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INTRODUCTION
Microplastics (Mps) are present in all marine 

environments, in the coastal zone, in the open 

ocean, on sandy beaches, and in the deep sea 
(Turra et al., 2014; Jung et al., 2021; Zhang S. et al., 
2022). Coastal waters are affected by microplastics 
from human activities. The extent of this pollution 
depends on the location of these sources and 
on the environmental factors, including the water 
dynamic patterns (Cózar et al., 2014; Aigars et 
al., 2021). The unique physical properties and 
dynamic biological processes of microplastics 
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including their complex movements in water such 
as subsidence, deposition, and suspension, cause 
them to spread unevenly across surface waters in 
open oceans, coastal regions, and remote areas 
worldwide (Sun, Y. et al., 2022).

Marine currents play a crucial role in 
transporting microplastics in open ocean waters, 
allowing plastic particles to be moved from one 
area to another and distributed around the world 
(Ershova et al., 2021; Liu et al., 2021; Gérigny 
et al., 2022). Some convergent surface currents 
are capable of trapping floating plastic particles 
for decades (Markic et al., 2022). Winds also 
contribute to the transport of microplastics in these 
environments, scattering plastic particles across 
the surface of the water and in the air, which 
causes them to travel great distances (Gérigny et 
al., 2022; Xu, A. et al., 2022).

Simultaneously, wave and undertow 
movements together play an important role in the 
translocation of these microparticles in surface 
water towards the coast, where they can be 
carried back to the sea or deposited in deeper 
layers of the oceans (Turra et al., 2014; Aigars 
et al., 2021; Bajon et al., 2023). Precipitation 
can increase the burden of plastic-contaminated 
wastewater, which in turn can increase the amount 
of microplastics in marine ecosystems (Kobayashi 
et al., 2021; Vibhatabandhu and Srithongouthai, 
2022). Finally, the ingestion of microplastics by 
aquatic organisms, from zooplankton to whales, 
can carry these microparticles to other locations 
through the trophic level and food chain or after 
the death of these animals (Rochman et al., 2015; 
Gao et al., 2023).

Faced with this alarming prospect, the growing 
presence of microplastics in surface waters 
of the oceans has become a priority concern 
for the health of ecosystems and marine life. 
Microplastics, when mistaken for food by animals 
can cause potential long-term toxic effects 
(Narloch et al., 2022; Simantiris et al., 2022). 
Plastic waste is recognized as highly harmful to 
marine life, especially to filter feeding organisms 
(mollusks, crustaceans, plankton) (Berlino et al., 
2021; Gérigny et al., 2022). This waste can be 
harmful to human and animal health in cases of 
toxic substances absorption, such as organic 

pollutants, pesticides, and heavy metals (Bakir et 
al., 2012; Bikker et al., 2020; Ferreira and Lôbo-
Hajdu, 2023).

The presence of microplastics in surface 
waters of the sea in Brazil is also a growing and 
worrying problem. Several studies have already 
demonstrated contamination by microplastics 
along the Brazilian coast in different areas, such 
as the Western Equatorial Atlantic, from the State 
of Ceará to the coast of Maranhão (Garcia et al., 
2020); Fernando de Noronha (Ivar do Sul et al., 
2014; Carvalho et al., 2021); Baía de Todos os 
Santos (Paes et al., 2022); Abrolhos and Trindade 
(Ivar do Sul et al., 2014); Espírito Santo (Macieira 
et al., 2021); Guanabara Bay (Castro et al., 2016, 
2020; Baptista Neto et al., 2019; Silva et al., 2019); 
Santos Basin (Fontes et al., 2021); Santa Catarina 
(Monteiro et al., 2022); and Paraná (Mengatto and 
Nagai, 2022).

Considering the complexity of the pollution 
caused by microplastics, research should be carried 
out to quantify and characterize microplastics 
using physical-chemical methods. This study aims 
to determine the possible presence, abundance, 
and distribution of potential microplastics in 
surface waters collected in different regions of the 
Santos Basin, as well as to associate them with 
oil and gas exploration activities. Santos Basin 
is a key oil and gas exploration hub on Brazil’s 
Southeast coast. Null Hypothesis (H0): oil and gas 
exploration activities are not associated with the 
presence and high abundance of microplastics 
in marine environments, Alternative Hypothesis 
(H1): oil and gas exploration activities contribute 
significantly to the presence and high abundance 
of microplastics in marine environments. There 
is growing evidence that oil and gas exploration 
activities can contribute significantly to the 
presence and high abundance of microplastics in 
marine environments. Microplastics can enter the 
environment through various means associated 
with the oil and gas industry, such as the use of 
microplastic-containing drilling fluids and industrial 
abrasives (Duis and Coors, 2016; Sharma and 
Chatterjee, 2017; Saeed et al., 2023). These 
microplastics are then transported by ocean 
currents, leading to widespread distribution in 
both coastal and open ocean waters (Sharma 
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and Chatterjee, 2017). This research is innovative 
because it addresses aspects of this region, which, 
despite its economic importance and wide diversity 
of marine ecosystems, still has a significant gap in 
knowledge about the distribution, concentration, 
and types of microplastics.

Methods
Study Area: Santos Basin

The Santos Basin is located in the southeastern 
region of Brazil and covers the coasts of the 

states of Rio de Janeiro, São Paulo, Paraná, 
and Santa Catarina (Figure 1A-C). With an area 
of approximately 350,000 km² and a bathymetric 
elevation of 3,000 meters, it contains sedimentary 
thicknesses greater than 10 km in the main 
depocenters (point of maximum subsidence and/
or sedimentation in a sedimentary basin; Dos 
Santos Filho et al., 2022). These multiple layers 
of sedimentary rocks, over 100 million years old, 
consist of sandy, clayey, and limestone deposits, 
rich in minerals and oil (Souza et al., 2022).

Figure 1. Map of the location and geographic boundary of the Santos Basin highlighting the sampling points.
Caption: (A) map of the Brazilian coast showing the limits of the Exclusive Economic Zone (EEZ). (B) highlights four Brazilian 
states included in the limits of the Santos Basin: Santa Catarina, Paraná, São Paulo, and Rio de Janeiro. (C) position of the 
collection points in relation to the coast of the states of São Paulo and Rio de Janeiro. The blue dots correspond to collection 
sites. km - kilometers.

