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Abstract

This study provides a seasonal and cross-shore characterization of sediments along the
Ferrara coastal area (Italy). Four sites (Goro, Volano, Estensi, and Spina) were investigated
through an integrated approach including textural and geochemical analyses. Surface
sediments were sampled seasonally from summer 2023 to summer 2024 and analyzed to
determine granulometry, major oxides composition, carbonate content, and potentially
toxic element (PTE) contents. Results revealed that both grain-size and geochemistry vary
seasonally and along the cross-shore profile, reflecting the combined effects of hydrody-
namic forcing, sediment transport, and fluvial inputs. Elevated contents of Ce, Cr, La, V,
and Zr were detected at various sites, seasons, and geomorphological zones. In some cases,
the environmental quality indices applied allowed the sediments to be classified as polluted.
Furthermore, some exceedances of the legal limits for Cr and V contents were observed at
Goro and Volano. These pollution levels are attributable to the presence of PTE-bearing
minerals originating from the source basins (geogenic sources). Overall, the results high-
light the interplay between hydrodynamics and sediment provenance, emphasizing the
dominance of geogenic contributions along the northern Adriatic coast, providing updated
geochemical data for future monitoring and environmental management of coastal systems.

Keywords: environmental monitoring; coastal zone; grain-size analysis; geochemistry;
potentially toxic elements; WD-XRF; ICP-MS; environmental quality indices; Po Delta

1. Introduction
Coastal zones are transitional environments at the land/sea interface and repre-

sent natural ecosystems of high ecological, social, and economic value [1–5]. Preserv-
ing their health is essential for shoreline stabilization, protection, and regulation of
erosional processes [6–9].

Recent studies documented an intensification of natural drivers and climate change
impacts along coastlines, including erosion, subsidence, flooding, storm surges, sea-level
rise, and an increase in extreme events [10–18]. At the same time, coasts are increasingly
subject to anthropogenic pressures, resulting in higher environmental loads of nutrients,
contaminants, pollutants, and potentially toxic elements (PTEs) [18–25]. This study focuses
specifically on these latter aspects.

Understanding the origin of sedimentary deposits is fundamental for clarifying pro-
cesses and pathways of formation, transport, and deposition [26]. The chemical and
mineralogical composition of sediments is influenced by multiple factors including bedrock
composition, climatic conditions, catchment length, transport energy, redox conditions,
and grain size [27,28]. Coastal zones are highly dynamic environments that may act as
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permanent or temporary sinks for pollutants and contaminants, which are often delivered
from inland areas via river networks [29–35].

The presence of PTEs with ecological toxicity remains a growing concern. PTEs
in coastal sediments are particularly alarming because they can be adsorbed, des-
orbed, mobilized, and transported across terrestrial, fluvial, coastal, and marine envi-
ronments, with the potential for bioaccumulation and biomagnification within living
organisms [20,29,36–40]. In line with the European Green Deal strategy, ambitious en-
vironmental protection targets have been set for 2050, including zero pollution and the
conservation and restoration of coastal ecosystems [41]. Monitoring environmental levels
of contaminants and PTEs is therefore of critical importance.

Despite the numerous investigations carried out in the Po Delta area, the seasonal-scale
variability of sedimentological and geochemical features along cross-shore profiles remains
poorly constrained. This study provides a comprehensive, process-oriented assessment of
coastal sediments collected at four sites along the Ferrara coast (Goro, Volano, Estensi, and
Spina) on the Italian coast of the northern Adriatic Sea.

Within this framework, the main objectives of this work are to (i) provide an updated
characterization of surface sediments; (ii) evaluate seasonal and cross-shore patterns in
textural and geochemical signatures; (iii) interpret the environmental processes controlling
these patterns, including sediment supply from the Po and Reno rivers, hydrodynamic
forcing, and nearshore redistribution; (iv) assess the occurrence and magnitude of PTE
enrichments; and (v) identify local criticalities and potential vulnerabilities associated with
recent sediment deposition. Through this integrated approach, the study aims to provide
insights relevant for coastal monitoring, environmental assessment, and management
strategies in this highly dynamic sector of the Adriatic coast.

2. Study Area
The investigated area is located in the province of Ferrara, along the Italian coast

of the northern Adriatic Sea, between the mouths of the Po and Reno rivers. It has
been described in detail in a recent study [42]. It lies in the southeastern sector of the
Po Delta and represents the terminal portion of the Po Plain. This is an extensively
urbanized and industrialized alluvial plain drained by the Po River catchment. The
Po Plain is predominantly devoted to agriculture and intensive livestock farming; it is
also intersected by rivers, canals, and lagoons, some of which support shellfish farming
activities [18,22,43–46]. The Po Delta is recognized as a UNESCO World Heritage Site and
as a Man and the Biosphere Reserve. It is also protected under the Ramsar Convention,
designated as part of the Emilia-Romagna Regional Park of the Po Delta. Furthermore, it
is classified as containing Sites of Community Importance (SCIs) and Special Protection
Areas (SPA) within the Natura 2000 network, established under the EU Birds and Habitats
Directives [18,42]. Despite these protections, the area is subject to significant anthropogenic
pressures from recreational and professional activities, including tourism, hunting, and
fishing. A survey conducted in 1989–1990 reported low to moderate contamination of
the Po Delta waters by PTEs and micro-pollutants, along with high nutrient loads that
accumulated in deltaic and coastal sediments [47].

The regional geological framework and paleogeographic evolution have been exten-
sively documented [46–56]. The modern geomorphological evolution of the study area
has also been the subject of numerous investigations [16,24,47,55,57–62]. In addition, the
geochemistry of soils and subsurface sediments has been analyzed to establish local back-
ground values [22,27,45,46,53,63–70]. Indeed, interpreting geochemical results requires
correlation with the chemical properties of the parent lithologies that characterize the
natural reference system [43,71].
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Within the study area, four sampling sites were selected: Goro, Volano, Es-
tensi, and Spina (Figure 1). These sites have been further described by Buoninsegni
and colleagues [42].

 
Figure 1. Overview of the study area (central map) and detailed views of the four sampling sites in
the insets: (a) Goro; (b) Volano; (c) Estensi; (d) Spina.

3. Materials and Methods
At each of the four study sites (Goro, Volano, Estensi, and Spina), sampling was

carried out according to local geomorphological features, which depend on the width and
slope gradients of the cross-shore profile [72]. The identified geomorphological zones were
classified according to Buoninsegni et al. [42] (Figure 1): swash zone (SZ), lower backshore
(LB), upper backshore (UB), dune foot (DF) and dune crest (DC). At Goro, only the SZ was
present due to the site’s geomorphological configuration, while all geomorphological zones
were present at Volano, Estensi, and Spina. Sampling coordinates were acquired using a
GS16 dGPS (Leica Geosystems SpA, Muzza di Cornegliano Laudense, Lodi, Italia) and
georeferenced to the WGS 84 UTM 32N system (Table A1). These stations were sampled
seasonally from summer 2023 to summer 2024. At Goro, Volano, and Estensi, sampling
was performed in summer and autumn 2023, and in winter and spring 2024. At Spina, the
initially selected beach was inaccessible in autumn 2023. Therefore, sampling was carried
out between autumn 2023 and summer 2024.

In each seasonal survey, 500 mL of surface sediment per geomorphological zones
was collected and stored in labeled glass jars. In the laboratory, samples were quartered
using the method of coning and quartering to ensure representativeness [73,74]. Between
samples, all tools and containers were thoroughly cleaned with compressed air, denatured
alcohol, and distilled water to prevent cross-contamination. Quartered samples were split
into subsamples for textural and geochemical analyses.

3.1. Textural Analyses

To remove organic matter, each subsample was oxidized with 16% v/v H2O2 solu-
tion (Carlo Erba Reagents S.r.l., Cornaredo, Milano, Italy). After effervescence ceased,
samples were wet-sieved through a 63 µm mesh to separate the sandy fraction from the
pelitic fraction.

