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Abstract 

This work, in collaboration with the Romagna Reclamation Consortium, has the aim of studying the 

heavy metals concentration distribution in the drainage canals of the Ravenna coastal basins, Italy. 

Particular attention was given to the area of the V Fosso Ghiaia and VI Bevanella basins, where 

water and sediment samples were collected in the field and integrated with existing databases. The 

hydrological regime is controlled and managed by the Consortium, which has divided the territory 

into several mechanical drainage basins. XRF was performed on 21 sediment samples and pH, EC, 

T°, Fe2+ and Fetot were measured on 15 water samples by probes and spectrophotometer, 

respectively. Heavy metals concentrations exceeding legal limits of the D.LGS n ° 152/2006 were 

found for As, Co, Cr, Pb and Zn. These results were then integrated with canal sediment analyses 

provided by the Consortium to perform a Principal Component Analysis. PCA results show that the 

main variable affecting heavy metals distribution is the use of fertilizers, followed by distance from 

sea, and altimetry, which are directly linked to salinity. Heavy metals concentrations increase with 

increasing use of fertilizers, which are mainly due to the widespread agricultural practices and 

industrial land use in the area. High heavy metals concentrations are also found in the canals 

interested by higher salinity (especially Pinetale Ramazzotti). In fact, the area is affected by 

salinization caused by a water table below sea level and upward seepage of salty oxygen-poor saline 

water from the bottom of the aquifer. According to the literature, iron and manganese oxides were 

found to be an important factor in controlling the heavy metals distribution. 

 

Key words: Drainage, Environmental Impact, Geochemistry, Heavy Metal, Reclamation, PCA. 
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EIT chapter  

Through this thesis, the candidate was able to consolidate and achieve the EIT Overarching 

Learning Outcomes (EIT OLOs) learned during the RaMES - Raw Materials Exploration and 

Sustainability Master labelled program. A very formative collaboration and internship with the 

Romagna Reclamation Consortium was carried on, trying to unravel the origin of some anomalous 

heavy metals concentration in the reclamation canals. Environmental impact and sustainability are 

the pillars of the European Institute of Innovation & Technology (EIT). Contamination of water and 

soil from anthropogenic sources is increased in recent years and a deeper understanding of causes 

and evolution of this phenomenon is needed. Nowadays, thanks to massive awareness campaigns in 

a lot of countries, sustainability theme notoriety is consistently growing. New technologies in 

different industrial sectors are starting to be implemented for decreasing the environmental impact, 

but still a lot of work must be done. According to the report “Measuring sustainable development in 

the G20 countries” made by ASVIS (Italian Association for Sustainable Development) in occasion 

of the 2021 G20 meeting, Italy is positioned in 13° position, recording an indicator value of 16.7 

compared to an average of 24.5 for the “SDG 17 - Sustainable cities and communities”.  

This thesis provides also management feedback for political decision-makers and for the Romagna 

Reclamation Consortium, who are periodically forced to drag the canals. Characterizing these 

sediments allows the Consortium to understand what can be made of them, their subsequent 

utilisations or how they must be disposed of. 

EIT is one of the European organizations promoting these values in their projects. Hopefully, the 

content of this thesis work will contribute to the environmental sustainability challenge. 

In particular, the following OLOs were accomplished:  

 

OLO 1 - Value judgments and sustainability competencies: the comprehension of the 

geochemical system of an area needs a study from different perspectives (geological, hydrological, 

chemical...); these subjects contribute to a deeper understanding of the system in which heavy 

metals are distributed and permitted a reconstruction of the provenance and causes of these 

contaminations, providing advice for possible future analyses to optimize management strategies. 

 

OLO 3 - Creativity skills and competencies: with this work, the candidate increased his ability to 

look from different points of view, learning new concepts necessary for achieving the thesis goal. 
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OLO 4 - Innovation skills and competencies: for achieving the desired results, the candidate 

learned how to use powerful and effective techniques such as X-ray diffraction, the use of the 

programming software R, and other skills. Also, field work, sediment and water sampling are part 

of the Environmental monitoring skills acquired during this thesis work. The combined use of these 

technologies permitted to provide to the Romagna Reclamation Consortium a very useful 

interpretation of the environmental situation in the study area.  

 

 OLO 5 - Research skills and competencies: this work is also a research project and has a 

scientific interest. Thanks to this thesis, now the heavy metals distribution in the study area is 

assessed and related to physical processes, so that a piece of knowledge has been added to previous 

works.  

 

OLO 6 - Intellectual transforming skills and competencies: the internship and collaboration with 

the Romagna Reclamation Consortium allowed the candidate to tackle their practical problem by 

applying the knowledge acquired during these two years Master. It was interesting to see how 

practical problems are also intellectual scientific research questions. 
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1. Introduction and objective of the thesis 

The aim of the thesis is to characterize the heavy metals distribution in the Romagna Reclamation 

Consortium canals, as well as studying and understanding heavy metals’ most relevant distribution 

affecting factors and processes. The study area in which most of the field work was carried out was 

that of the V Fosso ghiaia basin and the VI Bevanella basin, south of Ravenna. Particular attention 

was given to the area near the Ramazzotti pinewood, located in the coastal strip between Lido di 

Dante and Lido di Classe, where a reddish hue in water bodies can also be observed from satellite 

images. From a land use point of view, the area is very heterogeneous, because natural reserves, 

agricultural fields, touristic, economic, and industrial activities coexist. Thanks to this work, new 

geochemical analyses of sediments and water are now implemented in the database of the Romagna 

Reclamation Consortium, and the final product also has considerable applied interest for the 

Consortium and it is of great use for environmental knowledge due to the identification of 

contaminants in water and sediments. By contamination, in general, we refer to an alteration of the 

natural chemistry composition, in this case of soil and water, caused by human activity. The growth 

of industrial activities, the spread of intensive agricultural practices and urbanization process are the 

major sources of contamination and worsening soil quality (Goldemund, 2004). There are two types 

of contamination: point (direct) or nonpoint (diffuse) contamination. Point sources can be local 

emissions, land applications, industrial outfall pipes or chemical spills. Nonpoint sources can be due 

to atmospheric deposition or, for example, agricultural runoff. Once contaminants enter the soil 

environment, they undergo a multitude of processes that affect their fate and subsurface mobility, 

which in turn alters their bioavailability and risk to potential human and ecological receptors 

(Goldemund, 2004).  

Focusing on agriculture, fertilizers and pesticide contamination is a very important environmental 

problem due to their invisibility, complexity, and ecological effects. Nowadays, there are different 

methods adopted by the government policies to regulate the use of these substances, such as advice and 

education, taxations, subsidies for environmentally friendly practices, and special permits, but still 

controlling the agricultural use of fertilizers and pesticide is difficult (Falconer, 1998).  

 

Among the various contaminants released into the environment from anthropogenic sources, heavy 

metals pollution is a global issue, because they are potentially toxic elements, especially for 

humans. If present at high concentrations, such elements interfere with the normal metabolism of 

plants, animals, and humans (Abdu et al., 2016). Heavy metals have an atomic number greater than 

20 and a density greater than 5 g/cm3. They are generally found in concentrations below 0.1%, 
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hence the definition of "trace elements". Heavy metals include Ag, Ba, Cd, Co, Cr, Mn, Hg, Mo, 

Ni, Pb, Cu, Sn, Zn (Raychaudhuri, 2021). Heavy metals are present in soils in varying 

concentrations mainly due to natural origins such as the chemical composition of the rock substrate 

from which the soil originated. Anthropogenic intervention contributed to an increase in their 

concentrations. In this thesis work the focus was on As, Co, Cr, Hg, Ni, Cu, Zn and Pb. As is very 

dangerous for humans as it can provoke cancer and other diseases. Diet is the first way of As 

exposure, so definitely the contamination deriving from agriculture is the most relevant (Istituto 

Superiore di Sanità, 2015). Pb is also an important element to be aware of, because in animals and 

humans can cause a wide range of adverse effects, depending on the level and duration of exposure. 

Almost all functions in the human body are affected by its toxicity, but the nervous system is the 

most affected target. The major sources from which humans assimilate Pb are lead gasoline, 

industrial processes such as smelting and its combustion, pottery, boat building, Pb based painting, 

Pb containing pipes, battery recycling, etc...(Wani et al., 2015). Another toxicologically important 

metal is Cd. Its toxicity stems from its chemical similarity to Zn. Cd toxicity especially affects 

humans rather than animals, because of their longevity and the accumulation of Cd in their organs 

by eating Cd-contaminated food. Anthropogenic pathways by which Cd enters the environment are 

for example industrial waste from processes such as electroplating, manufacturing of plastics, 

mining, paint pigments, alloy preparation, and batteries that contain Cd (Kirkham, 2006). Finally, 

Hg is a well-known toxic heavy metal which can be transmitted to humans through outgassing from 

dental amalgam, ingestion of contaminated fish, or work exposure. Atmospheric exposures occur 

from outgassing from rock or through volcanic activity. Human sources of atmospheric Hg include 

coal burning and mining. Effects on humans are problems related to the nervous system and a series 

of other diseases (Bernhoft, 2011).  

The major effect of heavy metal on the ecosystem is biomagnification in the tissue of living 

organisms. The effect of heavy metal pollution on an ecosystem starts with active or passive uptake 

of heavy metals by primary producers, and then the primary consumers feed on them and so on, 

carrying on the alimentary chain. Elevated concentrations of heavy metals in soils have been 

demonstrated to decrease soil microbial biomass, diversity, and activities (Abdu et al., 2016). 

Regarding soil microbial biomass, according to Giller et al., 1998, microorganisms are the most 

vulnerable to the toxicity of heavy metals because high levels of pollution can lead to an inhibition 

of microbial activity. Regarding plants, they require certain heavy metals for their growth and 

upkeep, excessive amounts of these metals can become toxic to plants and the ability of plants to 

accumulate essential metals equally enables them to acquire other nonessential metals. The negative 

influence of heavy metals on the growth and activities of soil microorganisms also indirectly affects 

the growth of plants (Asati et al., 2016). 
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In this thesis work, to highlight any anomalous situations of heavy metals enrichment, sediment 

data collected in the area of the V Fosso Ghiaia basin and the VI Bevanella basin were elaborated 

and, on April 2022, integrated with new sediment samples collected along the drainage network. In 

addition, the study evaluated the possible relationships between the characteristics of the substrate 

(origin of the sediment), distance from sea and altitude (which are directly linked to salinity) and 

the use of soil fertilizers. In particular, the interest of the Romagna Reclamation Consortium was on 

anomalous concentrations of heavy metals in this zone, and this work tries to explain the reason 

behind this phenomenon. 
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2. Characterization of the study area 

2.1 Geographic and morphological setting 

The study area (Figure 1) is located south of the city of Ravenna (Italy), close to the Adriatic coast. 

The territory of Ravenna covers an area of 1858.49 km2 and it includes 18 municipalities and the 

registered population within the province is 391.275, while in the municipality of Ravenna alone 

there are 158.809 inhabitants, with an average density of 238 inhabitants / km2. Ravenna is one of 

the oldest Italian towns founded in the VII century BC; it attracts the interest of tourists all around 

the world. Artistic monuments and the proximity to the sea permits a wide range of socio-economic 

businesses and land use activities. The city land elevation is between 0.5 and -0.5 a.s.l. (Soboyejo, 

2021). The provincial area includes territories of a heterogeneous nature that includes the coastal 

area, flat areas, hilly and mountain areas. The municipality of Ravenna extends on a flat part near 

the Adriatic coast, where the Reno River, the Lamone River, the Uniti Rivers, the Bevano River and 

the Savio River flow. The climate of the province is sub-continental in inland areas, while along the 

coast there is a maritime influence and high humidity (Giambastiani et al., 2020). The annual 

precipitation of the area varies between 300.2 and 1063.3 mm, with an average yearly value of 

639 mm/year and the mean annual temperature varies from 10.8 °C to 15.5 °C. Winter is generally 

quite cold (average min. T° around 2°C and max. T° around 8-10°C), sometimes with persistent 

thermal inversion fog whereas spring and autumn are mild (from 10 to 20°C). Summer is generally 

hot and muggy (up to around 30°C) (Soboyejo, 2021). Particular attention was given to the area 

belonging to the V Fosso Ghiaia basin  and VI Bevanella basin in which most of the field work was 

done. The V Fosso Ghiaia basin is a coastal basin of about 10 km2 Bevano River, confined to the 

North by the Fiumi Uniti River, to the East by the Adriatic Sea, and to the West from part of the 

Ronco River. The basin has an area of 9252 hectares and includes several environments, such as a 

beach-dune system, which are oriented NW-SE coastal, historic pinewood, and a large agricultural 

area with several gravel pits. Once abandoned, the gravel pit lakes became artificial brackish-saline 

water bodies (Giambastiani et al., 2020).  
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Figure 1: location of the study area, south of Ravenna (Italy). The blue dots represent the water pumping machines in the area and 

also the canals network is reported in green.  

 

The first dune belt next to the sea (max 4m in height) has little vegetation whereas the inland paleo-

dunes are covered by pinewoods for a width of 500–800 m. East of the forest, there is an area of 

irrigated farmland and wetlands that in the 1960s, before surface water salinization began, were rice 

paddies. The farmland is drained in the winter and irrigated in the summer. The area belongs to 

land-reclaimed basins which are mechanically drained by two pumping machines (draining both 

surface and groundwater) (Antonellini and Mollema, 2010). The coastal pinewoods were originally 

planted in the ‘900s to protect agriculture and reclamation land from marine spray (Giambastiani et 

al., 2018) and then they were also exploited for pine nuts and timber, providing employment to 

local population (Giambastiani et al., 2018). The coastal plain is undergoing subsidence, mostly 

due to anthropogenic factors, such as groundwater overexploitation for industry and irrigation 

purposes, natural gas extraction, and drainage (Antonellini and Mollema, 2010).  

The land use in the study area is mainly for agriculture, in particular the major crops are wheat, 

corn, barley, oats, sugar beet and orchards. Agricultural practices, which on the one hand have led 

to an increase in productivity, on the other hand caused a deterioration in soil quality, following the 
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application of intensive farming techniques and the use of fertilizers and pesticides.  According to 

the technical standards and protocol tables found in the Emilia-Romagna Region website (see 

Sitography), the use of fertilizers for agricultural areas is estimated to be between 340 and 200 

kg/ha. 

Then, there are green coniferous, quarries for the extraction of sand and gravel, artificial basins left 

at the end of the quarrying activity, wet and brackish lands, and infrastructural and urban areas.  

According to Giambastiani et al., 2020, between 1976 and 2014, a small portion of the basins area 

(12.5%) has not undergone any variation over the years. Unchanged areas are those occupied by 

artificial water basins, beaches, coastal dunes, and pine forests protected by environmental 

restrictions, as well as the infrastructural settlements present since the 1970s. The urbanization 

process affects 13% of the entire basins area, and it includes land located near the road network. 

The two most significant variations refer to a gradual urbanization process and an expansion of all 

land reclamation canals, irrigation canals, rivers, and artificial basins to manage water in the basins. 

Arable crops, orchards, vineyards, and other cultivation systems have decreased over time and the 

agricultural land has been designated to other uses, above all urban (Giambastiani et al., 2020).  

 

 

2.2 Geological setting 

The sedimentary deposits in the Po Valley form the filling of the Plio-Quaternary foredeep basin, 

between the Apennine chain to the south and the Alpine chain to the north. In survey area, sediment 

deposits are the result of the complex relationship between fluvial and marine-coastal processes, 

among the Po River to the north, the Apennine Rivers to the south, and the Adriatic Sea to the east. 

The most superficial deposits were formed after the Holocene transgression following the end of the 

last glaciation (about 17,000 years ago) which led, about 6000 years ago, to the maximum 

ingression of the Adriatic Sea (20 km west of the current coastline) (Amorosi et al., 2003). 

