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The grain size, nutrients, and metals contents of sediments are important tracers for reconstructing the origin of the contaminants and the pathway of the sediments from the source to the sink. This is particularly important in areas with high geological variability and a high demographic pressure. The origin and distribution of contaminants and nutrients allow us to identify the source-to-sink pathway of the sediments. In particular, the Sarno River is one of the main contributing sources of anthropogenic contaminants due to the outflow from the large surrounding large industrial area. Geochemical and physical parameters of sediments were analyzed along a transect from the coastline to a water depth of 112 m, with the objective of exploring the spatial variability of sediment contamination in the continental shelf of Naples Bay. The latter is characterized by a complex geological area and is subject to river inflow from a highly industrialized area. The data have been analyzed using principal component analysis (PCA), hierarchical correlation analysis (CA), and analysis of variance (ANOVA). To distinguish between a natural and anthropogenic origin of contaminants and to construct the source-to-sink pathway, the relationship between geochemical and physical data and their distribution was examined, and the results were compared with published data collected onshore. Four distinct sectors with different associations of metals, grain size, and total organic carbon have been recognized: I) offshore Vesuvius volcano, the occurrence of coarse-grained sediments, associated with As, Fe, Mn, and low TOC values, suggests a natural origin of the contaminant due to the volcanic nature of the substrate; II) offshore the Sarno River, the presence of Cr, Cd, Cu, Pb and Zn, associated with the high TOC content, suggests an anthropogenic origin for the contaminants; III) offshore Sorrento Peninsula, the presence of As, Fe, Mn, and some gravel made up of pumice and bioclasts indicate a predominance of contaminants of natural origin; and IV) finally, the distal part is not subjected to a primary terrestrial input. Metals contamination of anthropogenic origin and the organic matter in sediments decreased rapidly with distance from the coast highlighting the main deposition area close to the river discharge.
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1 INTRODUCTION
Anthropogenic processes in raw industrial wastewater, municipal wastewater, surface runoff, and so on, as well as the erosion of the rocks that make up the substrate, are responsible for the discharge of metals into coastal environments. The concentrations of metals in sediments are mainly influenced by the mineralogical and chemical composition of suspended materials, human activities, and various chemical processes (Meybeck and Helmer, 1989; Cobelo-Garcia and Prego, 2003; Prego and Cobelo-Garcia, 2003; Hu et al., 2015; Lu et al., 2017). Heavy metal elements (e.g., Pb, Cd, Ni, Cr, Cu, Zn, and As) are important contaminants in the environment because of their characteristics of multiple provenance supply, long residual time, difficult degradation, and easy accumulation. They have a high potential for toxicity to ecological systems because high concentrations might inhibit or modify the growth of organisms and be harmful to human health through transmission in the food chain (Chapman et al., 1998; Sundelin and Eriksson, 2001; Rainbow and Luoma, 2011; Roberts, 2012; Spada et al., 2012; Hill et al., 2013; Wang et al., 2013; Giandomenico et al., 2016; Lu et al., 2017; Mali et al., 2022). Despite inherent problems in inferring sediment provenance from the final product, the attempt at reconstructing mass transfer from source areas to the sedimentary basin has attracted increasing interest over the last decade. Recently, a study of the Holocene succession of the Po River Basin highlighted the spatial and temporal distribution of chromium and nickel concentrations as a powerful tool for reconstructing changes in sediment source and dispersal patterns through time (Amorosi, 2012).
On the other hand, organic matter and nitrogen content have been used widely as biomarkers for the reconstruction of the depositional environments and the environmental changes of the past (Dean, 1974; 1999; Avramidis et al., 2013). More than 90% of global marine organic carbon is indeed trapped in coastal sediments through complex physical, chemical, and biological processes (Gao et al., 2012), and the ratio between total organic carbon (TOC) and total nitrogen (TN) is often used to distinguish between a terrestrial, fluvial, or marine origin of organic matter (Lamb et al., 2006; Gao et al., 2012; Nazneen and Raju, 2017; Lu et al., 2020). Both factors, grain size and organic matter content, play an important role in the contamination pattern as the first governs metal mobility (Solomon and Forstner, 1984; Mali et al. 2015; Mali et al. 2016; Mali et al. 2017a; Mali et al. 2017b; Mali et al. 2018; Mali et al. 2019; Mali et al., 2022; Cotecchia et al., 2021).
