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• River prodelta are pools of Microplastics
(MPs), Phthalates, and cellulosic fibers

• MP abundances were investigated based
on morpho-bathymetry and flood occur-
rence

• Lateral heterogeneity of MPs and cellulose
fibers in Po River Podelta sediments are
related to depositional processes

• Sites contaminated by MPs are distal
reaches of delta lobe and migrating
bedforms with maximum concentration
of 625 MPs/kg

• A large abundance of cellulose fibers
was found
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Deltas are the locus of river-borne sediment accumulation, however, their role in sequestering plastic pollutants is still
overlooked. By combining geomorphological, sedimentological, and geochemical analyses, which include time-lapse
multibeam bathymetry, sediment provenance, and μFT-IR analyses, we investigate the fate of plastic particles after a
river flood event providing an unprecedented documentation of the spatial distribution of sediment as well as of
microplastics (MPs), including particlesfibers, and phthalates (PAEs) abundances in the subaqueous delta. Overall sed-
iments are characterized by an average of 139.7± 80MPs/kg d.w., but display spatial heterogeneity of sediment and
MPs accumulation: MPs are absent within the active sandy delta lobe, reflecting dilution by clastic sediment (ca.
1.3 Mm3) and sediment bypass. The highest MP concentration (625 MPs/kg d.w.) occurs in the distal reaches of the
active lobe where flow energy dissipates. In addition to MPs, cellulosic fibers are relevant (of up to 3800 fibers/kg
d.w.) in all the analyzed sediment samples, and dominate (94 %) with respect to synthetic polymers.
Statistically significant differences in the relative concentration of fiber fragments≤0.5 mm in size were highlighted
between the active delta lobe and themigrating bedforms in the prodelta. Fibers were found to slightly follow a power
law size distribution coherent with a one-dimensional fragmentation model and thus indicating the absence of a size
dependent selection mechanism during burial. Multivariate statistical analysis suggests traveling distance and bottom-
transport regime as the most relevant factors controlling particle distribution. Our findings suggest that subaqueous
prodelta should be considered hot spots for the accumulation ofMPs and associated pollutants, albeit the strong lateral
heterogeneity in their abundances reflects changes in the relative influence of fluvial and marine processes.
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1. Introduction

Plastic pollution greatly affects the marine environment (Thompson
et al., 2009a, 2009b) and extends from the sea surface to the deepest sea-
floor, the ultimate sink for plastic debris (Woodall et al., 2014, Galgani,
2015, Lebreton et al., 2019; Martin et al., 2022; Canals et al., 2021;
Garcés-Ordóñez et al., 2022). Coastal systems are the main temporary
sink for river-borne sediments (e.g. Bianchi et al., 2018; Pellegrini et al.,
2021), and have the potential of sequestering anthropogenic material de-
rived from the catchments (Simon-Sánchez et al., 2019; Trincardi et al.,
2023). However, the role of deltas in sequestering MPs is still poorly stud-
ied, hindering our ability to derive a global picture of MPs distribution at
the land-ocean interface (Weiss et al., 2021) and improve mitigation mea-
sures. Among coastal systems, river deltas are highly dynamic environ-
ments and respond quickly to natural and human changes (Orton and
Reading, 1993; Blum and Roberts, 2009; Syvitski et al., 2009; Maselli and
Trincardi, 2013; Dai et al., 2014; Bosman et al., 2020; Trincardi et al.,
2020, 2023), and are exposed to strong human pressures (Overeem and
Brakenridge, 2009) which alter river flow, sediment discharge, and coast-
line dynamics (Syvitski et al., 2005a, 2005b; Hood, 2010; Anthony et al.,
2014; IPCC, 2021; Pellegrini et al., 2021; Trincardi et al., 2023).

A revision of the current literature reveals that the contribution of rivers
to global plastic pollution is still debated (Lebreton et al., 2017; Schmidt
et al., 2017; Hurley et al., 2018; Kane et al., 2020; Pierdomenico et al.,
2022; Waldschläger et al., 2022; Kelleher et al., 2023; Kurki-Fox et al.,
2023). Recent studies such as those from the Ebro River (Simon-Sánchez
et al., 2019), Yellow River (Duan et al., 2020), Yangtze River (Hu et al.,
2018), Ganga River (Singh et al., 2021), Po River (Piehl et al., 2019), Nile
River (Shabaka et al., 2022), and Mekong River (Nguyen et al., 2022) high-
lighted how sediments in wetlands are important sinks for MP pollutants
and how hydrological flow and sediment transport dynamics might facili-
tate the deposition of MPs in seafloor sediments. However, the concentra-
tion of plastic pollution in these transitional environments remains poorly
constrained (Leslie et al., 2017), especially in prodeltas that are the delta
sector lying beyond the delta front in a submerged environment and that re-
cords high sediment accumulation rate (Coleman and Wright, 1975;
Pellegrini et al., 2020). Prodelta depositional systems act as direct sinks
for vast quantities of terrigenous sediment, organic carbon, and anthropo-
genic pollutants, and represent valuable archives of environmental change
increasing human pressure on it (e.g. Syvitski et al., 2022). In these systems,
our understanding of the distribution of pollutant particles and the preser-
vation of environmental signals is hampered by the limited ability to access
the shallow and energetic subaqueous realm.

By questioning if prodeltas aremain sector ofMPs accumulation aswell,
we provide the first evaluation of MPs and phthalates in the prodelta of the
Po River (North Adriatic Sea), a large delta with an anthropogenicallymod-
ified catchment of 68.800 km2, as well as one of the largest deltaic systems
of the Mediterranean region, a region characterized by high accumulation
of plastic debris (Cózar et al., 2014; Suaria et al., 2016; Duncan et al.,
2018; Pierdomenico et al., 2022; Boucher and Bilard, 2020; Baudena
et al., 2022).

Here, we document the occurrence of MPs, fibers and phthalates in the
Po Delta throughout sediment samples representative of the sedimentary
features present at the seafloor and selected based on morphodynamic sur-
vey defining: 1) concentration and fluxes of MPs offshore the Po di Pila
mouth, the most active branch of the Po River; 2) particle characteristics
(type of polymer, size, color), and their spatial distribution, after a major
river-flood event. Our overarching goal is to: i) identify any possible corre-
lation between sediment and plastic particle accumulation, in particular in-
vestigate the relationship between MPs and phthalates and delta sub-
environments defined by geomorphological descriptors; ii) describe rela-
tionship between sediment distribution and plastic-contaminants concen-
trations at the scale of mobile bedforms; iii) determine the relevance of
polymer density and particle shape in the MPs transport behavior; and iv)
highlight any possible plastic particle partition/selection processes during
transport and deposition. Studying the Po prodelta, we attempt a
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description of the processes leading river prodelta to act as sink forMPs pol-
lutants, and of their contribution to the global inventories of MPs seques-
tered in temporary storages along the river to sea continuum.

2. Material and methods

2.1. Study area: the Po River Delta

The Po River Delta (Fig. 1a, and b) is one of the largest Mediterranean
deltas and a World Heritage Site and Biosphere reserve by UNESCO (Gissi
et al., 2014). The Po Delta is a unique habitat supporting immense biodiver-
sity, including over 370 species of birds,mollusks,fish and amphibians. The
Po River Delta also represents a tourist destination and a hotspot of fishing
(commercial and recreational) and extensive aquaculture (mainly mussels,
clams and shrimps), which are the main economic drivers of the area. The
Po River Delta is subjected to plastic pollution mainly derived from the Po
River catchment, a drainage area of 68.800 km2 from the western Alps to
the Po Alluvial Plain hosting>20million inhabitants, includingmajor cities
and large industrial and agricultural sites.

