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Abstract This study examines the accumulation, distribution, and mobility of Potentially Toxic Elements
(PTEs) in the sediments of a low-lying coastal drainage network (Ravenna, Italy). The aim is to understand the
geochemical processes occurring between drainage water and canal bed sediments and assess factors affecting
and driving PTE distribution and enrichment in these environments. A geochemical database resulting from the
analysis of 203 drainage sediment samples was analyzed using Principal Component Analysis and compared to
undisturbed near-surface sediment samples from the same depth and depositional environment. The results
reveal PTEs exceeding national regulation limits. Distance from the sea, electrical conductivity of drainage
water, and fertilizer use were identified as the main driving factors. The primary mechanisms for PTE
precipitation (As, Co, Mo) and subsequent enrichment in the sediments is attributed to the absorption on Fe- and
Mn-oxyhydroxides (HFO and HMO), particularly in high salinity areas near the coast. While Cu, Zn, Pb, Cr, and
V also have affinity for HFO and HMO, their adsorption efficiency decreases due to the competition with salt-
derived cations during ongoing salinization processes. Anthropogenic sources, including agriculture, hunting
activities, traffic dust, and railways, contribute to the local abundance of other elements (Cr, Ni, Cu, Zn, Pb, and
Sn). This paper's significant progress lies in assessing the concurrent interactions of chemical and physical
processes that drive PTE distribution and accumulation in reclaimed low-lying coastal plains. The findings are
significant for assessing PTE accumulation risks and sediment toxicity in coastal areas affected by water
salinization, drainage, and subsidence, providing valuable information to water management institutions
globally.

Plain Language Summary This study investigates the presence of harmful substances called
Potentially Toxic Elements (PTEs) in the sediment of the drainage canals in Ravenna's coastal area (Northern
Italy). Researchers want to understand how these substances accumulate and spread in the sediment and what
factors influence their distribution. They collected sediment samples from the bottom of the drainage canals and
compared them to natural sediment samples. The results show that the PTE levels exceed the national and
international limits. The distance from the sea, the water salinity, and the fertilizers are found to be the main
factors affecting the distribution of PTEs. The researchers also discover that some PTEs (Arsenic, Cobalt, and
Molybdenum) are absorbed by certain minerals in the sediment, especially in areas with high salinity close to the
coast. However, other harmful elements, like copper, zinc, lead, chromium, and vanadium are not as strongly
absorbed due to competition with salt-related substances. The abundance of other elements like chromium,
nickel, copper, zinc, lead, and tin come from human activities like agriculture, hunting, traffic, and railways.
These findings are important for understanding the risks associated with these substances in the sediment,
particularly in low-lying coastal areas that have been reclaimed for human use.

1. Introduction

Potentially Toxic Elements (PTEs), as defined by Pourret and Hursthouse (2019), are a list of inorganic con-
taminants deriving from anthropogenic sources that represent a global issue because of their persistence and
toxicity in the environment. The PTEs are naturally present in the mineral (inorganic) component of the soils with
varying concentrations mainly due to the chemical composition of the rock substrate from which the soil orig-
inates (Appelo & Postma, 2004). Anthropogenic activities, such as mining, metallurgical industries, fossil fuel
combustion (Ahado et al., 2021; Protano et al., 2021; Vareda et al., 2019), and agricultural use of fertilizer and
pesticides contribute to an increase in PTEs concentration (Ahmad et al., 2023; Falconer, 1998; Hua et al., 2023).
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Where present at high concentrations, such elements interfere with the normal metabolism of plants, animals, and
humans (Abdu et al., 2017; Nieder & Benbi, 2023).

Once inorganic pollutants (i.e., Cu, Zn, Pb, Ni, Cd) enter the environment, their availability and fate in soil and
water are complex and depends on several physical and chemical parameters such as dissolved organic matter
(Abdelrady et al., 2020), salinity (Choi et al., 2020; Du Laing et al., 2008; Jia et al., 2017), soil pH, cation ex-
change capacity, and oxidation-reduction state of the metals. The pH is important in regulating metal mobilization
in soils as high values, that is, due to the use of fertilizers or liming, favor retention and decrease solubility of
metal cations (Orhue & Frank, 2011). Among natural particles, Fe and Mn oxy-hydroxides have long been
recognized as playing an important role in determining the fate of several PTEs and in controlling trace elements
cycling in soils (Franks et al., 2021; Pavoni et al., 2018), streams, groundwater (Orhue & Frank, 2011), and
seawater (Colombani et al., 2015; Ferraro et al., 2022), mainly as a function of the pH-Eh parameters, as well as
depending on the chemistry of the aqueous phase.

Given that PTEs are not degradable (Adriano et al., 2004), bioaccumulation and biomagnification occur
throughout all levels of the food chain, causing different diseases and poisoning (Adriano, 2001; WHO, 2017).
Microorganisms are extremely sensitive to PTEs (Giller et al., 1998); elevated concentrations of PTEs in soils
decrease soil microbial biomass, diversity, and activities (Abdu et al., 2017) and negatively affect plant growth
(Asati et al., 2016). The major effect of PTEs on the ecosystem is bioaccumulation in the tissue of living or-
ganisms. For instance, bioaccumulation of Hg, Pb, Cr, Cd, and As are proven to disrupt cellular functions
including growth, proliferation, differentiation, and damage-repairing processes (Balali-Mood et al., 2021) and
they can cause cancer, respiratory problems, kidney pathology, neurological disorders, and a series of other
diseases (Bernhoft, 2012; Sall et al., 2020).

PTEs mobilities, their adsorption and precipitation processes, as well as plant uptake and bioaccessibility have
been well characterized and described in land reclamation of mine sites (Fernandez-Caliani et al., 2021; Sdnchez-
Donoso et al., 2021; Viadero, 2019), of agricultural alluvial areas (Mao et al., 2022), but less is known in sub-
siding coastal reclamation areas (Di Giuseppe et al., 2014; Mollema et al., 2015), and in particular in drainage
system sediments, where salinity on clay minerals and organic matter can play an important role in controlling
adsorption and fate of PTEs.

In this context, the work investigates the distribution and accumulation of PTEs in sediments of drainage canals
from coastal basins located in the south-eastern portion of the Po River plain, along the coastal strip between the
city of Ravenna and the coastal municipality of Cesenatico (Figure 1). The area is characterized by low topog-
raphy (0 to —2 m a.s.l.) and is affected by flooding, subsidence, groundwater and soil salinization (Antonellini
et al., 2008, 2019; Gattacceca et al., 2009; Giambastiani et al., 2013, 2020, 2021; Greggio et al., 2020; Orecchia
et al., 2022). This area includes territories with different land use, such as agricultural, industrial, natural, and
urban coastal areas. The majority of the territory is a reclamation area undergoing mechanical drainage operated
by artificial canals and pumping stations that discharge inland water towards the Adriatic Sea. The complex
drainage network, managed by the local Land Reclamation Consortium (LRC) is fundamental to controlling the
water table, guaranteeing agricultural activity, and avoiding flooding of the territory. Most canals are used both
for drainage and irrigation purposes based on seasonality and agricultural needs (Greggio, Giambastiani, &
Antonellini, 2018; Greggio, Giambastiani, Campo, et al., 2018). As for a large part of the north Adriatic coastal
area, in the past century, gas and groundwater exploitation has caused land subsidence (Teatini et al., 2005) that
deeply affected the drainage network requiring new investments and excavations to keep the system working and
land dry (Giambastiani et al., 2020). The canal excavation cuts through the most superficial soil layer and into the
aquifer deposits to impart an efficient hydraulic gradient towards the pumping station; the canal bottom, however,
remains within the same original deposition facies of the aquifer. For this reason, the comparison between the
geochemistry of the canal bed sediments and the near-surface sediments of the same facies is possible.
Furthermore, we can distinguish element enrichments that have been occurring due to the interaction between
drainage water and the sediment itself.