The sandy fraction was dried in an oven (VWR Dry-Line 115, International Srl, Milano,
Italy) at 105 ◦C overnight and subsequently quartered using precision sample splitters
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(IG/12-Autom., Giuliani, Torino, Italy) to obtain 3.0 ± 0.2 g for analysis with the sedimen-
tation balance (Thalassia Sas di Mauro Pagan and C., Trieste, Italy). Data processing was
performed using Sedim-Cole© software (v1.06, Department of Physics and Earth Sciences,
University of Ferrara, Ferrara, Italy; Institute of Marine Geology—CNR, Bologna, Italy).

Textural results, expressed in logarithmic phi units (Φ) [75], were used to classify
sediments according to the following statistical parameters [76–78]: (i) mean grain size;
(ii) sorting; (iii) skewness; (iv) kurtosis.

3.2. Geochemical Analyses

Each subsample for geochemical analysis was subjected to multiple rinsing cycles
with deionized water (18.2 MΩ·cm), obtained through an Arium® Mini UV-purification
system (Sartorius Lab Instruments GmbH and Co. KG, Göttingen, Germany) until con-
ductivity reached values ≤ 400 µS/cm. The supernatant was subsequently aspirated, and
the sediment subsamples were dried in an oven at 50 ◦C until complete removal of the
interstitial water. The sediments were then homogenized by grinding in an agate mortar
(Laarmann® LMMG-100, Laarmann Group BV, Roermond, The Netherlands) until a fine,
powdery consistency was achieved. The powdered subsamples were further quartered
into separate aliquots for the subsequent analytical procedures.

As part of quality assurance and quality control (QA/QC) methods and to prevent
cross-contamination during these operations, at the end of the grinding process of each
sample, all parts of the equipment were cleaned as follows: the pestle and the grinding
jar were removed. Any dust residues inside the grinding chamber were first eliminated
using compressed air, then the entire assembly was cleaned with denatured ethyl alcohol,
followed by a final step with compressed air. The pestle and the mortar were first washed
with tap water, then dried with absorbent paper, and any remaining moisture was removed
using compressed air. The surfaces were finally wiped with denatured ethyl alcohol. Before
starting a new grinding cycle, the equipment was conditioned with an aliquot of the sample
to be processed.

3.2.1. Determination of the Volatile Fraction by Loss on Ignition (LOI)

For each subsample, an aliquot of 0.60 ± 0.05 g was weighed using a precision balance
(Denver Instrument® GmbH, Göttingen, Germany) into a ceramic crucible. The crucibles
were then heated in a muffle furnace (FM 13, FALC Instruments srl, Treviglio, Bergamo,
Italy) at 1000 ◦C, with a heating rate of 3 ◦C/min and a holding time of 8 h. Samples
were then weighed and LOI was calculated to determine the samples volatile fraction,
including structural water, organic matter and carbon dioxide [79]. The results obtained
from this procedure were integrated with the major oxides composition, as described below.
QA/QC methods: The ceramic crucibles were pre-fired in a muffle furnace at 550 ◦C for
60 min to remove any residual contaminants, and then they were labeled and weighed.
For each new sample, the spatula used to collect the material was thoroughly cleaned
with denatured ethyl alcohol to prevent possible cross-contamination. To avoid possible
absorption of atmospheric moisture, the crucibles containing the sample aliquots were first
allowed to cool slowly inside the furnace down to approximately 180 ◦C and then placed
in a desiccator containing silica gel until room temperature was reached.

3.2.2. Determination of Carbonate Content by Calcimetry

The carbonate content was determined by calcimetry using a volumetric gas electronic
calcimeter (RCS, Toulouse, France). In a closed system, an aliquot of 0.50 ± 0.05 g of
each powdered subsample was reacted with 5 mL of 10% v/v HCl (Carlo Erba Reagents
srl, Val-de-Reuil, France). The CO2 produced during the reaction was recorded at three-
time intervals: t1 = 90 s, t2 = 180 s, and t3 = 900 s. The calcimeter was calibrated using
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0.50 ± 0.05 g of pure CaCO3 powder (99.95%, Alfa Aesar, ThermoFisher GmbH, Kandel,
Germany) and 5 mL of 10% v/v HCl. QA/QC methods: To ensure proper instrument
performance and to prevent potential variations in atmospheric pressure from affecting
the analytical results, calibration was repeated after every ten analyses. To avoid possible
cross-contamination, the calcimetric apparatus was thoroughly cleaned at the end of each
sample analysis by rinsing with distilled water, drying with absorbent paper, washing with
denatured ethyl alcohol, and finally removing any residual moisture with compressed air.

3.2.3. Wavelength Dispersive X-Ray Fluorescence Spectrometry (WD-XRF) Analysis

An aliquot (4.0 ± 0.5 g) of each powdered subsample was used to prepare boric acid-
bound pellets (P.C.M., Ferrara, Italy) using a benchtop hydraulic press (PP25, Retsch GmbH,
Haan, Germany). QA/QC methods: during the preparation of the boric acid–bound pellets,
all tools used in the process were thoroughly cleaned with denatured ethyl alcohol and
compressed air at the end of each sample preparation. In addition, each boric acid–bound
pellet was placed in a sealed plastic bag to prevent contamination from dust possibly
generated during the preparation of other samples.

The pellets were analyzed by wavelength dispersive X-ray fluorescence spectrometry
(ARL Advant’XP+, Thermo Fisher Scientific Inc., Waltham, MA, USA). This analytical
approach allowed the determination of the major oxides, expressed as weight percent
(wt%): SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, and P2O5. Trace elements
were quantified as parts per million (ppm), including Ba, Ce, Co, Cr, Cu, La, Nb, Ni,
Pb, Rb, Sr, Y, Zn, and Zr. The accuracy and precision of the analyses were assessed by
performing triplicate measurements on the following certified reference materials: river
sediment samples JSd-2 and JSd-3 (Geological Survey of Japan, Higashi, Tsukuba, Ibaraki,
Japan), and the sandstone GSR-4 (National Research Center of Geoanalysis, Beijing, China).
The results are reported in the Supplementary Materials (Tables S1–S4). Detection limits
were previously evaluated on the same used instrument by Barbero et al. [80] and Saccani
et al. [81]. Peak intensity processing and matrix effect corrections were performed following
the method of Lachance and Traill [82].

The trace element contents obtained via WD-XRF were used for the calculation of the
following environmental quality indices, as described by Aquilano et al. [19]:

1. The Geoaccumulation Index (Igeo) provides a quantitative measure of metal enrich-
ment in sediments by comparing present-day contents with pre-industrial baseline
values. It is determined using the following formula [83,84]:

Igeo = log2[Ci/(1.5Cri)] (1)

In this formula, Ci denotes the content of element i in the sediment, Cri represents its
corresponding background or reference value, and the constant 1.5 accounts for potential
variations in natural lithogenic contributions.

2. The Contamination Factor (CF) expresses the degree of enrichment of a given element
by dividing its measured content by the pre-industrial level characteristic of the study
area. It is determined using the following formula [85,86]:

CF = Ci/Cri (2)

In this formula, Ci refers to the content of the element under investigation, while Cri

indicates the pre-industrial reference value.

3. The Pollution Load Index (PLI) serves as an integrative indicator of overall sediment
quality. It is determined using the following formula [87,88]:
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PLI = (CF1 × CF2 × CFn)1/n (3)

In this formula, CF1, CF2, and CFn correspond to the Contamination Factors of elements 1,
2, and n, respectively.

The local background levels derived from Migani et al. [22] were used as reference
values for calculating the indices.

3.2.4. Determination of PTE Contents by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS)

An aliquot of 0.20 ± 0.05 g of each powdered subsample was subjected to acid diges-
tion using a Multiwave 5000 microwave reaction system (Anton Paar GmbH, Graz, Austria)
with a mixture of 6 mL of 40% v/v HF Suprapur® and 3 mL of 65% v/v HNO3 Suprapur®

(Supelco, Merck KGaA, Darmstadt, Germany). A procedural blank was included in each
analytical batch, prepared by replacing the subsample with deionized water and using the
same contents of reagents. After digestion, samples were transferred to PTFE beakers and
heated on a hot plate (Harry Gestigkeit GmbH, Düsseldorf, Germany) at 195 ◦C until near
dryness, then allowed to cool to room temperature. The residues were re-dissolved in 2 mL
of 65% v/v HNO3 Suprapur®, transferred to 100 mL translucent polypropylene volumetric
flasks (Kartell™, Thermo Fisher Scientific Inc., Waltham, MA, USA), and brought to vol-
ume with deionized water. The resulting dissolutions were analyzed by ICP-MS using an
iCAP-TQ spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) to determine
the contents of As, Be, Cd, Co, Cr, Cu, Ni, Pb, Tl, V, and Zn.

