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A  B  S  T  R  A  C  T 

Microplastics (MPs) from the coastal  areas of a highly anthropised estuary were sampled to  assess their distri-
bution in coastal sediments and their role as potential vectors of pollution. The average MP density was 1693 ±
2315 MPs/kg, which mainly accumulated in the high tide and storm berm areas of the beach. The Microplastic
Pollution  Index  (MPPI),  Microplastic  Impact  Coefficient  (CMPI),  Hierarchical  Cluster  Analysis  and  Principal
Component Analysis revealed spatial variation in  MPs pollution. High-density  polyethylene plastic  pellets were
abundant at two beaches (192 ± 218 MPs/kg sediment). Furthermore, the presence of sorbed chemicals on

pellets was assessed through GC–MS, showing 0.95 ± 0.09 ng/g of 
∑

7OCPs, 4.03 ± 0.89 ng/g of 
∑

7PCBs,

108.76 ± 12.88 ng/g of 
∑

16 PAHs and 122.79 ± 11.13 g/g of 
∑

29 PAHs. The sorption capacity of plastics,

combined with their abundance, poses an environmental concern and also highlights their suitability as in-
dicators of chemical exposure.

1. Introduction

Plastics are polymers generated from petroleum used in a wide
range  of  products  that  are  produced  and  disposed-off  in  the
environment.  Of  the  global  plastics  production,  polyethylene  (PE)
comprises approxi- mately 28 % of the total, while polypropylene (PP),
polyvinyl chloride (PVC) and polystyrene contribute 19 %, 10 % and 7
%, respectively. Among these, microplastics are defined as small pieces of
plastic that are normally less than five millimetres long (Betts, 2008a,
2008b;  Fendall and  Sewell,  2009;  Hidalgo-Ruz  et  al.,  2012),  while
mesoplastics are those that are above 5 mm—both these plastics are
omnipresent in lakes, seas and oceans. In cases where these particles
are found in some per- sonal care products (scrubs, toothpaste, etc.),
they are defined as pri- mary MPs. They commonly enter the aquatic
system through the currents of domestic wastewaters. In addition, many
MPs may be formed

in situ as a result of the degradation of larger plastic pieces exposed to
weathering  in  the  open  ocean  and  coastal  environments—these  are
defined as secondary MPs. The range of MP formation includes frag-
ments (Rummel et al., 2016), fibres (Arias et al., 2021), pellets (Nobre
et al., 2015), films (Kang et al., 2015; Lusher, 2015) and spheres (Li
et al., 2016)—with the last one being associated with cosmetic and
pharmaceutical  products.  Furthermore,  microplastics  in  the  environ-
ment  can  further  degrade/fragment  to  produce  nanoplastics  (<  100
nm), which exhibit much higher toxicological properties and uncer-
tainty compared to other plastic particles (Koelmans, 2015;  da Costa
et al., 2016).

According to recent scientific records, the number of MPs in
aquatic  environments  has  been  increasing rapidly,  partly  due  to  the
constantly growing global production of plastics, which reached 335
million tonnes in 2016 (Geyer et al., 2017). Although there are countless
characteristics
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of plastics that make them a desirable material for multiple
applications, from medicine to construction, these same characteristics
—resistance to corrosion, low thermal and electrical conductivity, low
cost and extreme  durability—also make them problematic for the
environment (Bockhorn et  al.,  1999).  In  addition,  plastics  can  be
incorporated  with  other  chemical  compounds  during  their
manufacturing  process  (additives),  which  serve  to  improve  their
properties but are toxic if ingested (e.g., phthalate esters; Andrady and
Neal, 2009; Fries et al., 2013). Similarly, many chemicals  from the
environment can be adsorbed/incorporated into plastic particles (Zarfl
and Matthies, 2010; Velzeboer et al., 2014),  since  their  large
area/surface ratio presents great potential for associa- tion with other
types of pollutants, such as persistent organic com- pounds (Pozo et al.,
2020) or heavy metals (Betts, 2008a, 2008b; Ashton et al., 2010).

Due to their water-sediment interface position, coastal
environments  usually  become  sinks  for  many  types  of  pollutants,
including  micro-  plastics (Ben-Haddad et al., 2022). However, the
available information on microplastics in Argentinean beach sediments
is  scarce.  Moreover,  most  study  sites  under  the  International  Pellet
Watch  are  located  in  the  northern  hemisphere  (Ogata  et  al.,  2009;
Karapanagioti  et  al.,  2011;  Heskett  et  al.,  2012;  Mizukawa  et  al.,
2013a,  2013b),  focusing  on  Europe, the United States of America
(USA) and the Australasia region.  This  paper  focuses  on  a  highly
anthropised South American coast that includes a relevant economic-
industrial  centre,  as  well  as  an  important  transportation  node  in
association with its deep-sea natural port. Apart from this, its industrial
zone hosts one of the most significant petro- chemical hubs in South
America. This petrochemical complex includes six plastic production
plants—two for ethylene production and four for producing specific PEs,
including  high-density  PE,  linear  low-density  PE, low-density  PE  and
expanded PE. Drawing on this context, one of the main aims of this
paper  is  to  address  sediment  characteristics  and  pollution  at  highly
anthropised beaches with regard to microplastics. Furthermore, it also
addresses growing concern regarding the role of plastic as a vector for
organic pollutants in marine environments (Teuten et al., 2009; Tanaka
et al., 2013; Go´mez et al., 2021). This is because the  most  highly
produced and widespread plastic resins are commonly hy- drophobic
(Teuten et al., 2009) and, coupled with the high surface/ volume ratio
of microplastics, they become an excellent non-polar phase  for the
accumulation of POPs and other hydrophobic pollutants (Syberg et al.,
2015; Liu et al., 2016). Overall, this study addresses, for the first
time, how microplastic distribution impacts coastal sediments differ-

microplastic occurrence (Ballent et al., 2016). We used 10  × 10 cm

metallic sampling cores, resulting in ~1 dm3 of sediment sampled (10
cm depth) at each quadrant. These samples were collected in muffled