Geologically, the Santos Basin is bounded to 
the north by the Campos Basin, separated by the 
Cabo Frio High, and to the south by the Pelotas 
Basin, separated by the Florianópolis High. The 
western limit of the basin is represented by the 
coastal mountain ranges (Maciço da Carioca, 

Serra do Mar, and Serra da Mantiqueira), and to 
the east the basin extends to the foothills of the 
São Paulo Plateau (Figueiredo Jr. et al., 2023). 
The Santos Basin has unique geographic and 
environmental characteristics. The basin is known 
for hosting a great diversity of marine ecosystems, 
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including coral reefs, seamounts, and areas of 
great biodiversity (Bendia and Carrerette, 2022; 
Perez et al., 2023). The preservation of these 
ecosystems is of fundamental importance for the 
environmental sustainability of the region and for 
the conservation of marine fauna and flora (Bendia 
and Carrerette, 2022; Perez et al., 2023).

It is an area of great importance for the oil 
industry, its exploration began in the 1970s, 
however, it was after the creation of the Petroleum 
Law, in 1997, that the Santos Basin received 
new exploratory investments from Petrobrás – 
Petróleo Brasileiro S.A. (a state-owned company 
with a mixed economy) and foreign companies 
that culminated in the discovery of new deposits. 
Together with seismic surveys partnering with 
the private sector, the exploratory potential of the 
existing pre-salt in the region was discovered. The 
Santos Basin, together with the Campos Basin, 
emerges as one of the main oil producing basins 
in Brazil (Dickson et al., 2019).

The presence of oil rigs and other vessels in 
the Santos Basin has a significant impact on the 
country’s economy and local marine life. However, 
there are also environmental concerns related 
to oil and gas exploration in the region, as it can 
negatively affect marine biodiversity and water 
quality, in addition to increasing the risk of oil spills 
(Romero et al., 2013).

Field Sampling
For the collection, a Platform Supply Vessel 

(PSV, support vessel) was used. During sampling, 
the vessel was placed in Dynamic Positioning 
(DP) mode, a system that automatically controls 
the vessel position and orientation.

A total of seven (07) stations were sampled 
(Figure 1C). The choice was based on the vessel 
logistics and its established routes, in addition to 
consider the area sensitivity to contamination by 
microplastics. Sampling stations in the Santos 
Basin are close to oil platforms, located an average 
of 150 nautical miles, or approximately 280 km, 
from the Guanabara Bay, the main support base 
for offshore operations in the Santos Basin.

Van Dorn-type bottles with a capacity of five liters 
were used for sample collection, an approach that 
has been used in several scientific studies for the 

analysis of microplastics in marine environments 
(Bagaev et al., 2017, 2018; Courtene-Jones et 
al., 2017; Di Mauro et al., 2017). A total of 30 
water samples were collected in two campaigns 
that took place in June 2020 and January 2021. 
Two sampling points were sited during winter and 
summer, which allowed a comparison between 
collections in more than one season of the year. 
Table S1 (Supplementary Material) demonstrates 
the points at which sampling was carried out in 
both seasons of the year and which were not.

To minimize contamination with possible 
particles present in the vessel in the storage bottles 
or in the collection bottle, the first sample was 
completely discarded, and the bottle was lowered 
again to perform a new sampling. Then, the glass 
bottle used to store the aliquot was cleaned three 
times with the water from the collection itself. 
Only then, the container was filled with 300 mL of 
sample contained in the bottle, stored in a thermal 
bag and taken to the cooling chamber at -20°C 
until the filtration and analysis stage. This entire 
procedure was repeated three times at each point, 
composing a total of three samples per station. 
Before collection, the colors of the ship deck and 
the material of the researcher’s clothing were 
recorded on a form, so that later, in the laboratory, 
when carrying out the analyses, possible sources 
of contamination could be confronted regarding 
the microplastics found in the samples (Bagaev et 
al., 2017, 2018).

Wind, current, and wave data were recorded 
to be studied regarding the influence of these 
variables on the microplastics distribution. Wind 
intensity was computed using anemometers 
installed on the last deck of the vessel, coupled 
to the DP system, which stores this information, 
and plotted together with measurements of the 
drift current in the WRPLOT View software, 
version 8.0.2. Drift current data were verified in the 
Santos Basin by vessel drift test. The waves were 
measured by visual estimation, observed from the 
main deck of the ship.

Separation of microplastics
Samples were thawed in a refrigerator at 

an average temperature of 4°C, and filtered on 
fiberglass membranes (GF50A), 0.22 µm in size 

https://doi.org/10.5281/zenodo.13294489
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and 47 mm in diameter, operating a vacuum 
and electric pressure pump with a capacity of 26 
liters per minute (Biomec brand - model ECO-
206LAB). The filtration system was entirely made 
of glass. Next, the filters were deposited in glass 
Petri dishes duly sterilized with distilled water and 
ultrapure Milli-Q water, and then stored in a freezer 
at -20°C, wrapped in aluminum foil.

A pre-screening for raising the main 
characteristics of the particles and conditions of 
the samples was carried out in a Zeiss stereoscope 
with a maximal magnification capacity of 32 
times. The device was conected to a universal 
eyepiece adapter for cell phones, which allows the 
smartphone camera to be used to photograph the 
microparticles. Then, they were separated by size, 
color, and shape (Supplementary Material, Tables 
S2, S3 and S4).

Physical characterization of the 
collected microplastics

The microparticles were counted, classified, 
measured, and photographed with an OMAX 
5MP A3590U/A3RDF50 digital camera coupled 
to the Omax digital optical microscope linked 
to the ToupView software. The classification 
criteria regarding type and color considered the 
most common methods described in Gago et 
al. (2019). In summary, putative microplastics 
were categorized as: 1. pellet; 2. fragment; 3. 
fiber; 4. film; 5. sponge/foam, and the coloring 
was grouped as: black, blue, white, transparent, 
red, green, multicolor, and others. In the case of 
multicolor, microparticles with more than one color 
were considered. White and transparent were 
differentiated, as white is opaque and transparent 
is translucent (Pham et al., 2017).