The filling of the basin occurs through tectonic-sedimentary events separated over time by periods 

of strong basin subsidence, evidenced by the surfaces of non-conformity (USBS, Unconformity 

Bounded Stratigraphic Units), emerging on the Apennine margin (Ricci Lucchi et al., 1982) and 

identified in the subsoil of the Po Valley. 

The stratigraphic study of the deposits that characterize the entire Po Valley has been widely 

documented in the recent past through the reflection seismic studies conducted by AGIP and aimed 

at the search for hydrocarbons. In the 1990s, the launch of geological cartography at a scale of 1: 

50000 (CARG Project) made it possible to enormously increase the knowledge in the field of the 

Quaternary Po Valley stratigraphy. These studies, based on the interpretation of seismic profiles 

integrated by deep well data (Regione Emilia Romagna and ENI-AGIP, 1998), show how the folds 
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of the buried front of the Apennines are present below the Po valley, and how the overall thickness 

of the Quaternary units is between 1000 and 1500 m. The Plio-Quaternary sedimentary evolution of 

the Po basin records a general regressive trend, identified at the Apennine margin, from marine 

deposits of a progressively shallower environment to continental deposits. The recognition of a 

clear surface of non-conformity of regional significance has allowed the first sequential 

stratigraphic classification of the Quaternary succession outcropping at the Apennine margin, 

leading to the identification of two main sedimentary cycles, one marine (Qm) and one continental 

(Qc) (Figure 2). 

In 1998, the surface of discontinuity that separates the Qm and Qc cycles was identified by the 

Regione Emilia Romagna and ENI-AGIP, 1998 also in the subsoil of the Po Valley, at the limit 

between the Supersynthem of the Marine Quaternary (corresponding to the Qm cycle of Ricci 

Lucchi et al, 1982) and the overlying Emiliano-Romagnolo Supersynthem (equivalent to the Qc 

cycle).  

The Emiliano-Romagnolo Supersynthem has been subdivided into a Lower Emiliano-Romagnolo 

Synthem and an Upper Emiliano-Romagnolo Synthem. Within the latter, there are units of lower 

rank, called Subsynthems, which record the elementary glacio-eustatic cyclicity of the fourth order 

(alternation of marine and continental deposits).  

 

 

Figure 2: stratigraphic scheme and stratigraphic-sequential subdivision of the Plio-Quaternary deposits of the Po basin (modified by 

the Emilia-Romagna Region and ENI-AGIP, 1998). 
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The outcropping soils of the study area are all of Holocene age, and refer to the top part of the most 

recent Subsinthem (Ravenna Subsynthem) of the Upper Emiliano-Romagnolo Synthem, 

corresponding to the sediments accumulated during the transgressive episode after 18 ka and 

consisting of alluvial, deltaic, coastal and marine deposits organized in cyclical succession of some 

tens of meters thick (Regione Emilia Romagna and ENI-AGIP, 1998). 

The Ravenna Subsinthem (AES8) includes sands, clays, and silts of alluvial, delta and coastal 

environments organized in lenticular, ribbon-like bodies of plurimetric thickness; it has a thickness 

between 20 and 28.5 meters and is dated, on a radiometric basis, to the Holocene (Explanatory notes 

of sheet 240-241-Forli -Cervia of the Geological Map of Italy at the scale of 1: 50000 (ISPRA,2005)). 

 

The outcropping deposits that are found today in the study area belong to the top part of the 

Subsinthem of Ravenna, the Modena Unit, which is traced back to the late Holocene age. The lower 

limit of the Modena Unit dates to the post-Roman period and marks the onset of an important phase 

of climate change which, between the 4th and 6th centuries AD, determined an important increase 

in rainfall, causing a modification of the hydrographic and flooding network of a large part of the 

plain. In this period, there was an increase in the sedimentation rate, with the destruction and burial 

of the infrastructural elements of the Roman settlements and reclamation canals. The lower limit of 

the Modena Unit in the Ravenna area, therefore, corresponds to the buried topography of Roman 

age, which I characterized by the presence of archaeological finds from the Roman age or more 

ancient. The thickness of the Modena unit is between 0 and 5.5 meters (Cremaschi & Gasperi, 

1989). 

Regarding the geological setting shown in figure 3, the area is dominated by the following 

lithologies. 

 

 

- Sand: AES8a- Upper Emilia-Romagna Synthem - Subsinthem of Ravenna - Unit of 

Modena. Age Olocene. Environment of coastal plain, delta front and sand plain. Shoreline 

cordon deposit. Unit consisting of gravels and sandy gravels or sands with levels and lenses 

of gravels covered by a discontinuous clay-silty blanket, in contexts of alluvial fan, river 

canal and alluvial plain. 

 

- Sandy Gravel: AES8a- Upper Emilia-Romagna Synthem - Subsinthem of Ravenna - Unit of 

Modena. Age Olocene. Environment of coastal plain, delta front and sand plain. Shoreline 

cordon deposit and mouth bar. Unit consisting of gravels and sandy gravels or sands with 
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levels and lenses of gravels covered by a discontinuous clay-silty blanket, in contexts of 

alluvial fan, River canal and alluvial plain. 

 

- Silty Clay: AES8a- Upper Emilia-Romagna Synthem - Subsinthem of Ravenna - Unit of 

Modena. Age Olocene. Environment of coastal plain, delta front and sand plain. Brackish 

marsh and rear ridge lagoon deposit.  

 

- Silty Sand: AES8a- Upper Emilia-Romagna Synthem - Subsinthem of Ravenna - Unit of 

Modena. Age Olocene. Environment of coastal plain, delta front, and sand plain. Brackish 

marsh and rear ridge lagoon deposit. Unit consisting of gravels and sandy gravels or sands 

with levels and lenses of gravels covered by a discontinuous clay-silty blanket, in contexts 

of alluvial fan, River canal and alluvial plain (Explanatory notes of sheet 240-241-Forli -

Cervia of the Geological Map of Italy at the scale of 1: 50000 (ISPRA,2005)). 

 

 

Figure 3: main lithologies in the study area. Within sand bodies (in yellow), littoral cordons are indicated  with blue lines. 

 

The sand deposits are essentially very fine to coarse grain size with good sorting, containing 

bioclasts of marine molluscs scattered or concentrated in cm-thick levels. Sometimes they contain 

layers of flattened pebbles. They constitute a large wedge-shaped body present in the coastal area 

containing several lithofacies (Amorosi & Marchi, 1999): 
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1) Very well sorted and matrix-free massive sands that do not contain marine bioclasts and 

have a yellow-brown color, thickness 1-3 m (lithofacies 1); they are present on the roof of 

the sand body and constitute the outcropping portion of the body itself. 

2) Fine silty sands and sandy silts in dense cm and dm-thick alternations, with rare or absent 

bioclasts, a few meters in total thickness (lithofacies 2); they are present close to the mouths 

of the Savio River and Uniti Rivers and show, in map view, some alignments of the dune 

crests with cusp geometry that extend 2-4 km. 

3) Massive to laminated sands with rare intercalations of sandy silts, some pebble levels, a 

variable content of bioclasts, gray-yellowish color, thickness up to 15m (lithofacies 3); it 

represents the most widespread lithofacies and it is mainly present in the middle-upper 

portion of the sandy wedge. 

4) Silty sands and sands with intercalations of thin silt levels, traces of organic substance in the 

form of vegetable fragments, dark gray color, frequent concentrations of bioclasts, thickness 

1-5m (lithofacies 4); they are mainly present in the lower portion of the sandy wedge. 

5) Shell lag of whole marine molluscs or in fragments, from a few cm to a few dm thick, often 

associated with some pebbles (lithofacies 5); they are mainly present at the base of the sand 

body. 

 

In the study area there is also a gravel and sandy gravels lithofacies associated with shoreline 

deposits organized in a retrograding-prograding sequence with back-beach dune facies to the roof 

(lithofacies 1), locally interrupted by the mouths of the main rivers with the relative facies in front 

of delta (lithofacies 2); they pass down to beach facies (lithofacies 3) and transgressive barrier 

facies (lithofacies 4-5). The gravels are fine and medium with a sandy matrix that is sometimes 

prevalent and with marine mollusc bioclasts included. They have flattened and well-graded pebbles 

and are organized in medium and thick layers, sometimes amalgamated or alternated with layers of 

medium and coarse sands (Amorosi & Marchi, 1999). 

Regarding clay and silt, they are deposits in medium and thick layers with rare intercalations of 

sandy silts and silty sands in very thin to medium layers. The clays often contain traces of root 

systems and are intensely bioturbated, so that the stratification and the original sedimentary 

structures are no longer visible. These are interpreted as floodplain deposits and form bodies with 

an elongated geometry parallel to the river axes, which can become more complex when different 

interfluvial areas join; they are generally a few meters thick.  

They pass laterally to deposits of embankments, canals, and fluvial routes with gradual contacts or 

to deposits of shoreline with clear contacts. Some clays are enriched in organic matter, and they are 
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of a marshy environment. (Explanatory notes of sheet 240-241-Forli -Cervia of the Geological Map of 

Italy at the scale of 1: 50000 (ISPRA,2005)). 

 

2.3 Hydrogeological setting 

Most of the Ravenna territory is a reclamation area and subject to mechanical drainage. In total, 

there are 15 drainage basins: eight coastal basins require mechanical water drainage by pumping 

stations to discharge water toward the Adriatic Sea, while the other seven basins, in the most inland 

and topographically highest portion of the city, have a natural hydraulic gradient (Giambastiani et 

al, 2020). Drainage canals, connected to numerous water pumping stations, allowed the reclamation 

of the topographically lower areas in the past and are nowadays fundamental to lower water table, 

guaranteeing agricultural activity and avoiding flooding of the territory. The aim of the reclamation 

system is to keep the water table about 1.5-2 m below ground level during the year. In the coastal 

area the water table is on average close to sea level with a general inland-directed hydraulic gradient 

mainly forced by the drainage system (Giambastiani et al, 2020). The drainage causes 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. Among several impacts, land subsidence has led to 

the rise of water table in the shallow unconfined aquifer that has consequently required an increase 

in mechanical pumping drainage rates across Ravenna to avoid flooding of large areas.  

The coastal phreatic aquifer (Figure 4) is composed by Holocene sediments and the Pleistocene 

clay below forms an impermeable bottom confining layer. The aquifer is located within the littoral 

sands, and locally in the shallow marine wedge deposits (Soboyejo, 2021).   

 

Figure 4: cross section of the stratigraphy and lithology of the Ravenna shallow coastal aquifer. Figure from Soboyejo, 2021. 
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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 (Figure 5). There are two main units: a relatively 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 (from -20 to -25 m. a.s.l.). These two sand bodies are separated 

by an alternation of clay-silt and sand-silt layers in the coastal area and merge landward where the 

prodelta sediments disappear. The quantity of sand decreases in the western part, towards the 

agricultural area, where the aquifer manly consists of recent alluvial plain deposits and back-barrier 

facies association, which includes fine-grained sediments with abundant organic matter, typical of 

lagoon and marsh environments (Giambastiani et al, 2020). The Classe forest aquifer has a large 

volume (162,000 m3 per meter of coast) compared to the other aquifers. The thickness of the aquifer 

varies from a minimum of 12 to a maximum of 25m. The saturated thickness of the aquifer is 6–7 m 

to the top of the prodelta unit, which acts as an aquitard unit especially in proximity of the sea 

(Antonellini et al., 2008). 

Hydraulic conductivity (K) values vary from those typical of medium sand grain size in the shallow 

aquifer (10-3 <K< 10-1 cm/s), to fine prodelta sediments (10-6 <K< 10-4 cm/s), and finally to those 

typical from the deep fine sands of the aquifer (10-5 <K< 10-3 cm/s) (Giambastiani et al, 2020). 

Surface and top groundwater salinity range from 0.4 to 5 g/l with very little variation between 

winter and summer. Higher salinity values (5–6 g/l) were recorded in proximity to Ramazzotti and 

Classe pinewoods, the Fosso Ghiaia canal cutting through the pine forest and in connection with 

the Bevano River that is open to sea (Antonellini et al., 2008). 

Natural surface runoff cannot be taken into account because the topography is flat, and water is 

drained via land reclamation waterways that flush from 0.06 to 0.22 m/year. Aquifer discharge to 

sea has been estimated to be almost zero everywhere. In total, the amount of freshwater that 

infiltrates into the aquifer is 0.014 m/year (Antonellini et al., 2008). 
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Figure 5: West-East (a) and North-South (b) cross-sections across the study area and lithostratigraphic reconstruction of the coastal 

aquifer. Figure from Giambastiani et al., 2020. 
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2.4 Hints of metal geochemistry 

Heavy metals are naturally present within the earth’s crust and can be found in soil, water, and 

plants. The major soil properties affecting the physiochemical properties of metals are soil organic 

matter content, clay fraction content, mineralogical composition, and pH. The latter is very 

important in regulating heavy metals mobilisation (Dube at al., 2001).  

The pH values can also undergo variations following the application of agricultural practices such 

as the use of fertilizers or liming which can cause an increase of pH value. The redox potential (Eh) 

can also influence the mobility of the elements and usually pH and Eh are coupled in the mobility 

studies.  

In “acid drainage – surface water” systems, the iron cycle between the soluble species of Fe (II), Fe 

(III), and the precipitates of Fe (III) plays a fundamental role in determining the fate of a series of 

potentially toxic metals. These are mainly a function of the pH-Eh parameters, as well as dependent 

on the chemistry of the aqueous phase. In electrochemistry, the Eh / pH diagram is a representation 

of the possible stable conditions (at equilibrium) of an electrochemical system in aqueous solution, 

at constant temperature and pressure (generally at T = 25 ° C and P = 1 ATM). It is used to describe 

the fields of stability of mineral or chemical species in terms of the activity of hydrogen ions (pH) 

and the activity of electrons (Eh) (Pourbaix, 1974). 

The main Redox reactions that can occur in the electrochemical system under examination are 

represented by the “equilibrium curves”, which can be straight lines or have more complex shapes. 

The vertical axis of a Eh / pH diagram shows the electric potential Eh, while the horizontal axis 

represents the pH, which is related to the concentration of hydrogen ions by the relation: pH=-

Log[H+]. The equilibrium curves therefore represent the values of the electric potentials Eh 

associated with the reduction and oxidation half-reactions that can take place in the electrochemical 

system under examination, as the pH varies (Pourbaix, 1974). 

Among natural particles, hydrous Fe and Mn oxides (HFO, HMO) have long been recognized as 

playing an important role in controlling nutrients and trace elements cycling in soils, stream and 

ground waters. (Gadde & Laitinen, 1974). The hydrous oxides of Fe and Mn are important in the 

aquatic environment because changes in oxidation potential, acidity, and complexing agents can 

bring about the formation and dissolution of colloidal hydrous oxides. The size of colloidal hydrous 

iron oxide particles varies with pH and can be as small as 100 A°. In seawater, adsorption on 

hydrous manganese and iron oxides is recognized as the most important mechanism in controlling 

the concentrations of heavy metals in solution. Iron oxide can be a catalyst for the oxidation of 

Mn2+ in sea water by dissolved oxygen and the role of the mixed hydrous oxide system as hosts 



 

18 

 

several heavy metal ions. The pH sensitivity and reversible nature of the adsorption of heavy metals 

are of great environmental significance.  

The adsorption of ions on hydrous oxides and the removal of radioactive elements from solution has 

been widely studied (Gadde & Laitinen, 1974) .  

In general, a dramatic increase in adsorption is observed with increasing pH and hydrogen ions are 

released into the solution. The adsorption and, in turn, the release of hydrogen ions is dependent on 

the surface area of hydrous oxide (Gadde & Laitinen, 1974).  