Southeast Naples Bay represents a relatively wide continental shelf environment with terrestrial sediment supply from the Vesuvius volcano, the Sarno River, and the Sorrento Peninsula relief (Figure 1). The Sarno plain is the alluvial plain of the Sarno River and extends for approximately 440 km2. The river has a daily average flow of approximately 1 m3s−1 and a relatively short straight course (24 km) crossing heavily farmed land before discharging into the Bay of Naples (Arienzo et al., 2001). The area has a Mediterranean climate regime, with an average annual temperature of 17.2°C and average annual rainfall of 1,203 mm, mostly concentrated at the end of the summer (Ufficio Idrografico e Mareografico di Napoli 1960–1995). Much of the coastal zone of the basin and many inland areas are strongly urbanized and industrialized, with a total of 160 tanning plants operating in the upper valley of the basin (Arienzo et al., 2001). The rest of the plain, in particular the middle Sarno Valley, with a high population density (up to 2,000 inhabitants per km2; ISTAT 2011), is used for very intensive agriculture, consisting of field horticulture, orchards, vineyards, chestnuts, and greenhouse horticulture and floriculture. The inner part of the Sarno Valley is largely affected by the presence of numerous leather tanneries; almost 90% of the inhabitants are involved in this sector. In the middle Sarno Valley, crop production is the main economic source because of soil fertility and the Mediterranean climate. Finally, the lower Sarno Valley economy is characterized by several chemical-pharmaceutical, engineering, and manufacturing industries (De Pippo et al., 2006). The Somma-Vesuvius volcanic complex is formed by an older stratovolcano (Mount Somma) cut by a breached crater and by a stratocone (Vesuvius), which developed during historical times. It grew up to approximately 2000 m in height over a time span of ca. 20 ky (Cioni et al., 1999), mainly through the piling up of lava flows and spatter and loose scoria deposits. The main effusive activity of the Somma stratovolcano was interrupted at approximately 22 ky BP by the trachytic Pomici di Base Plinian eruption (Santacroce et al., 2008). This event was responsible for the formation of the breached crater and the deposition of a large debris avalanche in the submarine counterpart (Milia et al., 2003; 2012). The Vesuvius is quiescent since March 1944. The Sorrento Peninsula, bounding the southern margin of the Bay of Naples, is characterized by a thick Meso-Cenozoic succession of limestone and dolomite covered by clastic sediments. The latter are made up of clastic deposits of Miocenic succession in the western part of the Peninsula and by tephra deposits from Vesuvius and Campi Flegrei that cover the carbonatic relief.
[image: Figure 1]FIGURE 1 | The study area extends on the continental shelf of Naples Bay (Eastern Tyrrhenian Sea) between the Vesuvius volcano and Sorrento Peninsula offshore the Sarno plain. The red circles represent the locations of the samples collected for this study. R, Rovigliano rock; S, Banco di Santa Croce reef. Black stars indicate the onshore data set; the red, blue, and yellow stars indicate the different directions of metal distributions. From Montuori et al. (2013).
A geochemical prospect was conducted in the Sarno Plain by several authors (Adamo et al., 1999; 2003; Arienzo et al., 2001; Aiuppa et al., 2003; De Pippo et al., 2006; Albanese et al., 2007; 2013). In particular, Albanese et al. (2013) analyzed sediment samples collected in the Sarno alluvial plain and processed the data to generate the maps of the contamination factors and contamination degrees for As, Cd, Cr, Cu, Hg, Pb, and Zn. Furthermore, the authors performed a factor analysis to assess the nature and the extent of contamination sources for the river sediments. Moreover, Montuori et al. (2013) analyzed metal contamination (As, Hg, Cd, Cr, Cu, Ni, Pb, and Zn) along the river from the inner part to the distal part and in the proximal shore area (sample locations are indicated with stars in Figure 1). The authors performed the analyses in the water dissolved phase, with suspended particulate matter and sediment samples showing an increase of metal contamination from the inner part of the river toward the coast; offshore the metals are mainly redistributed toward the south.
The study area is the sector of the continental shelf offshore Sarno plain. Unlike many studies that focused on the distribution and concentration of metals in the offshore area (e.g., Zonta et al., 2018; Sprovieri et al., 2020; Wang et al., 2023), some studies have attempted to identify the origin and path of these between sources and depositional areas (Tamburrino et al., 2019; Oliveri et al., 2022). Our goal is to identify areas with different physical and geochemical characteristics to determine the origin, provenance, and path of the contaminants. In particular, we investigate the current grain size, nutrients (TOC, TN, and TP), and metals (Hg, Cd, As, Cr, Ni, Cu, Zn, Pb, Fe, and Mn) to distinguish the possible origin (natural vs. anthropogenic) of the latter using multivariate analysis. For this purpose, and to be able to reconstruct the path of the sediments, we have taken into consideration the results of previous studies in the Sarno plain.
2 MATERIALS AND METHODS
A total of 91 surface sediment samples, named GN1 to GN91 from the coast to the distal area, have been collected using a Van Veen grab along a transect (about 9 km) offshore the Sarno plain coast (Figure 1) at the end of 2014. The sediment samples were analyzed for grain size, metals (Hg, Cd, As, Cr, Ni, Cu, Zn, Pb, Fe, and Mn), total organic carbon (TOC), and nutrients, such as total nitrogen (TN) and total phosphorus (TP). For physical analyses, a first aliquot of sediment sample was stored in clean polyethylene bags and subsequently cooled at 4/6°C, whereas for the chemical analyses, a second aliquot was stored in decontaminated HDPE (high-density polyethylene) containers and frozen at −18°/−25°C. The granulometric features of the sediments were analyzed following the ICRAM Manual procedure: for grain size analysis, samples were treated with H2O2 solution to remove organic constituents and support deflocculation, washed and dried at 40°C, and then sieved using an ASTM series of meshes from −1 to 4 phi, with an interval of 0.5 phi (phi = −log2 of the mm value). The finest fraction (<63 μm) was analyzed using a laser diffraction granulometer (laser particle-size analyzer). The analytical procedures are summarized in Table 1. All measured data from the samples are shown in the Supplementary Material.