When considering the management of sediment in canals, it is commonly assumed that the focus is on “materials
from channel dredging” or sludges originating from coastal infrastructures and industrial harbor maintenance
(Bianchini et al., 2019; Soliman et al., 2019). However, there has been limited investigation into the bed sediments
of drainage canals. Shi et al. (2021) employed geochemical fingerprints to identify the sediment sources in drains
within a small catchment in China; Hassaan et al. (2022) assessed PTE contamination in water and sediments in
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Figure 1. Location of the study area. The complex drainage network, consisting of several water pumping stations (black
triangles) and artificial drainage canals (cyan lines), is shown. Also illustrated is the simplified land use (coastal pine forests;
agricultural land; and urban areas) and the sediment samples database used for the study: in yellow color samples of the
Focus Area, and in red color the LRC database for the entire studied coastal area. (Coordinate Reference system: WGS84/
UTM zone 32N, EPSG: 32632).

the drainage network of Lake Mariot in Egypt; other studies have focused on characterizing mine stream sedi-
ments and the migration of PTEs along the drainage network (Friedland et al., 2021; Ghezzi et al., 2021; Pru-
déncio et al., 2015; Srarfi et al., 2019; Wei et al., 2022). In other cases, sediments from urban waterways have
been studied to highlight the geochemical processes occurring upon exposure to the atmosphere during dredging
operations (Cook & Parker, 2003). From all these studies it is evident how the distribution of PTEs in natural and
artificial water bodies can be influenced by various factors, such as the source of PTEs, morphology, and human
activities. However, to the best of the authors' knowledge, there is a complete absence of studies on the abundance
and distribution of PTEs in sediments from drainage canal networks, particularly in reclaimed low-lying coastal
basins subjected to salinization processes and heavily oriented towards agriculture. If there are such studies, they
are generally limited to specific elements or are isolated case studies (Bijlsma et al., 1996; Kelderman
et al., 2000). In our work, sediments of the drainage network are characterized in detail and PTEs enrichment
processes due to drainage and other human activities are identified. Multivariate statistics are applied to the
geochemical data set collected at a coastal basin-wide scale to identify which factors, among the change in
drainage water salinity, topography, and fertilizer usage, are the main drivers of PTEs distribution and accu-
mulation. Our findings provide relevant information to land reclamation authorities, which are in charge of
irrigation water and management of dredged sediments from the reclamation networks.
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2. Characterization of the Study Area
2.1. Hydrogeological Setting

The coastal phreatic aquifer (Figure 2) is composed of Holocene sediments whereas the Pleistocene alluvial clay
below constitutes the impermeable bottom confining layer. The aquifer is located within the littoral sands, and
locally in the shallow marine wedge deposits (Amorosi et al., 1999; Campo et al., 2017). The shallow coastal
aquifer consists of a wedge-shaped dune and beach sand body pinching out in westerly and northerly directions,
which is sealed at the bottom and top by clays and peat formed in lagoons, marshes, and alluvial plains. There are
two main sand units: a thick medium-grained sand unit at the top of the aquifer (about 10 m in thickness) and a
lower fine-grained sand unit of small thickness (~2 m). These two sand bodies are separated in the coastal area by
an alternation of clay-silt and sand-silt layers (prodelta) and merge landward where the prodelta disappears. The
sand-clay ratio decreases in the western part, toward the agricultural area, where the aquifer mainly consists of
recent alluvial plain deposits and back-barrier facies association including fine-grained sediments with abundant
organic matter, typical of the lagoon and marsh environments (Amorosi et al., 2008).

The outcropping soils of the study area correspond to recent sedimentary deposits that can be grouped into four
association facies based on the depositional environment (Amorosi & Sammartino, 2007; Buscaroli et al., 2009,
2021; RER, 1999a, 1999b): beach ridge deposits (BR) consisting in medium and fine sand with 0.1%-0.5% of
organic matter (OM); salt marsh and back ridge lagoon deposits (SM) consisting in silt, sand and fine sand with
0.6%—0.9% of OM; channel, levee and river flooding deposits (CL) of fine and very fine silty sand with 0.3%-0.8%
OM; and interfluvial flood-deposits (IF), made of silty clay, clay and laminated clayey silt, in the most inland area
with 0.7%—1% OM. As shown in Figure 2, the study area is dominated by sediments belonging to the BR facies
association, interspersed with fine sediments of alluvial origin belonging to the CL facies association. BR deposits
constitute the phreatic coastal aquifer, whereas CL sediment partially or completely confines the aquifer.

The coastal area is drained constantly so that the water table is about 1-1.5 m below ground level during the entire
year. The drains are excavated in the near-surface sediments of the coastal deposits. To maintain adequate hy-
draulic gradient, canals are about 3—4 m deep close to pumping stations and shallower (about 1-2 m) as the
distance from the pumping stations increases. Pumping creates a general inland-directed hydraulic gradient, a
decrease in the effective recharge of the aquifer, and a vertical hydraulic gradient that forces saline groundwater to
flow upward from the bottom of the aquifer (Figure 2) (Giambastiani et al., 2020). Land subsidence, varying from
2.5 to 20 mm/year, has led to the rise of the water table in the shallow unconfined aquifer that has consequently
required a progressive increase in pumping drainage rates through time to avoid flooding of large coastal areas
(Antonellini et al., 2019). The cumulative total increase of annual drainage over the period 1988-2017 is esti-
mated to be 150 mm (total volume divided by the area of the coastal basin, Giambastiani et al., 2020), whereas the
amount of freshwater that infiltrates into the aquifer is around 14 mm/year (Antonellini et al., 2008), resulting in
limited effective recharge and imbalance between winter surplus and summer deficits (Benini et al., 2016) that
favors saltwater intrusion.

2.2. Sediment Geochemistry

In general, the natural composition of sediments of BR association facies (Figure 2) is characterized by a high
content of SiO, and CaO and low content of Al,O;, Fe,03, K,0, TiO, and OM. Also trace elements such as V,
Rb, Br, CuZn, and Y are poor and only Ni and Cr show some local enrichments. Having been deposited during the
last progradation period, the origin of these sediments depends on river supply: the oldest sediments
(>1,000 years BP) show a typical alpine provenance (Po river origin with high Cr and Ni concentration), whereas
the youngest ones have a clear Apennine origin (by Apennine rivers, with low Cr and Ni concentration) (Greggio,
Giambastiani, & Antonellini, 2018; Greggio, Giambastiani, Campo, et al., 2018).

The high presence of silt and organic material of CL association facies leads to an abundance of Al,O; and Fe,O;.
Based on different ratios of Cr, Ni, CaO, and Sr, Amorosi and Sammartino (2007) attribute the origin of near-
surface sediments to the Apennines, in which CaO and Sr are the most abundant components.

The recent work by Buscaroli et al. (2021) completes and confirms the results of Amorosi and Sammar-
tino (2007). Indeed, they report that V, Fe, Al, Mg, Ti, Ni, Co, Rb, Y, Nb, K, La, Cr, Zr, LOI (Loss on Ignition,
representing the amount of organic matter in the sample) characterize the near-surface alluvial plain sediment
(CL); in particular, V, Zn, Rb, Fe, La, Co, K and Al have positive correlations with fine particle size. In BR
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Figure 2. Surface geology map (modified from RER - Emilia-Romagna Region (1999a, 1999b), scale 1:50000) showing the
depositional environment (a) and the cross-section of the shallow coastal aquifer (b).
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samples Sr, LOI, Ca, Ba, Cu, Zn, Pb, and Si are the most abundant, whereas Sr as well as other elements such as
Ba, Cu, Pb, and Zn, show affinity with carbonates of Apennine origin.