(450  ◦C) glass jars with aluminium caps and then stored at 4  ◦C for
further analysis. To separate microplastics from sediments, vegetal and

other marine debris, 25 g of the dried sediment (50 ◦C) was treated with
250 ml highly concentrated (5 M) NaCl solution and hand shaken for 5
min. The large microplastics (1–5 mm) were filtered through ASTM N◦

3.5 and ASTM N◦ 18 steel sieves (5660 and 1000 μm) and then dried at
room temperature. As control measures prior to initiating bench work,
each work surface and laboratory equipment (forks, petri dishes, etc.)
was thoroughly cleaned with 70 % alcohol, with laboratory cotton coats
and  nitrile  gloves  worn  throughout  the  process.  Subsequently,  the
filtered particles were visually inspected under a stereomicroscope and
visual classification of the particles was performed following Hidalgo-
Ruz et al. (2012) and Lusher (2015) (Fig. S2).

The marine sediments were also analysed to determine their grain
size. For each sample station, a sub-sample was subjected to treatment
with  hydrogen  peroxide  and  heat  to  ensure  the  total  elimination  of
organic  matter  and  avoid  interference  in  the  determination  of  clay
content. Once this procedure was completed, the reading was carried
out using a laser diffractometer and the data were analysed using the
Mastersizer 2000, V. 5.40 software (Malvern Instruments Ltd., Malvern,
UK).

We used two indices to identify the scope of the impact of pollution
on each sampled beach.  First,  we applied the Microplastic  Pollution
Index (MPPI), which reports the presence of MPs in an environment
(Rangel-Buitrago et al., 2021) and calculates the existing relationship
between the number of MPs and the sampled surface, defined as five
different classes varying from “very low presence” to “very high pres-
ence” of MPs. The index was calculated as follows:

MPPI =  
∑ 

MPs
(1)

Surveyed area

where  
∑

MPs represents the number of “MPs per area”, indicating the
relation between the number of MPs and the total surface of the
sampled  quadrants.  Second,  we  applied  the  Microplastic  Impact
Coefficient (CMPI;  Rangel-Buitrago et al.,  2021), which exhibits the
relationship between the total number of MPs and their specific shapes.
This measure was calculated using the following equation:

entially, whether microplastic pollution is related to sediment grain size
and how other hydrophobic pollutants (organochlorines pesticides, CMPI = 

Specific     MP     shape      
Total MPs

(2)

polychlorinated biphenyls and polycyclic aromatic hydrocarbons) 
behave in beached microplastics.

2. Materials and methods

2.1. Sampling of microplastics

The sampling location for this study was spread between the head
and the mouth of the inner Bahía Blanca estuary (BBE) (Fig. 1). Loca-
tions 1 (Galvan Port Beach) and 2 (Arroyo Parejas Beach) are charac-
terised by extensive and highly anthropised muddy plains, along with
the  presence  of  large  crab  communities  (Neohelice  granulatta)  and
abundant halophyte flora. Location 3 (Baterías Beach) is a sandy beach
with shallower vegetation, mobile dunes and negligible human impact
in the surrounding area. The criteria for the sampling design followed a
reproducible pattern, specifically focusing on reproducibility at each of
the intertidal zones of the salt-marsh coast, covering different tidal in-
fluences (low tide, high tide, storm berm and in-between areas). Three
transects (A, B and C) were sampled (see supplementary material)
along  each sampling point. The maximum distance between the
transects was about 20 m, with a minimum distance of 5 m depending
on the beach morphology, obstacles, etc. Duplicate sediment samples
were collected up to a depth of 10 cm, which is commonly the range

with maximum
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This index defines the degree of microplastic impact, which can

range from minimum (CMPI = 0.0001–0.1), average (CMPI = 0.11–0.5),

maximum (CMPI = 0.51–0.8) to extreme (CMPI = 0.81–1.).
Plastic pellets for pollutant analyses were collected from an area

near Site 1 (Bahía Blanca Petrochemical Complex). The material was
randomly collected from three publicly accessible areas (coast, near
the entrance of the industrial facilities and the route connecting these
points) to generate a composite sample. As an initial approach, this
sampling area was selected due to its proximity to the source of pellet
production (Bahía Blanca Petrochemical Complex), the availability of
precedent reports on the POP levels in the area and the high pellet
abundance, which facilitated the sampling of necessary quantities for
triplicate  POPs  analyses.  Once  in  the  laboratory,  the  collected
material  was  mixed  and  manipulated  to  form a  unique  integrated
sample.  It  was  then  manually  suspended  and  washed  with  water,
drained and allowed to dry in air and at room temperature, isolated
from ambient laboratory, and stored in glass jars. Furthermore, the
pellet sample was homoge- nised, quartered, and subsamples of 2 g
each were separated for further analysis.