 

The Eh-pH diagram by calculating Eh for a couple of pH values for Fe and Mn is represented in 

Figure 6. 

 

 

Figure 6: on the left, redox potential Eh–pH diagram for aqueous Fe species in the system Fe-O-H at standard (modified from 

Pourbaix, 1974). On the right, redox potential Eh–pH diagram for Mn species in the system Mn-O-H at standard (from Noda et 

al.,2019). 

 

Thus, from this it is possible to predict the stability of individual species in solution at different pH 

and Eh conditions. The concentration of Fe in solution within natural waters at equilibrium 

conditions is given mainly by the characteristics of Eh and pH of the aqueous phase: the most 

common species of Fe (III) in water are associated with processes of hydrolysis and subsequent 

precipitation, such as Fe (OH)2+, FeO+, FeOH2+, Fe3+ and the hydroxide Fe (OH)3, generally present 

in the colloidal form within the pH range typical of natural waters. Fe(II) in the aqueous phase 

generally forms less stable inorganic complexes than Fe(III), such as Fe(OH)2 and the ionization 
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products FeOH+ and Fe2+. The free ionic form is the one that most commonly characterizes the 

water (Pourbaix, 1974). 

 

As exists as a major constituent in more than 200 minerals, of which about 60% are arsenates, 20% 

sulphates and the remaining 20% arsenites, oxides, silicates and elementary As (Smedley and 

Kinniburgh, 2002). These minerals, during weathering, let As in solution, therefore in a mobile 

form, which can disperse in the environment with consequent pollution of groundwater and wells 

(Stazi et al, 2017). Some compounds of the As are volatile, and this implies that its bio-geochemical 

cycle comprises a relevant flow through the atmosphere, in which it is mainly found as As2O3, in 

particulate dust. Studies conducted on As flows of anthropogenic origin have estimated the total 

contribution of derivative As from anthropic activity on the emerged lands equal to 64-132 t/year 

(Stazi et al, 2017). 

As is predominantly present in the environment in the trivalent and pentavalent oxidation states, 

existing in organic and inorganic forms. The more soluble compounds found in water and soil are 

the inorganic forms: arsenate, As (V), and arsenite, As (III). 

The most mobile portion of As is mainly found in aqueous solution or it can be adsorbed by 

substances with colloidal behaviour: oxides, hydroxides, clay minerals and organic substance (Stazi 

et al, 2017). Furthermore, the non-metals can be linked to other groups such as sulfides, carbonates, 

and phosphates, as well as adsorbed species. The lowest concentrations of  As are typical of sandy 

soils, which by their own composition are not able to retain this element, while soils rich in clay and 

organic matter offer greater adsorbing capacity for As compounds. The adsorption of inorganic 

forms such that of As on the surfaces of soil minerals is an extremely important process and 

represents one of the fundamental phenomena for the understanding of bioavaiability mechanisms 

(Manning and Goldberg, 1997). 

Mobility of As (V) increases with increasing pH, in a range commonly found in soils (3-8), while 

the As (III) tends to assume an opposite behaviour (Manning and Goldberg, 1997). In oxidant 

environments, As has low mobility and tends to be adsorbed on metal oxide surfaces (Fe, Al, Mn) 

and clay minerals. The redox potential also significantly affects speciation and the solubility of the 

toxic element in the soil. The mobility of As increases if Eh is more reducing and if the pH is more 

acidic (Figure 7). In oxidizing conditions (high Redox potential), in aerobic environments, arsenate 

is the species stable and is strongly adsorbed on clays, oxides and hydroxides of Fe and Mn and on 

organic matter. In reducing conditions (low Redox potential) arsenite is the predominant form. 

(Stazi et al, 2017). 



 

20 

 

 

Figure 7: redox potential (Eh)–pH diagram for aqueous arsenic species in the system As-O-H at standard conditions (modified from 

Pourbaix, 1974). 

 

Mobility of As in soils is also controlled by the presence of competing ions. In some cases, they 

precede the As compounds in forming links with soil constituents, hindering adsorption; in other 

ways, they replace the metalloid already bonded to the surfaces of solids, bringing it back into 

solution, that is, favouring its desorption (Stazi et al, 2017). 

 Phosphate is a well-known competitor of the As and, more generally, of all the anions that can be 

found in soils, and it is usually present in excess compared to other species, especially due to the 

application of large quantities of fertilizers that contain it (Stazi et al, 2017).  

 

The hazardousness of a metal, as mentioned above, is linked to its mobility. Once the heavy metals 

meet the aqueous solution circulating in the soil, they can be mobilized either as free cations (for 

example, Cu2+, Zn2+, Co2+) or as ionic complexes (oxianions, hydroxianions, etc.) as H2AsO4- , 

Cr2O7
2-, V4O9

2-. According to Goldschmidt, 1937, a very important information that can make us 

understand the behaviour of the various heavy metals in terms of mobility is to be found in the ionic 

potential, which is the ratio between charge and ionic radius (Z/r). Elements with potential ranging 

between 3 and 9, such as Fe3 +, Al3 +, Mn4 +, Cr3 +, As3+, have charge density sufficient to strongly 

bind with O, but not sufficient to create a total deprotonation and they remain coordinated to OH- 

groups forming insoluble hydroxides and oxides.  
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Figure 8: radius vs charge binary plot. Ionic potential is used to divide the ions into different regions (from Wang, 2020). 

 

The elements more easily leached and with shorter residence times in the soil are those with low 

ionic potential (less than 3) such as K+, Na+, Ca2+, Fe2+, Mn2+ and other similar elements such as 

rare earth elements. In general, elements such as Pb, Hg, Cd, Cu, Co, and Zn, with low ionic 

potential, are found as soluble hydrated ions, while other heavy metals such as Mo6+, As5+, Cr6+, Se 

and V, with high ionic potential, are found as soluble oxocomplexes and oxohydrocomplexes. Once 

released into groundwater, the mobility of trace metals is controlled by sorption processes. Part of 

trace metal sorption is due to ion exchange; however, most sorption relates to specific binding of 

heavy metals to the variable charge surfaces of oxides and organic matter (C.A.J Appelo, D. 

Postma, 2005).   
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2.5 Source of heavy metals in the ground 

There are different sources for heavy metals in the environment. These sources can be both of 

natural and anthropogenic origin.  Rocks and soils are the principal natural sources of heavy metals 

in the environment. The composition of the soil derives from that of the source rock through 

physical and chemical alteration. Soil is composed by different horizons and each of them has 

different properties and contains different concentration of a particular element; for example Fe 

oxihydroxides are usually accumulated in the B horizon (Bradl, 2005).  

It is important to know the natural background concentration of heavy metals in the various types of 

rocks (Table 1). 

 

  Sedimentary rocks  

  Limestone  Sandstone shale 

Cd 0.028 0.05 0.2 

Co 0.1-0.4 0.3 19-20 

Cr 10-11 35 90-100 

Cu 5.5-15 30 39-50 

Hg 0.05-0.16 0.03-0.29 0.18-0.5 

Mn 620-1100 4-60 850 

Ni 7-12 2-9 68-70 

Pb 5.7-7 8-10 20-23 

Sn 0.5 0.5 4-6 

Zn 20-25 16-30 100-120 

Table 1: typical concentrations of heavy metals in the main types of sedimentary rocks expressed in mg Kg-1 (ppm) (values from 

Alloway, 2013). 

 

Clay minerals are characterised by having a large specific surface area and a negative surface 

charge, therefore they are favourite in adsorbing cations, and they usually are the major host of 

heavy metals (Bradl, 2005). Cr in shales can reach up to 100 ppm whereas lower values are found 

in sandstones (30 ppm) and in carbonates with a maximum of 15 ppm. Ni has low concentrations in 

carbonates (7-12 ppm) whereas it is more enriched in clay minerals, in ferro-magnesic silicates, in 

iron oxides, and in hydrated Fe and Mn oxides (Bradl, 2005).  

Cu concentration distribution is related to the presence of secondary Fe and Mn oxides, clay 

minerals and organic matter.  

Zn is found both in oxides and in silicates, replacing Fe2+ and Mg2+ and it demonstrates a high 

affinity with organic matter. In fact, high Zn concentrations are usually found in shales.  
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Finally, also Pb shows higher concentrations (20 ppm) in shales with respect to limestones and 

sandstones (Alloway, 2013).   

 

Heavy metals can also be released in soil and water by human activities, in particular farming 

practices involving pesticides and fertilizers. These substances are added to soil to protect crops and 

provide additional nutrients. For example, phosphatic fertilizers contain various amounts of Zn, Cd, 

and other heavy metals depending on which source rock the fertilizer is coming from. Although 

metal-based pesticide are no longer in use, their former application caused an accumulation of 

heavy metals, especially Hg from methyl mercurials, As, and Pb from lead arsenate into soils and 

groundwater (Bradl, 2005). In Figure 9, a heavy metals summary for anthropogenic sources is 

reported. 

 

 

Figure 9: anthropogenic sources of heavy metals, modified from Bradl, 2005.   
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3.  Materials and methods 

3.1 GIS database development  

A fundamental approach that allowed the identification of the study area hydrological, lithological, 

and geochemical characteristics, was an analysis of cartographic data using the Qgis software. As 

base map, the CTRMultiscala, from the site of the Emilia-Romagna Region, was used. The 

Romagna Reclamation Consortium has kindly provided the following files, which have allowed a 

very accurate analysis of the territory, which was essential for outlining the subsequent field work: 

• Lidar of the study area, fundamental for the elevation data. 

• Shapefile of canals and basins managed by the Romagna Reclamation Consortium. 

• Shapefiles with locations of the water pumping machines and sediment samples collected by the 

Consortium in the last 10 years.  

• Pdf files of the sediment composition, which were subsequently digitized (see Appendix). 

 

Thanks to the material provided, it was possible to decide where to plan the monitoring and 

sampling campaign in the field. 

One of the strengths of the collaboration with the Consortium was the possibility of using their 

database and implementing the chemical analyses data in Qgis. 

This permitted to create concentration maps of the elements of interest, i.e. metals (in particular As, 

Cu, Pb, Zn), as can be seen in the results section. 

 

As for the pdf of the chemical analyses performed by the Consortium, tables were created using 

Microsoft Excel in which all information of interest was digitized, and the concentration values 

above the legal limits of D. LGS n ° 152/2006 were identified.  

From the pdf files only metal concentrations and relative information were extrapolated for the 

analyses.  

Regarding the method with which the Consortium estimated the concentration of metals, the 

analyses method code are: EPA 3050B 1996, EPA 6020A 2007 and for Mercury EPA 7471B 1998 

(link to the pdf describing the methods in the Appendix). The last one is a cold-vapor atomic 

absorption procedure for measures in soils, sediments, bottom deposits, and sludge-type materials. 

In particular, Method 6020 describes the multi-elemental determination of analytes by ICP-MS in 

environmental samples. The method measures ions produced by a radio-frequency inductively 

coupled plasma. Method 3050 has been written to provide two separate digestion procedures, one 

for the preparation of sediments, sludges, and soil samples for analysis by flame atomic absorption 
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spectrometry (FLAA) or inductively coupled plasma atomic emission spectrometry (ICP-AES) and 

one for the preparation of sediments, sludges, and soil samples for analysis of samples by Graphite 

Furnace AA (GFAA) or inductively coupled plasma mass spectrometry (ICP-MS). The extracts 

from these two procedures are not interchangeable and samples prepared by this method may be 

analyzed by ICP-AES or GFAA for all the listed if the detection limits are adequate for the required 

end-use of the data (link to the pdf describing the methods in the Appendix).  

 

3.2 Field work and sediment sampling 

The main objective of the field work was to collect 20 sediment samples and and 15 water samples 

in the canals belonging to the V Fosso Ghiaia basin and VI Bevanella basin, to enrich the coverage 

of the analyses of the Reclamation Consortium, in strategic points of mutual agreement. These 

points (Figure 10) were indeed chosen together with the Surveyor Mario Molducci, Head of sector 

T1 - Reclamation management - networks and plants. This sampling also has the purpose of 

identifying/confirming anomalous enrichments of some heavy metals in the area.  

Figure 10: map of the V Fosso Ghiaia basin and the VI Bevanella basin showing in yellow the new sampling positions and the 

relative ID number. 

 

During the database development in QGIS, canals have been distinguished according to their 

function (Figure 11) and water direction was also indicated to understand the dynamics of these 

canals. Focusing on the area of greatest interest (V Fosso Ghiaia basin and VI Bevanella basin) in 
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Figure 11, it is possible to observe how the canals are divided according to the type of drainage 

into: 

- Mechanical drainage 

- Natural drainage 

- Mechanical drainage + irrigation 

- Natural drainage + irrigation 

The reference water pumping stations are the Fosso Ghaia for the V basin and the Bevanella for the 

VI Bevanella basin.  

 

 

Figure 11: map of the Consortium’ canals showing the classification based on the type of drainage.  

 

The following table (Table 2) lists the sampling points with relative reference canals, water 

pumping machines and type of drainage.  
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Points  Drain type  Pumping machine  Reference canal 

1 natural drainage V Fosso Ghiaia basin PINETA RAMAZZOTTI 

2 natural drainage V Fosso Ghiaia basin PINETA RAMAZZOTTI 

3 mechanical drainage VI Bevanella basin PINETALE 6 BACINO 

4 natural + irrigation  VI Bevanella basin ACQUARA ALTA 

5 mechanical + irrigation VI Bevanella basin SAVIO 

6 mechanical drainage VI Bevanella basin GAMBI 

7 mechanical drainage VI Bevanella basin MOTTE 1 RAMO ALTO 

8 mechanical drainage V Fosso Ghiaia basin PINETALE 5 BACINO 

11 mechanical + irrigation V Fosso Ghiaia basin ACQUARA BASSA 

12 mechanical + irrigation V Fosso Ghiaia basin SAVIOLA 

13 mechanical drainage V Fosso Ghiaia basin ARCABOLOGNA CAVEDONA 

14 mechanical + irrigation V Fosso Ghiaia basin CASTELLADELLA 

15 mechanical + irrigation VI Bevanella basin ACQUE BASSE 6 BACINO 

16 mechanical drainage V Fosso Ghiaia basin STANDIANA 

17 mechanical + irrigation V Fosso Ghiaia basin GRONDE 

19 mechanical + irrigation V Fosso Ghiaia basin CASTELLADELLA 

20 mechanical drainage V Fosso Ghiaia basin ARCABOLOGNA CHIAVICHETTA 

21 mechanical + irrigation V Fosso Ghiaia basin PINETA CLASSE 

22 mechanical drainage VI Bevanella basin SAN GIOVANNI 

23 mechanical + irrigation VI Bevanella basin PERGAMI 

Table 2: table showing the sampling points; the type of drainage; the reference water pump and canal for each of them. 

 

For each point in the canals, the methodology consisted in taking water and sediment samples using 

a scoop and buckets. In the field, using different probes (see Figure 12), temperature, pH, and 

Electric Conductivity (EC) of water were measured. In addition, to stabilize water samples by 

lowering the pH and to keep the ions in solution for further analysis, an acidic solution of HNO3 at 

20% was used. Together with sediment samples, they were analysed in the laboratory.  
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Figure 12: on the left an example of a Reclamation canal (Ramazzotti pinewood) in the study area. On the right, field water 

measurements using different probes.  

 

Using the GPS of the BiGeA department, the exact position of the samplings was taken, as well as 

the level of water in the canals (see table A1 in Appendix). GPS data output gives information about 

sample ID, WGS84 - UTM zone 32N coordinates and ellipsoidal altitude. Since geodetic altitudes 

are required, a regional converter was used to convert ellipsoidal into geodetic ones. 
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3.3 Water and sediment analysis  

In order to characterize the particle size distribution of each sample, at the I.G.R.G laboratory in the 

Campus of Ravenna, granulometric analysis were carried out for the coarser samples (sands), after 

drying them in an oven at 105 ° C. To carry out the sieving, a stack of sieves with mesh openings 

was set on an agitator. 