According to Syvitski et al. (2005b), 61 % of the total freshwater trans-
port and 74 % of sediment load to the delta reaches Po della Pila (Nelson,
1970; Syvitski et al., 2005b; Falcieri et al., 2014), where this study concen-
trates. The subaqueous geomorphology of the Po della Pila prodelta is
strongly influenced by river floods, wind-driven waves, currents and a cy-
clonic circulation with a marked southward component in the prodelta
area (Artegiani et al., 1997; Boldrin et al., 2005; Maicu et al., 2018),
coupled with the southbound West Adriatic Coastal Current (Sherwood
et al., 2004; Bosman et al., 2020; Trincardi et al., 2020). All these deposi-
tional and oceanographic controlling factors together govern the marine
plastic discharge in the area (Liubartseva et al., 2016).

The last major river flood occurred in 2019 and lasted for 20 days
(2019-11-18 to 2019-12-05) with a daily average discharge reaching
8000 m3/s with an increase in the hydrometric level up to 5 m (Cavanella
gauging station, Fig. 2). Nausicaa buoy (Fig. 2) documented significant
wave height < 1.5 m, suggesting reduced energetic conditions during
flood deposition. The flooding also recorded the highest plastic water
mass in December (5.89 mg m−3) and November (4.58 ± 0.48 mg m−3),
with a total 145 tons/year of plastics transported by the river in 2019
(Munari et al., 2021).

2.2. Grab samplings and multibeam bathymetry

Themultibeam swath bathymetry and sediment samples were collected
in Spring 2021 onboard the R/V Litus during the Picnic survey after the
2019 Po River flood event (see Table 1 for more details), in the same area
where previous survey was conducted in the 2016 (Bosman et al., 2020).
Multibeam swath bathymetry was collected with a Kongsberg EM 2040C
dual-head multi-frequency system pole-mounted on the vessel, used in
equidistant mode with a frequency set to 300 kHz with 800 beams (400
per swath). The positioning was carried out using a Kongsberg Seapath
380 system with a Real Time Kinematic (RTK) correction by means of a
ground control station located near the harbor, providing centimeter accu-
racy. The multibeam data were processed using Caris H&S hydrographic
software to obtain high-resolution Digital Elevation Models (DEMs)
corrected through tide gouge correction (https://www.mareografico.it/),
sound velocity profilers, patch tests, and the application of statistical and
geometrical filters to remove coherent/incoherent noise (Bosman et al.,
2015). The soundings were merged and gridded for the generation of
high-resolution DEMs (Fig. 1a). A 2016–2021 residual map was generated
by means Global Mapper geographic software to differentiate current sec-
tors of deposition and erosion in the Po Delta and prodelta slope (Fig. 1b).

The 8 sites of grab sampling were accurately selected based on the high-
resolution (0.5 m cell size resolution) multibeam and backscatter data of
the Po River Delta and prodelta slope (Fig. 1). Sediments were sampled
along a river mouth-basin transect following the direction of bedforms
progradation (i.e. southeastward direction; Bosman et al., 2020): from the

https://www.mareografico.it/


Fig. 2.River discharge andwave conditions at Po di Pilamouth for the interval encompassing the two bathymetric surveys offshore (2016–2021): (a) mean daily discharge at
closure point (Pontelagoscuro); (b) hydrometric level near the delta outlet (Cavanella); and (c) significant wave height (SWB recorded by Nausicaa buoy). Since the 2016
multibeam survey, the major river flood in terms of discharge (discharge above 5000 m3/s) and duration (20 days) is recorded in 2019. This event represents the most
rapid change in delta geomorphology.

Fig. 1. a) Location of the sampling stations in the Po River prodelta acquired during the Picnic2021 survey. b) The residual map of the Po River Delta and prodelta slope
generated from the high-resolution bathymetries. Inset shows the Italian peninsula with the surveyed area (red square), the location of the gauging station at
Pontelagoscuro (red star), the farthest downstream gauging station at Cavanella (green dot), and the Nausicaa buoy offshore (blue dot).
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Table 1
List of samples, geographical coordinates (dry mass/wet mass = 100 - %).

Sample I·D. Lat N Long E Depth (m) Mouth distance (m) Traveling distance (m) Volume (ml) Humidity (%) dry mass (g) Sand Mud D50

(%) (%) (mm)

Picnic 5 44.95796 12.55944 4.60 1074 5717 14 52 9.1 86.4 13.6 191.7
Picnic 6 44.94909 12.5499 5.96 2411 6834 14 50 9.5 85.6 14.4 142.6
Picnic 7 44.98378 12.56281 16 1797 2366 14 92 1.6 13.5 86.5 17.96
Picnic 8 44.97083 12.56111 2 1206 2657 30 70 12.7 76.6 23.3 22.82
Picnic 9 44.98338 12.53975 2.50 1486 1486 30 68 13.5 85.6 14.4 405.1
Picnic 10 44.98163 12.54907 2.29 1138 1138 30 73 11.3 54.8 45.2 95.03
Picnic 11 44.98417 12.55496 12 1517 1745 50 51 34.9 20.5 79.5 21.17
Picnic 12 44.98498 12.54845 9 1509 1509 35 61 28.8 20.2 79.8 24.62
Tot 217 121.4
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active delta lobe (Picnic 9 and 10; Fig. 1) to its distal reaches (Picnic 12, 11,
7: Fig. 1), and from migrating bedforms in the down-current side of the
delta mouth (Picnic 5, 6 and 8; Fig. 1). In particular, and from North to
South, Picnic samples 9 and 10 were retrieved at the active delta lobe at
2.5 m water depth. Samples 12, 11, and 7 were acquired at the distal
reaches of the delta along a down-current transect between 9 m and 11 m
water depth, sample 8 has been acquired in scour adjacent to the river
bar at 2 m water depth. Finally, samples 5 and 6 were retrieved from
bedforms in the down-current sector of the delta at 4.5 m and 6 m water
depth, respectively (Fig. 1). Sediment sampleswere collected from each sta-
tion using a Van Veen grab of 25 l that allows the recovery of ca. 60 kg (con-
sidering an average density of 2.5 g/cm3) of sediment. Sub-samples were
then stored in 0.5-l pre-combusted glass bottles at −20 °C.

2.3. Sediment and grain size analyses

Granulometric analysis and determination of the water content were
carried out by taking aliquots of sediments, from each sampling station.
Approximately a spoon of wet sediments was weighted with an analyti-
cal balance with mass measured to two decimal places. Then the sedi-
ments were dried at 50 °C for 24 h, weighted again, and the ratio of
wet to dry sediment mass was measured. Grain size was determined
using a Malvern Mastersizer 3000 analyser (Hydro EV) for size ranges
from 0.01 to 3500 μm fraction of the Geohazard core laboratory at
CNR-ISMAR, Bologna (Table 1). Sediment samples were dispersed into
demineralized water for 24 h and subjected to ultrasounds for 60 s be-
fore starting the analysis. Laser-scattering spectra has been processed
using the Multiple Sample Statistics sheet in the Excel worksheet
GRADISTAT (Blott and Pye, 2001). Grain-size analysis accounts for all
particles included in the sample and are reported on the Wentworth
scale (Wentworth, 1922).

2.4. Sediment provenance based on XRF analysis

Geochemical analyses were conducted on sediments, to assess prove-
nance. Major and trace elements were analyzed by X-Ray fluorescence
(XRF) on 3 g. powder pellets, using a Panalytical Axios 4000 spectrometer.
Accuracy and precision rely on a systematic analysis of standards. Formajor
elements (expressed as weight %) they are better than 3 %; for trace ele-
ments (expressed by mg/kg) they are better than 10 %. The matrix correc-
tion methods follow Franzini et al. (1972), Leoni and Saitta (1976), and
Leoni et al. (1982). For the reconstruction of sediment provenance, bulk
sediment geochemical analyses of river deposits from earlier studies were
used for comparison with data obtained from this study. Alpine and Apen-
nine rivers carry unique geochemical signals that reflect distinct catchment
geology: for a comprehensive summary of geochemical characteristics, the
reader is referred to Amorosi et al. (2022). The Po River drainage basin in-
cludes the Western and Central Alps, and the Ligurian-Emilian section of
the Northern Apennines. Large outcrops of metamorphic and mafic-
ultramafic intrusive rocks (ophiolitic complexes) are the diagnostic feature
of the Western Alps. In the Ligurian-Emilian Apennines shales, marls and
4

sandstones are widespread, with the local presence of ophiolitic rocks
(Amorosi et al., 2022). This ultramafic signature is confirmed by relatively
high Cr and Ni values, as a distinguishing feature of Po River sediments
(Fig. 3).

