), as seen in Figure 14.
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Figure 14 - Samples corresponding to each palynofacies and plotted in A- Tyson’s Diagram (1995). showing inferences made about
the depositional paleoenvironment I- highly proximal shelf or basin, II- marginal dysoxic-anoxic basin, IlI- heterolithic oxic shelf
(proximal shelf), IV- shelf to basin transition, V- mud-dominated oxic shelf (distal shelf), VI- proximal suboxic-anoxic shelf, VII- distal
dysoxic-anoxic “shelf”, VIII- distal dysoxic-oxic shelf, and IX-proximal suboxic-anoxic basin. B- Ternary diagram adapted from
Souza, 2007: 1- proximal shelf oxic (fluvial-deltaic influence), 2- proximal-distal oxic shelf (fluvial-deltaic influence?), 3- distal oxic-
dysoxic shelf, 4- distal dysoxic-anoxic shelf/basin.

Stratigraphic interval I associated with palynofacies I is mainly characterized by a predominance of AOM, the occurrence of
marine zoomorphs and a low contribution of terrestrial components (phytoclasts and spores). Samples associated with this range have
the highest TOC contents of both sections (4.75 to 9.5%). For this interval, Tyson’s ternary diagram (1995) indicates two main fields,
VII - distal dysoxic-anoxic shelf and VIII - distal dysoxic-oxic shelf. The ternary diagram of the palynomorph group proposed by Souza
et al. (2007) predominantly indicates a distal dysoxic-anoxic shelf/basin (field 4), with a sample associated with the distal oxic-dysoxic
shelf (field 3).

Stratigraphic interval II associated with palynofacies II is characterized by the predominance of marine palynomorphs
(prasinophytes and acritarches), intermediate contributions of terrestrial components (spores and phytoclasts) and a varied contribution
of amorphous organic matter. Samples in this range have TOC contents ranging from intermediate to high (1.47 to 4.31%). Samples
from this range were deposited in a mud-dominated oxic shelf (distal shelf) (field V) and distal dysoxic-anoxic shelf (field VII) (Tyson,
1995). In the ternary diagram of palynomorphs (Figure 14B), the samples also plot in fields 3 and 4 (indicating a distal platform with
oxic-dysoxic-anoxic variation), but due to the greater contribution of spores, some samples fall closer to the boundary of field 2
(proximal-distal oxic shelf (fluvial-deltaic influence). A higher contribution of spores in some samples suggests a greater terrestrial
influence, indicative of a more proximal setting within the shelf, possibly influenced by fluvial or deltaic input (Figure 14).

3.2.4 Pearson's Correlation Coefficient Analysis

Pearson's correlation coefficient (r) measures the degree of linear correlation between two variables (Moore, 2007; Garson,
2009). Its values range from -1 to 1, where a perfect positive correlation is indicated by the value 1, a perfect negative correlation is
represented by -1 and the absence of a linear correlation between the variables is indicated by 0 (Kozak, 2009).

Applying the Pearson coefficient correlation to the Rock-Eval pyrolysis variables and in the organic components, it was
possible to establish a linear correlation between them, as shown in Table 3.
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Table 3 - Pearson's correlation coefficient (v) between Rock Eval pyrolysis parameters and organic components of the samples

studied.
Opaque Non
AOM paqu opaque Miospores | Acritarches | Prasinophytes | Zoomorphs | TOC S S> Ss HI | OI
phytoclasts
phytoclasts

AOM 1

Opaque
phytoclasts SR I
Non opaque | 45 0.787 1
phytoclasts
Miospores -0.160 -0.103 -0.117 1
Acritarches -0.395 0.337 0.230 -0.199 1
Prasinophytes | -0.737 0.409 0.277 -0.189 -0.052 1
Zoomorphs -0.298 -0.105 0.059 -0.034 -0.277 0.210 1

TOC 0.754 -0.248 -0.287 -0.273 -0.088 -0.557 -0.417 1

S 0.746 -0.258 -0.224 -0.272 -0.228 -0.473 -0.358 0.873 1

S: 0.730 -0.260 -0.328 -0.307 -0.035 -0.513 -0.487 0.965 | 0.850 1

S; 0.118 -0.078 0.072 0.3018 -0.103 -0.220 -0.068 0.010 | -0.148 | -0.065 1

HI 0.425 -0.187 -0.299 -0.305 0.116 -0.242 -0.460 0.568 | 0.500 | 0.739 | -0.168 1

oI -0.271 0.601 0.375 -0.136 0.486 0.102 -0.287 0.223] 0.036 | 0.174 | 0.058 | 0.038 | 1

Source: Author (2026).