 

To classify fine particles’ samples, wet sieving was performed and all sediments <63 m˃ in 

diameter was put in bottles for decantation. 

 

The results of the particle size analysis by sieving were then processed using Microsoft Excel. 

Histograms of size class weight (%) and cumulative particle size curve (%) were produced (see 

Figure A1 in Appendix). Other fundamental parameters (following the classification of Udden 

(1914) and Wentworth (1922)) were calculated: 

- Arithmetic Mean 

- Geometric Mean 

- D10, D50, D90 

- %Gravel, %Sand and %Mud 

- Textural Group and Sediment Name 

 

To calculate the LOI (Loss On Ignition), the pulverised samples were placed in alumina crucibles 

and brought to a temperature of 950 ° following a temperature step procedure (+100°C every 30 

minutes) reported in the manual Standard Methods for the Examination of Water and Wastewater, 

1999.  

 

The formula used for LOI calculation (complete calculations in Table A2 of the Appendix) is: 

 

 %LOI = organic matter content (%): 100 - %ash   or   [(Msamp – Mash)/Msamp]*100. 

%Ash = [ ((Mcru+Mash) -Mcru) / ((Mcru+Msamp) - Mcru) ] * 100  

 

As regards the water samples, the content (concentration in mg/L) of ferrous iron (Fe2+) and Fetot 

was analysed by using a portable spectrophotometer using the procedure reported in the manual 

Standard Methods for the Examination of Water and Wastewater, 1999. The instrument 

measurement range is from 0 to 3 mg/L for both total and ferrous iron, so samples with higher 

concentrations were diluted. 
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To prepare the sediment samples for chemical analyses, aluminium trays were sealed and filled with 

an amount of wet material weighing 300g.  Subsequently, these were put in the stove at 105 degrees 

for at least 24 hours for drying, but wet samples may take 36 hr or even 48 hr to dry. From dry 

samples 30 grams were taken for the XRF analysis. 

After this procedure, samples were transported to the XRF laboratory where they were grinded 

using an agate mortar and a ring mill.  

Subsequently, the tablets of the samples for XRF analysis were produced. To produce the tablets the 

following was needed: 

- 3 grams of sample’s powder. 

- 6-8 grams of boric acid. 

Samples were grinded and the result was a powder of 0.5-3g for each sample.  

 

X-ray Fluorescence (XRF) is a non-destructive chemical analysis of rocks, minerals, sediments, and 

fluids that allows to identify and quantify the elements present in a material.  It is typically used for 

bulk analyses of large fractions of geological materials. The relative low cost of sample preparation, 

and the stability and ease of use of X-ray spectrometers make this one of the most widely used 

methods for analysis of major and trace elements in rocks, minerals, and sediment. It uses X-rays to 

excite the atoms that make up matter, generated by an X-ray tube, as in the case of X-ray 

Diffraction (XRD). It is used in several fields like mining industry; glass and ceramic industry; 

production of metals and metal alloys and pollution and environmental control, as in the case of this 

study (Brouwer, 2010). Before describing the instrument, it is necessary to introduce the principle 

behind this analysis: The Bragg’s law. 

X radiations that hit a sample with an angle Ɵ are reflected by the atoms of the crystal lattice 

(Raylegh effect). In the simplified Bragg treatment (two rows of atoms), if the radiation interacting 

with the sample are two, one that hits an atom of the row on the surface and the other an atom of the 

row below, the electromagnetic waves that will be reflected will suffer interference (Figure 13). 

The Bragg condition to have the maximum signal arriving on the detector (constructive 

interference) is nλ=2dsinƟ, where d is the distance between the two rows and λ the wavelength of 

the incident radiation (Brouwer, 2010). 
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Figure 13: simplified scheme of the operation of Bragg’s law. From Brouwer, 2010.  

 

Each element emits a specific wavelength. By comparing the data obtained with reference 

standards, it is possible to perform a quantitative analysis on the material.  

The instrument is made of the X-ray generator in which the target material, the filament current and 

accelerating voltage plays a fundamental role for the final output; collimators for generating narrow 

X-ray beams; optics to focus, collimate and steer X-ray beams; X-ray detector to receive the X-ray 

signals.   
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3.4 Multi variate statistical analysis 

 

For the purpose of our study, the R software was used to perform a multivariate statistical analysis. 

Multivariate analysis is the statistical study of experiments in which multiple measurements are 

made on each experimental unit and for which the relationship among multivariate measurements 

and their structure are important to the experiment’s understanding. Although there are many 

practical applications for each of these methods, the goal is to distinguish between two populations, 

or to classify a new observation in one of the populations (Coghlan, 2017).  

The method adopted for this study consisted in using some R commands to plot binary graphs that 

would compare the chemical data of the sediments with each other and with other parameters such 

as the type of drainage, land use, etc...  

The first step was to adapt the excel sheet containing the data to be imported into R, and this was 

done by organizing the document and converting it into a .xlsx file. Later, using the function: 

ü mydata <- readxl ("samples", sep=",")  

the data could be imported.  

 

Variables we want to include in the PCA analysis are indicated as V1, V2, V3.... For the analysis on 

all 203 samples in the study area (see Table A3 in Appendix), the following variables were taken 

into account: 

 

 

 

On the other hand, for the specific analysis on samples collected in the V Fosso Ghiaia basin and VI 

Bevanella basin area, the variables were the following (see Table A4 in Appendix): 

 

 

 

The aim is to unravel which variable between lithology, land elevation, distance from sea and use of 

fertilizers (the latter estimated with the Technical standards of cultivation reported in Sitography) 

affects most the heavy metals concentration.  

One common way of plotting multivariate data is to make a “matrix scatterplot”, showing each pair 

of variables plotted against each other. To use this function, the “car” R package was installed. 
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Once the “car” R package has been installed, it can be loaded and then the “scatterplotMatrix()” 

function can be used to decide what are the variables that most likely can be linked and deeply 

investigated.  In this matrix scatterplot (see Figure A3 in Appendix), the diagonal cells show 

histograms of each of the variables, in this case the concentrations of the first five chemicals 

(variables V2, V3, V4, V5, V6.....). 

 

Another useful plot is a “profile plot” (Figure A4 in Appendix), which points out the variation in 

each of the variables. This can be made using the function “makeProfilePlot()” (function visible in 

Figure A2 in Appendix). 

 

It is often of interest to investigate whether any of the variables in a multivariate data set are 

significantly correlated. To calculate the linear (Pearson) correlation coefficient for a pair of 

variables, the “cor.test()” function can be used. If there are a lot of variables, “cor.test()” can be 

used to calculate the correlation coefficient for each pair of variables, but it might be of interest 

finding out what are the most highly correlated pairs of variables. For this, the function 

“mosthighlycorrelated()” can be implemented. This function will print out the linear correlation 

coefficients for each pair of variables in your data set, in order of the correlation coefficient. This 

shows clearly which pairs of variables are most highly correlated (Coghlan, 2017). 

 

A summary statistics such as the mean and standard deviation for each of the multivariate data set 

variables can be obtained using the “mean()” and “sd()” functions in R. To calculate mean and 

standard deviation the “sapply” function was used. In order to compare the variables, one needs to 

standardise them, especially if the variables have very different standard deviations. The function to 

use in R is the “scale()” function. Standardised variables have all variance 1 and mean 0; the total 

variance is the sum of the variances of the variables (15 for the first PCA and 14 for the second in 

this case study).  

After having done this, the work proceeded with the most important part of this analysis, which is 

the Principal Component Analysis. 

 

The purpose of Principal Component Analysis is to find the best low-dimensional representation of 

the variation in a multivariate data set. For example, in the case of the sediments data set, there are 

15 variables for the first PCA and 14 for the second. A Principal Component Analysis can be 

carried out to investigate whether it can capture most of the variation between samples using a 

smaller number of new variables (principal components), where each of these new variables is a 
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linear combination of all or some of the variables (Coghlan, 2017). In R, a principal component 

analysis can be carried out using the “prcomp()” function. A summary of the principal component 

analysis results is obtained using the “summary()” function on the output of “prcomp()”. 

This gives the standard deviation of each component, and the proportion of variance explained by 

each component. The standard deviation of the components is stored in a named element called 

“sdev” of the output variable made by “prcomp”. If the procedure is done correctly, the total 

variance is equal to the number of standardized variables (15-14 in this case).  

In order to decide how many principal components should be retained, it is common to summarise 

the results of a principal components analysis by making a scree plot (Figure 14), which can be 

done in R using the “screeplot()” function.  

 

 

Figure 14: example of  R software output of  a scree plot. From (Coghlan, 2017). 

 

From this plot it can be argued that first three components should be retained.  

 

The loadings for the principal components are stored in an element  named “rotation” of the 

variable returned by “prcomp()”. This contains a matrix with the loadings of each principal 

component, where the first column in the matrix contains the loadings for the first principal 

component, the second column contains the loadings for the second principal component, and so on.  
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4. Results 

4.1 Sediment analysis 

In Figure 15 a summary table of the main results from the particle size analysis is presented: 

 

 

Figure 15: main parameters of the particle size distribution analysis on collected samples.  



 

36 

 

These results show that most of the samples belong to the sand/muddy sand textural group, with 

different grade of sorting, except for sample n. 6 and 17, which are classified as sandy mud. 

Arithmetic Mean ranges from 87 to 357 m˃, while Geometric Mean from 45 to 256 m˃. Histograms 

and cumulative curves of particle size distribution analyses can be found in Figure A1 of the 

Appendix. 

From the XRF analysis carried out on the 21 samples collected in the field, combined with chemical 

analyses on sediments provided by the Consortium, the concentration maps in mg/kg of the heavy 

metals in the study area were produced (Figure 15).   
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Figure 16: heavy metals concentration maps in the study area. Red squares indicate sampling points exceeding legal limits. 

 

These results are already of significant interest, as it can be noticed that some metals exceed the 

legal limit D. LGS n ° 152/2006.  From chemical analyses, it emerged that sample n. 2, 3 and 21 are 

enriched in Fe3+, Mn2+, As, and Co. These three samples have a low concentration of Cr than other 

samples whereas most of them have quite high concentrations of the latter. Zn exceeds the legal 
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limit D. LGS n ° 152/2006 Uso Verde pub. Prov. and res. (150 mg/kg) in the Arcabologna 

Cavedona (188 mg/kg), in Acque Basse VI bacino (168 mg/kg), and in a couple of other spots 

within the study area (Figure 15). Regarding As, from this preliminary analysis, the highest 

concentrations (up to 108 mg/kg) are found along the Pinetale Ramazzotti canal and in the Bosca 

canal (30 mg/kg) with values exceeding the law limit of 20 mg/kg. Another important heavy metal 

is Pb, which is on average in the range between 20 and 100 mg/kg, but has high concentrations in 

the Acquara Alta canal where it exceeds the law limit of 100 mg/kg. Co exceeds the D. LGS n ° 

152/2006 Uso Verde pub. Prov. and res. (20 mg/kg) in two points along the Pinetale Ramazzotti 

canal (up to 126 mg/kg) and, as well as As, in the Bosca canal (38 mg/kg).  Cu exceeds the law 

limit of 120 mg/kg in the Fagiolo Basso canal, near the urban area of Ravenna, and in the 

Arcabologna Chiavichetta canal, while on average it is between the range of 30-100 mg/kg 

(Figure.15).  

Cr exceeds law limits (150 mg/kg) in the Motte canal (166 mg/kg), the Acquara Bassa canal (157 

mg/kg), Gronde, Gambi, and Acque Basse VI bacino shows values around 160 mg/kg.  

Ni, Hg and Cd doesn’t exceed law limits. 

From these results, it is clear that the study area is affected by an high level of these metals, which 

can be dangerous (expecially As) for human health. A summary of the main statistical parameters of 

the elements analyses with XRF is reported below in Table 3: 

 

Elements 
analysed 

Min.         Max.  Arithmetic 
mean 

Median Mode 
Standard 
deviation 

SiO2 26.66 52.87 43.62 44.9 # 7.30 

TiO2 0.17 0.62 0.38 0.38 0.25 0.14 

Al2O3 2.58 13.46 9.13 9.61 # 3.02 

Fe2O3 2.23 35.23 7.19 4.91 # 7.77 

MnO 0.08 9.95 0.88 0.11 0.12 2.38 

MgO 2.17 4.21 3.35 3.38 3.96 0.67 

CaO 8.13 21.49 15.18 14.42 # 3.37 

Na2O 0.5 4.12 1.3 0.87 # 1.05 

K2O 0.28 2.62 1.86 1.93 # 0.57 

P2O5 0.11 0.43 0.24 0.21 0.19 0.08 

LOI 8.55 23.14 16.87 16.69 # 4.22 

As 3 108 13.58 6 5 23.62 

Ba 284 949 433.37 378 370 181.49 

Br 4 234 49.75 11.5 8 75.80 

Ce 10 76 42.68 46 24 16.24 

Cl 20 55660 6103.16 280 80 15275.14 

Co 4 126 19.68 14 4 26.96 

Cr 9 170 108.79 121 63 48.43 

Cu 6 195 49.63 39 52 43.49 
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Ga 7 19 14.05 15 15 3.32 

Hf 2 10 4.08 3 3 2.11 

La -8 30 18.42 21 14 9.43 

Mo 3 7 4.67 4 3 1.97 

Nb 5 14 10.37 11 8 2.67 

Nd 2 111 18.63 11 5 24.28 

Ni 7 90 57 59 24 25.44 

Pb 3 185 25.11 16 15 38.97 

Rb 15 112 76.05 80 80 26.70 

S 210 5510 1926.84 1480 # 1514.09 

Sc 4 24 14.94 14 14 5.81 

Sn 3 10 5.33 4 4 2.18 

Sr 154 584 418.53 409 339 93.11 

Th 5 24 9.13 8 7 4.63 

U 3 4 3.07 3 3 0.27 

V 12 114 64.58 63 33 33.88 

Y 3 24 15.53 16 17 5.16 

Zn 20 188 81.42 68 # 48.65 

Zr 26 117 82.68 86 66 20.70 
 

Table 3: statistical summary of the elements analysed with the XRF. Minimum and maximum are reported in wt% for major elements 

and in mg/kg for trace elements. Note: # missing data.  

. 
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4.2 Water analysis  

Water in the canals sampled in the field shows the following chemical characteristics (Table 4): 

 

N°  H2O 
sample 

T° C pH EC (mS) Canal altitute (m 
a.s.l.) 

Fe2+ 
(mg/L)  

Fetot 

(mg/L)  

1 13.3 6.3 44.0 PINETA RAMAZZOTTI -0.75 4.00 62.5 

2 13.3 6.6 33.4 PINETA RAMAZZOTTI -4.14 0.02 2.8 

3 # 7.6 11.5 PINETALE VI BACINO -0.93 0.80 4.0 

4 18.4 8.3 1.3 ACQUARA ALTA -0.14 0.02 0.8 

6 19.8 7.9 0.7 GAMBI 0.97 0.89 2.8 

7 17.7 7.3 1.1 MOTTE 1° RAMO ALTO -1.33 0.10 2.2 

8 17.6 7.6 6.8 PINETALE V BACINO -2.21 # # 

11 17.9 7.7 2.6 ACQUARA BASSA -3.60 0.01 0.7 

12 17.3 7.6 0.9 SAVIOLA -3.28 0.40 1.4 

13 19.4 7.5 4.7 ARCABOLOGNA 
CAVEDONA 

-2.10 1.07 0.9 

14 18.2 7.5 0.8 CASTELLADELLA -2.15 0.01 0.4 

15 20.9 8.2 2.4 ACQUE BASSE VI BACINO -1.70 0.30 30.0 

16 19.6 7.6 1.9 STANDIANA -3.33 # # 

17 20.7 7.9 0.5 GRONDE -1.85 0.07 1.8 

19 18.2 7.5 0.8 CASTELLADELLA -1.51 # # 

20 18.1 7.7 1.16 ARCABOLOGNA 
CHIAVICHETTA 

-1.84 # # 

21 13.9 6 46.6 PINETA CLASSE 0.11 # # 

22 22.1 8.7 1.6 SAN GIOVANNI -1.55 # # 

23 23.2 8 16.7 PERGAMI 0.11 # # 

 

Table 4: Temperature, pH, EC and Fe2+ and Fetot  measurement using the Portable Datalogging Spectrophotometer of water in the V 

Fosso Ghiaia basin and VI Bevanella basin is reported. Also the exact altitude of canals were taken using the GPS. Note: # missing 

data. 

