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Plastic pellets are worldwide contaminants that accumulate in the ocean, especially in sandy beaches, where 
their historic standing-stock quantification relies on surface sediment samples. We demonstrated these 
particles present a three-dimensional instead of a simple along-across shore distribution, being found as 
deep as 2.0 m, with surface layers accounting for <  10% of the total abundance in the sediment column. This 
gradient seemed to be more related to oceanographic rather than anthropic processes, suggesting a general 
pattern whose applicability to microplastics and sedimentary environments as a whole should be 
investigated. This poses criticism in the exactness of standing-stock records and demands urgent discussion 
of sampling protocols.

P lastic pollution is a major environmental concern in the ocean, and the impact of microplastics (particles <  
5 mm) has demanded special attention over the last years1-3. The total global production of plastics grew 
from 1.5 million tonnes in 1950 to 280 million tonnes in 20121,4. This volume of production coupled with 

their durability and slow rate of biodégradation5 is correlated to extensive accumulation of plastic debris in 
terrestrial and aquatic habitats worldwide6. Recently, due to their broad and recognized threats, the classification 
for the most harmful plastics was proposed to be changed from solid to hazardous waste4.

Plastic resin pellets are large-sized microplastics, which are industrial raw material transported to manufac­
turing sites for production of a wide range of plastic products1,7. Resin pellets have being reported in marine waters 
worldwide and accumulate in depositional environments, including sandy beaches (e.g.1,8,9). Sources of pellets are 
both marine and land-based and include spillages during handling and transfer and losses during transportation, 
among others10.

Published reports so far have only explored the surface distribution of pellets and there is no available 
information on the in-depth occurrence of these contaminants in sandy beaches. Therefore, the goal of the 
current research was to provide an initial evaluation of the three-dimensional distribution of pellets in this 
environment. Exact and precise estimates of this pollutant are key indicators of the trends of this environmental 
problem. Here, we show that the standing stock of pellets in sandy beaches can be largely underestimated with 
surface sediment samples (e.g.9), as suggested by sampling protocols (e.g.11). We demonstrated that plastic pellets 
are consistently found distributed in-depth instead of just along and across-shore. We also identified the type of 
polymer composing the sampled pellets and evaluated a possible mechanism of deposition of pellets through the 
sediment column.

Results
Three-dimensional pellet distribution. The sampling done in Santos Bay (Brazil) to test the null hypothesis of 
uneven distribution of pellets in depth showed that the abundance of pellets decreased from the surface to the 
deeper strata, where pellets were concentrated. Although overall and pairwise differences could not be identified 
(ANOVA: C = 0.15, ln(X + 1), F = 2.79, df = 9, p  =  0.062) due to the high values of standard error, two 
intermediate increases in abundances were observed at depth ranges of 20-40 cm and 60-70 cm (Fig. 1A).

Samples taken to test the null hypothesis of uneven distribution across-shore indicated that pellets were 
concentrated on the upper backshore (ANOVA: C = 0.44 (P <  0.01), F = 91.53, df = l l ,p  = 0.00) and gradually 
decreased towards the upper beach intertidal limit where they were limited to the surface of the sedimentary 
column (Fig. 2). Due to the large variability among samples, especially in the upper strata (e.g. densities of pellets
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Figure 1 I D ep th  d is tr ib u tio n  o f  pellets a n d  m agnetic  m inera ls in  th e  sed im ent. (A) N u m b er o f  pellets/0.1 m 3 in  the  u p p er backshore at Santos Bay, 
Brazil ( n =  10). (B1-B5) D eposits o f  heavy m inerals (estim ated  using m agnetic susceptibility  values) in five vertical and  eq u id istan t sed im ent cores 
(analyzed every 2.5 cm ) taken from  the u p p e r (B Í) to  the  low er (B5) backshore.

within each height of the shore ranged from 44 to 131 and 0 to 23), 
variances were heterogeneous and no transformation was able to 
stabilize variances.