Analysing the Pearson correlation coefficients obtained between the parameters, a very strong positive correlation between
the TOC and S2 values is evident. This indicates a strong dependence of hydrocarbon generation on TOC content and is corroborated
by strong correlations between TOC and S1, and S1 and S2. The strong positive correlation between Hl-and the S2 index indicates that
samples with higher HI values contain higher-quality organic matter. Furthermore, in the samples studied here, the free hydrocarbons
(S1) and the generating potential (S2) have a strong positive correlation as well as a strong correlation with the HI thus confirming the
higher the amount of hydrogen present in the organic matter, the greater the generating potential of the samples.

The strong correlations between the AOM with the values of TOC, S1 and S2 suggest that the organic material that generates
hydrocarbons has amorphous organic matter as one of the main sources. On the other hand, the levels of AOM and palynomorphs show
a very strong inverse correlation (-0.992), suggesting that AOM may be derived from degradation of palynomorphs. This can be
confirmed by the variations in AOM and palynomorphs in the two groups of samples (RR05 and RR09), as visualized in Figure 7.
Palynomorphs are subdivided into miospores, acritarches, prasinophytes and zoomorphs. All showed negative correlations with AOM.
Among them prasinophytes was the one that exerted the most influence on the final correlation, showing a strong inverse correlation (-
0.737). Furthermore, it was found that there is a strong positive correlation between opaque and non-opaque phytoclasts as both indicate
a greater continental contribution.

4. Conclusions

All samples from the studied outcrops (RRO5 and RR09) show high to excellent TOC contents, moderate to excellent
hydrocarbon generation potential (S2), with predominantly type II kerogen. The samples also exhibit low thermal maturity (Tmax <440
°C), further supported by the fluorescence coloration (greenish-yellowish) of the prasinophytes and acritarches.

Quantitative palynofacies analysis of the main organic components of organic matter demonstrated the presence and
abundance of amorphous organic matter (AOM) and palynomorphs and subordinate amounts of phytoclasts. Furthermore, the samples
showed a predominance of marine components (acritarches and prasinophytes) over terrestrial components (miospores and phytoclasts),
reflecting deposition under marine-dominated conditions.

Multivariate statistics proved to be efficient for data interpretation and correlation. Principal components analysis (PCA)
indicated a predominance of two main groups, one related to greater significance of AOM and the other to greater significance of
palynomorphs.

The cluster analysis defined two palynofacies, named PAL-I and PAL-II, which are related to two distinct stratigraphic
intervals driven by sea level oscillations associated with transgressive/regressive cycles within the basin. The samples from PAL-I
mainly have a high concentration of AOM, and those from PAL II have a greater contribution of marine and terrestrial palynomorphs.

The characteristics of the organic components and the palynofacies generated indicate that the samples studied were deposited
in a predominantly marine environment with different levels of terrestrial contributions along the outcrops. The depositional
paleoenvironment of the samples was classified as a distal dysoxic-anoxic platform for the palynofacies I samples and an oxic-dysoxic
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distal platform for the palynofacies II samples. These conditions also suggest variations in organic matter preservation, with better
preservation of AOM under more reducing conditions and partial degradation of palynomorphs in relatively more oxygenated intervals.

Pearson’s correlation coefficients obtained between Rock-Eval pyrolysis parameters and organic components show that there
is a strong correlation between AOM and TOC and S1 and S2 values, which indicates that amorphous organic matter is one of the main
sources of organic material that generates hydrocarbons. There is also a strong negative correlation between the levels of AOM and
palynomorphs, confirming that AOM can be formed by the degradation of palynomorphs.

Overall, the integration of organic geochemical parameters and palynofacies analysis enabled a detailed characterization of
the quality, type, and preservation of organic matter, as well as its paleoenvironmental context. These results highlight not only the
predominantly marine depositional setting influenced by sea-level fluctuations but also reinforce the hydrocarbon generation potential
of the studied succession within the Amazonas Basin.
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