 

Temperature ranges between 13°C and 23°C and pH varies from 6 (acidic) in the Classe pinewood 

up to 8.7 (basic) in some canals. The altitude varies from -4 to 0.1 m a.s.l. and the mean altitude is -

1.356 m a.s.l.  

The highest concentration of Fetot is found in sample n. 1, which is the one in the Ramazzotti 

pinewood, where an orange hue can be noticed also from satellite images. Higher concentrations are 

also found in sample n. 3 and 15. 
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4.3 Multivariate statistical analysis  

Figure 17 shows the results of the multivariate statistical analysis performed both on the whole 

database and the new 21 collected samples. Below the two plots, the summary of Principal 

Components is reported ordered by their importance in terms of variance. For this reason, also the 

contribution of the variables (description in chapter 3.4) for each component is reported. 

 

 

 

Figure 17: on the left, screeplot of the whole dataset and the relative information. On the right,  the screeplot for the 21 collected 

samples.  
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5. Discussion  

The elaboration of chemical analyses of the combined Romagna Reclamation Consortium and 

samples collected for this thesis resulted in an interesting PCA, which indicates that three principal 

components influence most of the variance in the dataset.  If heavy metals are not considered, PC1 

is mainly dependent on V15 (-0.35), V14 (0.25), and V13 (0.27). These correspond to the use of 

fertilizers (kg/ha), distance from the sea (km), and altimetry (m), respectively. It can be also noticed 

that V15 has a negative sign, whereas V14 and V13 are positive; this means that use of fertilizers 

influences the dataset in an opposite way with respect to distance from sea and altimetry.  

PC2 is mainly influenced by lithology (V12) with a variance of 0, whereas V13, V14, and V15 are 

less significant in this case. For PC3, V13 (-0.54) and V14 (-0.55) are the highest values, but V15 (-

0.24) and V12 (0.44) are also important influencing variables. In this case, use of fertilizers, 

distance from the sea and altimetry values are all negative and therefore act in the same direction. 

From this preliminary analysis, the PCA permitted to exclude some variables from a more accurate 

analysis, such as for example the type of drainage (V1). Moreover, it can be argued that, since PC1 

has the highest variance and it is mainly influenced by the use of fertilizers, this can be the most 

important variable affecting heavy metals distribution in the area. 

With the aim of further investigation of the behaviour of these variables, binary plots were made to 

verify the relationships observed in the PCA analysis. To do this, use of fertilizers, distance from 

sea, altimetry and lithology were plotted against some heavy metals to see if some correlation exists 

(Figure 18).   

Looking for example at the binary plots for As, a clear positive correlation between As and use of 

fertilizers can be observed, with the values exceeding the law limit for more than 300 kg/ha of 

fertilizers. Moreover, As shows an opposite behaviour with respect to distance from sea and 

altimetry. In fact, it decreases with increasing distance and altimetry. This focus seems to confirm 

the PCA results for which in PC1 use of fertilizers acts in an opposite direction with respect to the 

other two variables. Distance from sea and altimetry are also directly connected with salinity. 

Examining the EC measures (a proxy for salinity) (Table 4 in the Result section) it appears that 

samples nearer to the sea (n° 1, 2, 21, 3) have higher EC values (up to 46.6 mS/cm) with respect to 

those farther away. Figure 18, therefore, shows that higher salinity values next to sea correspond to 

higher As concentrations. In addition, higher As concentrations are also found in points with 

altimetry below or around 0 (Figure 18). High As concentrations in these samples are also found 

together with the highest S and Na2O concentration (see Table A5 in the Appendix) According to Jia 

et al., 2017, the chemical weathering of Na2SO4 and CaSO4 input salts into groundwater as well, 

and dissolution of sulfate salts not only promotes salinity, but also favourite As mobilisation.  
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One of the major drivers of salinization is that the water table is below sea level and this causes 

upward seepage of salt oxygen-poor saline water from the bottom of the aquifer (Giambastiani et 

al., 2020). A progressive salinization process is ongoing, and in the Ramazzotti pinewood canals 

this process causes the higher EC values.  

It can also be noticed that the lithology has not a clear correlation with As, but highest As 

concentration are found in sand/silty sand sediments. Usually, clay minerals are favourite in 

attracting heavy metals (Stazi et al., 2017) but here the major process affecting As concentration is 

upconing of saline water.  

 

Figure 18: binary plots of As concentration versus the four most important variables: use of fertilizers, distance from the sea, 

altimetry, and lithology. Linear trends for the first three variables can be reconstructed.  

 

 

To confirm these trends, Co was plotted against these variables and the same relations were 

confirmed (Figure 19).  
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Figure 19: Co binary plots. The same trends as As can be observed.  

 

Thanks to this analysis, it was confirmed that As and Co concentration are dependent on these three 

variables, and it has been constrained that salinity (linked to distance from sea and altimetry) is very 

important in regulating the concentration of these two heavy metals. Then, other plots have been 

tried for Cr, Pb and Zn (the most interesting elements and with anomalous concentrations), which 

can be indicative of other correlations. 

Cr (Figure 20) has not a clear correlation like for As and Co. However, it can be observed that 

highest concentrations are present at around 300 kg/ha use of fertilizers. It can be noticed that Cr 

concentration slightly decreases with increasing distance from sea  and altitude (both connected to 

salinity).  

Lithology, in this case, does not reflect any correlation, so that for Cr it can be argued that this 

variable does not significantly influence concentrations. 
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Figure 20: Cr binary plots. Similar trends as As and Co can be observed.  

 

Looking at Pb (Figure 21), the situation seems to be more complicated since apparently no trends 

can be observed. A slightly positive trend can be argued for use of fertilizers and negative ones for 

distance from sea and altimetry (as a consequence also for salinity). Moreover, focusing on the 

concentrations exceeding the law limit, it becomes clear that there is a “specular” behaviour 

between Pb versus use of fertilizers and Pb versus distance from sea  and altimetry. 
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Figure 21: Pb binary plots. Similar behaviour of Cr, As and Co.  

Finally, Zn plots show the same behaviour of Pb (Figure 22). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Zn binary plots. The same trends as Pb can be observed. 
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The distance from sea/altimetry trends (connected with salinity) are consistent with the studies of 

Acosta, 2011 and Laing et al., 2008, where it is argued that salinity increases heavy metal 

mobilization in soils and that the extend of mobilization depends on the type and total amount of 

heavy metals and the type of salt causing the salinization. In particular, the major mechanisms 

affecting the salinization process are complexation capacity of salt derived anions with heavy 

metals, and competition of salt derived cations with positively charged heavy metal species for 

sorption sites on the solid phase. These mechanisms act more or less intensively depending on the 

metal and type and amount of electrolytes in the system. If NaCl is considered as type of salt, 

Acosta, 2011 and Laing et al., 2008 demonstrate for example that, with increasing salinity, Pb is 

more mobilized with respect to Cu and Zn. Another important factor is the initial total amount of 

heavy metals. Moreover, other parameters are also important for example, as mentioned above, the 

association of Cu and Zn with sulphate mobilize higher concentration of these metals than 

complexation with chlorides did Laing et al., 2008. In fact, higher heavy metals concentrations are 

usually found together with higher S and Na2O concentrations in the sediment samples (see Table 

A5 in the Appendix). 

 

Binary plots between heavy metals were constructed using the whole 203 analyses, and only the 

most significant plots are reported here (Figure 23).  

There is a positive correlation between As, and both Cr and Co, except for some As outliers (Figure 

23). This relationship can be explained by the geochemical affinity between As (r=185pm, 

oxidation state ±3, +5), Co (r=200pm, oxidation state +2, +3) and Cr (r=200pm, oxidation state +2, 

+3, +6) (see http://www.elementsdatabase.com/). In general, as expected, Consortium canals 

sediments having high concentration of Cr or Co have also a high level of As.  

For the same reason, plots showing Ni-Cr or Cu-Cr demonstrate a trend (especially for Ni). Ni 

(r=163pm, oxidation state +2, +3) and Cr (r=200pm, oxidation state +2, +3, +6) have a similar 

geochemical behaviour according to Goldschmidt (1937).  

Pb (r= 202pm, oxidation state +2, +4) and Zn (r=139, oxidation state +2) can have a similar 

behaviour if the oxidation state is +2 for both since their atomic radius is different (see 

http://www.elementsdatabase.com/). For these samples there is a general positive correlation 

between the two, except for null Zn values and anomalous Pb concentrations.  

 



 

48 

 

 

Figure 23: heavy metals binary plots in which clear trends are observed. 

 

PCA, carried out on the 21 samples collected in the field, shows the variance ranging from 2.3 up to 

5 thanks only to PC1 (see screeplot in Figure 17). 

The variables affecting most of the variance are V14 (distance from sea/salinity) and V15 (use of 

fertilizers) with values of +0.35 and -0.28 respectively. Like in the previous case, use of fertilizers 

seems to act in an opposite direction with respect to distance from sea/salinity. Again, processes 

mentioned by Antonellini et al., 2008 and Giambastiani et al., 2007 are relevant in controlling also 

heavy metals distribution.  
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PC2 is also reported in the data summary  for completeness. PC2 is affected, in addition to use of 

fertilizers, distance from sea and altimetry (the last two connected to salinity), also by LOI%. 

Among natural particles, hydrous Fe and Mn oxides (HFO, HMO from now on) have long been 

recognized as playing an important role in controlling nutrients and trace elements cyclings in soils, 

streams, groundwater, and sediments (Gadde & Laitinen, 1974). 

Moreover, according to Sholkovitz, 1978 and Karbassi A.R., 2013, during mixing of fresh water 

with saline water, due to the flocculation process, a portion of dissolved metals can come into 

particulate phase.  

In fact, Fe2O3 and MnO were both enriched in samples n° 1, 2, 3 and 21 (see Table A5 in Appendix) 

and water analyses of Table 4 in the Result section demonstrate that these four samples have the 

highest Fetot concentrations, as demonstrated also by the red colour of surface water in the drainage 

channel along the pine forest (see aerial photographs in Figure 24). 

 

 

Figure 24: area within the Ramazzotti pinewood  where a reddish color of water can be observed.  

 

Binary plots were produced plotting Fe2O3 and MnO versus heavy metals (Figure 25). 
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Figure 25: heavy metals vs Fe2O3 + MnO plots. Trend lines are represented (black lines in the plots).  

 

The results show that As and Co concentrations are directly proportional to Fe2O3 + MnO 

concentrations. Cr, Ni and Zn have all the same trend and their concentrations grow with increasing 

iron and manganese oxide %, but the samples n. 2, 3, and 21 deviate from the trend. These samples 

were taken in the Ramazzotti pinewood and are those with the highest EC values, therefore it can be 

concluded that salinity is a fundamental parameter in controlling heavy metals adsoption on HFO 

and HMO. Adsorption of these elements on iron and manganese oxides is lower in saline than 

freshwater system. Increasing salinity in these three samples favourite Cr, Ni and Zn desorption 

from the sediment, which results in increasing concentrations in water (Laing et al., 2008). 

Moreover, it can be noticed that with Fe2O3 + MnO > 15%, these three heavy metals progressively 
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decrease their concentration. Pb concentration slightly increases up to 8-10% of Fe2O3 + MnO, 

except for the three outliers (sample n. 2, 3 and 21). In fact, sample n. 3 and 21 maintain a constant 

concentration up to 27% of Fe2O3 + MnO, whereas the last sample (n. 2) has only 3 mg/kg of Pb. In 

addition, sample n.4 shows a concentration of Pb equal to 185 mg/kg; a clear outlier.  

To unreveal the meaning behind these trends, it is necessary to refer to some processes occurring at 

the hydrous oxide/water interface. First, pH measurements carried out in the field show that pH 

varies from 6 (acidic) in the Classe pinewood up to 8.7 (basic) (see Table 3 in the result section). 

Spectrophotometer Fe2+ and Fetot analyses demonstrate that the principal iron species in solution is 

Fetot, especially for the canals in the Ramazzotti pinewood. This means that, in the Ph-Eh diagram 

of Figure 6 in chapter 2.4, the stable form of HFOs in the study area environment should be 

Fe(OH)2
+ and Fe(OH)3. This is true especially for sediments near the sea where higher Fe2O3 values 

are measured.  

The HFO and HMO are important in the aquatic environment, because changes in oxidation 

potential, acidity and complexing agents can bring about the formation and dissolution of colloidal 

hydrous oxides (Gadde & Laitinen, 1974). 

Regarding Pb2+, absorption processes on particulate hydrous oxides are thought to be also important 

in the regulation of Pb in natural waters. According to Manceau et al., 1992, hydrous Mn oxides 

have an adsorbing affinity for Pb2+ at almost all pH values. This theory is also supported by the 

work of Covelo et al., 2006, who highlight how Mn oxide preferentially adsorb and retain Pb. 

However, in this case study, the highest concentration of Pb (158 mg/kg) is found in the sample 

with low Fe and Mn oxides content (n. 4).  

Manceau et al., 1992 and Covelo et al., 2006 also conducted studies on sorption of metals by micas 

like kaolinite and vermiculite. The metal adsorbed preferentially by kaolinite and mica was Cr, 

followed way behind by Pb. This is an important consideration to do because of the widespread use 

of these micas in agricultural practices. Pb highest concentration (150 mg/kg) is found in sample n. 

4, which was collected in an irrigation canal (Acquara Alta), a zone interested by agricultural 

practices.  

According to Gadde & Laitinen, 1974, also Zn is adsorbed on hydrous manganese oxide and 

hydrous ferric oxide at high pH (>7). In fact, in general Zn concentration grows with increasing 

Fe2O3 + MnO %.  

Cr at the earth's surface can be trivalent or hexavalent. In its reduced state, Cr has a strong affinity 

for HFO and HMO but reaction products are different: HFO fixes it (with possible transport in 

particulate form) whereas HMO oxidizes and then solubilises it. Slow with dissolved oxygen, the 

oxidation of Cr3+ to Cr6+ is fast in presence of Mn oxides.  
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At a molecular level, the trapping of Cr3+ by HFO is achieved either through the formation of 

surface complexes on already formed Fe particles, as in an adsorption/surface precipitation 

phenomenon, or through the simultaneous hydrolysis of Fe3+ and Cr3+, as in a co-precipitation 

phenomenon (Manceau et al., 1992). In this case study, Cr concentration is lower where Fe and Mn 

oxides have high values (see Table A5 in Appendix). This is shown by the three samples in the 

Ramazzotti pinewood. This can be due to salinity which, according to Choi et al., 2020, can reduce 

heavy metals adsorption onto HFO and HMO.  

As adsorption usually decreases with increasing pH values due to a decrease in the positive charge 

of minerals. Oxidation of adsorbed As3+ to As5+ on Fe-oxides may occur to a limited (about 20 %) 

extent. In contrast, reducing conditions may release As into solution through reduction of Fe and 

Mn oxides and reduction of As5+ to As3+ (Manceau et al., 1992).  