The sampling done to test the null hypothesis on uneven distri­
bution along-shore showed that the standing-stock of pellets was 
irregularly distributed (ANOVA: C = 0.34 (P <  0.05), F = 23.81, 
d f=  14, p =  0.00) and pellets were more abundant between the areas 
2 to 6 (see Fig. 5), which are located at no more than 2 km from the 
entrance of the Santos port channel (Fig. 3). Nevertheless, pellets 
were found up to 2.0 m in depth, and their in-depth distribution 
along the bay followed the pattern of abundance observed at the 
surface (Fig. 3). A standing stock of approximately 762 million pellets 
was estimated to be present in the whole area.

To verify if in-depth distribution of pellets was consistent, i.e. 
being more abundant below the sediment surface, further sampling 
was done at three different beaches. In most of the sampled beaches, 
pellets were found vertically to a depth of 2.0 m and their abundance 
also decreased from shallow to deeper sediment layers, albeit with 
gradient differences among beaches (Fig. 4a-c and Table I).

Identification of type of polymer. Results from the Ramam micros­
copy method for identification of a random sample of the type of
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Figure 2 | A bundance  o f  pellets across-shore. M ean ( ±SE ) abundance  o f  
pellets/0.018 m 3 at each 6.5 m  intervals across the  beach. Letters on  the 
erro r bars represen t the results o f  the  SNK test ( sim ilar letter deno te  n o t 
significant differences). Sam ples (n =  25) were taken from  the  u pper 
backshore lim it (0 m ) to  the high tide level (78.0 m ) in Santos Bay (Brazil).
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F igure  3 | T h ree-d im ensional d is tr ib u tio n  o f  pellets in  Santos Bay.
N u m b er o f  pellets per 1 m 3 w ith in  five dep th  classes in  the sed im ent ( 0 -0 .4 , 
0 .4-0 .8 , 0 .8 -1 .2 , 1.2—1.6 and  1.6-2.0 m ) in relation  to  the  distances across 
(n = 10) and  along shore (n =  15).

S I 4 :4 4 3 5  | DOI: 10.1038/srep04435 2

http://www.nature.com/scientificreports


n pelle ts/m

/
o <§>

«o <§>

A m

3oo
200
'00

•Joo
20o
'00

¿00
20o
lOo

300 R
**> i  
‘°0 •*

n° p e lle lv m ' 

_ uui

i

?  j f

pellels/m  

600

500

400

300

200

100

0

too Ó

Figure 4 | T h ree-d im ensional d is tr ib u tio n  o f  pellets in  d ifferen t beaches. A long-shore, across-shore an d  dep th  d istribu tion  o f  pellets ( p e r 1 m 3 ) in 
five d ep th  classes in the sed im ent (0 -0 .4 , 0 .4-0 .8 , 0 .8 -1 .2 , 1.2-1.6 and  1.6-2.0 m ) in  Felix (U batuba) (a), Enseada (G uarujá) (b) and  P ra ia G rande 
U batuba (c) beaches, Sao Paulo State, Brazil.

polymer composing the pellets indicated that 18% were composed by 
polypropylene (PP) (n = 90), 78.2% by polyethylene (PE) (n = 391) 
and 3.8% were composed by a mixture of these two polymers 
(n = 19).

Depth distribution of pellets and magnetic minerals in the sedi­
ment. The sediment column was clearly stratified with four well- 
preserved layers and three peaks of heavy minerals found in the 
upper core (at 0.2 m, 0.35-0.40 m and 0.55 m depth; Fig. 1B1). 
The depths of these peaks became proportionally shallower 
towards the cores located closer to the seawater (Fig. 1B5). The 
first and third peaks in the upper corer (Fig. 1B1) were clearly 
related to the two in-depth peaks of pellets (Fig. 1 A).

Comparisons with other works. Previous studies have recorded 
abundances of 1230 pellets/m3 in Japan12 and 4666 pellets/m3 in 
Hawaii8 at a maximum depth of 0.055 m. Nevertheless, if their 
sampling strategies would have included deeper sediments and the 
pattern of pellet in-depth distribution would be as in the present 
study, the density estimates could have reached 27214 pellets/m3 
(Table III) and 93891 pellets/m3, respectively.

