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All things are engaged in writing their history. The planet, the pebble, goes attached by its shadow. 

The rolling rock leaves its scratches on the mountain; the river, its channel in the soil; the animal, its bones in the 

stratum; the fern and leaf, their modest epitaph in the coal. The falling drops make its sculpture in the sand or the stone. 

Not a foot step into the snow or along the ground, but print its character more or less lasting, a map of its march. [é]. 

The ground is all memoranda and signatures. 

Ralph Waldo Emerson (1850) 
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Abstract 

The present work is the result of a three-years-long research, which explored a wide range of freshwater, 

brackish, saline subaqueous environments with the aim of understanding the main physicochemical 

processes involved between water and sediments, and between water and soil. 

In a freshwater system (Reno river basin, Northern Italy), the physicochemical characterization of water and 

sediment of some watercourses led to highlight the issue of the environmental quality of both submerged and 

dredged sediments. For this reason, the risk assessment of heavy metals was performed by comparing 

different techniques. Subsequently, some bench-scale experiments were performed to test new eco-friendly 

techniques for water remediation and for the prevention of sediment contamination. For this purpose, zeolites 

(e.g. clinoptilolite), clays (e.g. vermiculite) and permeable bio-barriers were used for entrapping heavy 

metals ions at the water/sediment interface. 

In a brackish system (San Vitale park, Northern Italy), the presence of a soil continuum from the subaqueous 

to the hydromorphic environment was investigated in two soil sequences. This research highlighted some 

common feature among similar soils subjected to different saturation degrees. Moreover, both field and 

physicochemical indicators were used to define the main variables which describe the transition from the 

subaqueous to the hydromorphic soil into the soil continuum. 

In a saline system (Grado lagoon, Northern Italy), the biodiversity of different salt marshes and the effect of 

the tide oscillation on soil, permitted to investigate the relationship between soil development and landscape 

features in both subaqueous and hydromorphic environment. It was thus recognized the mutual influence of 

halophyte species colonization and of the tide oscillation, on soil development. 
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1. INTRODUCTION AND LITE RATURE REVIEW

1.1.   WATER, SEDIMENT AND SOIL IN TERACTIONS : DEFINITIONS  

Fresh, brackish and saline water bodies map out our planet by interacting with the ground substrate, and form 

a variety of freshwater, brackish and saline ecosystems, which span from riverine and estuarine environments, 

wetlands and lagoons. With the aim of approaching the study of water and sediment/soil interactions, this 

chapter firstly discusses the definition of water, sediment and soil, and how these concepts have changed over 

time.  

1.1.1. Water 

Water is one of the most essential compounds in nature (Vepraskas et al., 2000). Almost 97% of the water 

resources in our planet is present as salt water in oceans and seas (Bouwer, 1978). Of the remaining 3% of 

water, 2/3 occurs as snow or ice, and only 1% consists in freshwater. Around 98% of freshwater is present in 

groundwater aquifers, while less than 2% is found in surface waterbodies such as rivers and lakes (Bouwer, 

2000).  

Water properties reflect the lithologic, atmospheric and anthropogenic inputs of the territory, and are 

influenced by the climatic and thermodynamic conditions of the surrounding environment (Pejman et al., 

2009; Shrestha and Kazama, 2007).  

The chemical quality of surface waters cannot be separated from the study of the water interactions with the 

surrounding biosphere, geosphere or atmosphere, e.g. water interaction with sediment, soil, suspended solids, 

rocks, groundwater, rainfall depositions, etc. (Hanrahan et al., 2005). According to these physicochemical 

interactions, waters can be classified as fresh, brackish or saline.  

Fresh waters are usually characterized by the predominance of HCO3
-
 and Ca

2+
, Mg

2+
 or SO4

2- 
ions, which 

dissolve from the rock material, and by a low ionic strength. Conversely saline waters are characterized by 

high ionic strength and by the predominance of Na
+
 and Cl

-
 ions.  