Fig. 1. Distribution and occurrence of primary and secondary microplastics in beach sediments at the Bahía Blanca Estuary, Argentina—1: Galvan Harbour, 2: 
Arroyo Parejas and 3: Baterías.

2.2. Chemical identification

Attenuated Total Reflectance Fourier Transform Infrared Spectros-
copy (ATR-FTIR) was employed to identify the polymer type of the
collected resin pellets. For this, the ATR-FTIR spectra of the different
pellets were obtained over the 4000–400 spectral region using a
Thermo  Scientific Nicolet iS5 spectrometer with an iD7 ATR
accessory contain- ing a diamond crystal. A total of 32 scans were
obtained, each with a

resolution of 4 cm-1. Subsequently, the obtained spectra were compared
to previous reports, as well as our own research library for polymers.

2.3. Analysis of pollutants

The analyses for PAHs, OCPs and PCBs were performed at
RECETOX laboratory (Czech Republic). The target compounds were five
isomers of hexachlorocyclohexane (α-, β-, γ-, δ-,  ε-HCH), six isomers of
DDT  (o,p’-  DDE,  p,p’-DDE,  o,p’-DDD,  p,p’-DDD,  o,p’-DDT  and  p,p’-
DDT) and seven indicators of PCBs (PCB28, 52, 101, 118, 138, 153 and
180).  In  terms  of  PAHs,  29  compounds  were  targeted—Naphtalene,
Acenaphthylene,  Acenaphthene,  Fluorene,  Phenanthrene,  Anthracene,
Fluoranthene, Pyrene,  Benzo(a)anthracene,  Chrysene,
Benzo(b)fluoranthene,  Benzo(k)  fluoranthene,  Benzo(a)pyrene,
Indeno(123  cd)pyrene,  Dibenzo(ah)  anthracene,  Benzo(ghi)perylene,
Retene,  Benzo(b)fluorene,  Benzo-  naphto-thiophene,
Benzo(ghi)fluoranthene,  Cyclopenta(cd)pyrene,  Tri-  phenylene,
Benzo(j)fluoranthene, Benzo(e)pyrene, Perylene, Dibenzo (ac)anthracene,
Antanthrene,  Coronene  and  Biphenyl  (All  native  com-  pounds  were
obtained from LGS standards, Wesel, Germany). The samples were run
in triplicate, including two control blanks.

Briefly, as reported in Pozo et al. (2020), the samples were enriched
with the recovery standards of isotopically labelled PAHs (D8-Naph-
talene, D10-Phenanthrene, D12-Perylene: 333 ng/sample, Supelco, PA,

USA) and PCBs + OCPs (13C12PCB19, 13C12PCB104, 13C12PCB178,
13C12p,p’-DDE, 13C12p,p’-DDD, 13C12p,p’-DDT, 13C6 β-HCH, 13C6γ-HCH,

13C6HCB:  10 ng/sample,  Cambridge  Isotope  Laboratories,  MA, USA)
solvent extracted using hexane in an ultrasonic bath (3 × 15 ml of



hexane), preconcentrated under N2 stream to 10 ml and split into three
fractions by weighing (10 % for PAHs analysis, 45 % for PCBs +
OCPs  analysis, 45 % archived). For the PAH analysis, 10 % of the
fraction was
cleaned through column clean-up with activated silica gel and sodium
sulphate, while elution was performed with 10 ml of hexane and 20

ml of dichloromethane (DCM). For the PCBs + OCPs analysis, 45 %

of the
fraction was cleaned by column clean-up with acid (H2SO4) silica gel
and sodium sulphate,  while  elution  was  performed with  30  ml  of
dichloromethane  (DCM)  and  a  hexane  mixture  (1:1).  Finally,  the
sam- ples were concentrated under N2 stream up to a volume of 100
μl, after which 50 μl of nonane was added and then concentrated to
50 μl. Sub- sequently, 50 μl of p-terphenyl standard (200 ng/sample,
Absolute  Standards,  CT,  USA)  and  50  μl  of  13C12-PCB95  (10
ng/sample, Wellington, Southgate, Canada) were added to the 10 %
and 45 % fractions, respectively, as syringe standards.

The PAHs were analysed on a 7890 GC (Agilent, USA) equipped
with a 60 m × 0.25 mm × 0.25 μm Rxi-5Sil-MS column (Restek, FR)
coupled to  a  7000B  MS  (Agilent,  USA).  The  GC  temperature
programme was 80 ◦C (1 min hold), then 15 ◦C/min to 180 ◦C, and

finally 5 ◦C/min to

310 ◦C (20 min hold). The inlet temperature was 280 ◦C. Furthermore,
the injection volume was 1 μl in splitless mode, while the carrier gas was
helium with a flow rate of 1.5 ml/min. The temperature of the transfer
line was 310 ◦C, while that of the ion source was 280 ◦C. The mass
spectrometer was operated in selected ion monitoring (SIM) mode.

The PAHs were quantified using an external calibration of
eight points, with concentrations ranging from 1 ng/ml to 1000

ng/ml. Linearity was maintained across the entire range (LGC).
Ultimately, recoveries of internal standards were obtained as follows:

39–56 % D8- Naphtalene, 64–73 % D10-Phenanthrene and 82–103 %
D12-Perylene.