Discussion
The finding that there was a consistent greater concentration of the 
standing stock of pellets in areas deeper than the surface sediment 
demonstrates that the quantity of buried particles is important for

Table 1 Depth distribution of pellets. Density (m3) and  percentage of pellets at different depths in the backshore of three beaches located in 
Sao Paulo State, Brazil and , specifically at 0 .0 5 5  m for comparisons with other studies.

Density o f pellets in (Beaches/Depths)
FELIX (Ubatuba) PRAIA GRANDE (Ubatuba) ENSEADA (Guarujá)

Average density Percentage of Average Percentage of Average density Percentage
Depth (m) M pellets density (m3 pellets (m3) of pellets

0.2 2 .5 6 4 3 .4 8 4 4 .6 9 11.50 118.21 2 2 .2 7
0.4 1.28 2 1 .7 4 163.31 4 2 .0 4 107 .18 2 0 .1 9
0.6 0.51 8 .70 1 34 .30 3 4 .5 7 107 .18 2 0 .1 9
0.8 0.51 8 .70 19.33 4 .9 8 9 0 .0 0 16 .96
1 1.03 17.39 12.50 3.22 4 9 .7 4 9 .3 7
1.2 0 .0 0 0 .0 0 5 .9 0 1.52 25 .3 8 4 .7 8
1.4 0 .0 0 0 .0 0 3.85 0 .9 9 19 .49 3 .6 7
1.6 0 .0 0 0 .0 0 1.28 0.33 10.51 1.98
1.8 0 .0 0 0 .0 0 1.54 0 .4 0 2 .5 6 0 .48
2 0 .0 0 0 .0 0 1.79 0 .4 6 0.51 0 .1 0

5 .9 0 100 3 8 8 .5 0 100 5 3 0 .7 7 100
Density of pellets until 0.2 m depth 0.2 2 .5 6 0.2 4 4 .6 9 0.2 1 18.2

0 .0 5 5 i 0 .0 5 5 i 0 .0 5 5 i
Density of pellets until 0.0.055 m depth i = 0 .7 0 i = 12.29 i = 32.51
Percentage of pellets found until 2 m depth 5.9 100 38 8 .5 100 5 3 0 .7 7 100

0 .7 0 II 12.29 II 32.51 II
Percentage of pellets found until 0.055 m depth ¡i = 11.93 II = 3 .16 II = 6 .12
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Table II Densities of pellets in Santos Beach - Sao Paulo State, Brazil. Density 
backshore and , specifically a t 0 .055  m for comparisons with other studies.

(m3) and  percentage of pellets a t different depths in the

Density of pellets in Santos beach (area 3)

Depth (m) Average density m3 Cumulative density Percentage of pellets

0.2 5 3 8 5 .0 7 5 3 8 5 .0 7 18.09
0.4 8 8 6 7 .0 9 14 2 5 2 .1 6 4 7 .8 6
0.6 5 0 0 2 .8 0 19 2 5 4 .9 5 6 4 .6 7
0.8 19 9 4 .4 7 2 1 2 4 9 .4 3 7 1 .3 6
1 1803.33 2 3 0 5 2 .7 6 7 7 .4 2
1.2 2 1 6 0 .6 8 2 5 2 1 3 .4 4 84 .68
1.4 1886 .44 2 7 0 9 9 .8 7 91.01
1.6 1072.03 2 8 1 7 1 .9 0 94.61
1.8 7 8 1 .1 7 2 8 9 5 3 .0 7 9 7 .2 4
2 8 2 2 .72 2 9 7 7 5 .7 9 10 0 .0 0

Density of pellets until 0.2m  depth 0 .2 5 3 8 5 .0 7

Density of pellets until 0 .05m  depth
0 .05  

i =
i

1346.27
Percentage of pellets found until 2m depth 2 9 7 7 5 .7 9 100

Percentage of pellets found until 0.05m depth
134 6 .2 7  

ii =
ii

4.52

more exact estimates of the standing stock of pellets in sandy beaches. 
Using the data on vertical distribution of pellets taken at Santos to 
extrapolate the estimates from other works, it was possible to dem­
onstrate that when abundance at deeper sediments is included, the 
estimates are much higher. Therefore, although estimates in the 
current published reports might be accurate, they may not repres­
entative of the beach standing stock if the in-depth pattern of pellet 
distributions recorded in the present study applies to these areas.