The increase of industrialization has deeply influenced the quality of water worldwide, and in many cases the 

excess of both nutrients and pollutants affect the environmental health (Varol, 2011).  
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The climate change dynamic enhances the saline intrusion on many coastal areas and this problem is seriously 

affecting agricultural activities and the environmental sustainability (Hu and Schmidhalter, 2005). Where 

fresh and saline water meet, the equilibrium of the environment is very fragile and its maintenance is strictly 

linked to the correct management of the water resources (Buscaroli and Zannoni, 2010). 

1.1.2. Sediment 

Krumbein and Sloss (1951) defined sediments as solid material deposited on the earthôs surface from any 

medium (air, water, ice, etc.).  

This very minimal definition has been enlarged in recent years by some authors, who have defined sediments 

as the compartment where substances in the water column tend to accumulate, due to scavenger agents and 

adsorptive components (Akcil et al., 2014; Mulligan et al., 2001; Peng et al., 2009). This latter definition, 

underlines not only the process of erosion, transport and deposition of minerals, organic materials and soil, but 

also their interaction with the water column through re-suspension and adsorption processes.  

A schematic representation of the origin and fate of sediments is shown in Figure 1.1.  

Figure 1.1. The catchment-coast continuum. Origin, transport and accumulation of sediments and their impact on 

downstream areas. (European Sediment Research Network, 2004).  
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The quality and properties of sediments are subjected to several modifications from the upstream areas to the 

coast (e.g. textural changes, contamination, salinization, organic matter degradation, etc.) due to physical, 

chemical and biochemical transformations. According to these transformations and to their location, 

sediments contribute to the formation of a variety of habitats, such as streams and rivers, lakes and reservoirs, 

floodplain and wetland, estuaries and lagoon, seas and oceans (European Sediment Research Network, 2004).   

Sediments quality can be also influenced by human activities and discharges. In fact, great attention has been 

given to the study of sediment contamination and risk assessment (Bat and Raffaelli, 1998; Cowie, 2005; 

Miniero et al., 2005) because of the toxic effect that polluted sediments can have on the environment and 

human beings (Crane, 2003; Taylor and Owens, 2009).  

Nevertheless, the lack of standardized methodologies and sediment quality standards (SQSs) among countries 

and jurisdictions, has produced different responses to sediment management (Apitz and Power, 2002; Crane, 

2003) and for this reason, many researchers have been focusing on the definitions of adequate and 

standardized methodologies to define the quality of sediments. 

1.1.3. Soil 

The first definition of soil was introduced by the Russian school led by Dokuchaiev V. (1846-1903). Soils 

were conceived as independent natural bodies with a unique morphology resulting from a unique combination 

of climate, living matter, earthy parent materials, relief, and age of landforms (Gedroiz, 1927).  

Later, this concept developed considering all biotic and abiotic factors, which interact with the soil 

components, such as minerals, organic matter, liquid and gasses, that occur on the land surface, occupy space, 

and are characterized by one or both of the following: horizons, or layers, that are distinguishable from the 

initial material as a result of additions, losses, transfers, and transformations of energy and matter, and the 

ability to support rooted plants in a natural environment (Soil Survey Staff, 1999).  

This definition has been supported by the work of Jenny H. (1899-1992), entitled ñFactors of Soil Formationò. 

In this treatise, he stated the famous state factors equation of soil-forming and development:  

 

 



4 

 

Soil (S)= f (C, O, R, P, T)                                                                        [1] 

According to this model, soil derives from the interaction of several factors, such as climatic temperature 

conditions (C), biological activity of soil organisms (O), topographical relief (R), nature of the parent material 

(P), and time (T). 

In the last decades the concept that sediments in shallow water environments undergo soil-forming processes 

has been investigated by some authors (Balduff, 2007; Bradley and Stolt, 2003; Demas and Rabenhorst, 1999, 

2001; Osher and Flannagan, 2007; Payne, 2007).  