2.3. Water Geochemistry

In the study area, the hydrochemistry of surface and groundwater is affected by the saltwater intrusion process,
cation exchange between water and sediments, dissolution of calcite and gypsum, and redox reactions (Greggio
et al., 2020; Kralj, 2012; Mollema et al., 2013). Within the shallow unconfined aquifer, the main water type is
brackish to saline with Na and CI as major cations and anions, respectively. Groundwater salinity ranges from 0.4
to 6 g/l in the most inland part (Antonellini et al., 2008), up to the highest values of 10-20 g/l measured along the
coastal pine forests (Cozzolino et al., 2017), with little variation between winter and summer. The source of the
salinity is from seepage of connate seawater enclosed in sediments, or current seawater intrusion (Giambastiani
etal., 2013; Mollema et al., 2013). The pH is, on average 7.4 and 8.4 for groundwater and river water, respectively
(Mollema et al., 2015).

Brackish and saline waters are the dominant types in the pine forests, whereas the variety of groundwater types in
the inland agricultural area can be explained by the mixing of precipitation, vertical seepage of Adriatic seawater,
and irrigation water from the Po River (Greggio et al., 2020).

High concentrations of Fe, Cr, As, Mn, Al, and Cu are found in groundwater (Petrini et al., 2014), with values that
in some cases exceed the legal limits imposed by the Italian regulations (D.Lgs n. 152/2006, 2006) and the WHO
guidelines (WHO, 2017). According to Mollema et al. (2015), As concentrations are, on average, 20.2 and 26 pg/
L in surface water and groundwater, respectively; As concentrations up to 120 ppb were also found North of
Ravenna (Kralj, 2012). Greggio et al. (2020) characterized drainage, river, and ground waters showing that B, Co,
Cu, Fe, Mn, and Zn are more concentrated in drainage than river water.

3. Methodology
3.1. Data Acquisition and Database Creation

Since 2010 the LRC has collected a total of 182 sediment samples along the studied drainage system. The samples
were collected at the drain bed using an auger and prepared by Aqua regia digestion for analysis through inductively
coupled plasma mass spectrometry (ICP-MS) for As, Cd, Cu, Co, Crtot, Hg, Ni, Pb, Cu, Zn, Sn, based on the EPA
3051A (U.S.EPA, 2007a) and EPA 6010D (U.S.EPA, 2018) methods and cold-vapor atomic absorption for the
total Hg, based on the EPA 7473 method (U.S.EPA, 2007b). Aqua regia digestion is a partial digestion that is used
to extract trace elements in soil and sediments and involves treating the sample with a mixture of concentrated nitric
and hydrochloric acids. However, this method only represents the portion of the sample that is extracted and does
not provide a complete analysis of the sample. The analysis of LRC sediments was carried out by external chemical
laboratories to characterize the material during maintenance and dredging activities in the reclamation channels.
For this reason, not all concentrations of major and trace elements were available, but only those related to Annex
IV of Legislative Decree 152/2006 were analyzed (D.Lgs n. 152/2006, 2006).

In March 2022, the database was integrated with 21 additional sediment samples (following Focus Area) collected
where anomalous concentrations of PTEs and concentrations exceeding national regulation limits were spotted in
the abovementioned LRC database, with particular attention also to areas with high salinity and low water table,
that is, coastal pine forests (Cozzolino et al., 2017; Giambastiani et al., 2021). Sampling was performed using an
auger at the bottom of the canals. For the geochemical characterization, sediment samples were oven-dried at
50°C for 24 hr, powdered, and homogenized in an agate mortar. The total concentration of major (SiO,, TiO,,
Al,O3, Fe,05, MnO, MgO, CaO, Na,0, K,0, P,0s and LOI) and minor and trace elements (Al, As, Ba, Ca, Ce,
Cl, Co, Cr, Cu, Fe, K, La, Mg, Mn, Na, Nb, Ni, P, Pb, Rb, Si, Sr, Th, Ti, V, Y, Zn, Zr) was determined by
Wavelength Dispersive X-Ray Fluorescence (WDXRF) on pressed powder pellets using a Panalytical Axios 4000
spectrometer, following the methods proposed by Franzini et al. (1972) and Leoni and Saitta (1976) for matrix
correction. The estimated precision and accuracy for trace-element determinations was 5%, except for those
elements with low concentration (less than 10 ppm), for which the accuracy was lower (10%).

To account for differences in the analytical pools, and in the accuracy and data resolution resulting from the use of
different analytical techniques (Poto et al., 2015), we chose to analyze and process the two data sets separately,
both for geochemical characterization and statistical analysis.
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To distinguish between localized enrichment in the canals and natural background concentrations, samples from
the Focus Area were grouped based on their depositional facies (12 from BR; 7 from IF, 1 from CL, and 1 from
SM, Figure 2). Then the total chemical compositions of these samples were compared to the results obtained by
Buscaroli et al. (2021), who utilized the same analytical technique (WDXRF) to determine the total concentration
of major and trace elements.

During the 2022 field campaign, at each sediment sampling point (Figure 2), drainage canal water was also
collected using a bucket, and physical and chemical parameters (T, pH, EC) were measured in the field by using a
multiparameter probe.

For the groundwater chemical characterization, four fully screened wells located along a 4 km long transect within
the Focus Area (P2-5S; star symbols in Figure 2) were selected. Groundwater data, collected in previous studies
by Greggio et al. (2020), were reprocessed here to obtain vertical profiles of physical parameters and chemical
concentrations along the aquifer depth. As reported by Greggio et al. (2020), for each well, five groundwater
samples were collected in November—December 2010 at different depths (i.e., at the water table, bottom, and
corresponding to peat and fine-grained sediment layers) using straddle packers and following well purging
procedures. Electrical conductivity (EC in mS/cm), temperature (T in °C), pH, and redox potential (Eh in mV)
were measured in the field with a multiparameter device inserted in a flow cell to prevent rapid oxidation pro-
cesses; major elements (SO,>~ and HCO; ™) were analyzed following the Italian National Environmental Agency
standards (APAT-IRSA, 2003), while TEs (As, Fe, Mn) were analyzed by ICP-AES/ICP-MS (more details in
Greggio et al., 2020).

3.2. Statistical Analysis

The statistical analysis was performed using PAST (Paleontological Statistics Software Package, v.4.11.;
Hammer et al., 2001). The Mann-Whitney non-parametric test was performed to evaluate the statistical signif-
icance of the difference between the medians of sediment samples collected in the drainage canals of the Focus
Area and soil samples collected by Buscaroli et al. (2021) in the same depositional environments. The signifi-
cance correlations obtained were compared with <0.05 p-value.

Multivariate statistical analysis (PCA) was applied to two different scale data sets to investigate the complex
multivariate relationship among variables and define a smaller number of Principal Components that can capture
most of the variation between sediment samples. The first PCA was initially applied to the geochemical data of the
sediment samples from the Focus Area (21 samples analyzed for the total content of major and trace elements by
WDXREF; yellow dots in Figures 1 and 2) to deepen the hydrogeological and geochemical characterization of this
coastal basin (Giambastiani et al., 2020; Greggio et al., 2020; Mollema et al., 2013, 2015; Soboyejo et al., 2021).
Then a second PCA was performed on the geochemical data from the LRC sediment samples collected along the
entire coastal area (182 samples analyzed by acid digestion and ICP-MS, red dots in Figures 1 and 2). Ideally, the
phenomena revealed in the Focus Area based on a more extended analytical pool, would guide the PCA analysis
and discussion performed for the entire coastal areas.