For studies addressing the standing stock of pellets and their envir­
onmental risk, having three-dimensional data seems therefore an 
advantage, as it may provide more exact estimates and understand­
ing of the risk posed by these microplastics. Notwithstanding, further 
samplings in different beaches are still needed to get a better under­
standing of the variability in the abundance and in-depth distri­
bution of pellets among beaches, which will contribute to a 
methodological discussion. Hence, for future estimation of the stand­
ing stock of pellets in sandy beaches it is suggested that samples 
should be taken until the depth of pellets occurrence, which may 
vary from beach to beach (e.g., maximum depth and/or density 
gradient) and influence the estimates (see Fig. 4 and Table I and 
II). It is also suggested the use of transects on the backshore and, 
to allow interpolation of data, that samples should be taken from 
equidistant heights. Additionally, replicated transects should be dis­
tributed along the beach.

As pellets are widely distributed and faster to evaluate in sediment 
samples, they were used in the current work as a model for micro­
plastics. Although the three-dimensional distribution of pellets is 
known, their correlation to other microplastics, especially those with 
similar densities, still needs further investigation. If such correlation 
exists, it would be possible to use pellets to estimate the distribution 
pattern of other microplastics.

Moreover, as most of the published literature on microplastics 
concentration has not considered their distribution in depth, results 
are usually reported as number/m or number/m2. As we demon­
strated that pellets are three-dimensionally distributed within the 
sediment column, it is also suggested that future works should be 
reported as number/m3, which is a metric that is comparable with 
typical measurements of sediment quality.

This report also indicated that mechanisms of deposition of pellets 
through the sediment column might be related to oceanographic 
events, such as sea-storms. The stratified sediment column and the 
fact that the vertical distribution of heavy minerals strongly corre­
sponded with peaks of pellet abundance indicate that pellets are 
concentrated at specific depths during high-energy oceanographic 
events and are not buried due to anthropogenic activities. The depth 
distribution of pellets might be related to differences in the exposure 
to extreme oceanographic events, as derived from this study, but also 
to temporal peaks and decreases in the production, transport and loss

Table III Extrapolations to other works. Method used to extrapolate pellet concentrations in other manuscripts, based on the density found at 
0 .05  m depth in Santos Beach (Brazil). Example of calculations done to extrapolated data  from other works

Example o f extrapolation from Kusui & Noda, 2003 (Japan)

3 0 6 1 6 Total number of buried items
3 0 6 1 6 100
X 1.8 Percentage of pellets among buried items
X = 5 5 1 .0 9  Total number of pellets found in Japan
0 .4  * 0.4* 0 .05 Volume sampled in one sampling point (m3)
0 .0 0 8 Volume sampled in one sampling point (m3)
n = 56 Number of sampling points
0 .0 0 8  * 5 6 = 0 .4 4 8  Total volume sampled in 56  sampling points (m3)
5 5 1 .0 9 /0 .4 4 8 = 1230.11 Number of pellets/m3 until 0 .0 5  m depth
Number o f pellets/m3 Percentage o f pellets
1230.1 1 4 .52
y 100
y = 27214.82 Number of pellets/m 3 that would be found until 2 m depth
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of pellets from nearby contamination sources (e.g. Cubatâo city and 
Santos port in the present work), which could contribute to the 
variability in measurements of resin pellets in depth in a sandy beach. 
Further work is however needed to test these hypotheses.

It is important to notice that the hypothesis about a correlation 
between deposition of pellets and heavy minerals was raised only 
after the sampling and analyses of data which showed that pellets 
are distributed in-depth and there were peaks in there in abundances 
depending on the sampled depth. Therefore, the sampling for heavy 
minerals was not paired to the sampling done for pellets. 
Nevertheless, the study of minerals, even if not done in the exact 
location and same time, brings robust evidence of sediment strati­
fication as a function of high energetic events, which may have an 
important role in the definition of the vertical structure of pellets in 
the sediment column. Further work is therefore needed to verify if 
that correlation corresponds to a real and broad pattern, preferen­
tially using paired samples.