2.5. Microplastic extraction

For the determination of the MPs concentration, two different extrac-
tion protocols were applied: one was devoted to the isolation of large MPs
(particles in the 5.0–0.5 mm range) and the other one to small MPs (parti-
cles< 0.5mm). Briefly, for largeMPs an aliquot of 30 g of dried sample was
scrutinized under stereomicroscope (Leica M50 with a cold light source
Leica KL 300 LED, Leica Microsystems) and all the suspected plastic parti-
cles and fibers were counted, photographed, and described in detail by an-
notation of color, shape and size (Fig. 4). The visual identification was
performed based on the morphological properties of the surface, following
the guidelines of Gago et al. (2020). The categorization included four shape
classes: (i) fragment, (ii) fiber, (iii) filament, (iv) film and (v) other types
(spongy particles and spheres). Filaments with a smaller diameter than
fibers were present as tangles. We considered 5 classes of color: (i) blue,
(ii) brown, (iii) white, (iv) orange, (v) gray. All the suspected plastic
particles were then removed and submitted to μFTIR analysis of identity
confirmation.

Analysis of small MPs (0,5–0,005 mm) was carried out on 5 g aliquot
from each sample, following a density separation protocol (Quinn et al.,
2017; Stile et al., 2021). Briefly, the sediment aliquotswere treatedwith hy-
drogen peroxide at 30 % and filtered onto a 5 μm pore size stainless steel
filter (Paco filter GMBH, Steinau Germany). The fraction retained onto
the filter was then washed with ultrapure water and submitted to density
separation by using ZnCl2 solution (1.7 g/ml density). The obtained mix-
ture was transferred into a glass separation funnel specifically designed
for enabling the plastic separation procedure, stirred with an orbital shaker
(50 rpm) for 3 h at room temperature, and then left to settle for 12 h. After
that, the dense sediment settled on the bottom of the separation funnel
were rinsed off by opening the system through the stop cock, and collected
in a glass beaker. The low-density fraction, containing the targeted plastics
floating in the supernatant of the solution, was retained in the separation
funnel instead and the stop clock was closed to avoid its loss. This fraction
was then discharged into a second glass beaker via the tap at the bottom by
decanting through addition of fresh ZnCl2 solution. To ensure that any of
the particles adhered to the separatory funnel glass wall was recovered, a
second portion of fresh ZnCl2 solution was added in the empty funnel and
the procedure was repeated twice. Moreover, the sediments rinsed at the
first step of the separation procedure, were submitted again to the same ex-
traction procedure (thus replicated) in the same separation funnel to ensure
complete recovery of the plastic particles from the original matrix. All the
supernatant collected fractions were then filtered over a Whatman® GF/
C filter (47 mm diameter; 1.2 μm pore size). The filter was then submitted
to micro-FTIR analysis for polymer identification. For further detail regard-
ing the method optimization and recoveries please refer to our previous
paper (Stile et al., 2021).



Fig. 3. Scatterplots of Mg-Ni/Al2O3 and Cr/V and sediment provenance interpretation of “Picnic” samples. High Cr/V and Ni/Al2O3 ratios correspond to sediment sourced
from the ophiolite-rich Po River catchment and traveled for a longer distance.
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2.6. Microplastic characterization by micro-FTIR

MPs characterization was carried out bymicro-Fourier Transform Infra-
red Spectroscopy, using a Spotlight 200i FT-IR (Perkin Elmer), equipped
with a micro ATR diamond crystal, according to the procedure described
in Saliu et al. (2021). For each particle 32 scans in the 3600–600 cm−1

range with 4 cm−1 resolution was acquired. Spectra were compared to ref-
erence spectra available in a commercial library (Hummel polymer library)
by using the patented COMPARE™ spectral comparison algorithm provided
in the Perkin Elmer Spotligh II instrument software (Perkin Elmer). A posi-
tive identification with the reference library was assigned for matches
≥70 % according to the indication of the Guidance of Marine Litter in
European Seas of the European Commission (Galgani et al., 2013).

Small microplastic particles were counted in three subfields of the filter
surface (covering 10 % of the total filter surface) and the concentration in
the sediments was determined by upscaling and considering the dry mass
of the original core samples. To evaluate cross-contamination, controls
were run in parallel during the entire sample treatment procedure and
Fig. 4.Microplastic distribution in terms of (A) polymer type (PP = polypropylene; PA
white, blue, orange) and (D) size (25–50 μm, 51–150 μm, 151–250 μm, >251 μm).

5

averages of fragments and fibers in procedural blanks were subtracted
from sample particle counts. Values were expressed as items in kg of dry
sediment to compare with other studies. In this work, we did not consider
cellulosefibers in our counts (both “synthetic” and “natural”) due to the dif-
ficulty of providing clear discrimination by μFTIR spectroscopy. Examples
of detected plastic particles with relative spectra are reported in Fig. 5.

2.7. Phthalate analysis

PAEs analysis were carried out by employing the method described by
Paluselli et al. (2018). Before the analysis, an aliquot of 10 g from each sed-
iment sample was collected and freeze-dried for 12 h, grounded and sieved
through a 200 μm mesh screen. The aliquot was spiked with DnBP-d4 and
DEHP-d4 used as labeled internal standard and homogenized using a glass
stick. Extraction was carried out by using an ultrasonic bath (40 W, no
heating) in 3 ml of acetone. Each sample was extracted three times for
15 min. After 5 min of centrifugation at 25 °C and 4000 rpm, the extracts
were purified through a Pasteur pipette filled with combusted quartz
= polyamide; PL = polyester), (B) shape (fibers, fragments, films), (C) color (gray,



Fig. 5. Examples of the detected particles with associated spectra acquired with μFTIR: A) polyethylene fragment and B) cellulose fiber.
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wool, transferred into a vial and concentrated to a final volume of 250 μl
under nitrogen steam and diluted in ultrapurewater: methanol 80:20. Anal-
ysis was carried out by employing a Thermo Fisher TSQ quantum access
max instrument. Tandem mass spectrometry transitions for the selected
PAEs were set up as indicated in Saliu et al. (2020). Specifically, the
researched PAEs were: Dimethyl phthalate (DMP); Diethyl phthalate
(DEP); Diisobutyl phthalate (DIBP); Dioctyl phthalate (DOP); Butyl benzyl
phthalate (BBzP); Dihexyl phthalate (DHP); Di-2-ethylhexyl adipate
(DEHA); Di(2-ethylhexyl) phthalate (DEHP); Dicyclohexyl phthalate
(DCHP) Diisononyl phthalate (DiNP); Diisodecylphthalate (DiDP).