TABLE 1 | Details of the analytical methods employed during the investigation.
[image: Table 1]Multivariate statistical analyses (PCA and CA) were carried out using SIMCA 17.01 (17, MKS Umetrics AB, Sweden) coupled with STATISTICA 16.0 for ANOVA analysis to investigate significant differences in metal concentration following the organic matter and granulometric trend. The data set for the PCA analysis includes 91 sites and variables referring to the absolute values of concentration of As, Cd, Cr, Cu, Hg, Ni, Pb, Zn, Fe, and Mn, TOC, TN, TP, including the percentage of the Wentworth size classes for granulometry (gravels, sand, silt and clay), and C/N ratio for organic matter provenance (Lamb et al., 2006). Finally, regression analyses applying Pearson correlation were conducted to examine the correlation between metal content and TOC content.
3 RESULTS
3.1 Sediment granulometry
The Wentworth size classes (clay, silt, sand, and gravel) have been identified in the Bay of Naples continental shelf up to a depth of 112 m (Figure 2). The predominant grain sizes are sand and silt, representing more than 70% of the sediment samples. The granulometric distribution and the variation in the percentage of the classes permit us to distinguish four sectors (A, B, C, and D) along the transect.
[image: Figure 2]FIGURE 2 | Depth and grain size of the sediment samples, expressed according to Wentworth size classes. The sectors (A, B, C, and (D) indicate areas with different granulometric characteristics.
Sector A lies close to the Torre Annunziata coast, between a water depth of 0 and 20 m (from GN1 to GN14), and it is characterized by the prevalence of sand, which accounts for more than 80% of the content until GN14 and decreases abruptly to less than 20% at GN20. In this sector, the silt is approximately 10%, whereas clay is between 0% and 5%. Sector B lies between the water depth of 20 m and 55 m (from GN15 to GN44) and is characterized by a relatively high silt component (between 60% and 70% of the total content), whereas sand accounts for approximately 20% of the content, as does clay. A change in the granulometric percentage occurs at the boundary of sectors B and C. In sector C (from GN45 to GN66), between a water depth of 55 m and 90 m, the sand accounts for 35% and 60% of the content, respectively, and silt is present at a similar proportion, whereas clay accounts for less than 20% of the content. Even at a low percentage (up to 10%), it is important to note the presence of gravel. The gravels are made up of pumice, slag, and bioclastic and organogenic material (bivalves, bryozoan, gastropods, posidoniae remains, and numerous coral fragments) (Figure 3). Moving toward a distal area, in sector D at a water depth of more than 90 m (from GN67 to GN91), the sand decreases in percentage from 40% to 20%. By contrast, silt increases up to 60% and clay increases from 20% to 30%.
[image: Figure 3]FIGURE 3 | Gravel fraction of sector C made up of pumice and bioclasts (corals, bivalves, and gasteropoda).
Along the track, the distribution pattern of the sediments from the Vesuvius coast to the offshore of the Sorrento Peninsula displays two abrupt changes in the percentage of grain sizes at the boundaries of sectors A and B and B and C. The boundary between sectors A and B represents an abrupt change in the sand and silt content, with a rapid decrease in sand from 80% to 10%, whereas silt increases abruptly from 20% to more than 60% and is the prevalent grain size in sector B. In particular, the fine fraction <63 μm (silt and clay) increases from a maximum of 27% in sector A to more than 93% in sector B, with silt as the prevalent component (Figure 4). At the boundary of sectors B and C, it is possible to observe an abrupt change in the percentage of sand and silt that reaches similar values in sector C. By contrast, the fine fraction of <63 μm accounts for between 40% and 68% in sector C. Furthermore, this latter sector is characterized by the presence of gravel. The boundary between sectors C and D is more gradual: the percentage of sand decreases, whereas the fraction of <63 μm reaches 85%, with the clay fraction increasing up to 30% in the distal area.
[image: Figure 4]FIGURE 4 | Trend of the fine fraction of <63 μm in the sediment samples.
3.2 Total organic carbon and nutrients (TN and TP)
The organic matter content in sediments is usually expressed in terms of total organic carbon (TOC) (Van Nugteren et al., 2009). The distribution of TOC within sediments of the study area ranges from 0.01 up to 5.88%w. The highest concentrations of TOC are present in sector B where TOC reaches 5.88 %w (Figure 5). A comparison with the adjacent area in Naples Bay reveals that this value is higher with respect to that detected in an adjacent area, offshore Naples, where the TOC ranges between 0.05% and 4% (Sprovieri et al., 2007). A positive relationship between TOC content and the silty fraction was detected (R = 0.72 at p=0.05) (Table 2).