QA/QC methods: During the weighing procedures, for each new sample, the spatula
used to collect the powdered material was thoroughly cleaned with denatured ethyl alcohol
to avoid possible cross-contamination. A total of twelve procedural blanks were prepared
and subjected to the same analytical procedures. To prevent possible contamination from
previous acid digestions, the PTFE vessels used during microwave digestion were cleaned
by applying a washing cycle with 6 mL of 65% v/v HNO3 Suprapur® and 4 mL of deionized
water, followed by a microwave heating cycle. The vessels were then thoroughly rinsed
with deionized water. These cleaning operations were carried out at the end of each
digestion procedure, corresponding to a maximum batch of twelve samples. Before each
use, the PTFE beakers were cleaned with 2 mL of 65% v/v HNO3 Suprapur® and 30 mL
of deionized water and heated on a hot plate at 195 ◦C until boiling. The PTFE beakers
were then further rinsed with deionized water. Each polypropylene volumetric flask was
pre-cleaned using a washing solution consisting of 2 L of deionized water and 25 mL
of Extran® AP22 acidic concentrate (Supelco, Merck KGaA, Darmstadt, Germany). The
flasks were then rinsed with deionized water until the washing solution was completely
removed. All procedures described above were performed in a fume hood (Thalassi,
Castelbelforte, Mantova, Italy). Finally, for every six samples subjected to ICP-MS analysis,
three instrument rinsing cycles were performed using deionized water.

The accuracy and precision of the analyses were assessed by performing triplicate
measurements on the following certified reference materials: the granite GSR-1 (Nation-
al Research Center of Geoanalysis, Beijing, China), the sandstone GSR-4 (National Re-
search Center of Geoanalysis, Beijing, China) and the micaschist SDC-1 (U.S. Geologi-
cal Survey, Denver, CO, USA). The results are reported in the Supplementary Materials
(Tables S5–S8). The limit of quantification (LOQ) for each element was estimated by calcu-
lating the standard deviation of replicate analyses of the procedural blanks and multiplying
it by 10 (10σ) [89]. This information is reported in the Supplementary Materials (Table S8).
Contents measured in the procedural blanks were subtracted from those of the samples.
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The obtained element contents were compared with the regulatory limits established by
Italian legislation on the environment (Legislative Decree 152/06, Annex 5).

3.3. Pearson’s Correlation Coefficients

To investigate the locally observed phenomena, Pearson’s correlation coefficients were
calculated between (i) pairs of chemical species obtained from WD-XRF analyses, including
oxide/oxide, oxide/trace element, and trace element/trace element combinations and (ii)
chemical species and grain-size classes (at 0.25 Φ intervals).

These correlation coefficients were computed for the entire dataset of each study site,
except for Goro, where data were limited to a single geomorphological zone.

All statistical analyses were performed using GraphPad Prism software (version 10.6.1;
GraphPad Software, Inc., Boston, MA, USA) [90].

4. Results and Discussion
4.1. Textural Features of Sediments

At the study sites, sediment textures show some seasonal variability and consistent
cross-shore patterns. Complete grain-size distributions, Folk and Ward statistical param-
eters [76], and detailed seasonal values for each geomorphological zone at all sites are
provided in the Supplementary Materials (Figures S1–S4 and Table S9).

Grain size is a key parameter for interpreting depositional environments: fine-grained
sediments generally indicate low-energy environments, while coarser textures are asso-
ciated with higher-energy contexts [91,92]. Overall, the sediments of Goro and Spina
are mainly characterized by medium sands, while those of Volano and Estensi show a
predominance of fine sands. The mud component is consistently less than 4%. However,
sporadic increases in coarse sands are observed at SZ and LB (never exceeding 18%) and
very fine sands (never exceeding 21%) at the landward zones (UB, DF, DC). These obser-
vations can be explained by typical coastal dynamics, as sediment deposition along the
coast is influenced by various natural factors, including the presence and discharge of
rivers and the action of waves, tides, and coastal currents, as well as the composition of the
source sediments [93,94].

The investigated sites are located near the mouths of the Po and Reno rivers, which
can release larger sediments during flood events. In fact, Goro is located closer to the
mouth of the Po than Volano, and Spina is closer to the mouth of the Reno than Estensi [42].
This consideration partly explains the macroscopic textural variations observed. The
minor increases in coarser sediments at SZ and LB can be attributed to a variation in
hydrodynamics [95,96] due to wave motion or the occurrence of episodic marine weather
events (e.g., storms, storm surges) capable of mobilizing coarser material. Incoming
waves, characterized by greater energy, can transport coarser particles beyond the SZ,
while weaker backwash waves are mainly capable of transporting finer sediments [97].
Furthermore, these increases in coarser sediments are mainly observed in autumn and
winter, reflecting generally more intense dynamics during these seasons. For example,
along the beaches of New Hampshire (USA), winter storms erode surface sands, exposing
gravel and pebbles, while calmer summer conditions favor the deposition of fine to medium
sands [98]. Although the sites investigated are less exposed than the New Hampshire coast,
comparable erosion deposition mechanisms could occur, despite being less intense. The size
variations typically observed in landward zones (UB, DF, DC) show a gradual transition to
lower-energy environments, typical of environments dominated by wind processes [99,100].
In particular, increases in fine sands and very fine sands were observed at DC, and the
retention of slightly coarser sediments was observed at DF.
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In general, the sediments analyzed can be classified as well sorted and very
well sorted. Furthermore, the predominance of positive skewness and mesokur-
tic distribution confirms that the sites investigated can be considered low-energy
depositional environments [101–103].

In Goro, sediments are always well sorted across different seasons. This observation,
combined with the predominance of medium and fine sands, suggests that Goro can be
considered a relatively stable coastal system. As noted by other authors, hydrodynamic
processes effectively select and redistribute sediment grains [95]. Similarly, asymmetry
and kurtosis values do not reveal variations during the seasons: all samples display
positively asymmetric and mesokurtic distributions, indicating a low-energy depositional
environment dominated by a single transport mechanism [101–103].

In Volano, in the summer, at the SZ, the sediments are well sorted and show a nearly
symmetrical asymmetry. These characteristics are indicative of low wave intensity, slight
tidal variations, and reduced seasonal input of detrital materials [104]. The platykurtic
distribution of sediments suggests a low-energy depositional environment [105]. At LB,
sediments are well sorted and positively skewed with a mesokurtic distribution, con-
firming a low-energy depositional environment dominated by a homogeneous hydro-
dynamic regime [101–103]. At the UB and DF, the sediments are very well sorted, and
at the DC, they are well sorted. Even in the landward zones, the sediments are posi-
tively skewed with mesokurtic distribution, characteristics consistent with sedimentation
dominated by a single transport mechanism [101–103]. Even in autumn, the cross-shore
sediments sampled are mostly very well sorted and positively skewed with a mesokurtic
distribution, confirming that the context is typical of a stable, low-energy depositional
environment [101–105]. In winter, stable conditions are confirmed at SZ and LB with well-
sorted sediments, positively skewed, and with a mesokurtic distribution. The UB acts as a
transition zone with very well sorted sediments. Sediments are also very well sorted at the
DF, but skewness is nearly symmetrical and the distribution is platykurtic, characteristics
that indicate limited storm activity in low-energy environmental contexts [104,105]. In
spring, the distribution of cross-shore sediments is always mesokurtic, despite the fact
that at the SZ the sediments are moderately sorted with nearly symmetrical skewness,
reflecting reduced efficiency of swash and backwash processes in the absence of extreme
conditions [104]. At the UB and DC, however, sediments are very well sorted and posi-
tively skewed, and at the DF, sediments are well sorted with nearly symmetrical skewness,
highlighting the role of wind in the sorting and redistribution of sediments [101–103].