The PCBs and OCPs were analysed on 7890 GC (Agilent, USA)
equipped with a 60 m × 0.25 mm × 0.25 μm Rxi-5Sil-MS column
(Restek, FR) coupled to a 7010B MS (Agilent, USA). The GC temperature
programme was 80 ◦C (1.5 min hold), followed by 40 ◦C/min to 200
◦C

(18 min hold) and finally 5 ◦C/min to 305 ◦C. The inlet temperature
was  280 ◦C. Furthermore, the injection volume was 3 μl in splitless
mode and



the carrier gas was helium with a flow rate of 1.5 ml/min. The tem-
perature of the transfer line was 310 ◦C while that of the ion source was

250 ◦C. The mass spectrometer was operated in the multiple reaction
monitoring (MRM) mode with nitrogen as the collision gas, having a
flow of 1.5 ml/min.

The PCBs and OCPs were also quantified using an external calibra-
tion of eight points, with concentrations ranging from 1 ng/ml to 1000
ng/ml. As in the case of the PAHs, linearity was maintained across this
whole range as well (LGC). The native PCBs and OCPs were
quantified using internal standards (isotope dilution method). Finally,
the re- coveries of the internal standards were obtained as follows: 60–
71 % 13C12PCB19, 77–89 % 13C12PCB104, 87–101 % 13C12PCB178, 93–
103 %
13C12 p, p’-DDE, 91–103 % 13C12p,p’-DDD, 78–96 % 13C12p,p’-DDT,
72–79 % 13C6 β-HCH, 60–66 % 13C6γ-HCH, 58–70 % 13C6HCB.

Instrumental limitations related to detection and quantification were
calculated from the lowest calibration point in terms of the amount of
the  standard that produces signals  indicating noise 3  (LOD) and 10

(LOQ). Moreover, the assessment of the procedural blanks (n = 14)
showed a low percentage of targeted chemicals, with 1.2 % for PCBs, 10
% for DDTs and 1.5 % for HCBs.

2.4. Statistical analysis

Basic statistics, Hierarchical Cluster Analysis and Principal Compo-
nent Analysis were performed using GraphPad Prism version 5.00 for
Windows, GraphPad Software, San Diego California, USA.

3. Results and discussion

3.1. Sediment characterization

As mentioned before, the BBE exhibits a complex
geomorphological condition resulting from the lack of sediment input
from tributaries and shelves and an erosive dynamic state with high
amounts of material being extracted from shores and put into transport
(Perillo and Piccolo, 1999). The BBE has been considered the principal
valley of the late Pleistocene-early Holocene delta complex, presumed
to be the delta of the Colorado River, which flows 100 km farther south
at  present  (Gonzalez,  1989).  Silt,  sand  and  clay  are  the  Holocene
sediments that compose the vast coastal flats that surround this estuary
(Aliotta  and Farinati, 1990). The sediment characteristics of the
sampled beaches are presented in Fig. 2 and Table S2. The grain size
distribution (Uden- Wentworth classification) was found to be similar
for the three sampling sites, dominated by fine fractions. Specifically,
silt and fine sands (fine and very fine fractions) dominated the samples,
with an average value of

52.4 ± 3.8 % for silt and 29.2 ± 1.7 % for fine sands. As mentioned by
Aliotta and Farinati (1990), the clay fraction primarily comprises
montmorillonite and illite, with smaller proportions of kaolinite, while
the most common minerals for sands (from lighter to heavier) include
quartz, plagioclase, volcanic glass, orthoclase, hypersthene,
hornblende, garnet and epidote. Across the sites, the amount of silt-clay
ranged from
55.4 (S1) to 61.50 % (S3). Similar behaviours were observed for the
other sediment sizes. Overall, the sediments could be characterised as
silt-clay sands—typical of coastal wetlands that originated during the
Holocene (Go´mez et al., 1996).

3.2. Microplastics in sediments

MPs were identified in all the sediment samples, with a mean
density of 1693 ± 2315 MPs/kg along with a widespread range of MP
densities—729 (S1), 4335 (S2) and 16 MPs/kg (S3)—between sites.
Higher densities  were located in  the middle part  of the estuary (S2,
Arroyo Parejas Beach), a highly anthropised muddy beach with abun-
dant  halophyte  flora,  while  the  lowest  density  was  recorded  at  S3
(Baterías Beach), a sandy beach with negligible human impact in the
surrounding area. The averaged density acquired for the BBE beached
macroplastics, considering all the sampled sites, was higher than those
earlier  reported by  Díaz-Jaramillo  et al.  (2021) and  similar  to  those
found by Vianello et al. (2013) in the sediments of the Venice Lagoon
in Italy (1424 MPs/kg), Rangel-Buitrago et al. (2021) along Colombian
beaches (1109 MPs/kg) and Ben-Haddad et al. (2022) in the sediments
of Moroccan urban beaches (1181 MPs/kg). Our results were also
higher than the  MP densities  reported in  other  regions,  such  as  the
Andaman Islands  (45 MPs/kg;  Goswami  et  al.,  2020)  and  the  Baja
California Peninsula in Mexico (135 MPs/kg; (de Jesus Pin˜on-Colin et
al., 2018).  Finally, the MP densities at the BBE were considerably
lower than those at Vietnamese and China beaches, whose values have
been reported to be 9238 MPs/kg and 6870 MPs/kg, respectively (Tran
Nguyen et al., 2020; Qiu et al., 2015).