[image: Figure 5]FIGURE 5 | TOC distribution plotted on grain size. It is important to note the bell shape with the higher values of TOC in sector B.
TABLE 2 | Correlation matrix of the variables investigated.
[image: Table 2]The concentration values of TN and TP are reported in Figure 6 in the form of box plots. The distribution of TN follows the TOC trend, as shown by the high correlation between TOC vs. TN plots (R = 0.82 at p=0.05) (Table 2). TP was below the detection limit in almost all sectors (A, C, and D), except for sector B, where the TP values range between 500 and 1,534 mg/kg dry weight (d.w.). In general, a good positive relationship (R = 0.67 at p< 0.05) was observed between TN and TP (Table 2).
[image: Figure 6]FIGURE 6 | Box plot of TN and TP. The box represents the 25th and 75th percentiles, with the mean value within the box The outliers are represented by black diamond symbols.
It is worth noting that both TOC and nutrients registered a positive relationship with the finest grain size (silt and clay), as shown by the Pearson coefficient reported in the correlation matrix (Table 1). In turn, a negative relationship was logged between TOC, TN, and TP and sand content, with R values of −0.64, −0.63, and −0.52, respectively. Additionally, TN and TP content were under the detection limit in sector A, where sand had the highest values (ranging from 72% to 96%), and sector C (characterized by sandy silt).
In the investigated area, the C/N ratios (Figure 7) vary within wide ranges. Each of the sectors shows distinct C/N ratio trends, with particularly high values in sector A (from 19 to 528) and sector C (from 502 to 1,550) but low values in sector B (from 12 to 20) and sector D (from 3 to 11). According to Meyers (1994) and Tyson (1995), the organic matter content is characterized by low C/N ratios in the marine environment because it tends to be nitrogen rich.
[image: Figure 7]FIGURE 7 | C/N values plotted vs. grain size.
3.3 Metals
Figure 8 summarizes the absolute, minimum, maximum, and average metal concentrations recorded in the sediment samples using box-plot graphs. The concentration ranges, represented by dry weight in mg/kg, are as follows: Hg (0.009–0.7), Cd (2.68–8.38), Pb (21.4–231.36), As (9.15–49.5), Zn (88.9–386), Cr (32.7–749.73), Cu (19.6–243.55), Ni (0.001–73.6), Fe (27,692–103,115), and Mn (255–1,546).
[image: Figure 8]FIGURE 8 | Box plots of Pb, As, Cr, Cu, Ni, and Zn. The boxes on the right represent the concentrations of Hg and Cd (with different magnitudes with respect to the other metals). The box represents the 25th and 75th percentiles, with the mean values within box. The outliers are represented by black diamond symbols.
Outlier concentrations were logged for Pb (which reached the highest value of 231.36 mg/kg at site GN36), Cr (which reached the highest value of 749.73 mg/kg at site GN34), Cu (highest concentration of 243.55 mg/kg at site GN34), and Zn (maximum value of 386 mg/kg at site GN36). Cd shows a more uniform distribution across the study area with a maximum value of 8.38 mg/kg at site GN82. Hg presents the highest value of 0.7 mg/kg at site GN76.
3.4 Multivariate analysis
PCA, CA, and ANOVA analyses were performed to investigate the correlation between sediment characteristics (grain size, organic matter, and nutrients) and metal/metalloid distribution. The data set, including the 91 sites and 21 variables (As, Cd, Cr, Cu, Hg, Ni, Pb, Zn, Fe, Mn, TOC, TN, TP, percentages of gravel, sand, silt, and clay, C/N ratio, w%, ps%, and depth), was enhanced with two qualitative variables. Indeed, to support a better understanding of multivariate analysis (PCA, CA, and ANOVA), two independent factors were included in the experimental design. The first one is represented by the granulometry, which was subdivided into the following five groups respectively named “silty”, “sandy”, “silty-sand”, “silty-clay,” and “sandy-gravel”: 1) “silty” includes samples in which the silty fraction is predominant (more than 55%); 2) “sandy” includes samples in which the sand fraction is predominant (more than 55%); 3) “silty-clay” and 4) “sandy-clay” include samples in which the two granulometric fractions are predominant; and 5) “sandy-gravel” includes samples in which the gravel fraction accounts for 2%–10% of the sample and the sandy fraction is predominant (more than 50%). The second independent factor included was “organic matter content” expressed in terms of TOC, which was grouped into three different range concentrations: “low TOC”, with concentrations of TOC from 0% to 1%; “medium TOC”, with concentrations ranging between 1% and 3%; and “high TOC”, with a TOC content more than 3%.