Finally, the oxidation of Co2+ to Co3+ on MnO causes its precipitation and explains, for instance, 

why Mn and Co are always closely associated in the environment (for example in sample n. 2, 3 and 

21 in the Ramazzotti pinewood).  
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6. Conclusions 

This study, in collaboration with the Romagna Reclamation Consortium, allowed to better 

understand the hydrologic and geochemical environment of the drainage network in the coastal 

basins of Ravenna, Italy. Some localities within this area have As, Cr, Co, Pb and Zn values 

exceeding the legal limit of the D. LGS n ° 152/2006. In particular, the focus of the work was to 

understand the parameters that affect the heavy metals concentration distribution. New geochemical 

analyses of sediment samples, integrated with those provided by the Consortium, permitted to 

develop a robust PCA.  

In summary, the fertilizers load is the main responsible for the variation of heavy metal 

concentrations in the sediment of canals in the study area. Significant importance has also the 

distance from sea and the altimetry, which are directly connected with salinity that characterizes the 

coastal area of Ravenna. Part of the heavy metal pollution can be also of natural origin, but for sure 

the salinization process influences the distribution of heavy metals in canal sediments, whereas 

lithology and type of drainage do not seem to be significant.  

Chemical analyses demonstrate that both sediment and water iron content in the Ramazzotti 

pinewood is high, especially in samples n. 1, 2, 3 and 21. Considering correlations between heavy 

metals and iron and manganese oxides in the sediment samples collected in the field, it emerged 

that As, Cr, Ni, Co, Pb and Zn concentrations are positively correlated with these oxides, except for 

sediment samples n. 1, 2, 3, and 21. Heavy metals concentration in these four samples is probably 

influenced by the salinization process, which, according to Laing et al., 2008, causes a decrease in 

the adsorption efficiency of HFO and HMO.   

Sediment samples analysis shows that As and Co concentrations are the most affected by high iron 

and manganese oxides, confirming that adsorption on HFO and HMO is one of the most important 

mechanisms in controlling the concentrations of heavy metals (Gadde & Laitinen, 1974).  

In conclusion, for future analyses on the study area, Eh measurements should be carried out along 

canals, in order to better bind the Eh-pH conditions. More chemical analyses on water and 

sediments should be carried out, especially along canals with heavy metals concentrations 

exceeding legal limits to better constrain their distribution. Salinity, in these areas affected by 

saltwater intrusion, must also be monitored because it plays an important role in the absorption 

processes of heavy metals and for the upward seepage of salt water in low topography areas. The 

advice for the Romagna Reclamation Consortium is to keep monitoring the area with a special 

concern for the use of fertilizers in agriculture.   
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Figure A1: Plots of particle size distribution of the 21 samples collected in the field.  

 

Table A1: GPS coordinates and altitude of the sampling points.  

 

Sample ID    Coordinates WGS84-UTMzone32N        Ellipsoidal  altitude          altitude m a.s.l. 

5   762872.759,4912134.808       39.620  0.514 

3wl   765012.556,4915042.528       38.161           -0.931 

3   764990.162,4915039.778       39.329  0.237 

23wl   765099.004,4913575.557       37.480           -1.617 

23   765099.905,4913575.195       37.736           -1.361 

4wl   763528.008,4915080.131       38.944           -0.142 

4   763528.015,4915079.732 3      9.135  0.049 

15wl   762493.296,4913509.310       37.391           -1.700 

15   762492.688,4913513.776       39.212  0.121 

22wl   760703.541,4912436.658       37.556           -1.551 

22   760704.607,4912439.720       39.248  0.141 

6wl   758680.310,4910441.408       39.321  0.184 

6   758679.883,4910442.226      40.105  0.968 

17wl   757985.186,4912711.809      37.256           -1.848 

17   757987.502,4912711.569      38.554            -0.550 

.  
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Table A2: LOI% calculations with results both at 450°C and 950°C.  

 

%LOI = organic matter content (%): 100 - %ash   or   [(Msamp – Mash)/Msamp]*100.  

ID Tare Sample 
weight (g) 

Sample+tare weight 
at 450° (g) 

Sample+tare weight 
at 950° (g) 

%LOI 450° %LOI 950° 

1 27.04 7.02 33.83 33.46 3.28 8.55 

2 31.12 7.01 37.89 36.96 3.42 16.69 

3 50.83 7 57.41 56.8 6.00 14.71 

4 26.67 7.01 33.3 32.64 5.42 14.84 

5 27.21 7.01 33.78 33.05 6.28 16.69 

6 26.8 6.99 33.2 32.93 8.44 12.30 

7 27.2 7 33.69 32.8 7.29 20.00 

8 26.49 6.99 33.22 32.34 3.72 16.31 

11 25.63 7 31.75 31.01 12.57 23.14 

12 25.64 6.99 32.38 31.7 3.58 13.30 

13 26.51 6.99 32.74 32.13 10.87 19.60 

14 26.41 7 33.12 32.13 4.14 18.29 

15 50.82 7.01 57.35 56.38 6.85 20.68 

16 25.22 7 31.79 30.96 6.14 18.00 

17 26.69 6.98 33.15 32.23 7.45 20.63 

19 25.92 7.02 32.47 32.22 6.70 10.26 

20 25.82 6.99 32.27 31.23 7.73 22.60 

21 27.08 6.99 33.5 32.53 8.15 22.03 

22 25.9 7.04 32.84 32.03 1.42 12.93 

23 31 6.99 37.78 36.9 3.00 15.59 

25 26.8 7.03 33.41 32.5 5.97 18.92 
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makeProfilePlot <- function(mylist,names) 

{ 

require(RColorBrewer) 

# find out how many variables we want to include 

numvariables <- length(mylist) 

# choose 'numvariables' random colours 

colours <- brewer.pal(numvariables,"Set1") 

# find out the minimum and maximum values of the variables: 

mymin <- 1e+20 

mymax <- 1e-20 

for (i in 1:numvariables) 

{ 

vectori <- mylist[[i]] 

mini <- min(vectori) 

maxi <- max(vectori) 

if (mini < mymin) { mymin <- mini } 

if (maxi > mymax) { mymax <- maxi } 

} 

# plot the variables 

for (i in 1:numvariables) 

{ 

vectori <- mylist[[i]] 

namei <- names[i] 

colouri <- colours[i] 

if (i == 1) { plot(vectori,col=colouri,type="l",ylim=c(mymin,mymax)) } 

else { points(vectori, col=colouri,type="l") } 

lastxval <- length(vectori) 

lastyval <- vectori[length(vectori)] 

text((lastxval-10),(lastyval),namei,col="black",cex=0.6) 

} 

} 

 

Figure A2: R code used for making a profile plot.  
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Figure A3: example of a matrix scatterplot using the R software. 

 

 

 

Figure A4: example of a profile plot for all the variables using the R software. 
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Table A3: Summary of the data of the PCA analyses. All 203 samples were used. Lithology codes are the following: 0.6=silty clay; 0.25=sandy-clay silt; 0.1=clay-silty sand; 0.05=silty sand; 

0=sand/gravel. 

Type of 
drainage  

As 
(mg/kg)  

Cd 
(mg/kg)  

Co 
(mg/kg)  

Cr 
(mg/kg)  

Hg 
(mg/kg)  

Ni 
(mg/kg)  

Pb 
(mg/kg)  

Cu 
(mg/kg)  

Zn 
(mg/kg)  

Sn 
(mg/kg)  

Lithology 
code 

Altimetry 
(m) ( 
Lidar)  

Distance 
from the 
sea (km)  

Land Use 
fertilizers 
(kg/ha)  

V1 V2 V3 V4 V5 V6 V7 V8 V9 V10 V11 V12 V13 V14 V15 

1.00 10.00 0.50 0.00 93.50 0.20 57.20 14.90 45.40 102.10 0.00 0.60 0.29 5.00 310 

2.00 7.33 0.50 0.00 91.00 0.20 63.30 12.30 43.00 96.00 0.00 0.05 1.48 10.80 250 

1.00 4.50 10.00 1.00 82.00 0.10 47.00 15.00 30.00 68.00 0.00 0.60 -1.99 6.80 280 

2.00 3.40 0.50 6.40 30.00 0.10 25.00 4.80 21.00 38.00 0.00 0.05 2.19 12.10 290 

1.00 2.10 0.20 3.10 18.00 0.10 16.00 4.10 16.00 26.00 0.00 0.00 2.58 5.70 150 

4.00 4.30 0.20 5.00 19.00 0.10 17.00 7.70 36.00 31.00 0.00 0.60 0.52 7.90 300 

1.00 4.70 0.20 7.10 45.00 0.10 36.00 12.00 39.00 63.00 0.00 0.05 0.28 11.10 310 

1.00 3.50 0.20 7.80 44.00 0.10 36.00 11.00 37.00 59.00 0.00 0.05 0.29 11.50 200 

1.00 1.50 0.20 4.20 23.00 0.10 21.00 2.30 15.00 26.00 0.00 0.00 1.22 5.90 140 

1.00 2.10 0.20 3.10 18.00 0.10 16.00 4.10 16.00 26.00 0.00 0.60 0.69 7.50 260 

3.00 5.00 0.20 9.80 57.00 0.10 53.00 13.00 47.00 100.00 0.00 0.60 -2.84 7.20 280 

1.00 4.50 0.20 10.00 82.00 0.10 47.00 15.00 30.00 68.00 0.00 0.60 -1.81 7.00 160 

3.00 2.60 0.20 5.50 33.00 0.10 24.00 7.20 16.00 30.00 0.00 0.60 0.92 8.50 190 

1.00 3.70 0.20 4.50 21.00 0.10 17.00 3.40 18.00 35.00 0.00 0.05 0.12 3.30 100 

1.00 5.00 0.60 11.10 61.10 0.03 46.50 14.00 42.90 147.00 2.00 0.60 0.08 6.90 310 

1.00 3.00 0.06 8.20 49.50 0.01 38.60 5.00 4.20 28.30 1.00 0.05 -1.55 4.90 160 

1.00 5.00 0.16 10.20 38.60 0.04 33.10 10.00 18.90 56.10 1.00 0.60 -0.52 3.80 290 

1.00 5.00 0.22 9.60 54.40 0.05 34.00 52.00 67.40 101.00 2.00 0.05 0.67 5.60 280 

2.00 5.00 0.17 10.00 44.50 0.03 36.60 12.00 35.30 65.00 2.00 0.60 6.27 14.30 300 

1.00 4.00 0.23 8.30 40.40 0.03 36.20 12.00 23.80 59.90 2.00 0.60 -0.14 4.50 270 

1.00 57.00 0.28 10.20 48.00 0.03 46.30 14.00 15.60 55.20 8.00 0.05 0.87 5.60 340 

1.00 5.00 0.14 7.20 32.20 0.01 28.70 4.00 5.00 0.00 0.00 0.00 0.70 4.80 220 
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3.00 4.00 0.20 10.20 40.70 0.01 43.40 6.00 11.60 0.00 0.00 0.00 1.20 4.90 180 

3.00 11.00 0.48 13.40 56.40 0.39 55.10 15.00 63.40 0.00 0.00 0.60 1.00 8.80 310 

3.00 3.00 0.29 7.40 23.00 0.02 24.30 8.00 27.80 0.00 0.00 0.60 1.60 9.30 190 

1.00 13.00 0.26 7.50 21.60 0.02 21.00 7.00 9.30 0.00 0.00 0.00 -1.00 3.60 280 

1.00 4.00 0.32 5.20 17.70 0.02 18.30 5.00 12.60 0.00 0.00 0.60 -1.70 2.70 180 

1.00 1.00 0.20 10.40 38.10 0.10 33.20 9.60 22.10 46.50 0.00 0.60 0.40 2.70 140 

1.00 1.00 0.20 10.70 59.30 0.10 44.70 10.60 27.80 53.10 0.00 0.60 0.00 2.40 145 

1.00 1.00 0.20 7.90 29.50 0.10 25.70 20.60 14.60 47.60 0.00 0.00 -1.40 8.30 150 

3.00 1.00 0.20 6.20 26.30 0.10 20.80 10.50 26.30 61.30 0.00 0.00 -1.00 2.80 145 

3.00 1.00 0.20 7.20 35.80 0.10 26.80 11.50 73.50 117.00 0.00 0.60 0.00 1.20 150 

4.00 1.00 0.20 11.80 63.20 0.10 47.50 17.80 53.90 86.10 0.00 0.60 1.50 9.70 170 

1.00 1.00 0.20 8.10 57.90 0.10 37.00 10.90 39.30 63.80 0.00 0.60 0.00 7.30 165 

1.00 1.00 0.20 11.40 48.60 0.10 39.20 94.20 135.00 230.00 0.00 0.00 0.00 5.70 260 

1.00 1.00 0.20 9.20 71.30 0.10 49.90 29.20 73.10 138.00 0.00 0.00 1.00 6.10 90 

1.00 1.00 0.20 6.60 39.70 0.10 28.10 9.10 20.80 43.60 0.00 0.60 0.50 7.60 80 

1.00 1.00 0.20 9.20 51.80 0.10 47.80 1.00 7.30 78.90 0.00 0.00 -1.50 5.40 225 

3.00 1.00 0.20 7.00 46.90 0.10 29.50 8.60 21.40 32.20 0.00 0.60 1.00 6.90 235 

3.00 1.00 0.20 5.60 45.90 0.10 27.00 6.60 29.70 51.80 0.00 0.00 0.50 4.80 210 

3.00 1.00 0.20 0.50 34.90 0.10 20.80 5.80 24.50 42.70 0.00 0.00 0.00 1.70 105 

1.00 17.00 0.10 6.80 23.00 0.10 20.00 19.00 65.00 90.00 0.00 0.00 0.00 0.30 295 

1.00 17.00 0.10 7.00 20.00 0.10 21.00 4.00 7.70 23.00 0.00 0.00 0.00 0.30 305 

1.00 35.00 0.10 6.80 17.00 0.10 15.00 5.00 10.00 26.00 0.00 0.00 0.00 0.50 325 

3.00 0.10 0.10 0.00 25.60 0.10 12.40 6.90 31.80 0.00 0.00 0.60 0.50 5.60 180 

3.00 6.00 0.20 7.60 47.40 0.59 40.20 5.00 4.30 26.90 4.00 0.60 0.50 5.80 280 

2.00 4.00 0.30 5.10 33.40 0.40 25.10 5.00 7.50 32.90 1.00 0.60 0.50 5.80 280 

1.00 21.00 0.25 9.40 35.90 0.06 32.00 18.00 27.50 95.00 100.00 0.05 0.80 4.00 315 

1.00 3.00 0.09 7.60 20.80 0.02 21.80 7.00 9.10 29.80 1.00 0.05 0.90 4.20 185 

1.00 7.00 0.39 7.80 32.10 0.18 27.60 25.00 124.00 198.00 4.00 0.05 0.60 3.90 270 

1.00 5.00 0.21 7.80 29.80 0.05 26.40 10.00 23.60 82.00 1.00 0.05 0.80 3.80 280 

1.00 12.00 0.21 9.10 35.50 0.06 31.70 16.00 23.20 79.00 1.00 0.05 0.70 3.60 295 
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1.00 4.00 0.20 6.00 16.00 0.01 17.00 5.00 8.50 27.60 0.00 0.60 0.00 1.10 290 