A Hierarchical Cluster Analysis was applied to obtain an overview of
the similarities and dissimilarities between the surveyed areas. Consid-
ering the sedimentary and pollution variables, the analysis revealed that
the S2 beach was quite different from S1 and S3 (Fig. 3A). It was
evident  that S2 encompasses the highest MP density of 4335 MPs/kg
(Table 1),  with  a  high  contribution  from  fragments  and  pellets.  In
contrast,  although  S1  exhibited  a  greater  proportion  of  MPs  in  the
shape of fragments, it showed a much lower overall concentration (729
MPs/kg). Finally, S3 exhibited the lowest MP density in the area. In
addition, we performed a PCA vector plot to verify the distribution of
the class den-  sities and grain size variables of each MP shape at each
sampled beach to



Fig. 2. Sediment grain size of the study area.



Fig. 3. A) Hierarchical Cluster Analysis showing beach grouping according to sedimentary and MP pollution records, B) Principal Components Analysis (PCA) 
scatterplot showing beach sites as cases and MP densities with grain size parameters as the variables.

Table 1
Microplastic densities (MPs/kg) along the sampled beaches.

2015; Hu et al., 2017).
The MPPI (Rangel-Buitrago et al., 2021) calculates the existing 

relationship between the number of MPs and the sampled area to

S1 and S2 transitioned from “moderate” to “very high” MP presence, while S3 was classified as having a “very low” occurrence of MPs

Site 3 Baterías

Beach

0 5 11 0 16 (Fig. 4). Among the microplastic shapes, fibres, fragments, films and
pellets were identified along the area of study, with fragments being the

Average 29 ±
50

1253 ±
1681

192 ±
218

219 ±
373

1693

± 2315
most abundant (74 %), followed by films (13 %) and pellets (11.3 %)
(Fig. 5). Furthermore, the CMPI (Rangel-Buitrago et al., 2021) for each

discern the possible influence of sediment characteristics on the pres-
ence and distribution of MPs. The scatterplot (99 % explained
variance)  Fig.  3B  indicates  a  trend  along  the  first  component  (F1),
wherein sites with lesser MP densities are located to the right and those
with higher densities are plotted to the left. Moreover, the position on
the right correlates with S3 and medium grain sizes (sands). On the
opposite side,  S2  (with  the  highest  value  of  MPs)  correlates  with
different  MP shape densities  and  the  finest  particles  (clay).  At  first
sight, it can be hypoth- esised that finer sediment grains correlate with
higher MP densities, the rationale for which might be related to the
transportation  processes.  However,  caution  should  be  adopted  when
considering this interpreta- tion since differences between MP inputs
can  distort  the  correlation  between particle size and MPs (Ben-
Haddad et al., 2022; Qiao et al.,

MP shape was calculated, wherein the fragment pollution index ranged
from 0.31 (“average, S3) to 0.81 (“extreme”, S2; Fig. 6). Meanwhile,
the  film pollution index ranged from “minimum” (S1 and S3) to
“average” (S2) and the pellets pollution index indicated “maximum”
(S1 and S2) and “extreme” (S3) values, thus defining both fragments
and pellets as probably being the most problematic shape for the area in
terms of its large microplastic fraction.

The average density of the plastic pellets in the sediments was 192 ±
218  pellets/kg,  which  accounted  for  32.3  %  of  the  total  measured
microplastics (large MP fraction). The size of the pellets varied from
3.8 to 4.1 mm (diameter), and their colour ranged from white to yellow/
brown.  This  is  consistent  with  the  characteristics  of  other  reported
beached plastic resin pellets elsewhere (Pozo et al., 2020;  Izar et al.,
2022). Notably, a high proportion of primary pellets has been reported

Fig. 4. Geographical distribution of microplastic densities and the Microplastic Pollution Index (MPPI).

Code Site name Fibres Fragments Pellets Films Total determine a classification based on five different categories, ranging

Site 1 Galvan 

Harbour

0 591 131 7 729 from “very low presence” to “very high presence” of MPs. In this study,
the results of the MPPI calculations for each sampled beach showed that

Site 2 Arroyo 87 3165 434 650 4335
Parejas

Beach



Fig. 5. Breakdown of large microplastics according to shape and beach zone—A: Galvan Harbour, B: Arroyo Parejas Beach, C: Baterías Beach.

Fig. 6. Geographical distribution of the Coefficient of Microplastic Impact (CMPI) by shape.

in several other beaches worldwide. For instance, Antunes et al. (2013)
observed that pellets accounted for 53 % of the microplastics in Portu-
guese beaches. When converted to surface units,  the average of the
beached  microplastics  reached  9984  items/m2 (10  cm  depth).
Notwithstanding the diversity of sampling protocols in the literature
and bias related to depth sampling differences, the obtained value in
this study is lower than that registered by highly polluted coasts, such
as Soya Island near the Incheon harbour in South Korea (up to 285,673
items/m2) or the Nakdong River Estuary in South Korea (Lee et al.,
2013a, 2013b, 27,606 items/m2). However, it is not as low as the values
obtained for pristine environments, such as the Vis Island in Croatia
(27

pellets.dm-3, Marˇsi´c-Luˇci´c et al., 2018) or Chile (<805 items/m2; Hi-
dalgo-Ruz et al., 2012).