In Estensi, in the summer, sediments at the SZ are moderately sorted, reflecting the
limited effectiveness of waves in sorting sediments. The leptokurtic distribution suggests
a continuous supply of finer and coarser material due to screening and preservation of
the original structural characteristics. However, the nearly symmetrical skewness indi-
cates the absence of extreme hydrodynamic conditions [104]. In the remaining zones,
sediments are well sorted with mesokurtic distribution and nearly symmetrical skew-
ness, except for UB where sediments are positively skewed, suggesting a low-energy
environment in which wind is the main depositional agent [101–103]. In autumn, the
distribution among the cross-shore sediments sampled is always mesokurtic, indicat-
ing a homogeneous energy regime [102]. Sediments are well sorted in all areas except
at UB, where they are very well sorted, and skewness is mostly positively skewed ex-
cept at SZ, where it is nearly symmetrical. These features indicate an increase in hy-
drodynamic energy compared to summer [96], leading to coarser textures and better
sorting process. In winter, characteristics typical of low-energy depositional contexts are
confirmed [101,105]. In particular, sediments are predominantly well sorted (very well
sorted at LB), positively skewed (nearly symmetrical at UB and DC) with a mesokurtic
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distribution (platykurtic at LB). In spring, in all areas, the distributions are mesokurtic,
indicating a uniform energy regime [102]. The sediments are generally well sorted and very
well sorted at LB, characteristics typical of low-energy contexts [101–103]. The skewness is
positively skewed at LB, UB, and DC, and nearly symmetrical at SZ and DF, suggesting the
absence of extreme hydrodynamic events [104].

In Spina, in all seasons and geomorphological zones investigated, the distribution is
mesokurtic, and the skewness is positively skewed, except for DC in winter, where it is
nearly symmetrical. Furthermore, sediments are generally well sorted or very well sorted
(in autumn at UB and DF, and in winter at SZ, LB, and UB). Therefore, these characteris-
tics reflect a general low-energy context and indicate the absence of extreme events [104].
From the samples analyzed, the Spina site can clearly be considered a low-energy envi-
ronment. The landward zones (UB, DF, DC) are mainly dominated by a single transport
process [101–103], where wind acts as the main mechanism for selective
sediment deposition.

4.2. Geochemistry of Sediments

The complete datasets on major oxide composition, carbonate content and trace
element contents are provided in the Supplementary Materials (Tables S10 and S11). These
data obtained from WD-XRF analysis were used to implement this section.

The sediments at the four study sites are predominantly silicate in nature, with SiO2

averaging 63.53 wt% at Goro, 49.29 wt% at Volano, 54.76 wt% at Estensi, and 52.98 wt%
at Spina. The carbonate content averages 3.88 wt% in Goro and Volano, and 21.40 wt% in
Estensi and Spina. In the investigated sites the carbonate material is likely attributable to
both fluvial inputs and biogenic fragment residues.

Goro shows limited compositional variations between seasons. In particular, scarce
Fe2O3 contents are observed in summer, autumn, and winter (1.87–3.49 wt%), and a
substantial increase in spring (13.65 wt%). A similar behavior is observed for TiO2

(≤0.75 wt%) and MnO (≤0.11 wt%) but reach their maximum in spring (3.51 wt% and
0.38 wt% respectively). These spring enrichments also correspond to enrichments in Cr, V,
and Zn.

It is well established that sediments derived from the Po River system are enriched
in metallic elements [44,64,106]. The Po drainage basin includes 140 tributaries of both
Alpine and Apennine origin. These tributaries transport sediments from the northern Alps
(calcareous, arenaceous, and felsic intrusive rocks) and from the western Alps and northern
Apennines (metamorphic and ophiolitic units) [46]. Elevated Cr contents are typically
linked to Cr-spinels such as chromite, Mg-chromite, and Cr-magnetite [107]. Fragments of
serpentinite have also been identified in the Po River mouth sands, contributing to high
Cr and Ni contents in coastal sediments [108], together with PTE-bearing minerals such
as garnet, epidote, hornblende, glaucophane, orthopyroxene, and forsterite [109]. Spring
samples display a distinct enrichment in trace elements (as Cr, V, Zn, Ce, La), exceeding
average contents in Po River sediments by up to one order of magnitude [44]. Additionally,
Ce (260 ppm in spring, <55 ppm otherwise) and Zr (927 ppm in spring, <168 ppm otherwise)
are considerably elevated. These results likely reflect higher hydrodynamic energy and
the consequent accumulation of PTE-bearing minerals, even in the absence of major storm
events [110]. Although textural data suggest lower-energy conditions in spring, several
storm events were recorded in the study area between April and May 2024, including
one occurring the day before sampling [111]. During these events, the high-energy wave
activity may explain the observed PTE-bearing mineral enrichment [112]. The increased
the Po River discharge between March and June 2024 [111] may also have contributed,
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as both the Canal Bianco and Po di Volano discharge into the Goro Lagoon near the
investigated site.

Volano exhibits the most pronounced seasonal and cross-shore geochemical gradients.
Although Volano also has a predominantly silicate composition, occasional increases in
Fe2O3 are observed in summer and spring, occasionally becoming the dominant oxide in
autumn and winter. The high Fe2O3 contents are accompanied by increases in TiO2 and
MnO, and by enrichments of Ce, Cr, V, and Zr.

The summer increases in Fe2O3, TiO2, and MnO at the UB indicate a moderate accu-
mulation of PTE-bearing minerals. Minerals such as epidotes, spinels, and zircons have
been found along the investigated coasts [107–109]. The high Ce, Cr, V, and Zr contents
detected in the Volano sediments can be attributed to an accumulation of these minerals.
This interpretation is consistent with high-energy depositional events, even in the absence
of major storm events [110].

In autumn the Fe2O3 content reaches high values in DF (40.59 wt%), UB (40.09 wt%),
and LB (25.56 wt%), coinciding with maximum TiO2 and MnO contents. Trace elements
such as Ce (700–1000 ppm), Cr (2760–5220 ppm), V (>200 ppm), and Zr (1760–4830 ppm)
also exhibit high contents. The increase in PTE-bearing minerals from LB to DF likely
reflects storm-driven waves capable of transporting heavy minerals to landward zones.
Indeed, three storm events were recorded between September and October 2023 [113].

In winter, Fe2O3 content reaches 59.08 wt% in the DF and 1.98 wt% in the SZ
(DF > DC > UB > LB > SZ), with TiO2 and MnO also peaking in the DF (12.93 wt%
and 0.88 wt%). It should be noted that due to the extremely high Fe2O3 content in the DF
sample, the sum of all oxides was 138%. Therefore, these data have been re-normalized,
and the resulting values should only be considered qualitatively. The data suggest re-
distribution of PTE-bearing minerals toward DF and DC by intense storm activity. Six
major storms recorded between November 2023 and February 2024 [111,113] may have
remobilized previously accumulated minerals, transporting them landward.

In spring, Fe2O3, TiO2, and MnO contents reach maximum values in UB (22.81 wt%,
6.57 wt%, and 0.58 wt%, respectively). These patterns suggest a transitional phase toward
summer conditions, characterized by reduced storm frequency. The enrichment of PTE-
bearing minerals in the UB likely results from moderate hydrodynamic reworking rather
than storm activity [110]. Lower Fe2O3 in DF (16.91 wt%) may reflect aeolian transport
covering older PTE-bearing minerals layers with lighter minerals.