In both cases, PCA was performed on geochemical composition (mg/kg and %), along with several other physical
variables of the sampling drainage canal, such as elevation (m a.s.l.), distance from the sea (km), and use of
fertilizer in the surrounding land (kg/ha). The land elevation was provided by Lidar maps (1 X 1 m pixel); the
distance from the sea was linearly calculated on GIS maps. In order to estimate the amount of fertilizers, the 2017
Corine Land Cover data set from the Emilia-Romagna geoportal (https://geoportale.regione.emilia-romagna.it/)
was used and the specific crop types were extrapolated for the study area. The regional databases of technical
standards of cultivation (https://agricoltura.regione.emilia-romagna.it/produzioni-agroalimentari/temi/bio-agro-
climambiente/fertilizzazione) provided the standard amounts of fertilizer (N, P,Os, and K,O in kg/ha) for each
crop. If the sediment sample fell within an area dominated by a single crop, the total amount of fertilizers specified
for that crop was assigned. However, if the sediment sample fell within an area with multiple crop types, an
average value was used.

For the Focus Area, EC of the drainage water (mS/cm) and LOI of sediment samples (%) were also included in the
PCA analysis.
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4. Results
4.1. Geochemical Characterization

Table 1 shows the WDXREF results of the 21 sediment samples from the Focus Area (column A) along with the
ICP-MS results of the LRC data set (column B). The entire data sets are reported in Tables S2 and S3 in Sup-
porting Information S1.

For the 21 sediment samples collected in 2022 in the Focus Area, the abundance of major elements and LOI are
ranked based on median concentrations and it is SiO, > LOI > CaO > Al,O; > Fe, 03, > MgO > K,O with the
following percentages: 44.9%, 16.7%, 14.4%, 10.2%, 4.9%, 3.6%, 1.9%, respectively. These sediment samples
reveal a dominant sandy texture justified by high silica percentage, elevated amount of organic matter, and clay
minerals.

Based on median concentrations, the minor and trace elements of the Focus Area sediment samples are ranked as
follows: S > Sr > Ba > Cl > Crtot > Zr > Rb > V> Zn > Ni > Ce > Cu>Y > Pb > Co > Br
> Nb > Th > As > Sn > Mo = U. Among the trace elements CI has a range of concentration covering three orders
of magnitude; As, Br, Co, Crtot, Cu, Nb, Pb and Sn cover two orders of magnitude, while Ba, Ce, Hg, Mo, Ni, Rb,
S, St, Th, U, V, Zn, and Zr cover one order of magnitude. This testifies to the high variability of the substrate and
the need for further research to investigate the source of the highest temporary concentrations. Moreover, As, Co,
Cr, Cu, Pb, Sn, V, and Zn (almost all covering two orders of magnitude) exceed the legal Italian limits (Table S1
in Supporting Information S1), with 48% of the samples for Sn, 29% for V, and 24% for Crtot (bold in Table 1, part
A). However, it is worth mentioning that the Italian legislation recommend aqua regia extraction, whereas for
these samples WDXRF was adopted.

Among other variables included in the data set, EC ranges from 0.5 to 46 mS/cm, with a median value of 1.9 mS/
cm. The drain bottoms range from —4.1 to 1 m a.s.l. with a median of —1.6 m a.s.1., reflecting the articulate
network of canals, as well as depending on pumping station proximity. Samples were collected from the shoreline
up to 18 km inland, with a median distance from the sea of 5 km. The impact of the agricultural activities is
quantified proportional to the distribution of fertilizer per hectare, ranging from a minimum dose of 10 kg/ha
(close to the natural area of coastal and historical pine forests) to a maximum dose of about 340 kg/ha in cor-
respondence of fields cultivated with annual crops in the northwest of the Classe pine forest.

The LRC sediment analysis does not report major element concentrations and a shorter list of trace elements is
available (Table 1, part B), consequently, no argument is made on their compositional and textural features. Based
on median concentrations, the trace elements for the 182 LRC sediment samples are ranked as follows:
Zn > Crtot > Ni > Cu > Pb > Co > As > Cd > Hg > Sn; maintaining the same order of abundance as samples of
Focus Area. Cu, Pb, Sn, and Zn have a range of concentration covering two orders of magnitude, whereas As, Cd,
Co, Crtot, Hg, and Ni cover one order of magnitude. Still, As, Cd, Cu, Pb, Sn, and Zn exceed Italian legal limits
for 2%, 1%, 2%, 1%, 28%, and 6%, of the samples, respectively. Since samples are distributed over a larger portion
of the coastal area, the median elevation of sampling is 0.8 m a.s.l., whereas distance from the sea and the average
amount of applied fertilizer are still aligned to the Focus Area samples.

In order to evaluate natural and anthropogenic enrichments, sediment sample compositions of the Focus Area are
compared with the near-surface sediments by Buscaroli et al. (2021), arranged based on the main depositional
facies mapped in the area (BR and IF, Figure 2). Boxplots of sediment composition are shown in Figure 3. In the
beach ridge deposits, As, Co and Fe concentrations are significantly higher in our samples than in the near-surface
sediments collected by Buscaroli et al. (2021), whereas Co, Cu, Na and Sr appear to be significantly higher in both
depositional facies: beach ridge and interfluvial floodplain deposits. For the other elements considered, there were
no statistical enrichments and only Mn showed few outliers with high concentrations, well above the near-surface
sediment values.

4.2. Focus Area
4.2.1. Principal Component Analysis

To understand the multivariate relationships between element concentrations and spatial variables in the Focus
Area, the PCA of the 21 sediment samples was performed. Table 2 reports the component loadings for each
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Table 1

Statistical Summary of the Sediment Compositions and PTEs Concentration in Samples Collected in 2022 (Columns A, 21 Samples From the Focus Area) and LRC Data
set (Column B, 182 Samples; Refer to Figure 1 for Locations)