1.00 4.00 0.40 8.90 27.00 0.02 32.40 9.00 22.40 66.00 0.00 0.00 0.40 3.20 280 

1.00 4.00 0.40 8.40 29.00 0.02 33.80 10.00 17.70 56.30 0.00 0.60 0.00 1.50 290 

3.00 7.00 0.50 11.30 37.00 0.04 42.80 12.00 28.50 81.00 0.00 0.00 0.00 1.20 290 

4.00 2.10 0.10 0.00 32.00 0.10 28.00 25.00 77.00 253.00 3.30 0.00 1.40 0.70 205 

1.00 7.00 0.31 12.30 51.30 0.10 46.80 52.00 27.10 76.00 2.00 0.00 1.20 0.80 260 

2.00 5.00 0.24 10.60 37.70 0.02 42.10 11.00 21.90 73.00 1.00 0.00 0.70 0.90 260 

2.00 1.00 0.10 10.90 48.80 0.10 39.00 16.50 30.70 76.30 0.00 0.05 0.70 1.90 200 

1.00 7.00 0.40 8.80 32.50 0.04 31.60 6.00 16.80 55.90 5.00 0.00 1.00 2.50 280 

2.00 1.00 0.10 0.50 17.40 0.10 13.50 1.00 10.30 26.80 0.00 0.00 1.30 3.10 200 

2.00 4.00 0.30 5.80 27.70 0.03 23.20 14.00 15.10 0.00 0.00 0.60 1.10 3.40 260 

2.00 8.00 0.24 10.00 30.60 0.02 33.20 15.00 17.20 59.20 1.00 0.00 1.00 0.90 285 

1.00 6.00 0.22 9.40 29.00 0.02 31.60 13.00 17.00 62.40 1.00 0.00 0.30 1.00 280 

1.00 5.00 0.21 10.20 41.10 0.02 40.30 11.00 17.70 62.80 2.00 0.00 0.10 1.30 280 

1.00 5.00 0.10 3.20 9.20 0.10 10.90 38.80 22.10 569.90 0.00 0.00 0.60 2.60 260 

2.00 7.00 0.47 10.90 36.50 0.04 42.30 11.00 28.60 0.00 0.00 0.60 1.70 5.40 265 

2.00 6.00 0.51 12.00 48.10 0.03 49.60 10.00 29.10 0.00 0.00 0.60 1.50 5.30 260 

1.00 6.00 0.51 10.80 45.20 0.03 46.20 11.00 28.50 0.00 0.00 0.60 1.30 4.80 260 

1.00 6.00 0.53 11.90 49.70 0.03 51.70 12.00 30.00 0.00 0.00 0.60 1.20 4.60 265 

1.00 7.00 0.17 9.00 40.80 0.04 35.80 26.00 20.70 0.00 0.00 0.60 0.20 2.30 270 

1.00 5.40 0.10 10.30 32.60 0.10 45.20 12.30 27.20 60.30 0.00 0.60 0.50 5.00 280 

2.00 5.00 0.27 11.30 47.50 0.02 46.60 13.00 25.80 83.00 2.00 0.60 0.20 4.30 280 

2.00 6.00 0.03 11.40 63.10 0.04 45.00 14.00 41.10 0.00 3.00 0.60 1.00 5.40 280 

1.00 5.00 0.50 10.20 53.70 0.04 42.60 20.00 133.00 156.00 4.00 0.60 3.10 6.70 280 

3.00 4.00 0.19 10.20 40.70 0.01 43.40 6.00 11.60 0.00 0.00 0.60 4.50 7.10 250 

2.00 5.00 0.57 11.70 48.70 0.02 39.30 16.00 35.00 89.00 2.00 0.60 4.50 7.30 280 

1.00 7.00 0.60 12.70 55.30 0.13 53.40 15.00 33.30 95.00 0.00 0.60 0.80 5.00 275 

2.00 3.00 0.29 6.70 33.70 0.04 28.50 10.00 19.60 0.00 0.00 0.60 0.40 4.50 225 

2.00 7.00 0.47 0.00 51.50 0.09 48.90 24.00 39.60 113.00 0.00 0.60 0.70 4.60 280 

1.00 1.00 0.10 5.40 12.20 0.10 23.50 4.90 16.30 25.40 0.00 0.60 0.10 2.50 180 
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1.00 4.30 0.10 9.40 31.40 0.10 45.00 14.00 27.30 61.30 0.00 0.60 0.00 2.50 260 

2.00 6.00 0.38 14.70 65.30 0.04 55.90 16.00 35.70 0.00 0.00 0.60 0.80 5.00 280 

1.00 7.00 0.31 14.40 81.30 0.03 61.10 27.00 38.70 117.00 2.00 0.60 -2.00 1.90 280 

1.00 7.00 0.70 14.00 78.60 0.06 60.70 29.00 39.10 127.00 0.00 0.60 -1.00 1.70 280 

1.00 8.00 0.32 14.60 82.00 0.03 61.20 28.00 38.60 118.00 2.00 0.60 -0.50 1.70 285 

1.00 7.00 0.27 14.60 85.50 0.03 63.50 27.00 39.10 116.00 2.00 0.60 -0.50 1.60 280 

2.00 2.00 0.10 2.00 11.00 0.10 8.00 1.00 2.00 11.00 1.00 0.00 -1.00 0.00 40 

1.00 5.00 0.40 8.20 38.10 0.04 32.30 13.00 24.30 71.00 0.00 0.60 -1.00 1.40 270 

1.00 8.00 0.34 13.30 55.30 0.04 49.70 23.00 29.30 90.00 3.00 0.60 -2.00 1.90 280 

1.00 3.00 0.40 6.20 26.00 0.03 23.00 13.00 16.00 52.50 0.00 0.60 -2.00 2.10 185 

1.00 7.00 0.60 14.60 70.00 0.05 59.50 34.00 36.00 113.00 0.00 0.60 -1.00 2.50 280 

1.00 7.00 0.60 14.00 50.30 0.04 50.50 17.00 28.30 79.00 0.00 0.60 -2.00 3.10 280 

1.00 7.00 0.60 14.90 52.00 0.03 52.20 18.00 29.40 85.00 0.00 0.60 -2.00 3.30 280 

1.00 4.20 0.10 11.00 29.10 0.10 38.10 16.60 66.70 89.50 0.00 0.60 -2.00 4.00 270 

1.00 10.00 0.30 14.80 68.10 0.04 59.90 23.00 43.30 135.00 0.00 0.60 -1.00 2.10 285 

2.00 2.50 0.10 0.00 37.00 0.18 34.00 23.00 61.00 120.00 0.00 0.60 0.00 1.70 10 

2.00 4.80 0.10 0.00 62.00 0.21 61.00 27.00 54.00 110.00 0.00 0.60 0.00 1.70 180 

2.00 5.10 0.10 0.00 34.00 0.11 30.00 17.00 59.00 135.00 0.00 0.60 0.00 1.70 230 

2.00 3.30 0.10 0.00 43.00 0.13 41.00 20.00 61.00 145.00 0.00 0.60 0.00 1.70 150 

2.00 5.70 0.10 0.00 37.00 0.20 33.00 16.00 62.00 146.00 0.00 0.60 0.00 1.70 260 

2.00 2.70 0.10 0.00 25.00 0.13 26.00 21.00 27.00 38.00 1.00 0.60 0.00 1.60 10 

2.00 4.80 0.10 0.00 51.00 0.19 49.00 20.00 44.00 107.00 0.00 0.60 0.00 1.30 190 

2.00 1.90 0.10 0.00 39.00 0.26 37.00 16.00 38.00 82.00 0.00 0.60 0.00 1.40 10 

2.00 4.30 0.10 0.00 29.00 0.10 30.00 537.00 34.00 153.00 1.00 0.60 0.00 1.40 250 

2.00 4.90 0.10 0.00 38.00 0.10 36.00 16.00 42.00 143.00 0.00 0.60 0.00 1.40 250 

2.00 4.80 0.22 0.00 28.00 0.10 29.00 31.00 46.00 153.00 0.00 0.60 0.00 1.40 280 

1.00 5.00 0.15 12.60 61.80 0.03 54.20 19.00 41.80 122.00 2.00 0.60 -1.00 1.80 280 

1.00 0.00 0.10 0.00 61.00 0.15 39.00 26.00 290.00 0.00 0.00 0.60 -1.00 2.00 10 

1.00 4.20 0.10 7.00 35.00 0.10 28.00 6.20 17.00 37.00 0.00 0.60 -2.00 1.90 255 

1.00 11.00 0.39 15.90 70.90 0.03 63.20 22.00 41.30 0.00 0.00 0.60 -2.00 2.20 290 
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1.00 11.00 0.69 16.50 69.80 0.04 67.00 18.00 41.50 95.30 0.00 0.60 -2.00 2.00 290 

1.00 8.00 0.26 11.10 52.70 0.03 41.30 16.00 57.30 77.00 7.00 0.60 -2.00 3.00 290 

2.00 3.10 0.10 0.00 27.00 0.10 30.00 8.10 16.00 41.00 1.00 0.60 1.00 1.30 20 

1.00 8.00 0.69 12.80 64.10 0.04 52.30 16.00 64.30 0.00 0.00 0.60 1.00 1.30 230 

1.00 6.00 0.10 7.50 23.80 0.10 30.80 12.40 23.00 69.40 0.00 0.60 1.00 1.30 240 

1.00 7.50 0.10 10.30 31.00 0.10 42.60 13.60 30.70 83.80 0.00 0.60 1.00 1.20 280 

1.00 11.00 0.70 18.50 84.00 0.05 68.40 19.00 48.30 138.00 0.00 0.60 1.00 1.40 280 

1.00 6.30 0.10 10.40 35.50 0.10 45.10 12.50 29.70 65.40 0.00 0.60 -1.00 1.80 250 

1.00 5.40 0.10 8.50 29.90 0.10 36.70 13.10 27.10 68.30 0.00 0.25 -1.00 1.90 280 

1.00 7.20 0.10 10.50 37.10 0.10 45.60 23.40 92.00 37.20 0.00 0.25 0.00 1.50 250 

1.00 6.00 0.28 7.70 25.50 0.03 25.90 8.00 22.00 0.00 0.00 0.25 -2.00 3.40 280 

2.00 3.00 0.20 6.00 27.00 0.01 22.10 5.00 11.10 32.70 0.00 0.60 -1.00 1.90 230 

1.00 1.00 0.10 5.80 32.80 0.10 23.10 10.40 55.20 53.70 0.00 0.60 0.00 5.20 220 

1.00 8.00 0.32 11.40 40.50 0.03 39.30 18.00 59.80 94.00 7.00 0.05 2.00 6.30 250 

2.00 9.00 0.70 18.30 61.40 0.09 56.10 19.00 45.20 120.00 0.00 0.10 1.00 8.50 260 

2.00 1.00 0.10 5.50 9.80 0.10 20.20 4.50 18.20 17.60 0.00 0.10 2.00 10.00 190 

2.00 3.90 0.10 7.70 15.40 0.10 29.40 5.90 22.10 26.80 0.00 0.05 1.00 9.30 200 

2.00 1.00 0.10 4.20 7.40 0.10 15.70 3.50 12.50 15.00 0.00 0.10 2.00 10.30 190 

2.00 1.00 0.10 11.40 70.20 0.10 44.30 17.40 73.50 94.30 0.00 0.10 2.00 9.40 190 

2.00 5.00 0.32 11.20 38.30 0.05 38.50 18.00 36.30 99.00 1.00 0.05 4.00 12.70 210 

2.00 1.00 0.10 6.90 36.10 0.10 25.50 25.90 38.90 41.20 0.00 0.05 4.00 12.40 190 

2.00 1.00 0.10 5.90 15.40 0.10 24.70 5.00 23.50 27.80 0.00 0.10 3.00 11.90 190 

2.00 1.00 0.10 5.50 11.50 0.10 21.00 4.30 14.70 19.60 0.00 0.10 2.00 11.80 190 

2.00 3.20 0.10 7.60 19.40 0.10 27.10 5.20 23.90 32.00 0.00 0.10 3.00 11.70 200 

2.00 4.70 0.38 8.30 26.00 0.08 29.00 12.00 21.30 0.00 0.00 0.10 3.00 11.70 270 

2.00 7.00 0.54 15.00 48.50 0.05 52.80 16.00 44.90 0.00 0.00 0.10 3.00 11.70 280 

2.00 4.20 0.33 6.00 22.70 0.02 22.70 10.00 16.50 0.00 0.00 0.10 3.00 12.00 270 

2.00 1.00 0.10 1.00 30.40 0.10 24.90 10.90 118.00 147.00 0.00 0.10 4.00 13.50 150 

2.00 1.00 0.10 1.00 32.50 0.10 12.00 10.50 84.70 120.00 0.00 0.10 3.00 14.90 150 

2.00 1.00 0.10 1.00 29.10 0.10 25.80 8.40 47.90 125.00 0.00 0.10 3.00 15.50 150 
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2.00 4.00 0.19 6.90 26.70 0.04 24.40 21.00 20.90 79.00 0.00 0.10 2.00 12.50 200 

2.00 1.00 0.10 3.40 10.20 0.10 15.70 7.00 43.90 57.10 0.00 0.10 3.00 13.80 150 

2.00 1.00 0.10 4.10 12.10 0.10 19.00 10.10 44.00 140.20 0.00 0.10 2.00 14.70 150 

2.00 3.00 0.38 6.80 26.60 0.05 24.40 17.00 42.00 88.00 0.00 0.10 2.00 15.90 240 

2.00 7.00 0.56 12.60 46.80 0.18 46.20 18.00 62.00 106.00 0.00 0.10 3.00 16.00 280 

2.00 7.00 0.59 12.10 40.40 0.04 45.10 13.00 34.90 0.00 0.00 0.05 3.00 13.60 280 

2.00 6.00 0.70 12.40 53.70 0.07 47.40 19.00 44.70 0.00 0.00 0.10 3.00 8.50 280 

2.00 18.00 0.58 0.00 65.00 0.06 61.70 24.00 53.20 117.00 0.00 0.10 4.00 8.70 320 

2.00 7.00 0.26 0.00 33.10 0.04 42.50 12.00 26.80 77.00 0.00 0.10 3.00 7.90 280 

2.00 7.00 0.10 13.90 75.20 0.04 50.10 15.00 39.80 111.00 6.00 0.10 4.00 7.00 280 

2.00 5.00 0.37 14.30 60.40 0.03 49.40 23.00 41.00 271.00 2.00 0.60 4.00 6.70 260 

2.00 5.00 0.27 11.60 47.10 0.06 41.80 12.00 23.40 70.00 2.00 0.60 3.50 7.20 260 

2.00 6.00 0.52 9.70 37.20 0.01 38.90 13.00 31.80 0.00 0.00 0.10 4.00 8.80 280 

2.00 7.00 1.86 15.60 50.00 0.03 54.30 18.00 54.10 0.00 0.00 0.60 4.00 6.90 280 

2.00 1.00 0.10 13.40 76.20 0.10 57.60 16.40 38.10 93.70 0.00 0.10 5.00 8.00 130 

2.00 3.50 0.10 8.30 34.00 0.10 35.40 9.50 26.50 54.70 0.00 0.60 6.00 7.70 230 

2.00 4.00 0.17 9.00 34.70 0.05 30.60 12.00 26.70 69.00 0.00 0.10 6.00 8.10 250 

2.00 6.00 0.21 10.70 40.80 0.03 38.10 14.00 58.70 74.00 0.00 0.10 10.00 10.00 280 

2.00 6.00 0.23 10.80 48.40 0.03 43.90 14.00 33.20 83.00 0.00 0.10 11.00 10.90 280 

2.00 6.00 0.33 12.70 49.40 0.03 44.00 16.00 31.20 75.00 2.00 0.10 12.00 11.00 280 

2.00 6.00 0.40 11.50 42.70 0.05 42.40 25.00 53.70 0.00 0.00 0.05 12.00 11.40 280 

2.00 7.00 0.50 10.60 36.40 0.05 38.50 21.00 38.80 93.80 0.10 0.05 13.50 12.10 280 