Volano lies in a sedimentary convergence zone where longshore drift from the SE-NW
(Reno River) mixes with material transported from the E-NE by Po River [62,114]. Reno-
derived sediments are typically characterized by Cr < 140 ppm and Ni < 80 ppm, while
Po sediments are richer in Cr (>135 ppm) and Ni (>78 ppm) [44,63]. The mean Ni content
(114 ± 78 ppm) of Volano sediments is comparable to the Po River sediments. However, Cr
contents are much higher (1823 ± 2265 ppm) than those typically found in the Po sediments
(Figure 2). These data suggest that Volano acts as a “natural trap” for PTE-bearing minerals
characteristic of the Po basin [107–109]. At Volano, field observations between UB and
DF revealed dark sediment bands parallel to the shoreline, corresponding to PTE-bearing
mineral enrichments. These features varied in location and abundance seasonally. Similar
placer-like accumulations have been reported along the Po Delta beaches, attributed to
localized spinel enrichment [63]. According to Da Silva [112], three main mechanisms
explain PTE-bearing mineral accumulation on beaches: (i) storm surges and/or spring
tides pushing sediments to the landward; (ii) continuous reworking within overflow pools
or berm-top channels; (iii) wind erosion on the backshore surface, removing finer grains
and leaving a dark, surfaced layer of minerals.
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Figure 2. Cr and Ni contents (ppm) in the Volano sediments compared with reference values for
the Po and Reno River sediments [44,63]. Abbreviations: Sum—Summer; Aut—autumn; Win—
winter; Spr—spring; SZ—swash zone; LB—lower backshore; UB—upper backshore; DF—dune foot;
DC—dune crest.

At Estensi, the SiO2 content reaches its maximum in winter at UB (60.17 wt%) and its
minimum in autumn at DF (47.46 wt%). Estensi has the most homogeneous composition,
consistent with a dominant Apennine sedimentary contribution. Overall, only slight
seasonal and cross-shore variations in composition are observed. No statistically significant
correlations between chemical species and grain size classes are found.

In general, grain size and composition in clastic sediments are closely related [27,115],
as particle size, shape, and density influence chemical and mineralogical variations [27].
These effects are particularly evident in high-energy depositional systems such as rivers
and beaches, especially for elements such as Ce, Cr, P, V, Ti, Y and Zr [116]. The Reno
River, with a coastal transport from SE to NW, is the main source of sediments for the
coastal stretch that includes the Estensi site [117]. The Reno basin differs from the Po
in being entirely within the Apennine domain, which is dominated by siliciclastic tur-
bidites and lacks significant ultramafic contributions [69,118,119]. Apennine-derived
sediments are distinguished from those of the Po Plain by their lower Cr and Ni con-
tents [44,63,64]. The Cr (36–67 ppm) and Ni (26–39 ppm) contents measured in Estensi
sediments are consistent with those of the sediments of the Reno River (Figure 3). Fur-
ther evidence is provided by Cr and V contents, consistent with Apennine source sedi-
ments [64,67]. Similarly, mean MgO/Al2O3 (0.23) and Ni/Al2O3 (3.9) ratios on Estensi
sediments align to typical Apennine values reported by Greggio et al. [46], confirming their
provenance (Figure 4).

At Spina, the SiO2 content reaches its maximum in summer at SZ (61.47 wt%) and
its minimum in autumn at DF (44.94 wt%). There is a clear correlation between the
increase in grain size (Supplementary Materials Figure S4) and the siliciclastic fraction
(quartz and feldspars) represented by high SiO2, Na2O, and K2O contents (Table 1). The
carbonate component, derived partly from biogenic shells and partly from river sediments
transported by the Reno River [115], shows slight variations between the areas. Carbonates
are more abundant at DF (25%) and less represented at LB (18%), following the sequence
DF > UB = DC > SZ > LB. These variations reflect the trends indicated by Pearson’s
correlation coefficients (Table 1). The carbonate content and related species (CaO and LOI)
are most commonly associated with fine sands, which are more represented at UB, DF,
and DC.
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Figure 3. Cr and Ni contents (ppm) in the Estensi sediments compared with reference values for
the Po and Reno River sediments [44,63]. Abbreviations: Sum—Summer; Aut—autumn; Win—
winter; Spr—spring; SZ—swash zone; LB—lower backshore; UB—upper backshore; DF—dune foot;
DC—dune crest.

 

Figure 4. Cr and V contents (ppm) in the Estensi sediments compared with reference values for
the Po and Reno River sediments [64,67]. Abbreviations: Sum—Summer; Aut—autumn; Win—
winter; Spr—spring; SZ—swash zone; LB—lower backshore; UB—upper backshore; DF—dune foot;
DC—dune crest.

Table 1. Pearson’s correlation coefficients between chemical species and grain-size classes in sedi-
ments collected at the Spina site.

1 Φ 1.25 Φ 1.5 Φ 1.75 Φ 2 Φ 2.25 Φ 2.5 Φ 2.75 Φ

SiO2 0.38 0.46 0.55 * 0.18 −0.59 ** −0.59 ** −0.57 ** −0.43
TiO2 −0.31 −0.39 −0.31 −0.04 0.22 0.32 0.47 0.45

Fe2O3 0.49 0.48 0.27 −0.33 −0.43 −0.31 −0.19 −0.19
Al2O3 −0.30 −0.38 −0.33 −0.08 0.25 0.33 0.47 0.44
MnO −0.44 −0.51 −0.42 −0.01 0.45 0.45 0.53 0.44
MgO −0.46 −0.58 ** −0.64 ** −0.07 0.63 ** 0.65 ** 0.64 ** 0.53
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Table 1. Cont.

1 Φ 1.25 Φ 1.5 Φ 1.75 Φ 2 Φ 2.25 Φ 2.5 Φ 2.75 Φ

CaO −0.35 −0.42 −0.54 −0.17 0.60 ** 0.57 ** 0.53 0.37
Na2O 0.64 ** 0.72 ** 0.54 −0.16 −0.63 ** −0.59 ** −0.57 ** −0.50
K2O 0.68 ** 0.77 ** 0.63 ** −0.15 −0.69 ** −0.67 ** −0.66 ** −0.60 **
P2O5 −0.35 −0.45 −0.45 −0.12 0.29 0.46 0.60 ** 0.57 **
LOI −0.54 −0.60 ** −0.56 * 0.01 0.69 ** 0.63 ** 0.52 0.41

Carbonate −0.60 ** −0.56 * −0.36 0.08 0.48 0.48 0.43 0.38
Pb 0.75 ** 0.83 ** 0.72 ** 0.00 −0.84 ** −0.81 ** −0.78 ** −0.66 **
Rb 0.67 ** 0.71 ** 0.59 ** −0.17 −0.65 ** −0.63 ** −0.58 ** −0.50

Values marked with one asterisk (*) have p < 0.05; values marked with double asterisks (**) have p < 0.01.

Compared to Estensi, the Spina site lies farther south and closer to the mouth of the
Reno River. Consequently, it should represent the first coastal stretch directly influenced
by the Reno River inputs. However, the geochemical features that clearly link the Estensi
sediments to the Reno source are less distinct at Spina. Examination of the Cr/Ni (Figure 5)
and Cr/V (Figure 6) ratios reveals that only some samples can be unequivocally attributed
to an Apennine origin. This discrepancy is primarily due to elevated Cr contents in
UB, DF, and DC sediments (summer, autumn, and spring). The high Cr contents at
this site are unexpected. Pearson’s correlation coefficients (Table 1) indicate a certain
dependence between major oxide composition and grain size classes. This suggests that
coastal processes affect the sediment composition. However, no statistically significant
relationships (p > 0.05) were found between grain-size and most trace elements, including
Cr. Given its proximity to the Reno River mouth, the Spina site may act as a “sediment trap”
for Cr-bearing minerals, similar to the role played by Volano for Po-derived sediments. The
scale of this process is smaller, as the Reno basin supplies fewer Cr-bearing minerals than
the Po system. This configuration may explain localized Cr enrichment at Spina and the
lower Cr contents at Estensi.

 

Figure 5. Cr and Ni contents (ppm) in the Spina sediments compared with reference values for
the Po and Reno River sediments [44,63]. Abbreviations: Sum—Summer; Aut—autumn; Win—
winter; Spr—spring; SZ—swash zone; LB—lower backshore; UB—upper backshore; DF—dune foot;
DC—dune crest.
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Figure 6. Cr and V contents (ppm) in the Spina sediments compared with reference values for
the Po and Reno River sediments [64,67]. Abbreviations: Sum—Summer; Aut—autumn; Win—
winter; Spr—spring; SZ—swash zone; LB—lower backshore; UB—upper backshore; DF—dune foot;
DC—dune crest.

4.3. Environmental Quality Indices and Comparison of Legal Limits

The Igeo and CF values calculated for each site, season, and geomorphological zone are
provided in the Supplementary Materials (Tables S12–S18). Data obtained from WD-XRF
analysis were used to calculate the environmental quality indices (Igeo, CF, and PLI).