2.8. Quality assurance

In order to avoid contamination, particle isolation procedure, and PAEs
extraction were carried out in a dedicated ISO 6 clean room laboratory, fol-
lowing all the common precaution prescribed for MPs analysis (GESAMP,
2016) i.e. checking airborne contamination by filter analysis, the use for
sample manipulation of only glass material previously baked at 400 °C,
the rinsing of all the equipment with distilled water daily checked by filtra-
tion and infrared analysis, the covering all the equipment with aluminum,
the use of only 100 % natural fiber laboratory coat and clothing. The possi-
ble secondary contamination that usually occurs inmicroplastic and phthal-
ate studies also during sampling operation (Shruti and Kutralam-
Muniasamy, 2023, Saliu et al., 2022) was controlled by running opportune
field and procedural blanks. Specifically, three field-level blanks were set
aside during sample collection: one at the beginning of the sample opera-
tion, one in the middle and one at the end. These blanks were obtained
by employing the same grab used for sediment collection that was left to
the open air for 1 h on the boat and then washed with 2 l of MilliQ water.
An aliquot of the drained water was collected on 0.5 l bottles similar to
those used for the sediment collection. Moreover, six procedural blanks
were run in the cleanroom employed for the real sample. In this case all
the same procedures adopted for the isolation of the microplastic and
6

phthalates from the sediment were run by starting from bottles similar to
those used for the sampling, that were in this case preliminary washed
with MilliQ water and left inside the cleanroom. The procedural blanks
were used to assess the limit of quantitation of the method (LOQ) defined
as 10 times the standard deviation of the procedural blanks, while the
field blank averages results were used for subtraction adjustments.

2.9. Statistical analysis

Results underwent statistical analysis to highlight possible significant
differences among samples (p < 0.05). Specifically, the nonparametric
Mann-Whitney U test was used to investigate variations in the concentra-
tion of microplastics and cellulose fibers among the different regions of
the river mouth-basin transect, since, according to the Shapiro–Wilk test,
data were not normally distributed. Spearman coefficient was measured
to assess possible correlations between the concentration of plastic parti-
cles, of cellulose fibers and of phthalic acid esters (PAEs). Analyzes were
performed using the software SPSS ver. 27 (IBM, New York). Multivariate
analyses using principal component analysis (PCA) were performed by
using the software XLSTAT (Addinsoft 2020). The data were first standard-
ized by the variable mean and standard deviation. Correlation among vari-
ables and principal components (F) was quantified as the square cosine of
their angle in the loading graph. For data visualization we selected the
two principal components covering the larger percentage of total variance
captured by all principal components.

3. Results

At the Po River mouth recurrent changes of geomorphological features
reflect short-term sedimentological evolution of the mouth bar and
prodelta slope. The following paragraphs describe these features highlight-
ing sediment distribution and lateral extent of lithosomes resulting from the
2019 river flood event. Sampling stations were selected by integrating



Table 2
Concentration of microplastics in items/kg d.w., distinguished in fibers and
non-fibers.

Sample Non fibers/kg d.w. Fibers/kg d.w. MPs tot/kg d.w.

Picnic 5 219.8 109.9 329.7
Picnic 6 105.3 0 105.3
Picnic 7 0 625 625
Picnic 8 0 0 0
Picnic 9 0 0 0
Picnic 10 0 0 0
Picnic 11 28.7 28.7 57.4
Picnic 12 0 0 0
Mean 44.2 95.45 139.7
S.E. 28 77 80
Mean in contaminated samples 117.9 254.5 279.4
S.E. in contaminated samples 34 114 92
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morpho-bathymetric analyses with the residual time-lapse map denoting
sectors of main deposition and erosion from the 2016–2021 (Fig. 1).
Sediments from each sampling station have been analyzed defining their
provenance and characterizing pollutant concentration and particle
characterization.

3.1. Morphobathymetry

The Po River prodelta is characterized by a gradient that changes sea-
wards from ~0° to 8° to 0.6° from the river mouth to the prodelta slope
based on the bathymetric map of 2021 (Fig. 1). The main subaerial break
in slopes (i.e., rollover point sensu Pellegrini et al., 2020) typically occurs
in <3 m-deep waters. The main morphological features highlighted by
the bathymetry is the deposited lobe situated at <3 m water depth (red
scale in Fig. 1b). The lobe is highly asymmetric and is skewed toward the
south compared to the river mouth. The main depocenter of the lobe is lo-
cated in the northern sector (up-current sector) and extends over a surface
of about 1 km2 where it reaches a maximum thickness of 4.5 m. Here sedi-
ments are mostly sandy with up to 86 % of sand-size particles (Picnic sam-
ples 9 and 10, Table 1). The total sediment volume of the lobe (positive
residual with respect to the 2016 survey) is about +1.3 Mm3 and can be
considered as the most active bedform, because it accumulated most of
the sediment discharged during the 2019 flood event. The lobe thins sea-
ward along the coast to <1 m. Concurrently, samples show a decreasing
content in sand-size particles from20% (samples 11 and 12) to 13.5% (Pic-
nic 7; Table 1). In the southern sector, meter-scale bedforms of reduced ex-
tent (300–500 m long and ca. 1 m high, with a wavelength of ca. 100 m),
form between 5 and 10m of water depth (Fig. 1). These bedforms (referred
to as transverse bars in Bosman et al., 2020) are oriented at ca. 20° and 60°
relative to the coast strike in the down-current sector (Fig. 1). The bedforms
are characterized by sandy sediment with up to 86 % of sand-size particles
(samples 5 and 6, Table 1). Adjacent to the mouth bar, the main erosional
sector is represented by a ca. 30 mwide and 2m deep scour oriented paral-
lel to the coast (Fig. 1). Smaller scours perpendicular to the coast are
superimposed to the bedforms (Fig. 1). Here sandy sediment dominates,
reaching 77 % of the particles (Table 1).

3.2. Sediment provenance

Geochemical analyses from the Picnic sampleswere comparedwith pre-
viously published data from Alpine, Apennine, and Po River catchments
(Fig. 3). Among the diagrams that best allow the discrimination of sediment
provenance, we used the Mg vs Ni/Al2O3 plot and the Cr/V diagram. High
Ni/Al2O3 and Cr/V values reflect the presence of ophiolites in the drainage
basin and trace the Po River provenance, while high Mg contents are the
typical geochemical signature of rivers draining the Eastern Alps
(Amorosi et al., 2022 for a review). Apennine fluvial deposits, instead, are
characterized by low values of both indicators. In both diagrams, Picnic
samples show Ni/Al2O3 values in the range of 10–13 and a relatively high
Cr proportion (>175 mg/kg) that clearly overlaps the composition of Po
River sediment, with locally higher Cr values (Fig. 3). Picnic samples plot
in the samefield as Holocene Po prodeltamuds from a sediment core recov-
ered close to the Po River mouth (Fig. 3). Geochemical data suggest a
marked Po River provenance, with no significant contribution from other
(Eastern Alpine and Apennine) fluvial sources. This suggests that sediment
travels for hundreds of km across the Po plain before reaching the river
mouth (source-to-sink).

3.3. Microplastic identification using μFT-IR

A total of 256 suspected plastic particles were identified by the stereo-
microscope (Leica® S9E Leica Microsystems GmbH, Germany) and charac-
terized by μFT-IR (Fig. 4). For 145 particles (57 %) the plastic polymer type
was identified. Calculations were carried out on confirmed plastic items.
Considering the morphological appearance 43 % of the detected plastic
items were classified as fibers, 41 % as fragments, and 19 % as films
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(25 %; Fig. 4B). Concerning the constituting polymers (Fig. 4A), 57 % of
the particles resulted composed by polyamide (PA), 29 % polypropylene
(PP) and 14 % polyester (PL). Fibers were mostly polypropylene (PP)
(67 %), followed by 33 % polyester (PL). In terms of size distribution,
most of the microplastics (57 %) were larger than 251 μm, while 15 %
were within the 25–50 μm size range, 14 % between 51 and 150 μm and
14 % were 151–250 μm in size (Fig. 4D). Considering colors (Fig. 4C)
29 % of the detected items was blue, 29 % white, 28 % gray, and 14 % or-
ange (14 %). Overall, microplastics resulted to occur in 4 (50 %) out of 8
samples with an average concentration of 139.7 ± 80 MPs/kg d.w. The
maximum concentration of 625MPs/kg d.w. was detected in sample Picnic
7 (Table 2). In samples Picnic 8, 9, 10 and 12 no microplastics were found
instead. More details about particle characterization are provided in the
supplementary material associated to this paper. Statistical analysis carried
out by grouping samples on the basis of geomorphology of the related sam-
pling point showed no significant differences between the concentration
detected in the active lobe (Picnic 9, 10), in the distal reaches of the lobe
and the migrating bedforms (Picnic 5, 6, 7, 8 11, 12) (Mann Whitney U
test = 2, ρ = 0.115), and among migrating bedforms (Picnic 5 and
6) and distal reaches of the active lobe (Picnic 7, 8, 11, 12) (MannWhitney
U test = 2, ρ = 0.348) (Fig. 6).