The available Fourier-transform Infrared 
Spectroscopy with an Attenuated Total Reflectance 
diamond crystal (FTIR-ATR), a PerkinElmer model 
Frontier FTIR was not suitable for microparticles 
smaller than 500 μm (Castro et al., 2020). In this 
work, 90% of the total microparticles sampled 
were smaller than 400 μm, therefore the use of 
a micro-FTIR (μFTIR) is essential for analyzing 
these particles (GESAMP, 2019). Therefore, the 
polymeric composition of the putative microplastics 
was not yet determined.

Avoidance of laboratory contamination
All materials selected for handling the filtering, 

classification, and measurement process of the 
samples are made of glass, aluminum foil, and 
metal, and were properly washed with special 
washing soap and cleaned in distilled water and 
ultrapure Milli-Q water. In addition, identical glass 
Petri dishes containing filters were allocated during 
the filtering and pre-screening process alongside 
those with samples and analyzed by optical 
microscopy for potential airborne contamination 
and possible cross-contamination (Gago et al., 
2019). A particle should be excluded if a similar 
one was present in the control filter exposed to the 
environment in optical microscopy analyses.

Based on these analyses, we formulated 
the following hypotheses: 1) Hypothesis for 
microplastic color between seasons: Null 
Hypothesis (H0) – the color of microplastics does 
not vary significantly between seasons (winter 
and summer) in the Santos Basin; Alternative 
Hypothesis (H1) – the color of microplastics varies 
significantly between seasons (winter and summer) 
in the Santos Basin. Justification: evaluating the 
variation in microplastic color between seasons 
can provide insights into potential seasonal 
changes in their origin or degradation in the 
region, impacting their distribution and ecology; 2) 
Hypothesis for microplastic abundance between 
different sampling points: Null Hypothesis (H0) 
– the abundance of microplastics does not differ 
significantly between different sampling points in 
the Santos Basin; Alternative Hypothesis (H1) – 
the abundance of microplastics differs significantly 
between different sampling points in the Santos 
Basin. Justification: comparing the abundance of 
microplastics between different sampling points 
allows understanding the spatial distribution of 
microplastics in the studied area and identifying 
potential specific sources of contamination.

Data analysis
We performed descriptive statistics based on 

the number, type, color, and size of microparticles. 
All data were aggregated into a spreadsheet in 
Microsoft Excel 2021, in which it was possible 
to generate histograms to compare and assess 
whether or not there were differences in the 

https://doi.org/10.5281/zenodo.13294513
https://doi.org/10.5281/zenodo.13294513
https://doi.org/10.5281/zenodo.13294532
https://doi.org/10.5281/zenodo.13294543
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abundance, types, colors, and sizes of putative 
microplastics related to those collected at different 
points and seasons of the year (winter and summer) 
in the Santos Basin. Using the Past 04 statistical 
software, the normality test (Shapiro-Wilk index) 
was used for all data in the spreadsheet. H0 – 
data follow a normal distribution > 0.05; H1 – data 
do not follow a normal distribution < 0.05. Using 
the same statistical software, one-way analysis of 
variance (ANOVA) – parametric test (normal data) 
or the non-parametric Kruskal-Wallis test (for non-
normal data) was used, both with a significance 
level set at ≤ 0.05.

RESULTS
Characterization of meteoceanographic 
conditions during collection

The meteoceanographic conditions recorded 
during the collection process were predominantly 
mild, with light to moderate winds, ranging between 
5 and 15 knots (2.5 to 7.7 m/s) and with gentle 
waves and crystalline waters. The water depth at 
the time of sampling ranged around 2,000 meters. 
It is recorded that, during the 2020 collection, 
the predominant winds were from the northeast 
and/or southeast, with an average speed of 
12.25 knots (6.3 m/s) (Figure S1A), while in the 
collections carried out in 2021, the predominant 
wind directions were from the northeast and/or 
northwest, with an average speed of 14 knots (7.2 
m/s) (Figure S1B).

Regarding the drift current, a rate of 0.8 
knots (0.41 m/s) and 1.06 knots (0.54 m/s) was 
observed, with current directions going southwest 
and southwest/northwest, respectively, during the 
2020 and 2021 samplings (Figure S2A and B, 
Supplementary Material).

It is noted that the predominant direction of 
wave height verified was northeast, which reflects 
the main direction of swells in that region (Figure 
S3A, Supplementary Material). Furthermore, an 
average wave height of 2.3 meters was observed, 
suggesting that the samples were collected in 
relatively calm waters (Figure S3B, Supplementary 
Material).

Pre-selection of collected microplastics
Pre-screening showed the presence of 

microparticles in samples collected in the Santos 
Basin. The physical characterization of these 
particles by optical microscopy allowed the 
description of the quantity, shape, size, and colors 
of the putative microplastics found in the superficial 
waters of the region.

Abundance and distribution of 
microplastics in the environment

This study results indicate that the surface 
waters of the Santos Basin have a high 
concentration of microparticles, with a total of 1,006 
particles identified and collected at seven sampling 
points. All sampling stations were found to have 
some degree of microparticle contamination, with 
particle counts ranging from 67 (minimum) to 272 
(maximum) particles per sampling station (Figure 
S4, Supplementary Material).

The average concentration of particulate matter 
was 159.7 microparticles per liter (Mp/L), with the 
highest concentrations of putative microplastics 
being recorded at stations SB4 (43.2 Mp/L), SB6 
(32.1 Mp/L), and SB5 (24.8 Mp/L). The SB7 sampling 
site had the lowest amount of microparticles per 
liter, totaling 10.6 Mp/L (Figure S5, Supplementary 
Material). The concentrations of microparticles 
in surface water showed variations between the 
different sampling points, however, as pointed 
out by the analysis of variance (ANOVA), such 
discrepancies did not reach statistical significance 
(p = 0.5062 – ANOVA test p < 0.05).