To validate the model performances, all data were centered on the mean, and the cross-validation method was applied before PCA and CA analysis. A model with four principal components (PCs) accounting for a cumulative variance of 72% was considered. An inspection of the biplot graphs (score plot and loading plots) and the relative hierarchical cluster dendrogram (Figures 9A, B), revealed four groups that seem to be governed by different pattern variables. It is important to note that the identified groups, more evident along the PC1, correspond to the previous individuated sectors (A, B, C, and D) (Figure 10). The distinction between the four groups is more evident along PC1, where they are displayed with different contaminant patterns. The biplot graphs (Figure 9A) show that in the PC1 vs. PC2 hyperspace, group 1 includes samples from sector A. Group 1, characterized by the negative value of PC1 and positive value PC2, is highly associated with “Sand,” Fe, and As, and to a lesser extent with Mn and Ni. Furthermore, group 1 is associated with “low TOC content” and shows an inverse trend with the nutrient concentrations. Group 2, characterized by PC1 and PC2 positive values, includes the samples from sector B. This group is characterized by the presence of Cr, Cu, Pb, Hg, Zn, Cd, “high TOC content”, and “silt”. Groups 3 and 4 are displayed in hyperspace with a negative value of PC2, and include the samples from sectors C and D, respectively. Both groups are characterized by the “medium value of TOC”. Group 3 is associated with the “sandy-gravel” fraction and has a high value of C/N, and group 4 is characterized by a silty-sand fraction and low values of C/N. Both groups do not have significant relationships with metals, albeit group 4 has a low positive relationship with Hg and Cd, and group 3 has a positive relationship with Mn and Ni.
[image: Figure 9]FIGURE 9 | In the upper panel, biplots (score and loadings) of PC1 vs. PC2 from PCA analysis in the study area. In the lower panel, dendrograms of the hierarchical analysis.
[image: Figure 10]FIGURE 10 | Location of the site clusters/sectors individuated on a PC model on the geographic area.
3.5. ANOVA analysis
The ANOVA analysis, using TOC as an independent variable (Figure 11), distinguished three groups of metals:
i) Fe, As, Mn, and Ni decrease their concentration in correspondence to increasing TOC content;
ii) Cr, Cd, Cu, Pb, and Zn concentrations increase with increasing TOC content;
iii) An irregular trend is shown by Hg, which is present, more or less, along the whole track.
[image: Figure 11]FIGURE 11 | One-way ANOVA representing the variability of the concentrations of Pb, Cr, Cu, Zn, Cd, Fe, Mn, Ni, As, and Hg within the different defined TOC content classes. The vertical bars denote 0.95 confidence intervals. Wilks lambda=.26442, F (20, 158) =7.4632, p=.00000.
4 DISCUSSION
4.1 Natural vs. anthropogenic source
The area is characterized by a heterogeneous lithological substrate, which includes sediments derived from volcanic and sedimentary deposits, and by the high presence of industries in the Sarno plain. Taking this into account, we can try to evaluate whether it is possible to discriminate between areas mainly influenced by natural or anthropogenic sources. As the Sarno River can transport contaminants in its catchment area to the sea, the results of this study were compared with the published data collected on land, to investigate the nature of the contaminants.
Among others, the study by Albanese et al. (2013), conducted onshore in the Sarno Plain, identified metal associations that have been linked to natural or anthropogenic origins. Of the latter, tannery or cannery industries, agriculture, or traffic and urban mobility have been considered. The authors have recognized four metal associations: F1 (As, La, Al, Mn, U, and Fe) associated with pyroclastic volcanic soils; F2 (Sr, K, P, V, Cu, Co, and U), typical of agricultural areas; F3 (Zn, Pb, Cd, Sb, and Hg), due to human activities; and F4 (Ni, Cr, and Fe), associated with the tannery district (Albanese et al., 2013). According to the authors, the metals related to the presence of pyroclastics and volcanic soils mostly covering hilly and mountainous areas surrounding the Sarno River plain, included As, Fe, and Mn. Relatively high values of As characterized sediments collected onshore at the slopes of Mount Somma-Vesuvio. Generally, the distribution of As in Campania stream sediments has been mostly related to their volcanoclastic nature (Aiuppa et al., 2003; Albanese et al., 2007). In addition, it cannot be excluded that the application in agriculture of inorganic arsenical pesticides and herbicides might contribute to increase the As level in soils and sediments (Carbonell-Barrachina et al., 2009; Fitzmaurice et al., 2009).
Sector A, offshore Torre Annunziata, where the substrate corresponds to the submarine counterpart of the Vesuvius volcano (Milia et al., 2012), is characterized by As, Fe, and Mn, and mainly by sand, as confirmed by PCA analysis. Additionally, these contaminants have been detected in samples from sector C, where in adjacent outcrops volcanic tephra covers the carbonatic relief. The geologic frame leads us to suppose that the concentration of these metals might be associated mainly with the geogenic sources as documented by the pumice clasts found in the gravels sampled in sector C. This evidence documents that the concentration of As, Fe, and Mn can be associated with geogenic sources, although a slight influence of anthropogenic sources cannot be ruled out.