A B
Samples Samples Samples
Samples exceeding exceeding law  exceeding
exceeding law law limit for limit for law limit for
limit for commercial public, commercial
public, private, and private, and and
and residential  industrial Std  residential industrial
Sample Min Max Mean Median Stddev. green use (%) use (%) Min Max Mean Median dev. green use (%) use (%)
Si0, (wt%) 267 529 43.7 449 6.9 # # # # # # # # #
TiO, (Wt%) 0.2 0.6 0.4 0.4 0.1 # # # # # # # # #
AL O (Wt%) 2.6 13.5 9.3 10.2 29 # # # # # # # # #
Fe,05 (Wt%) 22 35.2 7.0 49 7.4 # # # # # # # # #
MnO (wt%) 0.1 10.0 0.8 0.1 23 # # # # # # # # #
MgO (wt%) 22 42 34 3.6 0.7 # # # # # # # # #
CaO (wt%) 8.1 21.5 15.1 144 32 # # # # # # # # #
Na,O (wt%) 0.5 4.1 1.2 0.8 1.0 # # # # # # # # #
K,0 (wt%) 0.3 2.6 1.9 1.9 0.5 # # # # # # # # #
P,05 (Wt%) 0.1 0.4 0.2 0.2 0.1 # # # # # # # # #
LOI (%) 8.5 23.1 17.0 16.7 4.0 # # # # # # # # #
As (mg/kg) 3.0  108.0 12.9 6.0 22.5 9.5 4.8 00 570 54 5.0 5.5 1.7 0.6
Ba (mg/kg) 284.0 949.0 4289 378.0 1729 # # # # # # # # #
Br (mg/kg) 3.0 2340 454 11.5 72.4 # # # # # # # # #
Ce (mg/kg) 100  76.0 44.0 46.0 16.5 # # # # # # # # #
Cl (mg/kg) 20.0 55660.0 5,574.8 280.0 14588.0 # # # # # # # # #
Cd (mg/kg) # # # # # # # 0.03 10.0 03 0.2 0.8 0.6 0.0
Co (mg/kg) 40  126.0 19.1 14.0 25.6 14.3 0.0 00 185 79 8.5 4.7 0.0 0.
Cr,, (mg/kg) 9.0 1700 111.8 1280 47.0 23.8 0.0 74 935 409 372 179 0.0 0.0
Cu (mg/kg) 6.0 1950 487 39.0 414 9.5 0.0 20 290.0 378 314 296 2.2 0.0
Hg (mg/kg) # # # # # 001 06 0.1 0.1 0.1 0.0 0.0
Mo (mg/kg) <3 7.0 43 3.0 1.8 # # # # #
Nb (mg/kg) 5.0 14.0 10.6 11.0 2.6 # # # # #
Ni (mg/kg) 7.0 90.0 58.5 60.0 24.6 0.0 0.0 80 684 369 370 13.1 0.0 0.0
Pb (mg/kg) 3.0 185.0 24.3 16.0 37.1 4.8 0.0 1.0 537.0 190 140 414 1.1 0.0
Rb (mg/kg) 150 1120 77.4 80.0 25.7 # # # # # #
S (mg/kg) 210.0 5,510.0 1,792.4 1,420.0 1,498.3 # # # # # # #
Sn (mg/kg) <3 10.0 5.2 4.0 2.1 47.6 0.0 0.0 100.0 1.2 0.0 7.5 27.5 0.0
Sr (mg/kg) 154.0 584.0 4147 404.0 89.2 # # # # # # # #
Th (mg/kg) <3 24.0 8.8 7.0 4.5 # # # # # # #
U (mg/kg) <3 4.0 32 3.0 0.4 # # # # # # # #
V (mg/kg) 120 1140 66.8 72.0 33.0 28.6 0.0 # # # # # # #
Y (mg/kg) 3.0 24.0 15.9 17.0 5.0 # # # # # # # # #
Zn (mg/kg) 20.0 188.0 79.9 66.0 46.4 9.5 0.0 00 5699 719 692 643 5.5 0.0
Zr (mg/kg) 26.0 117.0 84.4 89.0 20.5 # # # # # # # # #
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Table 1
Continued
A B
Samples Samples Samples
Samples exceeding exceeding law  exceeding
exceeding law law limit for limit for law limit for
limit for commercial public, commercial
public, private, and private, and and
and residential  industrial Std residential industrial
Sample Min Max Mean Median Stddev. green use (%) use (%) Min Max Mean Median dev. green use (%) use (%)
Elevation (m a.s.l.) —4.1 1.0 -1.5 -1.6 14 # # -2.8 135 20 0.8 3.6 #
Distance from the 0.2 8.5 4.5 5.0 2.8 # # 0.0 18.1 6.5 54 4.9 #
sea (km)
Fertilizer (kg/ha)  240.0 330.0 2769 270.0 22.6 # # 10.0 340.0 235.7 260.0 66.2 # #
EC (mS/cm) 0.5 46.6 8.7 1.9 14.4 # # # # # # # # #

Note. Shown in bold are the concentrations of elements exceeding the D.Lgs n. 152/2006 law limits for public, private, and residential green uses and for commercial and
industrial use (refer to Table S1 in Supporting Information S1 for soil contamination threshold limits); also reported are the percentages of samples exceeding these limits
and summary of the physical variables used to perform PCA analysis (elevation, distance from the sea, and amount of fertilizer based on the Corine Land Cover
classification). # denotes missing data or not applicable.

variable and statistical parameters used to evaluate the goodness-of-fit. Based on eigenvalues >1, the selected 7
principal components explain 89.53% of the total variance.

The PC1 (Table 2) explains 48.05% of the variance with a marked bipartition among the variables. On one side K,
Rb, Al, Y, Cr, Nb, Zr, V, Ti, Ni, Mg, and Zn have positive component loadings along with the distance from the
sea. On the other side Na, Cl, Mo, Fe, As, Mn, Co, Br, S, and Ba have negative component loadings along with
fertilizers and EC of the drainage water. When the scores of the PC1 are spatially located (Figure 4), the positive
correlations are generally located in the inland plain deposits (CL and IF) and in correspondence with salt marsh
and back ridge lagoon deposits (SM), even if five samples (n. 4, 11, 12, 14, and 15) with a small positive score
(mean value of 1.4) are found in beach ridge facies associations (BR). The majority of negative correlations are in
the BR facies, associated with coastal deposits, inner palaeodune belt, and quarry lakes (i.e., samples 16 and 22).

The PC2 (Table 2) explains 15.38% of the variance with evident bipartition. Co, V, Fe, Mg, Ni, Ce, Zn, As, and Ti
have positive loadings, as well as fertilizers and LOI, whereas Sr, Si, and Ca show negative component loadings.
The PC3 explains 8.33% of the variance. Ba, P, Br, S, and altimetry have positive correlations. The spatial
distributions of PC2 and PC3 scores are shown in Figure S1 in Supporting Information S1. The positive PC2
scores are generally located in the finer deposits belonging to CL and IF facies associations, while the negative
scores are in the BR deposits, apart from samples 2, 21, 11, and 15, which show opposite behavior.

4.2.2. EC and Fe + Mn Dependency

When drainage water EC is plotted against distance from the sea (Figure 5a), it is evident that the highest values of
salinity (EC up to 46.6 mS/cm) are recorded within 2 km from the coast, drastically decreasing at greater dis-
tances. An exception is made for sample 8 due to the complexity of the drainage network in the pine forest, where
water is drained toward the nearby pumping station located several kilometers inland.

Fe and Mn are the most reactive elements among the major constituents of the sediment and their sum (g/kg) is
correlated with elements of PC1 having negative component loadings (the Pearson correlation values are listed in
Table S4 in Supporting Information S1). The Fe + Mn concentrations correlate well with Cl, Co, and As (cor-
relation values >0.85, Figures 5b—5d). The binary plot of Fe + Mn and Cl concentrations (Figure 5b) reports good
correlation (R* = 0.96) with samples 2, 3, and 21 showing simultaneous enrichment in Fe-Mn and saline water.
Particularly evident is the correlation between Fe + Mn and As and Co where samples 2, 3, and 21 show the
highest PTE concentrations. The linear dependency with As and Co is evident also at low Fe + Mn concentrations
(Figures 5c and 5d). More binary plots of the PTEs concentrations versus Fe + Mn are shown in Figure S3 in
Supporting Information S1.
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4.2.3. Groundwater Geochemistry

Groundwater data from four wells located across the Focus Area are presented in Figure 6. Going westward, the
pH rapidly increases, from values weakly acidic (around 6) in P2S to neutral values (7.5) in all other locations.
The pH is vertically stable with uppermost values almost identical to those at the bottom of the aquifer. The EC
groundwater data exceeds 40 mS/cm in P2S close to the shoreline, whereas brackish values are measured inland
(ranging from 10 to 20 mS/cm, Figure 6a). The top water table has lower EC and higher redox potential than in the
deep portion of the aquifer (Figure 6b), especially in wells located in the pine forest, where the aquifer is phreatic
and directly recharged by rainfall (Greggio et al., 2020). In the deeper portion of the aquifer, there are anoxic
conditions, and the redox potential ranges between —100 and —200 mV (Figure 6b).

In terms of element concentrations (Figure 6¢), Fe is abundant in groundwater, with concentrations ranging
between 0.3 and 13.5 mg/1. The concentration of Mn is on average 0.7 and 2.4 mg/l in P5S and P2S and decreases
at 0.4-0.2 mg/l in P3S and P4S, respectively. The typical seawater sulfate concentration is present at P2S well and
decreases moving inland. At the P4S location, sulfate is consumed because of the stronger anoxic conditions and
concurrently increase in the production of bicarbonates at deeper levels. Groundwater from the deep portion of the
coastal aquifer also shows enrichment in As with maximum values of 47.5 pg/l in the most salinized and anoxic
conditions (PS2); the concentration decreases by approximately 48% on average at the water table (Figure 6b).