It is observed that the microplastics 
accumulation may be seasonal, possibly 
influenced by ocean phenomena such as wind, 
rain, and light (Zhang, K. et al., 2017). With the 
objective of evaluating the potential for variability, 
samples were collected at two different points 
and in different seasons of the year (winter and 
summer) for analysis. The results revealed that 
the average pollution in the area is 24.92 Mp/L, 
with the highest Mp/L value being recorded at 
the SB2S sampling point (39 Mp/L) during the 
summer and the lowest value (13 Mp/L L) in winter 
at SB3W station (Figure 2).

https://doi.org/10.5281/zenodo.13294562
https://doi.org/10.5281/zenodo.13294562
https://doi.org/10.5281/zenodo.13294568
https://doi.org/10.5281/zenodo.13294587
https://doi.org/10.5281/zenodo.13294587
https://doi.org/10.5281/zenodo.13294587
https://doi.org/10.5281/zenodo.13294601
https://doi.org/10.5281/zenodo.13294601
https://doi.org/10.5281/zenodo.13294609
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Figure 2. Abundance of putative microplastics in surface water collected in the Santos Basin in the period of 2020–2021, 
during winter and summer.
Caption: SB, Santos Basin. S, Summer. W, Winter. Mp/L – microparticles per liter.

The results obtained suggest that the 
abundance of putative microplastics in the study 
area is remarkably stable, regardless of the 
season of the year, since no significant difference 
was identified between the cross sections of 
microparticles abundance collected at different 
times of the year, winter or summer (p = 0.3815 – 
ANOVA test p < 0.05). It is worth mentioning that 
all of our airborne contamination control filters did 
not show the presence of microparticles.

Characterization regarding the form 
of microplastics

The collected samples were categorized into 
several predefined classes, namely: fragments, 
films, foams, fibers, and pellets. The analysis 
of the samples allowed us to verify that the 
number of putative microplastic particles consists 
predominantly of rigid and irregular fragments, 
followed by films, fibers, pellets, and foams, each 
containing, respectively, 521 (51.8%); 241 (24%); 
165 (16.4%); 61 (6%); and 18 (1.8%) particles 
(Figure 3).

The results obtained indicated that the 
fragments were found in high concentration in 
sampling points SB5 (69.23%), SB6 (55.94%), 
and SB4 (54.04%). In addition, films and fibers 
were also detected with frequency above 20% at 
sampling stations SB1 (35.65%), SB2 (29.46%), 
SB3 (29.27%), and SB5 (23.08%), while pellets 
were found in greater numbers at stations SB7 
(19.4%) and SB6 (9.41%). In contrast, foam was 
identified with frequency below 10% at stations 
SB7 (7.46%) and SB1 (3.48%) (Figure S6, 
Supplementary Material).

Despite having verified a difference in the 
quantitative abundance of microparticles in 
each sampling point, no significant difference 
was observed in the variation of the types of 
microparticles collected in different transects (p 
= 0.5062 – ANOVA test p < 0.05). Furthermore, 
the amounts of microparticles detected were very 
similar between the two periods, both in winter and 
in summer (p = 0.3815 – ANOVA test p < 0.05). 
However, foam-like microparticles were only found 
at sampling stations SB2 and SB3 during the winter 
period (Figure S7, Supplementary Material).

https://doi.org/10.5281/zenodo.13294613
https://doi.org/10.5281/zenodo.13294622
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Figure 3. Number of particles according to the shape in the collection areas of the Santos Basin, Brazil.
Caption: (A) fragment. (B) foam. (C) film. (D) fiber. (E) pellet. μm – microns.

Characterization regarding the 
colors of microplastics

Microparticles were categorized into eight 
distinct colors: black, blue, white, transparent, 
red, green, multicolored, and others. The 
results of the analysis revealed a wide variety 

of colors, the most frequent tones being blue 
(31.11%), followed by transparent (27.63%), 
others (14.41%), black (8.45%), red (6.76%), 
and multicolored (5.47%). Other colors, such 
as green (1.59%) and white (4.57%), were less 
common (Figure 4).
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Figure 4. Color distribution of microparticles collected in surface waters in the Santos Basin in the period of 2020–2021.
Caption: (A) red fragment; (B) and (C), blue fragments; (D) blue foam; (E) yellow/aged film; (F) blue fiber; (G) red fiber. μm – microns.

From the data presented in Table 1, it is 
possible to observe a great variability of colors 
depending on the type of microparticle. Of all 
particles in the colors blue (94.25%), black 
(89.41%), red (86.76%), multicolored (69.23%), 
and green (56.25%), the predominant form 

is that of rigid body fragments. On the other 
hand, films and fibers are mostly transparent, 
representing 56.83% and 38.13%, respectively. 
Bleaching is most common in fibers and pellets, 
accounting for 26.09% and 50% of these types 
of microparticles.
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Table 1. Variability of colors found in microparticles collected in surface waters in the Santos Basin.

Microparticles
Color (%) Foam Fibers Films Fragments Pellets
Blue 1.60% 3.51% 0.00% 94.25% 0.64%
Black 0.00% 4.71% 5.88% 89.41% 0.00%
Red 0.00% 10.30% 2.94% 86.76% 0.00%
Green 0.00% 0.00% 6.25% 56.25% 37.50%
Transparent 0.72% 38.13% 56.83% 1.08% 3.24%
White 15.21% 26.09% 0.00% 8.70% 50.00%
Multicolor 0.00% 13.46% 13.46% 69.23% 3.85%
Others 2.70% 12.16% 45.95% 26.35% 12.84%

The graphical representation shown in Figure 
S8 (Supplementary Material) illustrates the 
distribution of the abundance of different colors at 
each sampling point. The shade of blue was the 
most frequent color at all points, however, with 
greater predominance at stations SB5 (42.67%) 
and SB3 (39.02%). Transparent was the second 
most observed, present in all samples, standing out 
especially in stations SB1 (40%) and SB7 (32.84%).

Kruskal-Wallis test was performed on the 
color data that did not follow a normal distribution. 
From these results, we can conclude that the 
microparticles are evenly distributed among the 
sampling points and that there is no significant 

difference in particle color between seasons (p = 
0.271, Kruskal-Wallis test p < 0.05). Furthermore, 
regardless of winter and summer seasons, the 
color frequencies of all sampled microparticles 
were similar (p = 0.2498, Kruskal-Wallis test p < 
0.05) (Figure S9, Supplementary Material).

Characterization regarding the size 
of microplastics

The average size of the collected microparticles 
is 183.70 μm. Most particles had dimensions 
between 1 and 50 μm (30.6%), followed by 50 to 
100 μm (22.9%), 100 to 200 μm (19.8%), and 200 
to 400 μm (14.8%) (Figure 5).