Sector B mostly contains samples with high concentrations of toxic metals, including Cu, Zn, Pb, Cd, Hg, and Cr, associated with an increase in the silty and clay fraction, and a high TOC content. The combination of these features led us to suppose that contaminants of this cluster are controlled by organic matter, probably due to exchange absorption, complexation, or chelation phenomena that increase, hence their hazard (Meyers, 1994; Baran et al., 2019). In addition, a coupling phenomenon of grain size and TOC might influence the enrichment of metals in this area. Because of the high specific surface area and humic substance content, metals are prone to being bound in the fine-grained fractions (<63 μm) of the sediments (Horowitz and Elrick, 1987; Moore et al., 1989; Mali et al., 2015). Analysis of the trend of these metals in the onshore area and of their origin was performed by different authors. According to Giuffré de Lopez Camelo et al. (1997), phosphate fertilizers can be considered a potential source of Cu produced from rock phosphates. Albanese et al. (2013) attributes the correlation of Cu with TOC to agricultural activities, likely in terms of NPK (nitrogen, phosphorous, and potassium) fertilizer use. Additionally, this is consistent with observations made by Adamo et al. (2006) and D’Ascoli et al. (2006) in soils from the inner part of the Sarno plain, where Cu contamination seems to depend on past widespread agricultural practices involving Cu-rich material utilization. As for Zn, Pb, Cd, and Hg in the onshore area, these metals correlated with different sources. Sanchez-Martin et al. (2000) suggested that traffic and urban mobility probably play the main role in the Zn and Cd accumulation process. Onshore, the highest values of Zn content in sediments has been measured in the highly urbanized and crowded parts of the Sarno plain between Torre Annunziata and Castellammare di Stabia (along the coastline), as well as close to the Lattari Mountains. Additionally, relatively high concentrations of Cd in sediments have been found in the coastal area, close to Castellammare di Stabia, and in correspondence to the hilly areas overlooking the urban settlements.
Furthermore, high Hg values, which could stem from the atmospheric fallout of exhaust gases of petrol, diesel, and LPG vehicles, have been revealed in the Sarno River sediments and in correspondence to the highly urbanized areas of the Sarno plain Albanese et al. (2013) found that the concentration levels of Hg in the Sarno sediment were much higher than those found in the Gediz River (Eastern Aegean; Kucuksezgin et al., 2008), Homa Lagoon (Turkey; Uluturhan et al., 2011), and offshore Bagnoli in the Gulf of Naples (Italy; Romano et al., 2004), but lower than those reported in Naples harbor (Sprovieri et al., 2007) and the Venetian Lagoon (Zonta et al., 2007). Therefore, we suppose that, similarly with the literature, an Hg contribution should be sought in the marine sources, probably due to marine fuel combustion and losses.
Following the authors analysis, Pb was present in the stream sediments from the Sarno plain, registering the highest concentrations in the sediments that lie between urban areas and in the coastal belt between Castellammare di Stabia and Torre Annunziata. In the urban environment, motor vehicle emissions were major source of Pb in sediments. By contrast, in the remaining areas, including hilly and mountainous areas north of Sarno covered by Vesuvius tephra, which are characterized by Pb concentrations in a similar range to those of the Campanian background for volcanoclastic deposits, there were low levels of contamination. For this reason, Albanese et al. (2013) attribute the element accumulation in the environment to the traffic load and human mobility, with special emphasis on the tire consumption process of motor vehicles.
With the reference to Cr, considering the findings of Albanese et al. (2013), the concentrations of this element can be related to the activity of numerous tannery plants, which caused, in the past, a Cr enrichment of the river waters (Basile et al., 1985). Nevertheless, strong enrichment of Cr in some onshore sediments collected at the base of the slopes of the Sarno and Lattari Mountains has been found to be related to the presence of some limestone quarries in the area (Albanese et al., 2013). The local rise of pH might have promoted Cr immobilization as this metal, already characterized by general low mobility, is even more immobile in an alkaline environment.
Although the Sarno plain can be distinguished into areas characterized by different types of metal contamination originating from agricultural practices, traffic load and human mobility, or tannery industries, the marine area contains all these contaminants together in the same cluster of sector B. Zn, Pb, Cd, and Cu were highly correlated with “high TOC content” and “silt”. Consequently, the distribution of these contaminants was influenced by particle-size and organic matter, probably due to the organic matter degradation process affecting pH and Eh values (Solomon and Forstner, 1984; Mali et al., 2015; Mali et al. 2016; Mali et al. 2017a; Mali et al. 2017b; Mali et al. 2018; Mali et al. 2019). Indeed, as can be observed with the correlation matrix (Table 1), the relationship of TOC values with the main contaminants shows significantly positive correlation coefficients (p < 0.05): TOC vs. Pb and TOC vs. Cu, both R2 > 0.50, and to a lesser extent for TOC vs. Cr. We suppose that the good correlation determined between Cr vs. Ni and Cr vs. Fe can be strictly correlated with the tannery district located in the Sarno River plain (as suggested by Albanese et al., 2013). Definitively, it can be asserted that the contamination sources of sector B are of an anthropogenic nature.
4.2 Source to sink
A reconstruction of the sediment path from the coast to the depositional area was made taking into account the following considerations: i) the peculiarity of the clusters recognized in the marine area highlighting the relationships between metals, organic matter content, and grain size; ii) the geology of the area; iii) the origin of the contaminants through comparison with those recognized in the onshore area; and iv) the origin of the organic matter (OM) (Table 3).