4.3. LRC Sediment Samples
4.3.1. Principal Component Analysis
The results of the PCA performed on the 182 LRC samples are shown in Table 3.

The PC1 explains 27.2% of the variance with one positive component loading between Ni, Cr, Co, As, and
fertilizers. Once the scores of the PC1 are spatially located (Figure S2a in Supporting Information S1), the positive
values are well grouped and located in the southern part of the studied coastal area, whereas samples to the north
show negative scores with only sporadic positive scores.

The PC2 explains 16.69% of the variance with a marked bipartition among variables: Cu, Zn, and Pb, along with
Cr and Ni have positive correlations, whereas As, Co, Sn, and fertilizers have negative correlations. It is inter-
esting to note that, as for the Focus Area, even here the group As, Co, and fertilizers show an opposite behavior
compared to Cu, Zn, Pb, Cr, and Ni groups. The Cu, Zn, and Pb of PC2 have the highest scores close to the
anthropic settlements (Figure S2b in Supporting Information S1). The PC3 accounts for 13.23% of the variance
and it is guided by Sn, Pb, and As elements. The higher scores are in a few samples, especially concentrated close
to industrial harbor areas in the northeast of Ravenna.

5. Discussion

The sediment samples in the Focus Area revealed a primarily sandy texture with a clear Ca-dominant signal
(Table 1A) for the Holocene beach ridge deposits (BR), which are largely of Apennine provenance (Greggio,
Giambastiani, & Antonellini, 2018; Greggio, Giambastiani, Campo, et al., 2018). Based on Buscaroli
et al. (2021), geochemical differences would be expected among samples from BR and fine-grained interfluvial
floodplain depositional facies (IF), which are mainly characterized by high abundance of Al,O;, K,O, LOI, along
with high trace elements (Co, Cu, Rb, V, Zn) concentrations due to their affinity with clay minerals. However, the
geochemical homogeneity observed in sediment composition within the drains suggests that fine-grained particles
are preferentially eroded from the surrounding cultivated soils during intense rainfall events, and then transported
and deposited within the canals leading to an increase in the finer composition of the original bed sediments.
Although in flat agricultural areas, the rainfall-induced soil erosion is limited compared to hill shaded areas (i.e.,
Piacentini et al. (2018) report 30 mm/day of erosion), it does occur and leads to a sorting of finer grains on the

Figure 3. Sediment compositions (mg/kg) of samples collected in 2022 along the drainage ditches of the Focus Area (gray boxplots) compared to the results of Buscaroli
et al. (2021) (yellow boxplots). Boxplots of elements are arranged based on the depositional facies mapped in the area: BR = beach ridge deposits; IF = interfluvial
floodplain deposits (refer to Figure 2). Note: SM (salt marsh and back ridge lagoon) and CL (channel, levee, and river flooding) deposits are not shown because of lack
of representative number of samples (1 for SM and 1 for CL). Red dashed lines indicate threshold limits of the Italian environmental law (D.Lgs n. 152/2006, 2006). The
star symbols indicate elements for which the statistical median difference calculated by the Whitney non-parametric test between Buscaroli et al. (2021) and 2022 Focus
Area samples is significant at <0.05 p-value. Graphs of As, Ca, Co, Fe, Mn, Na, and Pb have logarithmic y-axis to enhance the visualization of data distribution.
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Table 2
Component Loadings of Each Variable for the Focus Area Samples; Eigenvalues, Explained % of Variance, and Cumulative
% of Variance for Each Selected Component (PCI1-PC7)
Vel Component loadings
PC 1 PC2 PC3 PC4 PC5 PC 6 PC7
Si —0.27 —0.01 —0.14 —0.07 0.11
Ti 0.44 0.02 0.08 —0.13 —0.10 —0.01
Al 0.08 0.07 0.09 —0.04 —0.20 0.05
Fe 0.52 —0.12 0.00 0.02 —0.18 0.06
Mn 0.28 0.21 0.30 0.14 0.36 —0.23
Mg 0.72 0.51 0.12 0.13 0.03 0.07 —0.10
Ca 0.22 0.30 0.04 0.16 —0.17 0.00
Na 0.05 0.10 0.18 0.02 0.07 —0.06
K 0.10 —0.05 0.05 —0.06 0.11 —0.09
P —0.05 0.17 0.74 0.06 —0.06 —0.54 0.25
As 0.41 —0.31 —0.06 0.13 —0.21 0.10
Br 0.24 0.40 0.10 —0.38 0.22 —0.04
LOI 0.04 0.57 0.37 —0.27 0.02 0.35 —0.13
Ba —0.48 0.06 0.57 0.44 —0.05 —0.12 0.02
Ce 0.72 0.47 —0.31 0.11 —0.13 —0.08 0.25
Cl 0.38 —0.05 0.12 0.13 —0.01 —0.04
Co 0.55 —0.26 —0.05 0.11 —0.25 0.07
Cr 0.36 0.03 —0.02 —0.09 —0.03 —0.06
Cu 0.44 0.25 0.49 —0.34 0.38 —0.11 0.21
Mo 0.36 0.10 0.15 0.02 0.07 —0.05
Nb 0.39 0.01 0.13 —0.07 0.07 0.01
Ni 0.50 0.03 0.03 —0.20 0.13 —0.12
Pb 0.11 —0.11 —0.20 0.15 —0.06 0.48_
Rb XY 025  —009  —002 008 010  —0.04
S —0.52 0.11 0.54 —0.34 —0.09 0.03 0.14
Sn 0.05 0.09 0.32 —0.21- —0.12 —0.04
Sr 0.45 —0.42 0.49 —0.09 0.36 0.32 —0.08
Th —0.48 0.64 —0.27 0.09 0.36 —0.08 0.11
U 0.32 0.22 —0.21 0.64 —0.02 —0.24 —0.13
\% 0.54 —0.01 0.01 —0.05 0.04 —0.05
Y 0.20 0.07 0.23 0.13 0.04 —0.02
Zn 0.59 0.45 0.45 —0.17 0.29 —0.08 0.19
Zr —0.08 0.16 0.32 0.19 0.02 0.00
EC —0.12 0.13 0.27 0.03 0.02 —0.16
Distance from the sea (km) 0.71 0.17 —0.11 —-0.25 0.34 0.01 —-0.22
Altimetry (m a.s.l.) 0.20 —0.19 0.26- 0.04 0.08 0.15
Land Use fertilizers (kg/ha)- 0.49 —0.04 —0.06 —0.11 0.28 0.16
Eigenvalue 17.78 5.69 3.07 2.33 1.67 1.42 1.18
% variance 48.05 15.38 8.29 6.29 4.51 3.84 3.18
Cum. % variance 48.05 63.43 71.71 78.00 82.51 86.35 89.53
Note. In the table, normal bold entries = positive correlation >0.5; italic bold entries = negative correlation <—0.5; ascending
red and blue color scales indicate ascending positive and negative component loading values, respectively.
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Figure 4. Scores distribution of PC1 components in the Focus Area.

drain beds compared to the associated depositional facies. Despite this, the comparison of these drainage canal
sediments with near-surface sediments by Buscaroli et al. (2021) confirms the enrichment of some elements in
these locations. As shown in Figure 3, the statistically significant enrichments of As, Co, Cr, Cu, Fe, and Sr
(including some outliers like Mn) suggest that the interaction between sediment and drainage water alters the
sediment trace element compositions. These enrichments in PTEs are significant for samples collected from both
BR and IF facies.