3.4. Detection of cellulose fibers

Micro-FTIR analysis showed that 94 % of all the detected fibers were
composed of cellulose (Fig. S1). More specifically, cellulose fibers were
found in 100 % of the 8 samples with an average concentration of
2262.5± 338 fibers/kg d.w. of sediment. Table 3 and Fig. 7 reports the cel-
lulose fiber distribution as fibers/kg d.w. in the different samples. The
highest concentration was found in sample Picnic 8 (3800 fibers/kg d.w.),
while the sites displaying the smaller amounts were Picnic 5 and 12 (1300
fibers/kg d.w and 1304 fibers/kg, respectively). Regarding colors, 91 % of
the fibers were classified as white transparent, 1 % yellow, blue %, brown
1 %, black 2 % red 2 %.

Table 3 also reports the fiber distribution among the 5 size classes in all
the analyzed samples (class 1: ≤0.5 mm, class 2: 0.51–1.0 mm, class 3:
1.0–2.0 mm, class 4: 2.1–4.0 mm, class 5: ≥4.1 mm). In four samples the
smaller fibers were predominant with respect to the larger ones (Picnic 5
Picnic 6: 700 fibers/kg d.w. 0.51–1 mm in size; Picnic 8: 1000 fibers/kg
d.w. ≤ 0.5 mm in size; Picnic 11: 700 fibers/kg d.w. 0.51–1 mm in size),
following the power law distribution coherent with a 1-D fragmentation
model (Cózar et al., 2014; Fig. S2). In Picnic 10 and Picnic 12, fibers were
mostly within 2.1–4.0 mm (1100 fibers/kg d.w., 500 fibers/kg d.w.),
while in, Picnic 7 and Picnic 9, fibers mostly ranged between 1.1 and
2 mm (400 fibers/kg d.w., 2200 fibers/kg d.w., 800 fibers/kg d.w.;
Fig. S2). Log scaled Relative abundances of Fiber considering sizes are plot-
ted in (Fig. 8). Statistical analysis showed significant differences for fibers
abundance (fibers≤ 0.5mm) in the active lobe (Picnic 9 and 10), the distal
reaches of the lobe and the migrating bedforms (Picnic 5, 6, 7, 8, 11, 12)
(Mann Whitney U test = 2, ρ = 0.039) (Fig. 9). No significant differences



Fig. 6. Box Plot related to the MP distribution. No significant differences were observed between the different sampling locations (p > 0.05).
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among the slope of the logscaled distribution were highlighted (the active
lobe, the distal reaches of the lobe and the migrating bedform Mann
Whitney U test = 2, ρ= 0.182; the distal reaches of the lobe vs migrating
bedforms Mann Whitney U test = 3, ρ = 0.643) (Fig. 10).

3.5. Phthalates

LC-MS/MS analysis showed the occurrence of phthalates in all the sam-
ples (Table S1) with concentration for the sum of phthalates ranging from
trace amounts to a maximum of 34.9 ng/kg d.w found in sample Picnic
10. The average concentration for the sum of phthalates resulted i
13.7 ± 11.1 ng /kg d.w. The most abundant congener was DEHP with a
maximum of 29.5 ng/kg d.w. Statistical analysis showed no significant dif-
ferences among the concentrations retrieved in the different sampling sta-
tions.

3.6. Multivariate statistical analysis

The dataset including MP, cellulose fiber and phthalate concentrations
and a series chemo-physical descriptors of the sediment samples (including
sediment density, D50, % sand, % mud, and water content) and geograph-
ical descriptors of the sampling station (mouth distance, traveling distance
Fig. 7. Concentrations of the cellulose fiber in the different sampling stations of the
Po della Pila Mouth in terms of fibers/kg.

8

and sample depth),was submitted to principal component analysis (PCA) in
order to reduce the dimensionality of the data set, spot outliers, highlight
key variables and identify possible clusterization in the data. The rho Spear-
man coefficient was used to highlight correlations in data. Table S4 reports
the details of the correlation matrix obtained after application of the first
variables selection (Supplementary files attached to the paper). A correla-
tion assay was carried out by considering microplastic and cellulose fiber
concentrations, under the testing hypothesis that fibers can serve as a
proxy for the sedimentation process of microplastic. No correlation was
found for the total cellulose fiber and the total MP concentration (rho =
0.964, alpha = −0.09). Noteworthy, a significant correlation was found
to occur between the total MP concentration and cellulose fibers in the
size range 2.1–4 mm (rho = −0.719, alpha = 0.044) instead. The same
correlation was highlighted by considering t MPs and cellulose fibers
counts (rho =−0.802, alpha= 0.017). Correlation researched by consid-
ering sediment descriptors showed a significant correlation between the
total fiber concentration with humidity (rho = 0.857, alpha = 0.007), fi-
bers 1.1–2 mm in size with humidity (rho = 0.916, alpha = 0.001), and
between sand content and depth (rho=0.838, alpha=0.004) PCA results
are reported in Fig. 11. As depicted the two principal components of the
PCA explained 57.45 % of the total variability (Fig. 11). Considering the
loadings plot, Picnic 5 and Picnic 6, appear clustered together and are
sharply separated by the other samples. Considering the scores plot, travel-
ing distance appears as themost relevant variable in the class separation be-
tween samples influenced by the gyre and those not (34 % of contribution
to the PC1), followed by mouth distance (21 % of contribution to PC1) and
MPs concentration (13 %). Samples retrieved from stations that are not ex-
pected to be influenced by the gyre display clustered data: Picnic 8 and Pic-
nic 10 characterized by higher fibers content and prevailing sand content
and Picnic 11 and 12 forms a distinct cluster determined by higher mud
content and microplastic content from. More specifically, samples Picnic
5, 6 and 7 are highly scattered along the PC1 displaying highly negative
and highly positive scores, respectively. These scores are determined
mostly by different values of traveling distance. Picnic 7 scores positive
values due to the high amount of MPs/kg. Samples Picnic 8, 10 11, 12
are scattered along PC2 where the main contribution to the variable is de-
termined by mud content, sample depth, mouth distance. Specifically sam-
ples 11 and 12 are characterized by high values of mouth distance and
water depth, high mud content and low fiber content and higher MPs con-
tent, whereas samples 8 and 10 are separated in a different cluster and are
characterized by a minor distance from the mouth, higher content of sand



Fig. 8. A) Size distribution in abundance of cellulose fibers in the Po della Pila sediments B) size distributions of normalized abundance in logarithmic scale.

Fig. 9.Box Plot related to thefibers< 0.5mmdistribution in the sampling point classes. A significant difference is highlighted among younger lobe and prodelta+migrating
bedforms (p < 0.005).
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Fig. 10. Box Plot related to the slope of the logscaled distribution according to Cózar et al. (2014). No significant differences were highlighted between the different sampling
locations (p > 0.05).
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and higher levels of fiber (Fig. 11) Finally, sample 7 resulted an outlier due
to the high fiber content and the relatively high depth (thus the exception-
ality is related to higher fiber abundance in the distal reaches). Interest-
ingly, fibers resulted significantly correlated to the humidity content of
the samples, while no other significant correlations was highlighted in the
descriptors dataset.