Plastic production is growing at approximately 8% per year, and 
the release of this ubiquitous contaminant into the ocean is expected 
to increase1. However, this trend is not reflected in the increasing 
abundance of floating microplastics (including pellets)3, which sug­
gests that depositional areas, such as sandy beaches, may be the 
predominant fate of these materials. In fact, plastic debris may have 
economic, aesthetic and ecological impacts in the marine envir­
onment2. The presence of small plastic fragments significantly 
increases the permeability of the sediment and sediment-containing 
plastic warms more slowly13, which may have a variety of potential 
effects on beach organisms. Moreover, additives used in the produc­
tion of plastic goods can be toxic to aquatic organisms and plastics 
readily adsorb polychlorinated biphenyls (PCBs) and other organic 
pollutants from marine environments that can be transferred to 
organisms (e.g.114). Hence, in places where there is a high input of 
anthropogenic sources of contamination (sewage outlets and indus­
trial outfalls), these contaminants can be also deposited in depth in 
sandy beach sediments, such as shown in Santos, where total PAHs 
were found in greater concentration between 30-40 and 60-70 cm 
depth15, where abundance of pellets was also greater. Therefore, the 
behavior of microplastics in the sediment column should be known 
so that adequate sampling strategies can be designed to test the 
hypothesis that depositional environments are the predominant 
sinks for pellets, and probably for microplastics as a whole, and to 
monitor their temporal trends.

The identification of the type of polymers composing pellets 
sampled in sandy beach sediment may be useful for further evalu­
ation of the origin of those particles. Similarly to other works 
(e.g.1617) our results indicated that polyethylene (PE) composed a 
greater proportion of the pellets sampled. Santos port may be the 
source of three types of polymers found in the sampled beaches, 
polypropylene (PP), high density (HDPE) and low density polyethyl­
ene (LDPE), through the handling of bags of pellets during the load­
ing and unloading processes between trucks and ships. Some of the 
industries that are based in the region or that use the Santos port to 
export products are probably important contributors to the input of 
pellets in the sampled beaches. It is known that pellets composed by 
PP, HDPE, LDPE and also mixtures of PE and PP are produced and/ 
or exported in the region. The probable emissions along Santos Bay 
can be also originated from the washing process of holds and tanks of 
vessels, as pellets are a cheaper and lighter material than the sand. 
This information was given by local community and also reported in 
previous work (e.g.16). However, further work is needed to verify the 
above and other sources of pellets in the sampled region.

This report reveals that the standing stock of plastic pellets is 
distributed in three-dimensions in the sediment. This finding has 
broad implications to the current quantification of the standing stock 
of pellets in sandy beaches and further mitigation polices. In addi­
tion, considering that the upper sediment layers in sandy beaches are

highly dynamic, being removed and deposited frequently by oceano­
graphic events, the “shallow” estimates existing in the literature may 
not be exact nor reflect the history of contamination of a given area. 
This may, in part, explain the high variability observed on the micro­
plastics distribution in many data sets worldwide18. This report also 
indicated that mechanisms of deposition of pellets through the sedi­
ment column might be related to oceanographic events, such as sea- 
storms. Finally, more attention should be given to the way marine 
debris, especially microplastics, interacts with the environment to 
use them as indicators of environmental health.

Methods
Study areas. Samplings were done in beaches located in different municipalities in 
Sao Paulo State, Brazil (Fig. 5 A and B), named Säo Vicente, Santos, Guarujá (Enseada 
beach) and Ubatuba (Praia Grande and Felix beaches) (Fig. 5C).

Santos is a highly urbanized city whose beaches receive an enormous number of 
visitors through the year. Santos estuary has the largest port in Latin America and is 
influenced by the intense industrial activity from the Cubatâo city (refineries and 
petrochemicals), which is located less than 20 km inland and generates great con­
centrations of pellets, other solid residues and a range of chemical contaminants at the 
nearby beaches (Figure le). Santos and Sao Vicente beaches are periodically cleaned 
from solid waste by the city haii using different techniques that allow the removal of 
residues of the size of cigarette butts, but not smaller residues such as pellets and other 
microplastics.