The drainage water EC values (Table 1) show the presence of brackish-saline water in the canals. As reported in
other studies carried out in the area (Cozzolino et al., 2017; Giambastiani et al., 2021), there is a general
decreasing salinity gradient toward inland areas, and the closer the drains to the coastline, the higher the EC values
of the drainage water (i.e., 44-33 mS/cm in Samples 1 and 2, respectively, Table S2 in Supporting Information S1
and Figure 5). In this context, along with the low topography and shallow water table areas, another major driver
of soil and water salinization is the drainage network that causes an upward seepage of saline water from the
bottom of the salinized coastal aquifer (Giambastiani et al., 2018, 2020; Soboyejo et al., 2021).

The PCA results for the Focus Area show that in PC1 (Table 2 and Figure 4) Na, Cl, Mo, Fe, As, Mn, Co, Br, S,
and Ba have negative correlations with the use of fertilizers and drainage water EC. It must be noted that this
group of elements with negative component loadings contains the same elements (As, Co, Fe, Mn) that are
statistically enriched compared to background composition (Buscaroli et al., 2021); this indicates the presence of
interaction processes between surface and groundwater that result in the enrichment of PTEs in the drainage
system, as explained below. Na, Cl, Br, and S have clear marine origin, confirming the presence of saline
groundwater in the drains and influence of seawater seepage as the main source of these elements, especially
along the coastline and in the drainage network of the coastal pine forests (Figure 4).

The drainage water reflects the groundwater composition of the underlying salinized coastal aquifer that is
characterized by high salinity values (up to 25.5 g/, Cozzolino et al., 2017; Figure 6a), strong negative redox
potential (Marconi et al., 2011; Figure 6b), neutral pH (Figure 6a), high alkalinity (Figure 6¢), and enrichment in
As and Fe (among other elements; Mollema et al., 2015; Figures 6b and 6c, respectively) due to the anaerobic
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Figure 5. Binary plots of the Focus Area sediment samples: (a) drainage water EC versus distance from the sea; (b) Cl versus Fe + Mn; (c) Co versus Fe 4+ Mn; (d) As
versus Fe + Mn. Note: graph in (b) has logarithmic y-axis to enhance the visualization of data distribution.

degradation of abundant organic matter within the aquifer (Filippini et al., 2021; Giambastiani et al., 2013;
Mollema et al., 2013). The mobility and occurrence of As in groundwater is strongly dependent on its oxidation
state. The reduced form of As (As>*) has greater mobility, while the oxidized form (As>*) tends to be absorbed by
Fe-, Al-, and Mn- hydroxides, clay minerals, and organic matter, favoring precipitation and removal from so-
Iution. The reductive dissolution of Fe- and Mn- oxides and hydroxides (HFO, HMO from now on), which is
linked to the anaerobic degradation of peat layers, has been identified as the main As source from sediment to
groundwater (Carraro et al., 2015; Colombani et al., 2015; Guo et al., 2011; Mollema et al., 2013; Rotiroti
et al., 2015). In this context, salinity plays a critical role due to the presence of high concentration of SO,>~ that
can be used by sulfate-reducing bacteria as terminal electron acceptors during the anaerobic decomposition of
OM in a reducing aquifer (Hackney & Avery, 2015). Once the oxygen-poor saline groundwater with high
concentrations of Fe, Mn, As, and other elements, such as Mo, Co, Zn, etc. (Greggio et al., 2020) reaches the
drainage canals, the mixing with meteoric water increases the redox potential into positive values and causes the
formation and precipitation of HFO and HMO. High concentrations of HFO and HMO are found in the sediments
(Table 1 and Figure 3) as also testified by the reddish color of water and sludge in the drains, especially in high
salinity conditions (Figures 5a and 5b). The precipitation of HFO and HMO results in the removal of dissolved
trace elements from the solution and their transfer into the solid phase (Manceau et al., 1992; Mollema et al., 2015;
Ravenscroft et al., 2009; Stockdale et al., 2010; Weiske et al., 2013). This process explains the concurrent high
concentrations of Fe,0;, MnO, As, Co, Mo, and other PTEs, with the most saline samples (2, 3, and 21)
dominating the correlation (Figures 5c and 5d and Figure S3g in Supporting Information S1). A Sequential
Extraction Procedure (SEP) would be necessary to gain more information on contaminant pools with differential
lability of As and other PTEs in various solid phases. This procedure would also indicate the potential effects of
changing conditions (i.e., oxic and anoxic) within the system (Toller et al., 2022; Wenzel et al., 2001). In the
present study, these techniques are not employed due to the large number of samples but also because the results
would not be easily compared with the pseudo-total results of the LCR samples obtained by aqua regia digestion.
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Figure 6. Vertical distribution of physical and chemical groundwater parameters in the Focus Area. Refer to Figure 2 for the well locations.

The PC1 on the Focus Area samples (Table 2) groups together many elements with positive loadings, such as K,
Rb, Al, Y, Cr, Nb, Zr, V, Ti, Ni, Mg, and Zn along with the distance from the sea. As confirmed by Dinelli
etal. (2007) and Buscaroli et al. (2021), these elements are positively correlated with silty clay and clay sediments
that characterized the inland portion of the study area, where the phreatic aquifer becomes semi-confined due to
the alluvial plain deposits and back barrier facies association (Amorosi et al., 2008) (Figure 2). The dependency
with the distance from the sea confirms the chemical distribution (Figure 4); as suggested by Du Laing
et al. (2008) high EC values promote Cr, Ni and Zn desorption from the sediment, which result in decreasing
concentrations in sediments and increasing concentrations in water.

Extending the analysis to the entire coastal area, PC1 results in Table 3 show positive correlation between Ni, Cr,
Co, and As, along with the use of fertilizers. Their location in the southern part of the area (Figure S2a in Supporting
Information S1) agrees with the natural background concentration map of Cr developed by the Emilia Romagna
Region (https://ambiente.regione.emilia-romagna.it/en/geologia/soil/heavy-metals-in-soil/pedogeochemical-ER-
plain?set_language=en) that identifies natural enrichments of Cr in the inland portion of the plain westward of the
city of Cervia, corresponding to IF depositional facies. Indeed, silty clay deposits are naturally enriched in Ni, Cr,
and Co as highlighted by Dinelli et al. (2007). The correlation between this group of elements and the use of
fertilizers is reasonable since the southern coast is entirely occupied by tourist infrastructure, while agricultural
activities is dominant in the inner regions. The agricultural activities and the current drainage management of the
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Table 3 area probably contribute to the distribution and accumulation of PTEs in drain
LRC Samples Component Loadings for Each Variable; Eigenvalues, bed sediments. Moreover, the complex drainage system that controls the water
Explained % of the Variance, and Cumulative % of the Variance for Each table in the study area can be a pathway for the transport of fertilizers and other

Selected Component (PC1-PC4)

agricultural chemicals into drainage water (Mastrocicco et al., 2012, 2013,

Variables PC 1 PC2 PC 3 PC 4 2016). The concentration of PTEs, such as As, Cd, Cr, Pb, Hg, and Ni in fer-
o ngilen) 0.50 —036 0.52 —0.02 tilizers, as impurities or contaminants, can vary depending on the source and

type of fertilizer (Gharaibeh et al., 2020; Sacchi et al., 2020; Weissengruber
Co (mg/kg) 0.76 —0.23 —0.24 0.10 - . .