Their researches demonstrated that subaqueous substrates can be subjected to pedogenetic processes similar to 

those occurring in subaerial terrestrial soils and the fact that, in some cases, sediments can support rooted 

plants led soil scientists to verify the possibility to rank these sediment substrates as proper subaqueous soils 

(Demas et al., 1996).  

Recently some American soil scientists (e.g. Demas G., Rabenhorst M.C., Bradley M.P., Stolt M.H., Erich E., 

Peyne M., Balduff D.M.) have therefore proposed a new state factors equation to describe the subaqueous 

soils-formation and development:  

Subaqueous Soil (SAS)= f (C, O, B, F, P, T, W, E)                                       [2] 

In this model, similarly to terrestrial soils, they recognize the importance of considering climatic temperature 

conditions (C), biological activity of soil organisms (O), nature of the parent material (P), and time (T). In 

addition, for subaqueous soil formation, they stress the important role of the bathymetry (B) and of the flow 

regime (F), the essential role of water characteristics (W) and of catastrophic events (E) (Demas and 

Rabenhorst, 2001).  

The pedological investigation on subaqueous substrates has led to an extension of the definition of soil upper 

limit in the USDA Sol Taxonomy classification system (Soil Survey Staff, 2010). Since 2010, in fact, the 11
th
 

approximation of the Soil Taxonomy has included the concept of subaqueous soils (SASs) as pedons covered 

by up to 2.5m of water with a positive water potential on the soil surface for at least 21 hours each day (Soil 

Survey Staff, 2010). 

These soils were thus included in the Histosol and Entisol orders as belonging to the Wassist and Wassent sub 

orders, respectively.   
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1.2.   WATER, SEDIMENT AND SOIL IN TERACTIONS : WEATHERING PROCESSES 

Water is one of the most important soil weathering factor for soil formation and development. The partial or 

total submergence of sediments or soils induces a number of physical, chemical and biochemical reactions and 

processes which strictly characterize the subaqueous environments.  

1.2.1. Weathering  processes 

Water is a powerful agent of rock and soil physical and chemical weathering. The water flow on a surface 

primarily results in rocks deterioration, decay, crumbling, decomposition, rotting, disintegration, 

disaggregation or breakdown (Hall et al., 2012), which can be define as the starting factor of the erosion 

process of the surface (Moses et al., 2014).  

The chemical weathering induced by water can be resumed in three main processes: hydration, hydrolysis and 

solubility.  

During hydration, water enters the crystal lattice of a mineral, which does not change its chemical 

compositions, but results in expansion and mechanical deformation (Schaetzl and Anderson, 2005). Hydration 

typically affects the weathering of minerals rich in Fe, Mn or S and is strictly linked to oxidation-reduction 

processes.  

Hydrolysis occurs when the H
+
 proton of water reacts with a silicate mineral inducing a cation exchange 

mechanism between H
+
 and the mineral cation. This reaction generally enhances the solubility of clay 

minerals and it lowers the pH through acid production. Hydrolysis is typical of silicate weathering, such as the 

formation of smectite from albite hydrolysis (Schaetzl and Anderson, 2005).  

The solubility of a mineral depends primarily on the ionic potential of the ions that compose the mineral 

compound. Ions with low ionic potential are more easily leached and hence more soluble, but all minerals are 

soluble (Bland and Rolls, 1998). These processes can be accelerated by an increase in temperature and unlike 

hydration or hydrolysis, it can be reversible: in fact, in supersaturation conditions, dissolved ions may re-
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precipitate forming secondarily salts on the top surface. Typical easily soluble minerals found in sediments 

and soils are halite, potash, gypsum and calcium carbonate. 

A great amount of sediments are produced by erosion processes and these materials are subsequently 

transported and deposited by the water flow. A schematic representation of sediment erosion and 

transportation budgeting in Europe is offered in Figure 1.2 by Owens and Batalla (2003).  