Santos bay also has a system of ocean disposal of sewage, of a capacity of 5.3 
thousand litres/second, which is in operation since 197819. The system caters to most 
residences in Santos and half of the homes in Säo Vicente. As the system of ocean 
disposal of sewage attends only residences it was not considered as a possible source of 
pellets.

In the other municipalities, urbanization decreases with distance from Santos and 
population size fluctuates greatly around the year, with greater pressure in the 
summer and closer to Santos. Apart from Cubatâo city and Santos Port there are no 
other nearby sources of pellets contamination. The city haii or local population also 
periodically cleans the beaches.

Coastal currents may influence the redistribution of pellets from the major sources 
to the nearby beaches. Both in winter and in summer, the dynamics of the ocean in the 
shelf region of Säo Paulo state is dominated by tides and wind forces; with strong 
bathymetric influence, tidal currents are weak and rotating in time (counterclock­
wise), with the major axis oriented approximately in the Northwest - Southeast 
direction (against the shore), while the currents generated by the prevailing winds are 
persistent and a little stronger, in the West - Southwest direction (parallel to the 
coast), turning to the East - Northeast direction (and generally more intense) under 
the influence of systems and wave fronts20-22.

Three-dimensional pellet distribution. Initial observations regarding the depth 
distribution of pellets were conducted using sediment collected in the upper 
backshore of the beaches at Santos Bay (Brazil, 23°56'27"S; 45°19'48,fW).

To evaluate the depth distribution of pellets, the sediment was removed from 1 m2 
trenches dug in the sand using a shovel. To ensure independence of datum, 100 
trenches were dug and in each of them, a given depth (of 10 cm interval) was sampled. 
A total of 10 samples were taken at 0.1 m depth intervals until a depth of 1.0 m. Pellets 
from each depth interval were separated by flotation in seawater and retrieved from 
the supernatant using a sieve (1 mm mesh size). Flotation was chosen as a method for 
separation of pellets to enable the sorting of the enormous number of samples taken 
during this study.

Analysis of variance (ANO VA) was used to test the null hypothesis that the 
abundance of pellets would be homogeneous across the different depths. The analysis 
considered the factor ‘depth’ (fixed, with 10 levels, n =  10). Cochran’s test for het­
erogeneity of variances was done prior to analyses and ln(X +  1) transformation was 
applied to the data to meet the analysis assumptions. Student-Newman-Keuls (SNK) 
tests were done for a posteriori comparisons within significant factors23. All analyses 
of variance were done using WinGMAV 5 (EICC, University of Sydney, Australia).

Pellet distribution across-shore was evaluated in an area (50 X 78 m) that was 
divided into 12 equidistant heights across the shore. At each height, 25 sediment 
samples (0.018 m3) were randomly taken using a manual auger (diameter of 6") until 
a depth of 1.0 m was reached. The null hypothesis that pellets would be homogeneous 
distributed cross-shore was tested using ANO VA as before, considering the factor 
‘height of the shore’ (fixed, with 12 levels, n =  25).

The three-dimensional distribution (in-depth and across and along shore) of 
pellets was evaluated using 15 along-shore equidistant areas established in the 
backshore of Santos Bay (areas 1-10 correspond to beaches located in Santos, while 
areas 11-15 to beaches located in Säo Vicente)(Figure 5d). In each area, three 
transects were placed along a 20-meter strip parallel to the waterline. These transects 
were sampled at 10 equidistant heights. Sediment (0.036 m3) was collected at 10
0.2 m depth intervals until a depth of 2.0 m was reached. This sampling procedure 
generated 4500 sub-samples (e.g 15 along-shore areas X 3 transects X 10 heights X 
10 depth intervals). These sub-samples were interpolated to generate an overall 
estimate for the total number of pellets/transect (1ST, see24) and pellets/m3 and were 
used to generate 3D graphs. ANO VA was used to test the null hypothesis that pellets
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density (m3) would be homogeneously distributed along-shore and therefore the 
factor ‘area’ (fixed, with 15 levels, n =  3) was included. An estimate of pellet 
abundance for the entire study area was done by extrapolating the average number of 
pellets/transect (0,15 m wide) to the linear beach length (ca. 7500 m). The cross­
shore distance where pellets were recorded (generally shorter than the backshore 
width and, consequently, the established transects) varied along-shore and was 
considered during the calculations to produce more conservative estimates of the 
standing stock than considering the entire lengths of each transect.