Figure 5. Categorization according to the size of microparticles collected in surface waters in the 
Santos Basin in the period of 2020–2021.
Captions: μm – microns.

https://doi.org/10.5281/zenodo.13294630
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Smaller particles were detected in SB5 
(49.36%), SB6 (32.18%), and SB3 (28.05%), while 
larger particles were identified in SB2 (6.25%) and 
SB1 (3.48%), see Figure S10 (Supplementary 
Material). No statistically significant discrepancies 
were observed regarding the dimensions of the 
particles between the collection sites (p=0.555, 
Kruskal-Wallis test with p < 0.05).

Larger microparticles consisted mainly of fibers 
(10.3%), while those with smaller dimensions 
were characterized as rigid fragments (53.74%). 
The smallest particle detected in the analysis was 
a 1.28 µm fragment, while the largest consisted 
of a 1,984.03 µm long fiber. No particles larger 
than 2,000 µm were identified in the seven areas 
analyzed (Table 2).

Table 2. Size of microparticles collected in surface waters of the Santos Basin according to type.

Microparticles (%)
Size (µm) Foam Fibers Films Hard fragments Pellets
1–50 µm 22.22% 1.21% 4.98% 53.74% 16.39%
50–100 µm 22.22% 7.27% 26.97% 26.30% 18.03%
100–200 µm 33.33% 11.52% 29.46% 16.12% 31.15%
200–400 µm 22.22% 27.88% 28.22% 3.07% 24.59%
400–600 µm 0.00% 18.18% 6.64% 0.38% 8.20%
60 –800 µm 0.00% 14.55% 1.24% 0.38% 0.00%
800–1000 µm 0.00% 9.09% 1.24% 0.00% 1.64%
1000–2000 µm 0.00% 10.30% 1.24% 0.00% 0.00%

Captions: μm – microns.

The discrepancy related to the size of particles 
collected during winter and summer was not 
significant, as evidenced by the p-value equal 
to 0.4248, obtained in the Kruskal-Wallis test 
with established significance level of < 0.05. 
Nevertheless, samples of microparticles with 
dimensions greater than 2000 μm were found in the 
SB3 summer samples, in a very low percentage, 
0.53% (Figure S11, Supplementary Material). 
In short, this study results denote no significant 
variation in the size of particles, depending on the 
time of year.

DISCUSSION
Pre-screening demonstrated the presence 

of microparticles in samples collected in the 
Santos Basin. Based on these observations, a 
detailed analysis was carried out to determine 
the amount, shape, size, and colors of putative 
microplastics found in surface waters in the 
region. The distribution of different types of 
plastic particles in the area allowed us to raise 
hypotheses about possible meteoceanographic 
and anthropic influences of oil and gas exploration 
activities on the concentration of microplastics in 

the Santos Basin. These investigations are critical 
to understanding microplastic contamination 
in surface waters and to providing important 
insights into the global fluxes and distribution of 
microplastics in the ocean.

Abundance and distribution of 
microplastics in the environment

This investigation represents the first study 
to examine the presence of microplastics in the 
oceanic coastal waters of the Santos Basin. 
Information on microplastic pollution in South 
Atlantic waters is still limited, but the current analysis 
confirms previous research that documented the 
occurrence of microplastics on beaches in the 
coastal region of the state of São Paulo (Vedolin 
et al., 2018; Izar et al., 2019, 2022; Balthazar-Silva 
et al., 2020; Ribeiro et al., 2021). The average 
accumulated concentration of microplastics and 
the presence of these particles in all collection 
sites reinforce and attest to the contamination of 
the Santos Basin by microplastics.

The microparticles concentration obtained 
in this study for the Santos Basin, 10.6–43.17 
Mp/L (see comparative Table S5, Supplementary 

https://doi.org/10.5281/zenodo.13294641
https://doi.org/10.5281/zenodo.13294653
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Material), show striking similarities with the 
findings of the research by Courtene-Jones et 
al. (2022) carried out in the North Atlantic region, 
which used Niskin-type bottles and trawl nets to 
assess the concentration of microplastics in water. 
The results indicated the presence of microplastics 
in the North Atlantic anticyclonic subtropical gyre; 
in coastal waters, and offshore ocean areas, 
with average concentrations of 0.62 ± 0.52 Mp/
m3, 0.40 ± 0.37 Mp/m3, and 0.19 ± 0.19 Mp/m3, 
respectively. The presence of microplastics in the 
Santos Basin is also consistent with the pollution 
rates recorded in the North Atlantic (Pan et al., 
2022) with an average concentration of 0.51 Mp/
m³ of microplastics.

On the other hand, in the study by Bagaev et 
al. (2018) using Niskin bottles, the concentration 
of microplastics found was 0.40 ± 0.58 items per 
liter. This value is lower than the average found 
in our study, which can be explained by the fact 
that the authors used a glass filter with a 174 μm 
mesh to filter the samples. Very large meshes can 
release smaller particles and produce readings 
with lower concentrations of microplastics than 
those present in the environment (Di Mauro et al., 
2017; Figueiredo and Vianna, 2018; Zhu L. et al., 
2018; Lindeque et al., 2020).

Still in the Atlantic, a study analyzed the density 
and characteristics of microplastics in the Brazilian 
Equatorial Margin (Garcia et al., 2020). The results 
of that study indicate that the collected samples 
contained a large amount of microplastics, with an 
average of 52 particles per cubic meter. Most of the 
microplastics found consisted of fibers, followed 
by fragments and granules. Using two mesh nets 
(120 and 300 μm) to collect microplastics between 
the coast of Ceará and Maranhão, it was found 
that the density was statistically higher in a 120 
μm mesh net (0.14 ± 0.11 items·m−3) than in a 
300 μm mesh net (0.02 ± 0.01 items m−3), with 
most microplastics consisting of fibers/filaments, 
styrofoam, hard and soft fragments, paint, and 
glass/acrylic (Garcia et al., 2020). The density of 
microplastics identified in this research, using 120 
μm mesh netting, is similar to that found in our own 
observations. The researchers also observed that 
the distribution of microplastics varied according to 
the depth of the water, suggesting that the entry of 

microplastics into the region may be related to the 
vertical mixing of water.