It has been emphasised in the literature that the physical features of
an environment significantly influence the distribution of microplastics
along the coast (e.g., geometry of the coastline, morphodynamics and
vegetation), while proximity to pollutant sources also drives the

distribution along the coast (Wang et al., 2016; Browne et al., 2011). In
the  case of  the BBE,  apart  from its  proximity to  potential  pollutant
sources such as harbours, sewage and intense marine traffic, the three
sampling  sites  showed  a  similar  distribution  trend  along  the  beach
transects  (A, B and C,  Fig. 2),  with the  highest  accumulation areas
located at high tide and the storm berm line (Fig. S1). This general
trend is consistent with an earlier report by Díaz-Jaramillo et al. (2021),
who suggested that both tidal fluctuations delivering floating debris and
extreme events,  such  as  storms,  could  be  major  factors  driving  the
beaching of microplastics at the BBE.

3.3. Chemical composition of microplastics

As mentioned earlier, plastic pellets were present in high
proportions  (32.3  %)  along  the  sampling  sites.  For  further  in-depth
analysis, the identification of the plastic polymer type of the beached
plastic pellets was conducted using the ATR-FTIR technique. The results



showed high-



density polyethylene (HDPE) as the unique polymer type present in the
sediments (Fig. 7). Although there are no previous reports of plastic
pellets in the area, regional studies have reported a variety of polymers
in the form of pellets, i.e., polypropylene, PE and polystyrene (Mato
et al., 2001). Notably, Pozo et al. (2020) found HDPE and PP at Con-
cepcio´n Bay in Chile. The prevalence of HDPE along these areas might be
associated with industrial  activity  characterised by the production of
thermoplastic  resins  in  the  surrounding  coastal  area  and  occasional
leaks from the intensive maritime traffic of cargo trucks and vessels.

Fig. 7 depicts  the representative infrared spectrum of one plastic
pellet  in  comparison  to  the  HDPE  and  LDPE  infrared  spectra.  As
observed in the figure, there are only a few differences between the IR
spectra of the HDPE and the LDPE, mainly as a result  of different
structures of both the PEs. The main structure of a PE is a long linear
chain of -CH2- groups, with the principal regions of the infrared spec-
trum  being  the  stretching  and  bending  vibrational  modes  of  them.
However, PE derivatives present different degrees of ramifications of
their main chain, with the HDPE being the most linear PE derivative.
On  the other hand, LDPE presents a high  degree of ramification,
providing a  high  degree  of  -CH3 terminal  groups.  This  is  the  main
spectroscopic difference between the two PE resins. In accordance with
previous re-  ports (Jung et al., 2018; Ch´ercoles Asensio et al., 2009;
Nishikida, 2003),

the absence of the band at 1377 cm-1 in our spectra indicates the
presence of HDPE, since this band is more intense in LDPE structures
that are assigned to -CH3 methyl groups on the branched chain ends. The
correct identification of the PE resin derivatives is important, since they
could present different ecotoxicological risks.

3.4. POPs in pellets

Microplastics can reside in environments for extremely long periods
of  time—even  higher  than  that  reported  by  Brandon  et  al.  (2016).
Extended periods of retention in environments make MPs suitable for
sorbing pollutants (Teuten et al., 2009), including POPs, hydrocarbons
and even heavy metals (Karkanorachaki et al., 2018; Pozo et al., 2020;
Turner, 2021). For this reason, plastic pellets pose a direct risk to
marine organisms through ingestion (Batel et al., 2016; Rochman et al.,
2013).  Therefore,  an analysis  was  conducted to  test  the  sorption  of
POPs and PAHs by the widespread number of pellets existing at the
BBE (Figs. 8 and 9).

All the 7 indicator PCBs included in this study were found in the
collected plastic pellets in concentrations above the detection limit (in
triplicate analyses). The overall media for the sum of the congeners was

4.03 ± 0.89 ng/g-pellet (
∑

7PCBs). The three main congeners, in terms
of abundance, were CB28, CB52 and CB101. Among these, only CB28

exhibited dioxin-like activity (Van den Berg et al., 2006). Although PCB
production and  use  has been banned in Argentina  since  2002 (Law
25,670),  they might still  be operating in  several closed systems (ca-
pacitors, transformers, electronic equipment, etc.) and they continue to
circulate as long-range transport processes (Stockholm Convention).
Notably, the general concentration level of the PCBs was consistent with
previous sedimentary records of the area (5.13 ng. g-1 d.w.;  Tombesi

et al., 2017 and 24.16 ng. g-1 d.w.;  Arias et al., 2013),  showing that
HDPE pellets serve as good environmental indicators of these pollutants
in  the  area.  Despite  this,  the  pellets’  congener  profiles  showed the
dominance of lighter CBs (e.g., 28 > 52 > 101). This again coincides
with previous records of the sedimentary phase (Arias et al., 2013;
Tombesi et al., 2017), with a difference for the higher molecular mass
congeners, such as 180 and 153, whose concentrations were found to
be low in the pellets. Although high molecular mass congeners have
been  proven to accumulate in resin pellets (Ogata et al., 2009;
Mizukawa et al., 2013a, 2013b), the PCB profile of the BBE pellets
could account  for  seawater/pellet  and  atmosphere/pellet  partition
processes rather than sediment/pellet, which could have favoured the
partition  of  the  lighter molecular weight congeners, enabling their
sorption. Moreover, the substantial atmospheric contribution of PCBs
at these sites has been previously investigated (Arias et al., 2013). In
comparison to PCB levels in plastic pellets reported worldwide, the
overall levels observed in this study were low—in the range of those
found  in  the  Pacific  islands  (Heskett  et  al.,  2012)  and  the  Ba  Lat
Estuary in Vietnam (Lee et al., 2016)—and below the levels noted in
other heavily anthropised coasts, such as the South African coasts (Ryan et
al., 2012) and the Australia and New Zealand harbours (Yeo et al., 2015,
Table 2).