According to the Igeo values (Supplementary Materials Table S12), Goro sediments are
generally classified as “unpolluted”, except in spring, when they fall into the “unpolluted
to moderately polluted” category for Cr, La, and Zr. Similarly, according to the CF values
(Supplementary Materials Table S13), the Goro sediments are classified as “low contamina-
tion” for all elements in summer, autumn, and winter (except for La in autumn). In spring,
“moderate contamination” levels were recorded for Nb, Y, and Zn; “considerable contami-
nation” for Ce, La, and Zr; and “very high contamination” for Cr. The minor enrichment
levels, identified through Igeo and CF, likely reflect the natural redistribution of Po-derived
sediments by waves and currents at the study site. Accordingly, the PLI indicates that Goro
sediments can be classified as “not polluted”. Results of ICP-MS analyses revealed that
contents of some trace elements exceeded the thresholds established by Italian Legislative
Decree (D. Lgs.) 152/2006 at Goro (Figure 7). Specifically, Cr exceeded the limit A (for
green, private, and residential use) in autumn and spring, reaching approximately three
times the legal threshold. V contents also exceeded limit A in spring. None of the analyzed
elements exceeded limit B (for commercial and industrial use), which is higher than limit A.

However, Italian legal limits do not take into account local geological backgrounds,
which can sometimes naturally exceed these limits. As already noted by Amorosi and
Sammartino [67], sediments in the Po Plain are characterized by natural contents of Cr
and Ni that exceed Italian limits, given the presence of ultramafic and ferromagnesian
minerals. In agreement with these authors, it is considered that regulatory limits should
account for the local geological background. This approach helps prevent the misattribution
of threshold exceedances to anthropogenic pollution and the resulting socio-economic
implications. Furthermore, these Cr and Ni enrichments in the investigated site are unlikely
to pose ecological risks in terms of bioavailability. As indicated by Sammartino, [120]
in the southeastern Po Plain, high Cr and Ni linked to mineral phases, display limited
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bioavailability due to strong mineral binding, a condition also reported for Cu, Pb, and
Zn. A similar behavior is expected for rare earth elements (REEs) such as Ce, La, and
Y. Consequently, the metal enrichments observed in the Goro sediments are unlikely
to represent a significant environmental concern. However, to further elucidate these
processes, long-term biomonitoring and detailed mineralogical/geochemical investigations
are recommended, particularly in connection with extreme meteorological events.

 

Figure 7. Contents of potentially toxic elements (PTE) in sediments collected at the Goro site,
normalized to the regulatory thresholds. Orange line: limit A defined by Italian D. Lgs. 152/06.

At Volano the Igeo values indicate variable degrees of enrichment depending on sea-
son, geomorphological zone, and element (Supplementary Materials Table S14). Therefore,
sediments can be classified as follows:

• “Unpolluted to moderately polluted”: In summer at SZ (Ce, Cr, La, Y, Zr), DF (Ce, Cr,
La, Nb, Y, Zr), and DC (La, Nb, Y, Zr); in autumn at SZ (La, Nb, Y), LB (Zn), UB (Cr,
Pb, Zn), DF (Pb and Zn), DC (Cr, La, Nb, Y); in winter at UB (Nb, Y, Zr), DF (Cr and
Ni), and DC (Zn); in spring at LB (La), UB (Cr and Zn) and DC (Ce, La, Nb, Y)

• “Moderately polluted”: In summer at UB (Ce, Cr, La, Nb, Y, Zr); in autumn at LB (Nb
and Y), DF (La), and DC (Zr); in winter at UB (La), DF (Zn), and DC (Nb and Y); in
spring at UB (Nb and Y), DF (Ce, La, Nb, Y) and DC (Cr and Zr)

• “Moderately polluted to strongly polluted”: In autumn at LB (La and Zr), UB (La, Nb,
Y), and DF (Nb and Y); in winter at DF (Nb and Y), and DC (La and Zr); in spring at
UB (La) and DF (Cr and Zr)

• “Strongly polluted”: In autumn at UB (Zr); in winter at DF (La); in spring at UB (Zr)
• “Strongly polluted to extremely polluted”: In autumn at DF (Zr)
• “Extremely polluted”: In winter at DF (Zr)

In the absence of explicit mention, sediments can be classified as “unpolluted”.
Similarly, at Volano the CF values reveal contamination levels varying seasonally

and spatially (Supplementary Materials Table S15). Therefore, sediments can be classified
as follows:

• “Moderate contamination”: In summer at SZ (Ce, Cr, La, Nb, Sr, Y, Zr), LB (La), UB
(Zn) and DF and DC (Ce, Cr, La, Nb, Y, Zr); in autumn at SZ (Ce, Cr, La, Nb, St, Y), LB
(Zn), UB and DF (Ni and Zn) and DC (Ce, La, Nb, Y); in winter at LB (La), UB (Ce, Nb,
Y, Zr), DF (Co and Ni), and DC (Zn); in spring at LB (Cr, La, Y, Zr), UB (Ni and Zn),
DF (Zn) and DC (Ce, La, Nb, Y)
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• “Considerable contamination”: In summer at UB (Ce, La, Nb, Y, Zr); in autumn at LB
(Nb and Y), DF (La), and DC (Cr and Zr); in winter at UB (Cr and La), DF (Zn), and
DC (Nb and Y); in spring at UB (Nb and Y), DF (Ce, La, Nb, Y) and DC (Cr e Zr)

• “Very high contamination”: In summer at UB (Cr); in autumn at LB (Ce, Cr, La, Zr),
UB (Ce, Cr, La, Nb, Y, Zr), and DF (Ce, Cr, Nb, Y, Zr); in winter at DF (Ce, Cr, La, Nb,
Y, Zr) and DC (Ce, Cr, La, Zr); in spring at UB (Ce, Cr, La, Zr) and DF (Cr e Zr)

In the absence of explicit mention, sediments can be attributed to the “low
contamination” class.

The PLI allows Volano sediments to be classified as follows:

• “Not polluted”: In summer at SZ, LB, DF, and DC; autumn at SZ; winter at SZ, LB, and
UB; spring at SZ, LB, and DC;

• “Polluted”: In summer at UB; autumn at LB, UB, DF, and DC; winter at DF and DC;
spring at UB and DF.

Results of ICP-MS analyses (Figures 8 and 9) reveal multiple exceedances of Italian
regulatory thresholds (D. Lgs. 152/2006). In summer, Cr exceeds limit A in all zones
and limit B at the UB; V generally exceeds limit A (except in LB), and it exceeds limit B
at the UB. Similar exceedances occur in autumn and winter, particularly for Cr, V, Co,
and Ni in the UB, DF, and DC. In spring, Cr and Ni exceed limit A in UB, DF, and DC,
and Cr exceeds limit B in UB and DF. Pearson’s correlation coefficients among trace el-
ements (Ce, Cr, Co, La, Nb, Y, Zr) indicate positive correlations statistically significant
(p < 0.01), suggesting common sources [19,121,122] and also indicating common accumula-
tion mechanisms. These relationships confirm that the observed anomalies are geogenic
rather than anthropogenic. The considerations regarding the thresholds exceeded for
PTE contents and their bioavailability discussed for Goro also apply to Volano. Targeted
biomonitoring and detailed mineralogical investigations are recommended to further assess
long-term sediment dynamics and potential ecological impacts.

 

Figure 8. Contents of potentially toxic elements (PTE) in sediments collected at the Volano site,
normalized to the regulatory thresholds. Investigated season: (a) summer; (b) autumn; (c) winter;
(d) spring. Orange line: Limit A defined by Italian D. Lgs. 152/06.
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Figure 9. Contents of potentially toxic elements (PTEs) in sediments collected at the Volano site,
normalized to the regulatory thresholds. Investigated season: (a) summer; (b) autumn; (c) winter;
(d) spring. Red line: Limit B defined by Italian D. Lgs. 152/06.