A study carried out by Baptista Neto et al. 
(2019) revealed the presence of microplastics 
on the inner continental shelf of Rio de Janeiro 
and the influence of dredging disposal areas 
and of the submarine outfall on contamination. 
The researchers collected sediment samples in 
five different areas of the inner continental shelf 
and found that microplastic concentrations were 
higher in locations close to the dredged sediment 
disposal areas and the submarine outfall. This 
suggests that these human activities can have a 
significant impact on microplastic contamination in 
the region (Baptista Neto et al., 2019).

form and distribution of microplastics
Another noteworthy aspect is the significant 

presence of fragments, which represented more 
than half of the particles found in our study. Such 
data corroborate previous research, in which the 
fragment constituted the most frequent form of 
microplastic in seawater samples collected at 
the surface (Ivar do Sul et al., 2013; Bikker et al., 
2020; Ramírez-Álvarez et al., 2020; Kobayashi 
et al., 2021; Li et al., 2022; Russell and Webster, 
2021). Fragments origin is mainly attributed to 
the decomposition of industrial products and 
bulky waste, resulting from coastal and open 
ocean hydrodynamic processes, which cause the 
degradation and fragmentation of larger particles 
of solid plastics (Zhou Q. et al., 2018; D’Hont et al., 
2021; Ding Y. et al., 2022).

In 2013, Ivar do Sul and collaborators 
conducted a study investigating the presence and 
distribution of microplastics on the ocean surface 
around the São Pedro and São Paulo Archipelago, 
located in the Equatorial Atlantic. At a total of 17 
collection points around the archipelago, the 
researchers collected water samples and analyzed 
them for the presence of microplastics. The 
results pointed to the presence of these particles 
in all samples, with an average concentration of 
0.12 microplastic particles per liter of seawater. 
The most common types of microplastics found 
were fragments and fibers (Ivar do Sul et al., 
2013). Subsequently, in 2014, Ivar do Sul and 
other scientists investigated the presence of 



Microplastics in the Santos Basin surface waters

Ocean and Coastal Research 2025, v73:e25006 13

Ferreira and Lôbo-Hajdu

microplastics in pelagic waters around oceanic 
islands in the Western Tropical Atlantic, including 
Fernando de Noronha, Abrolhos, and Trindade. 
The researchers collected water samples from 14 
different points in a remote region of the ocean, far 
from sources of direct land-based pollution. Results 
showed that all samples contained microplastics, 
with an average concentration of 0.27 microplastic 
particles per liter of seawater. The most common 
types of microplastics found were again fibers 
and fragments, and the presence of microplastics 
in the region has been attributed to factors such 
as global ocean pollution and the degradation of 
larger plastic waste (Ivar do Sul et al., 2014).

Still, during the study conducted by Kanhai et 
al. (2017), an analysis of the presence, distribution, 
and composition of microplastics was performed in 
water samples collected along a latitudinal gradient 
of the Atlantic Ocean. It was found that most 
microplastics were fibers (n = 165) and fragments 
(n = 10). In addition, it was found that 72% of the 
microplastics were blue, 9% were transparent, 
8% were pink, and 11% were of other colors such 
as purple, brown, red, green, gray, black, yellow, 
and white. The final model used to assess the 
abundance of microplastics in the Atlantic Ocean 
considered six explanatory variables: latitude, 
longitude, water temperature, salinity, as well as 
wind direction and speed.

The fragmented microparticles found in the 
Santos Basin have an irregular shape, which 
suggests that these objects have a secondary 
origin and arise by the fragmentation of consumer 
products, such as bags, bottles, and containers 
(Russell and Webster, 2021). However, some of the 
microplastics classified as fragments may originate 
from cosmetic products, as their production is 
not limited to the use of spheres, but may also 
include fragments with an indeterminate shape 
as cosmetic ingredients, for instance facial soaps 
and toothpastes (Ballent et al., 2016). Thus, one 
cannot rule out the possibility that the fragmented 
microparticles found in Santos Basin may also 
originate from cosmetic products.

Simultaneously, a large number of microparticles 
classified as films were found in the samples 
collected at the Santos Basin. These particles 
are a type of waste produced by the degradation 

and decomposition of secondary packaging, such 
as plastic bags, films, and packaging used in 
agriculture and industry (Sun X. et al., 2018; Wang 
T. et al., 2019; Ding Y. et al., 2022; Al Nahian et al., 
2023). Due to their low density and two-dimensional 
shape, these microplastics tend to float on the 
water surface (Wang T. et al., 2019). Furthermore, 
these particles are especially dangerous because 
they are too small to be detected and removed by 
traditional physical means such as rubber filters, 
sand filters, and screens (Al Nahian et al., 2023).

Fibers constituted the third most frequent type 
of microplastic in the mass of plastic debris present 
in surface waters of the Santos Basin. Microfibers 
are also a type of microplastic commonly found 
in coastal waters of Portugal (Rodrigues et al., 
2020), on the Amazon platform in Brazil (Queiroz 
et al., 2022), in Hangzhou Bay in China (Qu et 
al., 2022), as well as in the Arctic (Huang et al., 
2022). These types of microplastics come from 
the improper disposal of fishing artifacts, clothing, 
rugs, sporting goods, footwear, interior finishes, 
toys, plastic packaging, household utensils, or 
derived from effluents discarded in the coastal 
zone and/or sewage discharges from vessels, 
transported mainly by sea currents and prevailing 
breezes (Hidalgo-Ruz et al., 2012; Pan et al., 
2019; Kutralam-Muniasamy et al., 2021; Ding Y. et 
al., 2022; Al Nahian et al., 2023).