TABLE 3 | Prevalent characteristics of the different sectors.
[image: Table 3]The marine area may receive considerable amounts of contaminants from land sources through coastal or river discharge. In addition, metals, owing to high persistence, can accumulate and remain in sediments for relatively long periods of time. Consequently, the marine areas are the natural sinks and environmental reservoirs for metals, and the assessment of metals in the submarine environment provides a great opportunity for reconstructing the pathway of contaminants.
On the other hand, the organic material in coastal sediments might originate from marine phytoplankton growing on the sediment surface, as well as from organic material of terrestrial origin transported to the sea from elsewhere, such as with the tide or by a river. Owing to the interplay between the different sources of organic matter in sediments, the total organic carbon to total nitrogen ratio (TOC/TN) is often used to determine the different signatures of organic matter sources (Lamb et al., 2006; Gao et al., 2012). Generally, the C/N ratio for organic matter of the sea is approximately 7, ranges from 8 to 20 for soil organic matter, and is in excess of 25 for organic matter from terrigenous sediments (Emerson and Hedges, 1988; Meyers, 1994; Lamb et al., 2006).
In the investigated area, the C/N ratio varies within large ranges. Additionally, a distinct trend was revealed within the four sectors, with high C/N values in sectors A and C: from 19 to 528 in sector A and from 502 to 1,550 in sector C. These values suggest that the organic matter comes from terrigenous sediments characterized predominantly by terrestrial plants. In sector B, the C/N ratio is low, ranging from 12 to 20, suggesting a mixed origin (terrestrial and marine) of the organic content. Finally, in sector D, the area approaching the deepest water depth, the C/N values decrease to low values ranging between 3 and 11, suggesting a marine origin. These latter values are probably generated by phytoplankton, which according to Meyers (1994) and Tyson (1995) tends to be nitrogen-rich and consequently has low C/N ratios.
It must be taken into account that the mixing of organic matter from different sources may result in C/N values that fall out of the fields established for terrestrial land plants and phytoplankton, and this is a situation particularly expected in coastal settings (Kendall et al., 2001; Lamb et al., 2006), casting doubt on the utility of the C/N value as bioindicator of organic matter provenance. Two factors might influence this ratio: i) the anthropogenic input of organic matter and nutrients, originating from agricultural runoff, fertilization, and industrial domestic waste discharge, which can disturb the natural balance between the production and decomposition of organic matter and then alter the natural C/N ratio, and ii), sediment grain size, which is another key factor influencing organic matter and nutrient accumulation in surface sediments.
The analysis of sediment samples reveals a positive correlation between TN and TOC that could be attributed to natural or anthropogenic factors. According to Avramidis et al. (2015), the relationship between TOC and TN could be the result of the high concentration of both nutrients in the make-up of animals and plants that, coming from the surrounding terrigenous sources, decompose in the waterbody. Moreover, the anthropogenic organic pollutants coming from the runoff waters and through the Sarno River in the sea basin could also affect this correlation.
In our case, the sectors A and C, where the highest C/N ratios have been registered, are characterized by low TN and TP concentrations in almost all samples. In some cases, the measured values were under the detection limit of these two variables. In this track, TOC values were also very low, even if not to the same extent as TN and TP. The finest granulometry (silt and clay), with a high active surface area, enhance the absorption of nutrients in marine sediment; by contrast, coarser grains (gravel and sand) experience nutrient dispersion and organic matter and nutrient depletion because of their size (El-Moselhy and Abd El-Azim, 2005; Rodrìguez-Barroso et al., 2010). With regard to sector A, it is possible to suppose that the predominance of the sand fraction exerts major control on the nutrients; indeed, it is predominant with respect to the TOC content, thus impacting the C/N values. The prevalence of the sand grain size is in accordance with the geologic features characterized by the slope of the Vesuvius volcano with an alluvial fan, made up of volcanoclastic deposits, that reaches the coast and supplies coarse grained sediments to the submarine area. The prevalence of the geogenic origin of the contaminants, the terrestrial origin of the organic matter, and the geologic features witness that sector A represents the sink area of the sediment arriving from the volcano (Figure 12). By contrast, sectors B, C, and D are characterized by a high percentage of sediments of <63 μm with clay that increases approaching the distal area, albeit with a different content of organic matter and contaminants that is only of high concern in sector B. The circumstance suggests that sediment grain size is not the only parameter that controls the presence of contaminants and organic matter. In particular, only sector B contains almost all toxic metals, including Cu, Zn, Pb, Cd, Hg, and Cr. This can be explained by considering the provenance of the contaminants. In fact, these contaminants appear to be of anthropogenic origin and in particular from the Sarno plain, as described in the previous section. The hypothesis is in compliance with the findings of Montuori et al. (2013) who analyzed the contamination by eight metals (As, Hg, Cd, Cr, Cu, Ni, Pb, and Zn) in the water dissolved phase, suspended particulate matter, and sediment sample collected close to the river source, in the middle part and close to mouth of the Sarno River, and in the proximal shore 50 m and 150 m from the coast. The authors reconstructed the pathway of these metals along the river until the river delta front. As documented by Montuori et al. (2013), the grain sizes of sediments discharged from the Sarno River are very fine, suggesting that the very high percentage of silt sediment in sector B, associated with the highest TOC content for the study area, is strictly related to the sediment coming straight from the river and representing the depositional environment of the Sarno River prodelta. According to Horowitz and Elrick (1987) and Moore et al. (1989), because of the high specific surface area and humic substance content, metals are prone to being bound in the fine-grained fractions (<63 μm) of the sediments. In view of this, the presence of all the anthropogenically derived metals in sector B, together with the peculiarly high percentage of silt, strengthens the interpretation that this sector represents the sink of the sediments discharged in the sea from the Sarno River (Figure 11).