2.00 5.00 0.42 9.50 34.10 0.05 35.90 20.00 36.10 84.70 0.00 0.05 13.50 12.10 280 

2.00 6.00 0.50 12.10 48.20 0.04 51.40 12.00 39.90 79.60 0.00 0.60 7.00 8.30 280 

2.00 6.00 0.42 10.00 39.00 0.04 40.40 13.00 31.80 74.40 0.00 0.60 9.00 8.90 280 

2.00 7.00 0.56 13.30 52.90 0.05 54.60 15.00 34.40 85.80 0.00 0.60 8.50 8.80 280 

2.00 5.00 0.37 10.50 41.60 0.02 44.60 9.00 29.00 0.00 0.00 0.10 9.00 9.10 270 

1.00 5.00 0.29 5.00 23.70 0.04 18.10 31.00 22.80 75.00 0.00 0.05 10.00 15.60 270 

1.00 7.00 0.44 11.60 48.60 0.03 41.90 14.00 33.70 0.00 0.00 0.05 10.50 17.20 260 

1.00 3.80 0.10 0.00 22.00 0.10 21.00 85.00 99.00 153.00 7.50 0.05 10.50 17.00 200 
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1.00 5.10 0.10 0.00 33.00 0.10 38.00 19.00 70.00 94.00 2.30 0.05 10.50 17.00 200 

1.00 2.10 0.10 0.00 32.00 0.10 28.00 25.00 77.00 253.00 3.30 0.05 10.50 17.00 200 

1.00 3.90 0.10 0.00 33.00 0.10 35.00 21.00 56.00 114.00 2.80 0.05 10.50 17.00 200 

1.00 2.40 0.10 0.00 25.00 0.10 28.00 19.00 50.00 82.00 3.60 0.05 10.50 17.00 200 

1.00 4.20 0.10 0.00 32.00 0.10 34.00 150.00 84.00 71.00 2.30 0.05 10.50 17.00 200 

2.00 6.00 0.16 13.30 42.70 0.04 46.80 18.00 31.50 86.00 2.00 0.05 8.20 16.50 280 

2.00 7.00 0.50 13.00 68.40 0.06 46.90 16.00 33.20 104.00 0.00 0.05 8.00 16.00 280 

2.00 5.00 0.24 10.40 34.80 0.07 37.10 25.00 59.00 148.00 2.00 0.05 7.90 16.20 280 

2.00 5.00 0.27 10.10 37.10 0.04 38.20 15.00 37.60 72.00 2.00 0.10 9.00 18.00 280 

2.00 6.00 0.42 9.40 35.30 0.04 38.60 8.00 25.50 70.70 0.00 0.00 9.00 18.10 280 

1.00 5.00 0.00 4.00 63.00 0.00 24.00 15.00 16.00 23.00 4.00 0.00 -0.75 0.20 260 

1.00 108.00 0.00 126.00 9.00 0.00 7.00 3.00 6.00 20.00 3.00 0.00 -4.14 0.20 330 

1.00 14.00 0.00 25.00 63.00 0.00 53.00 15.00 32.00 63.00 7.00 0.00 -0.93 0.60 310 

2.00 10.00 0.00 8.00 95.00 0.00 50.00 185.00 29.00 57.00 3.00 0.00 -0.14 2.10 290 

3.00 7.00 0.00 13.00 135.00 0.00 67.00 16.00 38.00 66.00 3.00 0.05 0.53 3.90 280 

1.00 8.00 0.00 18.00 170.00 0.00 90.00 19.00 52.00 121.00 3.00 0.60 0.97 8.50 280 

1.00 6.00 0.00 17.00 166.00 0.00 87.00 18.00 48.00 103.00 6.00 0.00 -1.33 3.20 280 

1.00 12.00 0.00 9.00 71.00 0.00 33.00 13.00 19.00 28.00 3.00 0.00 -2.21 4.60 290 

3.00 10.00 0.00 18.00 157.00 0.00 80.00 19.00 52.00 87.00 10.00 0.00 -3.60 5.40 290 

3.00 7.00 0.00 11.00 137.00 0.00 84.00 14.00 32.00 47.00 4.00 0.00 -3.28 5.00 260 

1.00 6.00 0.00 14.00 139.00 0.00 64.00 24.00 195.00 188.00 3.00 0.00 -2.10 6.50 270 

3.00 5.00 0.00 9.00 115.00 0.00 52.00 14.00 39.00 64.00 3.00 0.00 -2.15 6.10 270 

3.00 5.00 0.00 17.00 158.00 0.00 84.00 20.00 64.00 168.00 3.00 0.00 -1.70 3.80 270 

1.00 5.00 0.00 10.00 128.00 0.00 60.00 16.00 39.00 68.00 3.00 0.60 -3.33 6.60 270 

3.00 7.00 0.00 16.00 160.00 0.00 87.00 19.00 58.00 105.00 3.00 0.60 -1.85 8.50 280 

3.00 6.00 0.00 14.00 138.00 0.00 75.00 18.00 59.00 113.00 4.00 0.60 -1.51 8.50 270 

1.00 5.00 0.00 11.00 121.00 0.00 59.00 22.00 120.00 142.00 4.00 0.60 -1.84 7.60 270 

1.00 30.00 0.00 38.00 35.00 0.00 41.00 16.00 15.00 44.00 3.00 0.00 0.11 0.40 315 

3.00 6.00 0.00 5.00 53.00 0.00 29.00 15.00 16.00 33.00 3.00 0.60 -1.55 6.10 250 

3.00 3.00 0.00 4.00 89.00 0.00 24.00 12.00 52.00 73.00 6.00 0.00 0.11 1.10 240 
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1.00 6.00 0.00 15.00 146.00 0.00 78.00 17.00 41.00 65.00 4.00 0.00 -0.21 5.40 240 

 

 

 

 

 

 

Table A4: Summary of the data of the PCA analyses conducted for the 21 samples collected in the field. Lithology codes are the following: 0.6=silty clay; 0.25=sandy-clay silt; 0.1=clay-silty 

sand; 0.05=silty sand; 0=sand/gravel. 

 

Type of 
drainage  

As 
(mg/kg)   

Co 
(mg/kg)  

Cr 
(mg/kg)  

Ni 
(mg/kg)  

Cu 
(mg/kg)  

Pb 
(mg/kg)  

Zn 
(mg/kg)  

Sn 
(mg/kg)  

LOI 
(%)  

Lithology 
code 

Altimetry 
(m) ( Lidar)  

Distance 
from the 
sea (km)  

Land Use 
fertilizers 
(kg/ha)  

V1 V2 V3 V4 V5 V6 V7 V8 V9 V10 V11 V12 V13 V14 

1 5 4 63 24 16 15 23 4 8.55 0 -0.752 0.2 260 

1 108 126 9 7 6 3 20 3 16.69 0 -4.139 0.2 330 

1 14 25 63 53 32 15 63 7 14.71 0 -0.931 0.6 310 

2 10 8 95 50 29 185 57 3 14.84 0 -0.142 2.1 290 

3 7 13 135 67 38 16 66 3 16.69 0.05 0.534 3.9 280 

1 8 18 170 90 52 19 121 3 12.30 0.6 0.968 8.5 280 

1 6 17 166 87 48 18 103 6 20.00 0 -1.329 3.2 280 

1 12 9 71 33 19 13 28 3 16.31 0 -2.211 4.6 290 

3 10 18 157 80 52 19 87 10 23.14 0 -3.595 5.4 290 

3 7 11 137 84 32 14 47 4 13.30 0 -3.282 5 260 

1 6 14 139 64 195 24 188 3 19.60 0 -2.098 6.5 270 

3 5 9 115 52 39 14 64 3 18.29 0 -2.147 6.1 270 

3 5 17 158 84 64 20 168 3 20.68 0 -1.7 3.8 270 

1 5 10 128 60 39 16 68 3 18.00 0.6 -3.326 6.6 270 
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3 7 16 160 87 58 19 105 3 20.63 0.6 -1.848 8.5 280 

3 6 14 138 75 59 18 113 4 10.26 0.6 -1.512 8.5 270 

1 5 11 121 59 120 22 142 4 22.60 0.6 -1.837 7.6 270 

1 30 38 35 41 15 16 44 3 22.03 0 0.114 0.4 315 

3 6 5 53 29 16 15 33 3 12.93 0.6 -1.551 6.1 250 

3 3 4 89 24 52 12 73 6 15.59 0 0.114 1.1 240 

1 6 15 146 78 41 17 65 4 18.92 0 -0.213 5.4 240 



 

76 

 

Table A5: Results of the XRF analysis for the 21 sediment samples collected in the field. 

 

Sample GC01 GC02 GC03 GC04 GC05 GC06 GC07 GC08 GC11 GC12 GC13 GC14 GC15 

SiO2 (wt%)  52.87 26.66 40.69 51.16 44.93 45.96 40.98 48.92 41.25 50.95 41.59 44.90 40.87 

TiO2 (wt%)  0.25 0.17 0.33 0.35 0.47 0.62 0.55 0.22 0.50 0.38 0.45 0.36 0.55 

Al2O3 (wt%)  7.31 2.58 5.97 9.44 11.01 13.46 12.40 7.17 11.19 10.15 10.74 9.61 11.85 

Fe2O3 (wt%)  3.15 35.23 14.97 3.51 4.61 6.46 5.46 3.67 5.91 4.16 4.91 3.34 5.74 

MnO (wt%)  0.12 4.09 0.78 0.09 0.11 0.12 0.08 0.23 0.20 0.11 0.09 0.10 0.09 

MgO (wt%)  2.69 2.17 2.93 3.13 4.08 4.21 4.03 2.37 3.60 3.96 3.93 3.38 3.92 

CaO (wt%) 21.13 8.13 15.57 14.42 15.01 13.46 13.31 18.21 11.15 13.69 15.48 17.21 12.92 

Na2O (wt%)  1.99 3.74 2.28 1.02 0.66 0.56 0.50 1.11 0.61 1.09 0.73 0.76 0.66 

K2O (wt%)  1.80 0.28 1.35 1.87 2.16 2.62 2.51 1.60 2.23 2.01 2.14 1.86 2.39 

P2O5 (wt%)  0.15 0.26 0.41 0.17 0.27 0.22 0.19 0.19 0.21 0.21 0.33 0.19 0.32 

LOI% 8.55 16.69 14.71 14.84 16.69 12.30 20.00 16.31 23.14 13.30 19.60 18.29 20.68 

As (mg/kg)  5 108 14 10 7 8 6 12 10 7 6 5 5 

Ba (mg/kg)  334 523 506 370 408 398 378 297 399 350 386 336 432 

Br (mg/kg)  26 99 234 18 3 4 11 9 88 <3 12 <3 10 

Ce (mg/kg)  24 32 31 60 44 76 61 24 54 48 49 35 60 

Cl (mg/kg)  3550 55660 10730 330 20 20 230 280 180 80 390 80 800 

Co  (mg/kg)  4 126 25 8 13 18 17 9 18 11 14 9 17 

Cr (mg/kg)  63 9 63 95 135 170 166 71 157 137 139 115 158 

Cu (mg/kg)  16 6 32 29 38 52 48 19 52 32 195 39 64 

Ga (mg/kg)  11 7 11 15 15 18 19 12 17 14 15 14 18 

Hf (mg/kg)  <3 10 <3 <3 <3 <3 5 <3 3 <3 4 5 <3 

La (mg/kg)  21 -8 14 28 16 30 28 15 18 25 17 22 22 

Mo (mg/kg)  <3 7 5 <3 3 <3 <3 3 <3 3 3 <3 <3 

Nb (mg/kg)  8 5 8 11 12 14 14 8 13 9 11 10 13 

Nd (mg/kg)  5 25 11 12 0 24 8 5 25 5 24 11 32 

Ni (mg/kg)  24 7 53 50 67 90 87 33 80 84 64 52 84 
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Pb (mg/kg)  15 3 15 185 16 19 18 13 19 14 24 14 20 

Rb (mg/kg)  60 15 46 80 87 107 112 60 102 80 85 76 110 

S (mg/kg)  840 3120 5510 1100 630 800 590 2280 1480 2290 1770 1080 1420 

Sc (mg/kg)  9 23 6 13 11 16 22 10 21 14 24 14 21 

Sn (mg/kg)  4 <3 7 <3 <3 3 6 <3 10 4 <3 <3 <3 

Sr (mg/kg)  403 154 356 404 382 376 491 542 339 339 465 469 409 

Th (mg/kg)  <3 24 <3 8 7 11 12 <3 6 <3 7 7 7 

U (mg/kg)  <3 <3 3 3 4 4 3 <3 3 3 <3 3 3 

V (mg/kg)  25 12 35 56 80 114 111 33 103 57 84 63 109 

Y (mg/kg)  11 3 9 16 19 24 22 12 16 13 17 17 20 

Zn (mg/kg)  23 20 63 57 66 121 103 28 87 47 188 64 168 

 Zr (mg/kg)  66 26 61 90 107 103 98 71 76 66 83 98 89 

 

Sample GC16 GC17 GC19 GC20 GC21 GC22 GC23 GC25 

SiO2 (wt%)  47.01 41.78 46.26 39.02 27.38 52.74 47.87 43.71 

TiO2 (wt%)  0.38 0.54 0.54 0.39 0.17 0.25 0.29 0.48 

Al2O3 (wt%)  10.65 11.69 12.10 9.58 3.41 7.62 6.63 11.19 

Fe2O3 (wt%)  3.90 5.38 5.41 4.27 16.50 2.38 2.23 4.85 

MnO (wt%)  0.08 0.10 0.12 0.08 9.95 0.09 0.12 0.12 

MgO (wt%)  3.33 3.65 4.19 3.96 3.15 2.36 2.62 4.17 

CaO (wt%) 13.82 13.25 17.75 17.00 12.06 18.43 21.49 13.32 

Na2O (wt%)  0.69 0.54 0.68 0.87 4.12 1.32 1.40 0.78 

K2O (wt%)  1.94 2.22 2.37 1.93 1.01 1.79 1.33 2.22 

P2O5 (wt%)  0.20 0.21 0.30 0.29 0.23 0.11 0.43 0.24 

LOI% 18.00 20.63 10.26 22.60 22.03 12.93 15.59 18.92 

As (mg/kg)  5 7 6 5 30 6 3 6 

Ba (mg/kg)  318 386 370 332 886 284 949 364 

Br (mg/kg)  8 8 9 26 226 <3 8 18 

Ce (mg/kg)  47 53 46 39 10 33 29 70 
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Cl (mg/kg)  30 40 80 1070 40960 60 1390 1090 

Co  (mg/kg)  10 16 14 11 38 5 4 15 

Cr (mg/kg)  128 160 138 121 35 53 89 146 

Cu (mg/kg)  39 58 59 120 15 16 52 41 

Ga (mg/kg)  15 18 16 15 9 12 11 17 

Hf (mg/kg)  3 3 3 2 5 3 3 2 

La (mg/kg)  8 23 25 27 4 14 17 31 

Mo (mg/kg)  <3 <3 <3 <3 7 <3 <3 3 

Nb (mg/kg)  11 14 13 11 7 8 9 13 

Nd (mg/kg)  15 8 25 2 111 2 4 19 

Ni (mg/kg)  60 87 75 59 41 29 24 78 

Pb (mg/kg)  16 19 18 22 16 15 12 17 

Rb (mg/kg)  84 102 92 80 32 68 54 94 

S (mg/kg)  2080 570 710 5410 3410 210 1940 400 

Sc (mg/kg)  15 13 19 14 4 11 <3 15 

Sn (mg/kg)  <3 <3 4 4 <3 <3 6 4 

Sr (mg/kg)  398 371 514 584 432 442 464 374 

Th (mg/kg)  7 8 9 8 12 6 5 5 

U (mg/kg)  3 3 3 3 <3 3 3 4 

V (mg/kg)  72 105 84 75 23 33 33 95 

Y (mg/kg)  17 21 21 17 10 13 16 19 

Zn (mg/kg)  68 105 113 142 44 33 73 65 

 Zr (mg/kg)  83 102 117 91 64 86 101 94 

 

 

 

 