4. Discussion

4.1. Microplastic sequestration in the prodelta benthic sediment

Most river deltas worldwide display prominent subaqueous prodeltas,
representing the main locus of sediment deposition and a potential archive
recording anthropogenic signals through time (Syvitski et al., 2022;
Pellegrini et al., 2020; Trincardi et al., 2023). Flood events are the key
Fig. 11. Loadings and scores plot from the principal component analysis (PCA). PC1 and
influenced by the traveling distance variable.
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processes under which large amounts of sediment and pollutants are deliv-
ered from the continent to the prodelta systems (Rech et al., 2014; Lebreton
et al., 2017; Schmidt et al., 2017). Accordingly, in recent times there has
been a significant increase in the scientific literature concerning the role
of rivers in polluting the oceans with plastic litter (Van der Wal et al.,
2015; Weiss et al., 2021). The source-to-sink approach applied in sedimen-
tological research can help to elucidate land-to-sea transport and burial dy-
namics, aimed at identifying the sources and pathways by which MPs are
mobilized and moved throughout natural habitats they may severely im-
pact, including those in which they are ultimately sequestered (Kane and
Fildani, 2021). Table 4 reports the current available scientific literature re-
garding the Northern Adriatic Sea. Recent estimates from the surface wa-
ters, sampled in 2019, reveal an annual load of floatable plastic particles
of 145 tons (Munari et al., 2021), highlighting the need to understand
how much of those particles are retained in the Po Delta system. In
PC2 explained 57.45 % of the total variability. Class separation along PC1 is mainly



Table 3
Cellulosefiber total concentrations and for each size class (<0.5mm, 0.51–1mm, 1.1–2mm, 2.1–4mm,≥4.1mm) in the different sampling locations expressed in fibers/kg.

Sample I.D: Fibers/kg < 0.5 mm Fibers/kg 0.51–1 mm Fibers/kg 1.1–2 mm Fibers/kg 2.1–4 mm Fibers/kg ≥ 4.1 mm Fibers/kg tot

Picnic 5 300 400 400 300 0.0 1300
Picnic 6 300 700 300 300 100 1700
Picnic 7 300 900 2200 400 100 3800
Picnic 8 1000 900 900 500 100 3400
Picnic 9 0.0 700 800 500 0.0 2000
Picnic 10 0.0 600 900 1100 200 2800
Picnic 11 400 700 600 200 0.0 1800
Picnic 12 100 300 400 500 0.0 1300
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subaerial deposits of the Po Delta the maximum concentration found was
23.30 MPs/kg and 78.8 MPs/kg by Piehl et al. (2019) and Atwood et al.
(2019), respectively, which point out the need to determine the abundance
of MPs in the subaqueous counterpart of the delta. Our results on the Po
prodelta sediment reveal a concentration of two orders ofmagnitude higher
than those documented for the subaerial deposit with an average concen-
tration of 139.7 ± 80 MPs/kg d.w., and a pick in MP abundance of up to
625 MPs/kg d.w. (Table 2). The higher concentration can be due to our
lower range classes of 25–800 μm compared to the 1–5mmused in the ear-
lier documentation, since larger plastic items are expected to display a
power-law size distribution with a scaling exponent from 1 to 3 (depending
on the dimension of the plastic item) in the increase of the number of small
size particles, being fragmented into smaller pieces due to photooxidative
degradation and mechanical stresses (Cózar et al., 2014). However, it is
worth mentioning that MP concentration documented in the benthic sedi-
ments are usually from one to two orders of magnitude higher than those
found in sandy beaches (e.g. Horton et al., 2017; Hurley et al., 2018;
Simon-Sánchez et al., 2019; Xiong et al., 2019). Finally, if we compare
our result with one of the most polluted environments of the Northern
Adriatic Sea, the MP abundances found in the Po prodelta are one order
of magnitude smaller than the average concentration of 1445 MPs/kg
found for the non-fiber 30–500 μm classes in the sediment of the Venice La-
goon detected (Vianello et al., 2013). This finding can be explained by the
elevated and direct input of litter (Madricardo et al., 2017, 2019) with
small water exchange rates, transport time, and mixing (Umgiesser et al.,
Table 4
Comparison of literature data regarding the concentration of MPs in the Norther Adriat

Compartment Period of the
sampling

Site Max
concentration

Min
concentration

Superficial
sediments
(0–5 cm)

– Lagoon of Venice,
Italy

2175 MPs/kg d.w 672 MPs/kg d.w

June 2016 North Adriatic
Sea

23.30 (±45.43)
MPs/kg d.w

2.92 (±4.86)
MPs/kg d.w

June 2016 Po River/outer 78.8 MPs/kg d.w 0.5 MPs/kg d.w
Delta/North
Adriatic Sea

Seabed Fall 2014 Northern and
Central Adriatic
Sea

>875 items/km2 0 items/km2

Water column June 2016 Po River/outer 84 MPs/m3 1 MP/m3

Delta/North
Adriatic Sea

2019 (from
January to
December)

3.47 MPs/kg d.w 0.29 (±0.01)
MPs/kg d.w
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2014) in a less energetic environment compared to the Po Delta (Maicu
et al., 2018), such as the Venice Lagoon.

The majority of studies dealing with MP pollution have in fact targeted
lakes (e.g. Sruthy and Ramasamy, 2017; Waldschläger et al., 2022) and
wetlands (e.g. river thalwegs, estuaries, lagoons, mangroves sediment:
Costa et al., 2011; Willis et al., 2017; Waldschläger et al., 2022) and very
few in the most rapidly accumulating environments such as subaqueous
prograding delta fronts. Therefore, we compare our results in the wider
spectrum of river benthic sediments (see Tables S2 and S3) selecting
those reported in the literature as MPs/kg dry weight. MP average concen-
tration found in the Po prodelta sediments (139.7 ± 80 MPs/kg d.w.) are
one order of magnitude lower than those reported for the Ebro River
(2052 ± 746 MPs/kg, Simon-Sánchez et al., 2019) though the Authors
worked on a wider range of classes including the >3000 μm. The same ap-
plies to values reported for the Red River Estuary (2188 ± 1499 MPs/kg,
Da Le et al., 2023), one of most polluted Asiatic rivers, for similar classes
1.3–500 μm (Martin et al., 2022; Phuong et al., 2022). On the other hand,
the MP concentrations in the Po prodelta are of the same order of magni-
tude as BohayBay (234±89MPs/kg,Wu et al., 2019) and theMiri Estuary
(250 ± 30 MPs/kg, Liong et al., 2021) even if in both works Authors con-
sidered a wider spectrum of classes (0.003–5000 μm). Finally, theMPs con-
centration of the Po prodelta is one order of magnitude higher than those
found in the Yangtze Estuary (35 MPs/kg, 75–5000 μm, Li et al., 2020),
the Karnaphuli River (39.2 ± 14 MPs/kg, 125–5000 μm, Rakib et al.,
2022), the Chao Phraya River (39 ± 14 MPs/kg, 0.05–5000 μm, Ta and
ic Sea.