[image: Figure 12]FIGURE 12 | Individuation of distinct marine sectors with different geochemical associations and reconstruction of the source-to-sink pathway of contaminants on the continental shelf.
Sector C is positively associated with As, Mn, and Fe. These metals of mainly volcanic origin can be associated with the erosion of the volcanic tephra that covers Mounts Lattari (Figure 12) and were transported toward the sea by the minor drainage system that incise the carbonatic relief, as witnessed by the pumice elements in the gravel fraction. Indeed, the tephra layers are highly erodible loose material and more prone to be transported with respect to the carbonatic rock. This agrees with the terrestrial origin of the organic matter in this sector. The presence of bioclasts, such as coral fragments, suggests a source area from reefs that is present offshore the Sorrento Peninsula (e.g., Banco di Santa Croce). These elements allow us to interpret that sector C benefits from sediments coming from the emerged and submerged area of the Sorrento Peninsula (Figure 12). Finally, the slight metal contamination in sector D might be attributed to marine traffic affecting the investigated track.
This reconstruction suggests that the contamination originating from the Sarno Plain is dispersed toward the west in the Bay of Naples and decreases rapidly, moving toward the distal area. Additionally, the analysis allowed the limitation of the area of influence of the river supply in the prodelta marine environment. A similar finding has been observed offshore the Yangtze River, where the authors considered the dominant contributor to the inner-shelf mud area deriving from finer suspended sediments and transported southward by the Zhejiang-Fujian Coastal Current (Guo et al., 2004). The grain sizes of the sediments discharged from the Sarno River are very fine and influence metal binding to the fine-grained fractions (<63 μm) of the sediments. We can thus conclude that coupling phenomena, natural (TOC, grain size, and hydrodynamic river) and anthropogenic (contaminants from tannery industry and massive agriculture practices), are responsible for the contamination pattern in sector B.
According to Yao et al. (2015), statistical analysis of the correlation analyses between metals and Fe, as well as Mn, in different fractions of the samples in the Yellow River further support the potential sources and behavior of the metals. The authors suggest that the strong association between Fe, Mn, and metals can be explained by the particle size and Fe/Mn oxides in controlling metal concentrations. The loadings of metals exhibited a substantial accumulation in particle size fractions of <63 μm. By contrast, in the study area, Fe and Mn are associated with group 1 (sector A), where sand is predominant, while the metals Cu, Pb, Zn, Cr, and Cd characterize sector B, where fractions of <63 μm are prevalent, reinforcing the hypothesis that the sediments of the two groups come from different source areas.
Sectors C and D are not influenced by anthropogenic contamination; therefore, natural factors, such as the influence of sediment discharges from the Lattari Mountains-Sorrento Peninsula, should be considered. The slight metal contamination in the last two sectors might be attributed to marine traffic affecting the investigated track (Daniela Malcangio et al., 2017).
In conclusion, the investigation of the geochemical and physical parameters, performed with the support of PCA, HCA, and ANOVA, allowed us distinguish four distinct sectors with different contamination patterns. The comparison of the metal associations recognized offshore through published onshore data also allow us to individuate the origin of the contaminates in each area, which are mainly geogenic in the continental shelf except for sector B, where almost all the toxic metals are present and associated with anthropogenic contamination sources (agricultural, human activities, and tannery industries). The distribution of the contaminants is strictly controlled by grain size, TOC content, and the geologic environment of the area that highlights the pathway of the sediments from source to sink. Sector A is influenced by the sand eroded from the Vesuvius slope and deposited close to the Torre Annunziata coast, whereas sector B reflects the contaminant arriving from the Sarno plain via Sarno river flow. The latter are associated with the peculiar feature of high TOC content, suggesting that the discharges of sediments from the Sarno River are the main driving force of the accumulation of organic matter in the marine basin. The samples from sector C were slightly similar to sector A but in a different geologic context; sector C collects extrabasinal sediments from the tephra layers covering the Sorrento Peninsula, which have been eroded and transported by a minor river to the sea and intrabasinal marine bioclasts. Finally, sector D, which lies below a water depth of 110 m, is characterized by lower contamination, suggesting that the metals from the Sarno plain are mainly deposited close to the source area in the Sarno river prodelta and do not affect the open marine environment.
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