The general OCP level sorbed in the plastic resin pellets was 0.95 ±
0.09 ng/g-pellet. This value triplicates the median value reported for
the estuarine sediments in the area (median 0.30 ng.g-1; Arias et al.,
2013). In the case of HCHs, measurable concentrations of α, β and γ were
found
in all samples, while the proportion of δ and ę –HCH were below the
detection limit. Furthermore, the overall mean was 0.43 ± 0.04 ng.g-1

pellet (
∑

HCHs), which is within the range of HCHs reported previously
for sediments in the area (up to 0.81 ng.g-1, d.w. as reported by Arias
et al., 2013; and from 0.410 to 0.876 ng.g-1 d.w. as reported by
Tombesi
et al., 2017). This indicates the persistence of these products over time
and the partition of these substances into resin. Apart from this, the

most  abundant isomer was γ-HCH (γ> > α > β), pointing to Lindane

(which is
composed mainly of γ-HCH (99 %)) as a likely source of HCHs rather
than technical HCH, which is composed of 6 HCH isomers (Kim et al.,
2007). Furthermore, in a sedimentary matrix, the  α-HCH/γ-HCH ratio
usually yields a value of 4 to 7, while aged/lindane usage generally
provides lower values (Shen et al., 2021). Considering the pellet’s
resin,



Fig. 7. FTIR identification of the sampled plastic pellets at the Bahía Blanca Estuary.



Fig. 8. POP concentrations (organochlorine pesticides and PCBs, ng.g-1 pellet) in Bahía Blanca Estuary, Argentina (Galvan Port).

Fig. 9. PAH concentrations (ng.g-1 plastic pellet) in Bahía Blanca Estuary, Argentina (Galvan Port).

Table 2
Worldwide records of POPs in beached pellets.

Site Country PCBs (ng.g-1)a DDXs (ng.g-1)a HCHs (ng.g-1)a PAHs (ng.g-1)a Reference

Remote Islands Pacific Ocean 0.1–9.9 0.8–4.1 0.6–1.7 – Heskett et al., 2012
(8 islands) Indian Ocean –

Caribbean Sea (sum of 13) –

Minh Chau Island Vietnam 4–13 12.3–558 0.44–1.44 – Lee et al., 2017

Ba Lat Estuary Vietnam (sum of 13) –

West Coast Park South Africa 61 31 3 – Ryan et al., 2012

Port Elizabeth South Africa 27 8 5 –

Woody Cape South Africa 25 30 2 –

Various Coastal Locations Australia 0.1–294 (sum of 13) 0–400 0–28 – Yeo et al., 2015

New Zealand 0,25–157 –

Concepcion Bay Chile 3–60 0,1–7 – – Pozo et al., 2020

Northern Crete Greece – – ND-1592 Karkanorachaki et al., 2018

Rio de la Plata Argentina 93 – – – International Pellet Watch

Bahia Blanca Estuary (coast) Argentina 4.03 ± 0.89 0,19 ± 0.09 0,45 ± 0.04 122.79 ± 11.13 This study

a Range or average ± SD.



the  α-HCH/γ-HCH ratio  was  0.25,  which suggests  aged  technical  mixture
signatures  and/or  lindane  usage,  assuming  equal  partitioning  of  the
coefficients for these compounds. Lindane sorbed to resin pellets can
be associated with runoff or sewage effluents containing insecticides,
which has been a common vector control product used in agricultural
lands, forest products, timber applications and is still allowed for use in
shampoos for treating head lice.

The DDXs showed a mean of 0.19 ± 0.01 ng. g-1 pellet (sum of o,p-
DDT, p,p-DDT, o,p-DDE, p,p-DDE, o,p-DDD, p,p-DDD), which is also
within the range of previously reported values for sediments (0.20 to

0.79 ng.g-1, d.w.; Arias et al., 2013). These values might reflect a past/
residual usage of a commercial DDT in the catchment area, which was
withdrawn from the Argentinean market in 1993.

Furthermore, the HCB level detected in the pellets was 0.19 ± 0.04
ng. g-1 pellet. The only precedent of this value for the area was reported
by Tombesi et al., who measured a mean of 0.56 ± 1.7 ng.g-1 pellets in
coastal sediments (Tombesi et al., 2017). Hexachlorobenzene (HCB) had
been used in the past to control wheat bunt (Tilletia foetida and T.
caries;  Matanguihan  and Jones, 2011), but it has been banned in
Argentina for  two decades now. However, its persistence and
occurrence in sediments and plastic pellets could be related to intensive
wheat freight at the harbour.