Average concentration Comments Reference

1445.2 (±458.4) MPs/kg d.w Prevalence of non-fibers (90 %);
size 30–500 μm (93 %)

Vianello et al., 2013

Most abundant polymers PE
(48.4 %) and PP (34.1 %); colors
blue and red

– Prevalence of non-fibers (95 %); size
1–5 mm; polymers PE (34.3 %), PS
(52.16 %) and PP (9.5 %)

Piehl et al., 2019

19.58 MPs/kg d.w Size 1–5 mm; polymers PE (40.6 %),
PS (41.74 %) and PP (13.06 %)

Atwood et al., 2019

913 ± 80 items/km2 and 82
± 34 kg/km2 with plastic
dominant among marine
litters (80 % in terms of
numbers and 62 % in terms
of weight)

Depth-stratified (0–30 m,
31–50 m: 51–100 m)
Plastic mainly represented by bags
(25 %, 24 % and 44 %), sheets from
packaging (23 %, 36 % and 19 %)
and mussel nets (24 %, 9 % and 4 %)

Pasquini et al., 2016

– Size 1–5 mm Atwood et al., 2019

– Prevalence of non-fibers (69.7 %);
size < 5 mm (%); polymers PE
(40.5 %), PS (25.7 %) and PP
(27.5 %); colors white (31,8 %),
transparent (43,6 %) and colored
(25,4 %)

Munari et al., 2021
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Babel, 2020), the Cowichan-Koksilah Estuary (14.7 MPs/kg, 0.3–5000 μm,
Alava et al., 2021), and even three orders of magnitude higher than those
reported for the first 30 cm of sediment of the Great Bay Estuary (0.116
MPs/kg, class 5–1785 μm, Cheng et al., 2021). Albeit, the comparison of
the different studies is difficult due to the different sampling, extraction/pu-
rification, identification methods, and concentration units chosen by the
different researchers to characterize the occurrence of MPs in the natural
environment. This first assessment of the MP occurrence in the Po river
prodelta suggests that such depositional systems should be considered a
pool for MP sequestration.

4.2. MPs distribution inside a subaqueous prodelta

River mouths are the dynamic dispersal sites of riverine sediments
(Coleman and Wright, 1975). Sediment flows across river mouths spatially
segregate their sediment load according to density, shape, and size of the
grains (Choux and Druitt, 2002; Hodson and Alexander, 2010; Luthi,
1981; Mériaux and Kurz-Besson, 2017; Pyles et al., 2013); sediment laden
flows carry, entrain or deposit grains depending on their type and grain-
support mechanisms, which vary spatially and temporally (Baas et al.,
2011; Fildani et al., 2018; Kane et al., 2017; Stevenson et al., 2014;
Talling et al., 2012). Despite the recognition of deltas as extremely dynamic
environments, we have a limited ability to predict MPs concentrations in
distinctive sectors of a delta and particularly so for their sub-
environments in subaqueous prodeltas. The time-lapse bathymetry ac-
quired off the Po River mouth (Fig. 1) reveals a complex geomorphology
of the prodeltawith the presence of erosional features andmobile bedforms
that recorded disproportional concentration inMPs. The active lobe and its
distal reaches exhibit the minimum and maximum concentration of MPs,
respectively (Fig. 12). The absence of MPs in the coarse-grained lobe can
be explained by the dilution of MPs within rapidly deposited clastic
sediment (depocenter of ca. 1.3Mm3 of clastic sediment) or by their bypass
further offshore. ThemaximumMPs concentration of 625 MPs/kg d.w. has
been found in the distal reaches of the active lobe (sample Picnic 7) where
fine-grained sediment is deposited bywaning flows in a river-freshenedwa-
ters that promotes flocculation as river flow energy dissipates (Boldrin
et al., 1988; Fox et al., 2004), andwherewave-supported gravityflow trans-
port is negligible (Friedrichs and Scully, 2007; Traykovski et al., 2007).
Where sediment flows decrease in energy both spatially and temporally,
lower density or finer grains can be transported further offshore
(e.g., Zavala et al., 2012; McArthur et al., 2017; Paull et al., 2018), as doc-
umented for low-density particulate organic carbon offshore the Po River
mouth (Tesi et al., 2013). This suggests that MPs bypassed the proximal
Fig. 12. Sketch of the subaqueous Po River delta summarizing the lateral heterogeneity
the marine regime. Once delivered at Sea, MPs and fibers tend to bypass the proximal s
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area (i.e. the active lobe) and have been transported in suspension into
the distal reaches of the lobe (Fig. 12). This process of water elutriation
(Walling and Woodward, 1993) would hinder the upward migration of
larger grains within the sediment flow due to mechanical sorting mecha-
nisms (e.g. grain-to-grain interactions) that usually result in a more homo-
geneous distribution of the microplastic within a lithosome (e.g. Möbius
et al., 2001). In prodeltaic settings, the sinking of microplastics would be fa-
cilitated by the mixing of fresh and salty water (Simon-Sánchez et al.,
2019). In the case of the Po River prodelta, these sites correspond also to
the sector where sediments show the highest water content (Fig. 10 and
Table 1), suggesting that sediment porosity increases intergranular accom-
modation and thus the possibility in trapping MPs among sedimentary
particles.

Distal lobes are environments with high biodiversity of burrowing or-
ganisms (Crimes, 1977; Heard and Pickering, 2007; Tunis and Uchman,
1996; Uchman, 2004; Wheatcroft et al., 2006), such as the edible gray
shrimp of the Po Delta. Consequently, microplastic fragments in these
environments have a higher potential to readily enter into the marine
food chain and eventually the fish market, with direct impact on human
health (Ivar do Sul and Costa, 2007; Graham and Thompson, 2009;
Lusher, 2015; Rochman et al., 2015; Li et al., 2016; Taylor et al., 2016;
United Nations Environment Programme [UNEP], 2016; Courtene-Jones
et al., 2017; Fernandez-Arcaya et al., 2017; Kedzierski et al., 2019; Näkki
et al., 2017; Nelms et al., 2019; Astner et al., 2020). Macroinvertebrates
such as Bivalvia and Gastropoda, which as non-selective feeders are more
likely to ingest microplastic particles compared to predators and selective
feeders (Scherer et al., 2020), also inhabit prodelta environments and are
primary target species for bottom trawl fishing, which is relevant for the
local economy.

Samples Picnic 5 and 6 come from other sites with relevant concentra-
tion of MPs (Table 2 and Fig. 10). These samples were retrieved in trans-
verse bars that migrate dominantly southwards in response to the West
Adriatic Coastal Current (Sherwood et al., 2004; Bosman et al., 2020;
Trincardi et al., 2020) suggesting a lateral deviation of MPs compared to
the river mouth once delivered at Sea (Fig. 12). In fact, under ordinary con-
ditions, the freshwater plume flows for tens/hundreds of kilometers from
the mouth area along the western Adriatic coast (Gacic et al., 1999; Wang
and Pinardi, 2002; Eusebi Borzelli and Carniel, 2023). Particles suspended
in the freshwater plume are thus dispersed along its path. The maximum
concentration of MPs and cellulosic fibers in the down-current side of the
deltawould therefore strengthen the hypothesis that these could be directly
correlated to the dispersion of the plumemainly oriented toward the south-
ern sectors (Gacic et al., 1999). Interestingly, these active bedforms are
of MPs and fibers concentrations as a result of the interplay between river flood and
ector (active lobe) and to be transported deflected in a down-drift direction.
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located on the down-current side of the delta mouth (Fig. 1), where small
gyres characterized by a low current velocity (ca. 5 cm/s; Maicu et al.,
2018) concur in a focused deposition of MPs. This observation agrees
with earlier documentation in the deep-sea environment (Kane et al.,
2020) that showed localized deposition ofMPs in sectors of gyres character-
ized by low-velocity current (shear stress<~0.04Nm−2).However, these
bedforms are also sites of bottom trawl fisheries (Fig. 13) with lost or dam-
aged fishing gears and nets that can act as local microplastic sources as sug-
gested elsewhere (GESAMP, 2016; Martin et al., 2017; Buhl-Mortensen and
Buhl-Mortensen, 2018; Coughlan et al., 2021).

Finally, MPs are usually found also in the coarse-grained basal portion
of river flood deposits. The capacity of the denser basal layers of river
flows to carry material with different size, shape and density is well-
known (e.g., Paull et al., 2018), allowing low-density plastic waste to be
transported as traction load (Kane and Clare, 2019; Zhong and Peng,
2021). This suggests that MPs can be stored in the basal layer of the Po
River active lobe that we could not reach with the grab sampling. If this is
the case, we are underestimating the total number of MPs sequestered in
this coastal system.