The vertical pellet distribution was further verified on the backshore of three 
additional beaches in Sao Paulo State (Brazil). These beaches were chosen to verify if 
pellets would be consistently distributed in depth, even considering beaches located at 
different distances from the major point source of contaminants (e.g. Cubatâo city 
and Santos bay); from 10 km (e.g. Enseada beach 23°59T4.90"S; 46°13'50.30"W, 
located in Guarujá city) to more than 200 Km (e.g. Praia Grande 23°46'62.40"S; 
45°06T0.50"W and Felix beaches) 23°23'21.44"S; 44Q58'18.77"W, both located in 
Ubatuba city) (Figure 5C). In the dissipative and more depositional portion of each 
beach, a homogeneous area of 100 m was selected and five randomly chosen transects 
were sampled. In each transect, the sediment (0.064 m3) was taken until a depth of 
2.0 m, from 12 equidistant cross-shore heights.

Identification of type of polymer. The main purpose of this work was to evaluate the 
three-dimensional distribution of pellets as whole. Nevertheless identification of the 
type of plastic composing the pellets was done, as that information could be useful in 
further evaluations of the material origin. The chemical composition of 500 pellets 
was analyzed using the Ramam microscopy method25. Pellets were randomly chosen 
from the sampling done to evaluate the three-dimensional distribution of pellets. The 
measurements were done using a confocal Ramam microscope (WITec Alpha 300 R) 
with a laser light source (100 mW maximum potency) with a harmonic component at 
1046 nm (50 mW maximum potency). For the acquisition of the Ramams’ spectra,

an area of approximately 0,5 pm2 was used. Pellets were analyzed and grouped 
through comparisons of the spectra of the samples with those from standards of 
polypropylene (PE) and polyethylene (PP). It is important to notice that the 
separation of pellets from the sediment was done by the flotation method and only 
resins composed of PE or PP would float in seawater. Therefore, these were the two 
types of pellets that could be analyzed in the current work.

Depth distribution of pellets and magnetic minerals in the sediment. Heavy 
minerals may have magnetic properties depending on their physical and chemical 
composition; hence, their presence on sandy beaches can be used as indicators of 
high-energy oceanographic events (e.g. sea-storms)26.

To verify the mechanism that may influence the in-depth deposition of pellets we 
evaluated the sediment stratification and the vertical distribution of heavy minerals, 
comparing it to the depth distribution of pellets. Using a corer27, five vertical samples 
of the sediment (up to 120 cm depth) were taken at each 20 m interval cross-shore, 
with the higher one located in the same area where the depth distribution analysis was 
conducted in Santos Bay. The sediment stratification was recorded and the amount of 
magnetic minerals was estimated via the values of magnetic susceptibility, measured 
by a MS2-C analyzer (Bartington, Oxon, England) at each 2.5 cm intervals.

Comparisons with other works. The distribution of pellets within the sediment 
column in Santos (area 3) was used to compare densities found in the current research 
to previous work, which were done at a maximum depth of 0.055 m (e.g.8,12). For that, 
the cumulative density of pellets in Santos was calculated from the average density found 
at each 0.2 m depth, as well as their percentage of distribution at each 0.2 m depth until 
a depth of 2 m (Table II). The density of pellets until 0.055 m depth was then calculated 
by linear interpolation between 0 and 0.2 m. Considering that in Santos 4.97 percent of 
the pellets were found until 0.055 m depth, rule of three method was then used to 
extrapolate the densities found in other works from 0.055 m to depth of 2 m (Table III).
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