Natural erosion is generally the dominant source of sediments but changes in land uses, deforestation, 

urbanization and agricultural activities have deeply increased the amount of eroded materials, and therefore 

the accumulation of an excess of sediments in many downstream areas (Kibblewhite et al., 2012). 

Sediments are transported into rivers, reservoirs and ponds by water hydrodynamics (Wu and Chen, 2012) 

through time and space, impacting the sustainable use of rivers water (Mukundan et al., 2013; Verstraeten and 

Poesen, 1999). Coarse material (>2mm) is usually derived from mechanical erosion and does not travel very 

far from its source, while most fine particles (<2mm) are easily resuspended and transported downstream 

where floodplains, estuarine and coastal environments are formed.  

Figure 1.2. Representation of sediment disposal from the river catchment to the estuarine and coastal zones (Owens and 

Batalla, 2003).  
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Alluvial deposits may accumulate to a large extent in floodplains, estuarine and coastal areas, and they can 

start a process of layerization and consolidation which may lead to the formation and development of soil. 

Through infiltration and percoration, water in soil induces mineral dissolution, transports ions colloids and 

metal organic complexes through the soil profile, and influences the soil redox status (Schaetzl and Anderson, 

2005).  

Water influences all the soil-forming factors (climate, organisms, relief, parent material, time). Climate 

influences the amount and timing of water availability in soil. Organisms in soil need water to grow, 

topography frequently controls water flow, parent materials affect the flow of groundwater and, lastly, time is 

required for soil development to happen.  

1.2.2. Time of submergence and reductive processes 

The bio-geo-chemical cycle of both nutrients and trace elements at the boundary exchange between water and 

sediment or soil is strongly regulated by the redox status and by the length of the sediment/soil submergence.  

Figure 1.3. Schematic presentation of reduction zones in subaqueous sediments/soils (modified from Ģilius (2011)). 
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The diffusion of oxygen through water is approximately 10 000 times slower than the diffusion in air and it is 

rapidly consumed during aerobic respiration of microorganisms and plants (Reddy and DeLaume, 2008).  

Oxygen displacement naturally occurs in poorly drained soils or under saturated conditions, and in many 

shallow water environments, the thickness of oxic zones may vary from 1 mm to a few centimetres in the 

upper sediment/soil surface (Ģilius, 2011).  

Above the oxic zones, reductive conditions may develop in substrates covered with poorly-oxygenated waters, 

or in deep soil horizons, inducing a number of chemical and biochemical reactions which characterize shallow 

water environments, as schematically represented in Figure 1.3.  

Oxic Zone 

In soil oxic layers, O2 can be diffused by the atmosphere, the shallow water, or by the plant roots. In this 

phase, oxygen is the main electron acceptor for biota respiration processes, where microorganisms use O2 to 

oxidize organic matter and acquire their energy source. 

In hydromorphic conditions, reductive species, such as Fe
2+

, Mn
2+

 and sulphides, commonly diffuse from the 

upper anaerobic layer to the aerobic layer and  become rapidly oxidized.  

Figure 1.4. Redoximorphic features on a soil profile (Grado lagoon, Northern Italy).   

  

The alternation of reductive and oxidized forms of Fe and Mn may induce the formation of redoximorphic 

features (Reddy and DeLaume, 2008): these features consist in mottles, nodules, coatings and concentrations 

along the soil profile, which can be distinguished in the soil matrix for their black, bluish or grey colours 
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(reductive species) or by reddish colours (oxidized species) as shown in Figure 1.4 (Schaetzl and Anderson, 

2005).  

Moreover, the sulfidic oxidation in the oxic zone may lead to the acidification of soil, as a consequence of the 

production of H2SO4 and gaseous compounds such as, SO2, DMSO (dimethyl sulfoxide) and  DMS (dimethyl 

sulphide) (Bradley and Stolt, 2003; Dent and Pons, 1995). 