Applying Igeo to the Estensi sediments, no environmental contamination was detected
for the analyzed elements (Ba, Ce, Co, Cr, Cu, La, Nb, Ni, Pb, Rb, Sr, Y, Zn, Zr). In winter
and spring, the Ce contents were below detection limits, so the Igeo was not calculated.
All sediments are classified as “unpolluted”, confirming the absence of anomalous enrich-
ments related to the local geochemical background. Similarly, at Estensi the CF values
(Supplementary Materials Table S16) indicate “low contamination” for most elements.
However, “moderate contamination” levels were identified for the following:

• Ba: In summer and winter at the UB, DF, and DC; in autumn and spring at the DF
and DC;

• La: In summer and spring at the DF;
• Sr: Throughout all seasons and geomorphological zones, except the UB and DF in

summer and winter, and the DC in spring.

The enrichment in Ba may be associated with feldspar-rich fractions, as Ba can sub-
stitute for K in feldspar lattices [22]. Supporting this hypothesis, Ba contents display a
significant negative correlation with K2O (p < 0.01). Sr enrichments likely reflect the pres-
ence of aragonitic shell fragments from invertebrates, since aragonite typically contains
higher Sr contents than calcite [123,124].

PLI values indicate that the sediments can be classified as “not polluted” at Estensi.
Finally, the results of ICP-MS analyses confirm that none of the investigated PTEs

exceed the regulatory thresholds established by D. Lgs. 152/2006. At Estensi site no
evidence of contamination or potential environmental risk was detected under current
legislative criteria.

Application of the Igeo (Supplementary Materials Table S17) indicates that nearly all
Spina sediments are “unpolluted” for most analyzed elements. A notable exception is
Ba, which classifies DF and DC sediments as “unpolluted to moderately polluted” and
“moderately polluted” across all seasons. Considering the significant correlation between
Ba and Cr (p < 0.01), Ba enrichment may be linked to the same processes responsible for
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higher Cr-bearing mineral abundance. In spring, DF sediments also reveal anomalies for
La and Zr, falling within the “unpolluted to moderately polluted” class.

The CF results (Supplementary Materials Table S18) reveal that Spina sediments
are generally characterized by “moderate contamination” for Sr across all seasons and
geomorphological zones. As observed at Estensi, at Spina the Sr enrichment is likely
associated with the presence of aragonitic shell fragments. Throughout the year, Ba lev-
els observed at UB, DF, and DC place the sediments in the “moderate contamination”
and “considerable contamination” classes. “Moderate contamination” levels are also
recorded for La in autumn (UB, DF, DC), summer (UB, DC), winter (UB, DC), and spring
(DF). In summer, DC sediments indicate “moderate contamination” for Cr, Y (also at
UB), and Zr. This latter also exhibits “moderate contamination” at the DF in spring. The
significant positive correlations (p < 0.01) between Cr, La, Y, and Zr suggest a common
source [19,121,122] and similar accumulation mechanisms for PTE-bearing minerals.

Despite these localized enrichments, the PLI classifies all Spina sediments as
“not polluted”.

Finally, the results of ICP-MS analyses confirm that none of the elements exceed the
regulatory thresholds established by D. Lgs. 152/2006 at Spina. Despite minor local-
ized enrichments, the sediments do not exhibit levels of enrichment that would pose an
environmental risk under current legislation.

5. Conclusions and Future Perspectives
This study represents one of the few investigations to conduct an integrated, seasonal,

and cross-shore analysis of sediments along the Ferrara coastal area (Northern Italy). The
applied approach combines the textural and compositional investigation of sediments
and provides insight into the spatial-temporal dynamics that control sediment distribu-
tion. The results highlight that weather-marine conditions, sediment input from the Po
and Reno rivers, and long-shore drift control sediment composition and contents of po-
tentially toxic elements. The environmental quality indices (Igeo, CF, PLI) were applied
to determine specific environmental risk conditions. In addition, the contents of poten-
tially toxic elements were compared with the regulatory thresholds established by Italian
environmental legislation.

The sediments of Goro are dominated by well sorted, medium to fine sands, indicative
of a moderately energetic environment. Seasonal textural variations reflect more dynamic
conditions in autumn and winter, characterized by an increase in coarser fractions, while
spring samples reveal anomalous enrichments in Ce, Cr, La, V, and Zr. These findings are
mainly attributed to physical sorting processes and the natural geogenic contribution of
the Po Basin. The environmental quality indices confirm that the site is overall unpolluted,
despite positive anomalies in Ce, Cr, La, V, and Zr. The high contents of potentially
toxic elements are attributable to a geogenic origin. These elements are assumed to be
poorly bioavailable.

The Volano site displays pronounced seasonal and cross-shore variability, with ele-
vated Fe2O3, TiO2, Ce, Cr, La, Y and Zr contents associated with enrichments in PTEs-
bearing minerals (e.g., spinels, zircons, allanites). The occurrence of enrichment bands,
particularly within the dune foot and upper backshore, is likely linked to storm surges
activity. Environmental quality indices indicate localized enrichments. These findings are
likely caused by natural sediment content mechanisms rather than anthropogenic pollution.
The potentially toxic element contents frequently exceed regulatory thresholds (e.g., Cr
and V in the upper backshore and dune foot). However, these metals are likely bound to
mineral phases that limit their bioavailability, raising few environmental concerns.
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At the Estensi site, the chemical composition remains stable both spatially and tempo-
rally. Grain size and chemical species contents are not significantly correlated, indicating
that sediment provenance plays a greater role than coastal processes to determine the
sediments composition. Indeed, compositional features allow to clearly identify the Reno
basin as the sedimentary source. Environmental quality indices classify the sediments as
unpolluted, and potentially toxic element contents fall within regulatory limits, reflecting
the natural geochemical background of the Reno basin, with no evidence of contamination.

The Spina site is characterized by stable and well-organized depositional system along
the cross-shore profile, dominated by well-sorted medium sands and a gradual fining
trend toward the dune crest. Despite the proximity to the Reno mouth, compositional
features do not allow a clear identification of the Reno basin as the sedimentary source,
due to high Cr contents. Contrary to the Estensi site, at Spina the coastal processes affect
the sediment composition across the coastal profile. Environmental quality indices reveal
positive anomalies in Cr, Zr and La attributable to natural fluvial inputs. The absence of
regulatory exceedances indicates an overall good environmental status.

This research was conducted with an exploratory aim to support future applications. In
forthcoming studies the sediment geochemistry (seasonally and geomorphologically based)
should be implemented by (i) targeted mineralogical analyses, aimed at confirming the
presence of PTE-bearing minerals and assessing their bioavailability; (ii) the assessment of
sediment-water exchange processes; and (iii) biomonitoring studies, employing biomarkers
and bioindicator organisms to evaluate the potential ecotoxicological effects of short-,
medium-, and long-term exposure to high contaminant contents (e.g., [44,46,125–127]).

To gain a deeper understanding of the processes governing coastal sediment dynamics,
long-term monitoring programs should be implemented, including targeted sampling
during extreme events (e.g., storm surges, high-energy wave events, and river floods).
Such investigations would help assess how hydrodynamic and meteorological conditions
influence sediment composition, particularly focused on PTE-bearing minerals. This is
important considering the increase in frequency of extreme events under global climate
change. Furthermore, studying the residence and transfer times of sediments from river
basins to coastal areas under different conditions is crucial for identifying the dominant
factors controlling sediment supply. This information is also important to understand the
morphological and geochemical evolution of the coastal environments.