Pellets and foams were the least frequent 
types of microparticles present in the mass of 
plastic waste in the Santos Basin. Microspheres 
are not always detected in studies and represent 
the least common form of microplastics (Al Nahian 
et al., 2023). Such types of microplastics mostly 
originate from cosmetic products (Lassen et al., 
2015; D’Hont et al., 2021), being accidentally 
released into marine waters as waste from 
industrial production, in addition to coastal and 
vessel sewage (Al Nahian et al., 2023). Foam-type 
microplastics are usually found in fenders on ships 
and oil platforms, as well as in fishing equipment, 
which can also contribute to these residues arrival 
in marine surface waters (Lassen et al., 2015; Al 
Nahian et al., 2023). Table S5 (Supplementary 
Material) presents a comparison between the data 
from this study and the cited works on microplastics 
in surface water.

https://doi.org/10.5281/zenodo.13294555
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Origins of microplastics at Santos 
Basin

Given this scenario, considering that the 
collection sites are located close to the fixed oil 
platforms, with a large flow of offshore support 
vessels, ships, and fishing boats, it is possible to 
infer that contamination by microplastics in the 
Santos Basin originates, in large part, from the 
waste generated in the Brazilian coastal zone, 
but also, albeit in a smaller amount, from the oil 
platforms and vessels navigating in the region.

The International Convention for the Prevention 
of Pollution from Ships (MARPOL), to which Brazil 
is a signatory, prohibits the discharge of plastic 
waste in all maritime protected areas and by any 
ship, regardless of its flag, traveling in international 
waters (Borrelle et al., 2017; Gacutan et al., 
2022). Despite the existence of universal disputes 
regarding the legal legitimacy of MARPOL, 
a number of studies have documented its 
effectiveness in reducing plastic waste from ships 
in the ocean (Long et al., 2022). Therefore, the 
MARPOL Convention is an important international 
legal instrument that aims to protect the marine 
environment and human health. However, currently, 
there is no international maritime legislation that 
directly mentions microplastic pollution in the 
oceans caused by maritime vessels (Waller et al., 
2017; Tobin and Urban-Rich, 2022).

Ultimately, the presence of microplastics of 
different colors in Santos Basin may be indicative of 
different types and origins of microplastics. This is 
due to the varied properties and colors of plastics, 
which are manufactured, used, and disposed of 
in different ways (Kabir et al., 2020). In this study, 
blue and transparent particles were the most 
common, in agreement with the results of several 
other publications (Kanhai et al., 2017; Huang Y. 
et al., 2019; Zhang D. et al., 2020; Forero-López et 
al., 2021; Zhu J. et al., 2021; Queiroz et al., 2022; 
Shu et al., 2023).

The predominance of blue and transparent 
microplastics can be explained by the fact that 
these colors are often used in plastics from fishing 
equipment (Possatto et al., 2011; Wang W. et 
al., 2017). In addition, transparent microplastics 
are also associated with the production and 
use of lightweight plastic products, such as 

food packaging (Wang T. et al., 2019). Another 
possible explanation for the abundance of blue 
and transparent microplastics is the fact that 
these colors are more resistant to aging and 
photodegradation, which may facilitate their 
presence in marine surface waters (Hossain et 
al., 2019; Aliko et al., 2022). These colors adhere 
more easily to the surface of the water, which 
allows microplastics to remain longer in the water, 
thus being more prevalent (Prata et al., 2020).

It is important to remember that colored 
particles are more attractive to visual predators 
such as fish, birds, and turtles, and the potential 
bioavailability of these particles in Santos Basin 
can severely impact the local marine fauna (Wright 
et al., 2013; Vianello et al., 2018; Aliko et al., 2022; 
Li et al., 2022). On the other hand, white and 
transparent particles are difficult to distinguish, 
resulting in higher levels of accidental ingestion 
(Zhang T. et al., 2021). The environmental impact is 
further compounded by the fact that microplastics 
can act as vectors for other pollutants, potentially 
increasing their bioavailability and toxicity to 
marine organisms (Duis and Coors, 2016).

Size and distribution of microplastics
At the same time, the size of microplastics in 

ocean surface waters is also a major concern, as 
this attribute can modify the distribution, toxicity, 
and biodegradability of these fragments in the 
marine environment, as well as influence the 
frequency of accidental ingestion of microplastics 
by marine animals (Wright et al., 2013; Koelmans 
et al., 2016). In the samples collected at Santos 
Basin, particles of 50 μm or less represented 
more than 30%, while the ones smaller than 400 
µm represented about 90% of the total sampled 
microparticles. It should be noted that smaller 
microplastics can be more toxic to marine 
organisms (Kögel et al., 2020; Zhou N. et al., 
2023) and can be easily mixed with food and 
consumed by fish along with plankton (Critchell 
and Hoogenboom, 2018). Experiments with the 
mussel Perna viridis have shown that the smaller 
the size of the microplastic used in a bioassay, 
the greater the immune-related impact on the 
organisms (Jong et al., 2022). On the other hand, 
tests carried out to evaluate the residence time of 



Microplastics in the Santos Basin surface waters

Ocean and Coastal Research 2025, v73:e25006 15

Ferreira and Lôbo-Hajdu

fibers of different sizes in the crustacean species 
Nephrops norvegicus found that larger particles 
can remain longer in the body of this species 
(Joyce et al., 2022).

Due to the complexity of the physical-chemical 
structure of microplastics, their distribution when 
related to the size of microplastics is directly 
influenced by geographic, climate, ocean circulation, 
navigation routes, and microplastics origin factors 
(Adamopoulou et al., 2021). Places with strong 
currents, such as ocean gyres, ocean fronts, and 
areas close to the coast, tend to accumulate smaller 
microplastics, as they are easily transported by 
currents. Contradictorily, places with weak currents, 
such as sheltered bays and estuaries, tend to 
accumulate medium and large debris, and, as they 
are not easily transported, they are more likely to 
settle on the ocean floor or run aground on coasts, 
and/or they can get stuck in eddies and gyres 
(Maximenko et al., 2012; Law and Thompson, 
2014; Lebreton et al., 2017).

As a result, large amounts of microplastics are 
concentrated in the subtropical gyres of the North 
and South Atlantic, the North and South Pacific, 
and the Indian Ocean, accounting for about half 
of the floating microplastics in the open ocean. In 
these areas, the amount of microplastics can be up 
to a million times greater than in other regions of 
the Pacific and Southern Oceans (GESAMP, 2015, 
2016). That is why the heterogeneous presence of 
microplastics at large and mesoscale, in fields that 
extend across tens of kilometers, makes it difficult 
to extrapolate local monitoring data to larger areas 
(Nerland et al., 2014; Egger et al., 2022).