et al., 2018). Where fertilizers are applied to crops, dissolved elements can be
Cr (mg/ke) el il U U0 carried away by rainfall or irrigation water, and ultimately end up in the
Ni (mg/kg) 0.88 0.25 —0.23 —0.04 drainage system and here undergo water-sediment interactions. It has to be
Pb (mg/kg) 0.00 0.42 0.43 —0.18  noted that crop rotation practices could hinder the statistical validity of this
Cu (mg/kg) 0.06 0.77 0.05 0.17  parameter in the PCA analysis because the application of fertilizers may vary
Zn (mg/kg) 0.08 0.61 0.42 —0.02 over time in response to changes in crops and agricultural practices.
Sni (mg/kg) ol —iL g bl The PC2 results for the entire coastal area (Table 3) show high correlation
Distance from the sea (km) —0.15 0.13 -0.08 0.94 among Cu, Zn, and Pb, followed by Cr and Ni, although with lower values.
Land Use fertilizers (kg/ha) 0.64 —0.33 0.30 024 Several works recognize Cu, Pb, Zn, and Cr as elements related to road traffic
Eigenvalue 2.72 1.67 1.32 1.04  and transportation and, generally, as anthropogenic tracers (Budai &
% variance 27.20 16.69 13.23 1039  Clement, 2018; Swietlik et al., 2015). Cu, Pb, and Zn loads, which are
Cum. % variance 2720 43.89 5712 67.50 released from brake and tire wear, can be easily mobilized during rainfall,

Note. In the table, normal bold entries = positive correlation >0.5; italic bold

along with the fine particles they are associated with. These elements can then
return to the atmosphere through resuspension when the roadside dust dries

entries = negative correlation <—0.5; ascending red and blue color scales

indicate ascending positive and negative component loading values,

respectively.

up (Budai & Clement, 2018). These processes control the mobility of these
elements in the air and drainage water outside the road areas, and may explain
the enrichments observed in samples located near major roads or industrial
facilities (Figure S2b in Supporting Information S1), even if no significant
trends are discernible.

Although it is well-established that hydrous Mn oxides have strong affinity for adsorbing Pb>* across a wide
range of pH values (Covelo et al., 2007; Manceau et al., 1992), we observe an exception in the case of sample 4
(Figure S3a in Supporting Information S1). This sample, which contains the highest concentration of Pb (158 mg/
kg) and relatively low content of Fe and Mn oxides, was collected from an irrigation canal bordering a wetland
historically used for waterfowl hunting. The elevated Pb concentration may be attributed to the wide dispersal of
lead pellets in such wetland areas as discussed in Migani et al. (2015).

Chromium, in its reduced state, has a strong affinity for HFO and HMO, but reaction products are different
(Manceau et al., 1992): HFO fixes it (with possible transport in particulate form), whereas HMO oxidizes and
then solubilizes it (Richard & Bourg, 1991). The high affinity of Cr for HFO results in the formation of
widespread Cr-containing Fe oxides. At a molecular level, the trapping of Cr’* by HFO is achieved either
through the formation of surface complexes on already formed Fe particles (as in an adsorption/surface pre-
cipitation phenomenon), or through the simultaneous hydrolysis of Fe** and Cr** (as in a co-precipitation
phenomenon). In this case study, Cr concentration is low where Fe and Mn oxides have high values (Figure
S3c in Supporting Information S1) as in the three samples of the pine forest (2, 3, 21). This can be explained by
the high salinity that increases PTE mobilization in soils and reduces the sorption capacities of Fe- and Mn-
oxides. The extent of mobilization depends on the type and total amount of PTEs, as well as the type of salt
causing the salinization (Acosta et al., 2011; Choi et al., 2020; Du Laing et al., 2008). In particular, the major
mechanisms affecting the salinization process are the complexation capacity of salt derived anions with PTEs,
and competition of salt derived cations with positively charged PTEs for sorption sites on the solid phase
(Acosta et al., 2011; Paalman et al., 1994).

According to Gadde and Laitinen (1974), Zn, which is present in many fertilizers, is also adsorbed on HFO and
HMO at high pH (>7). In Figure S3b in Supporting Information S1, Zn concentration increases with increasing
Fe,05 + MnO % in most samples, except once again, for the saline samples collected in the coastal pine forests.

Tin (Sn) shows the major % exceeding the national threshold in Table 1. Tin is a poorly studied element in
soil and sediment and its average value in soil is 1.1 mg/kg (Salminen et al., 2005). Anthropogenic sources of
Sn are coal and wood combustion, waste incineration and sewage sludge, solder (Sn-Pb), agricultural
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pesticides, and wood preservatives with organo-Sn compounds (Reimann & De Caritat, 1998). In water, Sn>*
is rapidly oxidized and is subsequently bound to secondary oxides of Fe or Al as Sn(OH), or Sn(OH);0™
with affinity for the finest particulate matter. Here, Sn does not show a correlation with Fe and Mn (Figure
S3f in Supporting Information S1), and the highest concentrations are located along the main roads and
railways. Indeed, a recent work by Stancic¢ et al. (2022) indicated railway-originated dust as a potential source
of Sn in nearby soil.

6. Conclusions

This study addresses a gap in the scientific literature concerning the distribution and accumulation of various
Potentially Toxic Elements (PTEs) in sediments from drainage canals in low-lying coastal reclamation areas. The
aim of the study is to obtain evidence of the geochemical processes occurring between drainage water and canal
bed sediments and assess the factors affecting PTEs distribution and enrichment.

The sediment samples reveal high concentrations of PTEs, exceeding the limits set by the Italian Environmental
Law. A comparison with near-surface sediment samples shows significant enrichment of As, Co, Cr, Cu, Fe, Na,
and Sr, and the results of the multivariate statistical analysis (PCA) indicate the drainage water salinity, topog-
raphy, and fertilizer usage as the main causes.

Strong positive correlations between As, Co, Mo, and iron and manganese oxides suggest that the absorption on
Fe- and Mn oxyhydroxides (HFO and HMO) is the primary mechanism for PTE precipitation from the solution
and enrichment in the sediments, especially in areas with high salinity conditions near the sea (e.g., coastal pine
forests). The drainage causes seepage of saline, anoxic, and Fe- and Mn-enriched groundwater from the bottom of
the salinized coastal aquifer; the mixing with meteoric water increases the redox potential causing the formation
and precipitation of HFO and HMO that remove the dissolved trace elements from the solution into solid phase.
Among the PTEs, Cr and Ni abundances are explained by natural background values and, locally, by fertilizer
application, while enrichments of Cu, Pb, and Zn are recognized as anthropic tracers and are associated with
proximity to main roads. However, under conditions of high electrical conductivity, these PTEs preferentially
remain in solution due to competition with salt-derived cations for sites in solid phases.

Since drainage canals are regularly dredged to maintain the required hydraulic gradient, it is essential to char-
acterize the geochemical composition of the sediment to determine if it can be reused or disposed of safely. High
concentrations of PTEs in the sludge and sediments classify them as special wastes, necessitating costly protocols
and procedures for treatment and disposal. Moreover, understanding the fate and mobility of heavy metals be-
tween water and sediment matrix is crucial due to the use of these channels for irrigation during the spring-
summer season.

The study area (Ravenna, Po river delta plain, Italy) serves as a representative case study for the complex issues
that many low sandy coasts and delta regions face worldwide. The interplay of water and soil salinization,
subsidence, land reclamation, coastal urbanization, and climate change, including sea level rise and extreme
events, will intensify the geochemical processes outlined in this paper. These heightened interactions will make
coastal areas more vulnerable to sediment toxicity, particularly in the event of mismanagement, such as improper
agricultural practices, human activities contributing to land subsidence, or extensive drainage. The insights gained
from this research can provide valuable information to water management institutions worldwide, assisting them
in making informed decisions and implementing effective strategies to manage dredged sediments and address the
challenges associated with the presence of PTEs in the reclaimed coastal areas, and ensure their long-term
resilience.

Lastly, to control further enrichment and accumulation of PTEs in canal sediments, the water management in-
stitutions should establish a monitoring network to periodically check the use of fertilizers and the Eh-pH-salinity
conditions, as these factors play fundamental roles in the mobility of PTEs.

Data Availability Statement

Data sets related to this article can be found at Giambastiani et al. (2023) [Dataset], in the open-source online data
repository hosted at Zenodo.
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