With regard to the 29 PAHs studied in this investigation, the overall

mean in the composite pellet samples was 108.76 ± 12.88 ng/g-pellet
for the 

∑
16 PAHs and 122.79 ± 11.13 g/g pellet for 

∑
29 PAHs. The

most abundant congeners were Phenanthrene, Naphtalene, Fluo-
ranthene, Bifenyl, Fluorene, Pyrene and Triphenylene. Notably, Benzo
(k)fluoranten,  Benzo(b)fluoranten,  Benzo(a)pyren,  Indene-1,2,3,c-d-
pyrene, Dibenzo(ah)antracene and Benzo(ghi)perylene were not detec-
ted in the samples.

Additionally, the sorbed PAHs showed a compositional pattern that
was dominated by compounds with 2 and 3 rings in their  structure,
represented by Naphthalene, Fluorene and Phenanthrene. These com-
pounds with low molecular weight are characteristic markers of petro-
genic sources.  These compounds were followed by PAH markers of
mixed origin with 4 benzene rings, such as Pyrene and Chrysene. Apart
from this, although detected above the LOQ, lower levels of 6-ringed
PAHs  (e.g.,  benzofluoranthenes)  were  found,  suggesting  their  addi-
tional but marginal contribution to high-temperature pyrolytic pro-

cesses.  Molecular  indices—Fluoranthene/(Fluoranthene  +  Pyrene),
Anthracene/(Anthracene  +  Phenanthrene),  Benz-a-anthracene/(Benz-a-
anthracene + Chrysene)—were applied to further assess the origins of
the sorbed PAHs. Note that the low molecular weight/high molecular
weight ratio (LMW/HMW) have already been described in the
literature  (Lipiatou  &  Saliot,  1991;  Yunker  et  al.,  1999;  2002;
Budzinski  et  al., 1997). The results of this analysis showed that
while Fluoranthene/

(Fluoranthene + Pyrene) exhibited a ratio in agreement with the com-
bustion of fossil fuels, such as road traffic, engines, etc., the rest of the
molecular indices provided mixed results or were markedly of petro-
genic origin (non-combusted petroleum, diesel, coal, oils). Apart from

this, the Anthracene/(Anthracene + Phenanthrene) ratio was 0.02 (<
0.10  indicates  petrogenic  origin),  Benz-a-anthracene/(Benz-a-
anthracene  + Chrysene) ratio was 0.27 (mixed) and the LMW/HMW
ratio was 4.27 (>  1 indicates  petrogenic  origin).  Although a  mixed
pattern with an overimposition of pyrolytic PAHs has been observed in
the area of study in terms of several environmental matrices (Arias et
al., 2013, 2021), buoyant plastic pellets are prone to be in close contact
with floating oil/petroleum slicks and oil microlayers at sea and shores.
This might lead to the preferential partition of non-combusted PAHs,
leading to a general petrogenic signature in them.

4. Conclusions

This  study  assessed  the  occurrence  and  distribution  of  beached
microplastics  at  BBE,  Argentina,  providing  the  first  report  of  the
occurrence and distribution of plastic resin pellets in Argentina that

account for the environmental sorption of several POPs and PAHs. The
results  showed a  large  accumulation  of  microplastics  in  the  estuary
shorelines,  with marked distribution in the high tide and storm berm
areas, as well as higher sedimentary densities at the middle area of the
estuary (highly anthropised muddy beach). The preliminary conclusion
of this study indicates that finer sediment grains might have been sub-
jected to the same transportation processes as large microplastics, thus
generating higher MP densities in sediments with a dominance of finer
grains. The implementation of several MP pollution indices revealed
hot microplastic zones in the area, with fragments and pellets being the
most  problematic  shapes.  Moreover,  relatively  high  proportions  of
primary microplastics  were identified  at the estuary (HDPE was the
prevailing resin type), which plays a crucial role in the movement of
other organic pollutants, namely PCBs and organochlorine pesticides
(POPs).  In  conclusion,  in  comparison  to  the  sedimentary  records,  a
preferential light PCB fraction partition was observed to have occurred
in the HDPE microplastic pellets in the area. Moreover, the pesticides
recorded in the  plastic pellets showed the occurrence of lindane as
opposed to technical HCH. Apart from this, the PAH signature over the
plastic pellets showed a mixed origin, with the overimposition of a
petrogenic signature. Since the levels and patterns of pollutants found
in the HDPE pellets followed  the  order  of  the  magnitude  of  the
sedimentary records for the area, we ultimately conclude that these MPs
can serve as good proxy indicators of exposure to pollutants in coastal
environments.

To sum up, we propose the adoption of a tiered approach by stake-
holders,  managers  and policymakers  with  the  purpose  of  addressing
plastic pollution in marine environments. First, as a short-term objec-
tive,  pellet-zero programmes should be adopted by both commercial
producers  and  transporters  of  LDPE  pellets.  These  should  include  run-off
catchment  initiatives  (traps)  and  quality  performance  revisions  in
charge/discharge processes pertaining to both trucks and ships. Second,
as  a  mid-term  objective,  regional/national  legislative  instruments
involving extended producer responsibility should be adopted so as to
include producers in implementing better environmental quality prac-
tices, field monitoring and cleaning initiatives. Finally, as a long-term
objective,  parallel  to  the  global  progress  in  international  regulations
(global agreements in course) on plastic pollution aiming to progres-
sively phase out primary microplastics through the implementation of
legally binding international instruments, plastic resins should also be
chemically redesigned to enhance their recyclability and potential for
biodegradability  so  as  to  address  their  negative  effects  on  the
environment.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.marpolbul.2022.114520.
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