However, it should be noted that the collection 
method used in this study may have had a significant 
impact on the computation of the size distribution of 
microplastic particles present in the surface waters 
of the Santos Basin. As found in other studies, 
such as those by Covernton et al. (2019) and 
Courtene-Jones et al. (2022), the use of collection 
bottles tends to capture smaller microplastics when 
compared to other methods, such as trawl nets. On 
the other hand, the use of trawl nets is an effective 
method for collecting larger microplastics but may 
underestimate the number of smaller particles 
(Lindeque et al., 2020; Pasquier et al., 2022). Given 
this perspective, it is essential to carry out different 

sampling approaches to investigate microplastics 
in marine surface waters, considering that different 
collection methods can affect the reading of the size 
distribution of microplastic particles in the sea (Xu 
H., et al., 2022). Nevertheless, the analysis findings 
revealed that there were no notable discrepancies 
in the levels, categories, dimensions, and shades 
of microparticles between the different sampled 
locations and times of the year, which suggests 
that other elements may be interfering with the 
propagation of microplastics in the Santos Basin.

For a more in-depth understanding of the 
dynamics of microplastic contamination in the 
Santos Basin, it is advisable to carry out a systematic 
analysis of the abundance and distribution of these 
materials throughout all seasons of the year. Such 
an approach considers that the conditions of sea 
currents, winds, and waves in the Santos Basin are 
influenced by climatic factors, such as seasonal 
variations in atmospheric conditions, including high- 
and low-pressure systems and frontal systems, as 
well as other local climatic conditions (da Silveira et 
al., 2023).

The process of coastal upwelling caused by wind 
is linked to the Ekman transport (90° to the left of the 
incident wind direction, in the Southern Hemisphere, 
and to the right in the Northern Hemisphere). It 
consists of the removal of surface water close to the 
coast by windshear, causing upward movements 
of water from layers just below or even hundreds 
of meters deep (Cushman-Roising and Beckers, 
2009). As a result, the northern platform of the 
Santos Basin is influenced by a coastal upwelling 
driven by Ekman transport and pumping (Dos 
Santos Filho et al., 2022). It is important to highlight 
that the Brazil Current (BC) is the main responsible 
for the flow of surface waters in the Santos Basin 
since it flows to the south (Goes et al., 2019). The 
BC effect is associated with the western boundary 
current of the Anticyclonic South Atlantic Subtropical 
Gyre, with the wind pattern influenced by the 
presence of the South Atlantic Convergence Zone 
(SACZ) with predominant northeast winds (Gordon, 
1989; Campos et al., 2000; De Almeida et al., 
2015) (Figure 6). Such information is essential to 
monitor the transport of plastics between continents 
and oceans, and thus minimize the impacts of the 
introduction of microplastics in the Santos Basin.
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Figure 6. Influences of oceanographic factors in the Santos Basin.
Caption: (A) Map of the Santos Basin (SB) detailing the passage of the Brazilian Current (BC), the Brazilian Coastal Current (BCC), 
and the direction of the winds; (B) Images of ocean currents, winds and waves, respectively, acting in the Santos Basin, on the 
afternoon of July 7, 2023. Source: (A) Modified from Dos Santos Filho et al. (2022); (B) Modified from data taken from https://earth.
nullschool.net/#current/ocean/surface/currents/orthographic=-44.55,-26.10,4609/loc=-51.527,-29.114, 2023. SC, Santa Catarina; PR, 
Paraná; SP, São Paulo; RJ, Rio de Janeiro states.

Gorman et al. (2020) used a combination of 
Particle Tracking Models (PTMs) and seasonal 
rainfall data to explain inputs of microplastic 
pellets to the ocean beaches of Santos City. To 
study the dispersal of microplastic pellets in the 
estuarine and coastal waters of the Santos region, 
authors considered mainly the terrestrial source 
of microplastics (but recognize the importance of 
the release of particles from ships as a persistent 

source of marine litter), and also the fact that a 
considerable proportion of microplastics are 
buoyant (Gorman et al., 2020). Although their 
results were focused on a much smaller area in 
km2 (river mouth, inshore and offshore areas of 
Santos Bay, not wider than 50 km2), they showed 
that pellet inputs vary both seasonally and with 
distance from the river mouth, reflecting beach 
morphology and the level of terrestrial inputs.
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CONCLUSIONS
This investigation findings reveal the presence 

of microplastic pollution in surface waters 
across the Santos Basin, with all seven sampled 
locations displaying some level of contamination. 
Previous studies have shown that areas with 
intense industrial activities, including oil and gas 
exploration, often have higher concentrations of 
microplastics due to the direct disposal of waste 
and the fragmentation of larger plastic items 
used in these operations (Duis and Coors, 2016). 
However, in this study the particle concentration 
for the Santos Basin, 10.6 – 43.17 Mp/L (Table S5, 
Supplementary Material), was surprisingly similar 
to other regions without oil and gas exploration.

Although microplastic concentrations varied 
between sampling points, these differences did 
not reach statistical significance. Notably, different 
types of microparticles were randomly distributed 
at the Santos Basin: high concentrations of 
fragments were identified at sampling points 
SB5, SB6, and SB4, while films and fibers were 
consistently detected at stations SB1, SB2, SB3, 
and SB7. The predominant form of microplastics 
was observed in the fragment category, followed 
by films and fibers, with a greater abundance in 
the 1–50 µm size range.

The small size range of the microparticles found 
in this study, 90% smaller than 400 μm, made it 
difficult to determine their polymeric composition. The 
available FTIR-ATR equipment has a minimum size 
limit of 500 μm for reliable determination, and it was 
not possible to analyze all types of microparticles. 
As recommendations for future investigations, we 
suggest the use of a micro-FTIR (μFTIR).

The coastal region of the Santos Basin is 
experiencing microplastic contamination influenced 
by oceanographic factors such as wind-induced 
upwelling, wave direction and intensity, and the 
Brazil Current. Despite the absence of differences 
in microplastic quantities at sampling points 
close to oil and gas exploration, it is imperative 
to conduct further research. As perspectives for 
future approaches in this type of study, it would be 
interesting to collect samples along different depths 
in the water column from the coast to regions close 
to oil exploration. A deeper understanding of the 

dynamics of this pollution is crucial to implementing 
effective measures aimed at mitigating microplastic 
contamination in the Santos Basin.
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