In summary, our findings suggest that the Po prodelta is a heteroge-
neous depositional system characterized by a complex morphology related
to a strong interplay between the river and the marine regime that in turn
promoted lateral heterogeneity in sediment distribution and a patchy accu-
mulation of MPs (Fig. 12). This suggests caution in the environmental man-
agement of these delicate ecosystems as hot spot of seabed microplastic
accumulation can be created inside prodelta area which are crucial as bio-
diversity hotspots are also likely to be microplastic hotspots, as already en-
visaged for other marine areas (Kane et al., 2020).

4.3. High prevalence of cellulosic fibers

Regarding fiber abundance in the Po River prodelta, our results showed
a predominance of cellulose fibers, exceeding the number of MPs in all the
samples (Table 4). This agrees with other studies showing a prevalence of
fibers as microdebris in the environment e.g. in the subsurface oceanic
water (Suaria et al., 2020), in the seafloor sediments (Sanchez-Vidal
et al., 2018; Filgueiras et al., 2021; Cannas et al., 2017; Graca et al.,
2017), in the sea ice (Chubarenko et al., 2020) and even in the Adriatic
food webs (Avio et al., 2020). A recent study by Suaria et al. (2020) high-
lighted that most of the fibers detected in seawater samples are composed
of dyed cellulose suggesting natural fibers prevailing on synthetic fibers
(62%; Suaria et al., 2020). In a recent work Stanton et al. (2019) document
a dominance of natural fibers in upstream reaches of the River Trent, UK
(97.7 %), as well as into the shallow atmosphere of its catchment
(87.3 %; Stanton et al., 2019). As expected for MPs (Wright and Kelly,
Fig. 13. Backscatter data from hull-mounted multibeam bathymetric data showing the
migrating bedforms.
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2017; Ferrero et al., 2022), fibers could be injected into the air. Moreover,
textile microfibers of natural (74% cotton, 7%wool) and non-synthetic or-
igins (8%) resultedmore abundant (~89%) even inAdriaticfish and inver-
tebrates, occurring with higher frequencies with respect to microplastics
(Avio et al., 2020). Similarly, Remy et al. (2015) highlighted that the fibers
found in the stomach of macroinvertebrates were mainly cellulose.

Only recently, scientists started to pay attention to the presence of cellu-
losic fibers in the environment as possible contaminants (Lott et al., 2022).
Previously, cellulosic fibers were not included in the “microplastic”
category. However, some cellulosefibers display hints on an anthropogenic
origin i.e. size (10–30 um diameter), dyed color and curly shape, that are
related to a possible synthetic process (Suaria et al., 2020). Furthermore,
μFTIR microspectroscopy is the most currently employed analytical tech-
nique for the detection and chemical characterization of microfibers in en-
vironmental matrices and this technique is not capable of discriminating
between cellulose fibers (e.g. cotton, linen) and rayon/viscose ones
(Weideman et al., 2020).

In this scenario,Weideman et al. (2020) carried out awide investigation
in the Orange-Vaal River system, South Africa, where microfibers ac-
counted for 99 % of the detected items (Weideman et al., 2020).
Microfibers and microplastics were particularly abundant in the lower
river reaches, while larger plastic items were less abundant (Weideman
et al., 2020). Looking at the potential sources of fibers in the environment,
the contribution of textiles washing is widely considered as the major:
Napper and Thompson (2016), demonstrated that an average 6 kg wash
load of acrylic fabric could release 700,000 fibers, making the laundering
in washing machines an important pathway to aquatic habitats (Napper
and Thompson, 2016). Considering the population of North Italy is around
12 million inhabitants (ISTAT, dati index, 2020) high amounts of fibers are
expected to reach the Po river through the sewage system. Our results
clearly indicated the dominance of cellulosic fibers (94 %) over synthetic
polymers in benthic sediment of river prodelta, being one order of magni-
tude higher than the concentration retrieved for plastic particles (average
of 2262.5 ± 338 fibers/kg d.w.). Moreover, with respect to microplastics,
cellulosic fibers have been found in all the benthic sediment samples of
river prodelta, sustaining the hypothesis that fibers are less stratified and
more homogeneously distributed compared to plastic particles. Similar hy-
pothesis was experimentally documented by flume tank experiments (Kane
and Clare, 2019; Pohl et al., 2022). We found the highest concentrations of
fibers, as for the MPs (see Section 4.2), in sample Picnic 7 (3800 fiber/kg d.
w.) where it is expected that fibers are dragged downward by flocculating
muddy grains as river flow energy dissipated. Recent sedimentological
studies have shown that flocculating mud grains can achieve medium
sand size having similar transport fate (e.g. Macquaker et al., 2010;
Schieber, 2011). Another site with important concentration is Picnic 8
presence of trawl marks in the prodelta sector interested by the presence of sandy
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(3400 fiber/kg d.w.). Here, fibers have been trapped with settling sand
grains during the formation of the delta bar and do not suffer from the ero-
sion by wave action in this shallower sector (Bosman et al., 2019; Trincardi
et al., 2020). Noteworthy, the fiber size distribution observed in four sam-
ples (Picninc 5,6,8, and 11) displayed a power-law size distribution with
a scaling exponent of 1 that is consistent with a fragmentation along one di-
mension (Cózar et al., 2014). This strict relation of thefiber abundancewith
the size class indicates the absence of any size dependent selection mecha-
nism operating during the fiber's deposition process in the Po delta transi-
tional environment. This can be the result of a rapid deposition and burial
faced by sediment in the proximal prodelta compared to sediment undergo-
ing longer transport time (and traveling distance) for example in the outer
shelf (e.g., Saliu et al., 2022), canyons and deep-sea contourites (e.g. Kane
et al., 2020), for which the occurrence of particle selection during the off-
shore transport can be expected. A significant difference in size was high-
lighted only for cellulose fibers <0.5 mm between active lobe and
prodeltamigrating bedforms (p < 0.005, Fig. 9), suggesting that particle se-
lection likely operate along the river mouth-sea transect that follows the
southward along-shore sediment redistribution. This evidence implies
that the transport of fibers occurs parallel to the coast as the oceanographic
regime dominates on river processes, determining fiber pools skewed in re-
spect to the river entry point.

Finally, considering the reported average density for cellulose textile
(1.54–1.63 g cm−3), which are higher than the most common polymers
found in the marine environment (polyolefin, 0.90 g cm−3), cellulose fi-
bers, even if not surely related to anthropogenic pollution, may be used as
a proxy of the deposition processes and discussed together with MPs.

5. Conclusion

Time-lapse bathymetry and benthic sediment sampling allowed us to
draw a relationship between the complex geomorphology of the Po
prodelta and the patchy sequestration of MP and pollutants-related parti-
cles. Our results show that the distribution of microplastics in these envi-
ronments is two orders of magnitude higher than most benthic river
sediments currently reported in the literature, thus prodelta lithosome
represent a pool of MPs accumulation. Furthermore, high spatial heteroge-
neity of microplastic accumulation in these environments is mainly related
to the type of river flood transport and to the dominant oceanographic
regime at the river mouth. Once delivered at sea, MPs and fibers tend
to be transported laterally with respect to the river mouth and to con-
centrate in the finer-grained distal deposits of the active lobe and partic-
ularly in the down current side of the river mouth, in sectors where the
shear stress is low. In the case of the Po prodelta, these sectors have sig-
nificant economic value because they correspond to high biodiversity of
the scavenging macrofauna and are therefore preferential sites for bot-
tom trawling, posing a problem on contamination of the food chain
and potential threat to human health. Overall, natural fibers are pre-
dominant in all geomorphological sectors and overwhelmed synthetic
polymers by two orders of magnitude. This study highlighted the impor-
tance of morphodynamic information in guiding the monitoring and sam-
pling of microplastic along subaqueous coastal sectors that can represent
significant albeit underestimated hotspots in terms of MPs and associated
pollutants sequestration.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.164908.
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