The present study focused on the inorganic geochemical characteristics of sediments.
However, integrating future assessments with investigations of organic pollutants would
provide a more comprehensive understanding of the environmental pressures affecting the
Ferrara coastal system. This interdisciplinary approach could provide valuable insights into
combined contaminant pathways and cumulative ecosystem risks. This would enhance the
applicability of similar research for environmental management and policy development.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/environments13010004/s1. Table S1: Results of WD-XRF
analyses performed in triplicate on certified reference material JSd-2 (river sediment, Geological
Survey of Japan). The average values, standard deviations (SDs), relative standard deviations (RSDs),
consensus values, absolute error (Eabs), and relative error (Erel) are reported. Table S2: Results of WD-
XRF analyses performed in triplicate on certified reference material JSd-3 (river sediment, Geological
Survey of Japan). The average values, standard deviations (SDs), relative standard deviations (RSDs),
consensus values, absolute error (Eabs), and relative error (Erel) are reported. Table S3: Results of
WD-XRF analyses performed in triplicate on certified reference material GSR-4 (sandstone, National
Research Center of Geoanalysis, Beijing, China). The average values, standard deviations (SDs),
relative standard deviations (RSDs), consensus values, absolute error (Eabs), and relative error (Erel)
are reported. Table S4: Average values of relative standard deviation (RSD) and relative error (Erel)
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referring to analyses on certified reference materials JSd-2, JSd-3, and GSR-4. Table S5: Results of
ICP-MS analyses performed in triplicate on certified reference material GSR-1 (granite, National
Research Center of Geoanalysis, Beijing, China). The average values, standard deviations (SDs), rela-
tive standard deviations (RSDs), consensus values, and recovery percentages are reported. Table S6:
Results of ICP-MS analyses performed in triplicate on certified reference material GSR-4 (sandstone,
National Research Center of Geoanalysis, Beijing, China). The average values, standard deviations
(SDs), relative standard deviations (RSDs), consensus values, and recovery percentages are reported.
Table S7: Results of ICP-MS analyses performed in triplicate on certified reference material SDC-1
(micaschist, U.S. Geological Survey). The average values, standard deviations (SDs), relative standard
deviations (RSD), consensus values, and recovery percentages are reported. Table S8: Average values
of relative standard deviation (RSD) and recovery on certified reference materials GSR-1, GSR-4, and
SDC-1. Furthermore, the limit of quantification (LOQ) for each estimated element. Table S9: Folk and
Ward parameters calculated from textural analyses of sediments collected at each site, season and
geomorphological zones. Table S10: Major oxide composition and carbonate content of sediments
collected at each site, season and geomorphological zones. Table S11: Trace element contents of
sediments collected at each site, season and geomorphological zones. Table S12: Geoaccumulation
Index (Igeo) values calculated from trace element contents in sediments collected at the Goro site. A
color scale was applied to facilitate the interpretation of Igeo classes: (I) Igeo ≤ 0, unpolluted (light
blue); (II) 0 ≤ Igeo ≤ 1, unpolluted to moderately polluted (blue). Table S13: Contamination Factor
(CF) values calculated from trace element contents in sediments collected at the Goro site. A color
scale was applied to facilitate the interpretation of CF classes: (I) CF ≤ 1, low contamination (green);
(II) 1 ≤ CF ≤ 3, moderate contamination (yellow); (III) 3 ≤ CF ≤ 6, considerable contamination
(orange); (IV) CF > 6, very high contamination (red). Table S14: Geoaccumulation Index (Igeo)
values calculated from trace element contents in sediments collected at the Volano site. A color scale
was applied to facilitate the interpretation of Igeo classes: (I) Igeo ≤ 0, unpolluted (light blue); (II)
0 ≤ Igeo ≤ 1, unpolluted to moderately polluted (blue); (III) 1 ≤ Igeo ≤ 2, moderately polluted
(green); (IV) 2 ≤ Igeo ≤ 3, moderately to strongly polluted (yellow); (V) 3 ≤ Igeo ≤ 4, strongly
polluted (orange); (VI) 4 ≤ Igeo ≤ 5, strongly to extremely polluted (red); (VII) Igeo > 5, extremely
polluted (purple). Table S15: Contamination Factor (CF) values calculated from trace element contents
in sediments collected at the Volano site. A color scale was applied to facilitate the interpretation of
CF classes: (I) CF ≤ 1, low contamination (green); (II) 1 ≤ CF ≤ 3, moderate contamination (yellow);
(III) 3 ≤ CF ≤ 6, considerable contamination (orange); (IV) CF > 6, very high contamination (red).
Table S16: Contamination Factor (CF) values calculated from trace element contents in sediments
collected at the Estensi site. A color scale was applied to facilitate the interpretation of CF classes:
(I) CF ≤ 1, low contamination (green); (II) 1 ≤ CF ≤ 3, moderate contamination (yellow). Table S17:
Geoaccumulation Index (Igeo) values calculated from trace element contents in sediments collected
at the Spina site. A color scale was applied to facilitate the interpretation of Igeo classes: (I) Igeo ≤ 0,
unpolluted (light blue); (II) 0 ≤ Igeo ≤ 1, unpolluted to moderately polluted (blue); (III) 1 ≤ Igeo ≤ 2,
moderately polluted (green). Table S18: Contamination Factor (CF) values calculated from trace
element contents in sediments collected at the Spina site. A color scale was applied to facilitate
the interpretation of CF classes: (I) CF ≤ 1, low contamination (green); (II) 1 ≤ CF ≤ 3, moderate
contamination (yellow); (III) 3 ≤ CF ≤ 6, considerable contamination (orange). Figure S1: Grain-size
distribution in sediments collected at the Goro site. Figure S2: Grain-size distribution in sediments
collected at the Volano site in each season and geomorphological zones: (a) summer; (b) autumn;
(c) winter; (d) spring. Figure S3: Grain-size distribution in sediments collected at the Estensi site in
each season and geomorphological zones: (a) summer; (b) autumn; (c) winter; (d) spring. Figure S4:
Grain-size distribution in sediments collected at the Spina site in each season and geomorphological
zones: (a) summer; (b) autumn; (c) winter; (d) spring.
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Abbreviations
The following abbreviations are used in this manuscript:

Al2O3 Aluminum Oxide
As Arsenic
Aut Autumn
Ba Barium
Be Beryllium
CaCO3 Calcium Carbonate
Cd Cadmium
Ce Cerium
CF Contamination Factor
Co Cobalt
CO2 Carbon dioxide
Cr Chromium
Cu Copper
DC Dune Crest
DF Dune Foot
D.Lgs. Italian Legislative Decree
E-NE East–northeast
Fe2O3 Iron(III) Oxide
GPS Global Positioning System
H2O2 Hydrogen Peroxide
HCl Hydrochloric Acid
HF Hydrofluoric Acid
HNO3 Nitric Acid
ICP-MS Inductively Coupled Plasma Mass Spectrometry
Igeo Geoaccumulation Index
K Potassium
K2O Potassium Oxide
La Lanthanum
LB Lower Backshore
LOI Loss On Ignition
LOQ Limit Of Quantification
MgO Magnesium Oxide
MnO Manganese(II) Oxide
Nb Niobium
Ni Nickel
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Na2O Sodium Oxide
NW Northwest
P2O5 Phosphorus Pentoxide
Pb Lead
PLI Pollution Load Index
PTEs Potentially Toxic Elements
PTFE Polytetrafluoroethylene
QA Quality Assurance
QC Quality Control
REE Rare Earth Elements
SCI Site of Community Importance
SD Standard Deviation
SE Southeast
SiO2 Silicon Dioxide
SPA Special Protection Area
Spr Spring
Sr Strontium
Sum Summer
SZ Swash Zone
TiO2 Titanium Dioxide
Tl Thallium
UB Upper Backshore
UTM Universal Transverse Mercator
V Vanadium
Y Yttrium
Win Winter
WD-XRF Wavelength Dispersive X-Ray Fluorescence Spectrometry
WGS World Geodetic System
wt% Weight Percent
Zn Zinc
Zr Zirconium

Appendix A
Table A1 contains the pairs of coordinates of the sampling stations (decimal degrees).

Table A1. Coordinates of the sampling stations.

Site Zone 1 Latitude—North Longitude—East

Goro SZ 44.8415918 12.2941654

Volano

SZ 44.8028111 12.273566
LB 44.8028401 12.2734944
UB 44.8028683 12.2734267
DF 44.8028879 12.2733785
DC 44.802913 12.273317

Estensi

SZ 44.6756754 12.252223
LB 44.6756531 12.252063
UB 44.675608 12.2517277
DF 44.6755727 12.2514891
DC 44.6755356 12.2512299

Spina

SZ 44.6343843 12.2652453
LB 44.6343586 12.2651129
UB 44.6343232 12.2649351
DF 44.6342923 12.2647773
DC 44.634281 12.2647232

1 Abbreviations: SZ—Swash zone; LB—lower backshore; UB—upper backshore; DF—dune foot; DC—dune crest.
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