Nitrate reduction zone 

When soil is flooded or waterlogged, the reduction of nitrates (NO3
-
) to N2 and N2O through denitrification 

processes is the main effect of the microbial respiration. This process primarily occurs below the oxic zone 

because of the diffusion of nitrates from the top zone (Jensen et al., 1993; Lorenzen et al., 1998; Meyer et al., 

2001). Microbial nitrates reduction results in a net mineralization of N compounds, and in a loss of N2 

evolving to the atmosphere.  

Notably the efficiency of the decomposition of organic matter in subaqueous soils is much lower in an anoxic 

environment than in an oxic one (Reddy and DeLaume, 2008) but, similarly to the terrestrial ecosystem, some 

authors have investigated the C/N ratio as an indicator of the degradation of organic matter. The lowering of 

the C/N ratio, in fact, has been found to be related to the microbial transformation of fresh organic matter to 

other humic substances also in subaqueous sediments of Sinepuxent Bay, Maryland, USA (Demas and 

Rabenhorst, 1999). 

Fe and Mn reduction zone 

With the increase in time of submergence and soil depth, other redox couples usually prevail in the system, 

such as those involved in Fe and Mn redox compounds. Iron is generally abundant in soil and sediments, and 

is subjected to redox changes depending on the environmental conditions.  

Iron and Manganese reduction is one of the most common and well known reactions in soils under water 

saturated conditions (Munch et al., 1978; Thompson et al., 2006).  
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In reductive conditions, these elements are usually present in very soluble form, while close to the oxic and 

aeric zone amorphous and crystalline species prevail (OôDay et al., 2004; Poulton and Canfield, 2005; 

Vodyanitskii and Shoba, 2014).  

The presence of reductive forms of Fe and Mn are generally well distinguished by the Gley colours of the 

matrix (Munsell colour chart) and characterizes the gleyfication process. This process is typically associated 

with high soluble forms of major elements (Reddy and DeLaume, 2008).  

The reduction of Fe
3+

 and Mn
3+

 forms can be an important path for organic matter degradation (Vandieken et 

al., 2006; Vodyanitskii and Shoba, 2014) and for the development of sulfidization processes (see section 

below) while the continuous redox changes during dry and wet periods may induce the formation of mottles 

and depletion, redoximorphic features (see section above) and neoformation of clays (e.g. ferrolysis, 

Brinkman (1970), Van Ranst et al. (2011)).  

Sulphate reduction zone 

Reduced sulphur in subaqueous environments is generally bound to organic compounds to form peptides, 

proteins, and amino acids (Kao et al., 2004; Krairapanond et al., 1992), or it is involved in heavy metals 

immobilization.  

In brackish and salt marsh soils, S-SO4 is transported by marine water and in anaerobic conditions it is soon 

reduced by chemical transformations and microbiological oxidation of the organic matter (Demas and 

Rabenhorst, 1999).  

Under strict anoxic conditions, the presence of both reduced S and Fe can lead to the development of 

sulfidization processes, as described by Fanning and Fanning (1989).  

The accumulation of reduced S compounds may react with free Fe
2+

 forming different sulfidic mineral 

compounds such as mackanawite (FeS), greigite (Fe3S4), and lastly pyrite (FeS2), and may lead to the 

formation of sulfidic horizons (Figure 1.5).  

As described above, the oxidation of these compounds is extremely dangerous because of the formation of 

acid compounds.  
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Figure 1.5. Sulfidic horizon in subaqueous soil (a) and pyrite accumulation associated with Fe oxidation (b). 

(a)

 

(b) 

 

Trace element reduction  

The source of heavy metals can be both geogenic and anthropogenic (Bianchini et al., 2012), and they can be 

present as free cations in aqueous phase, adsorbed to carbonates, Fe and Mn oxides, sulphides, organic matter 

or within the crystalline structure of primary minerals (Shannon and White, 1991).  

According to their speciation, heavy metals can be more or less toxic to different organisms (Carlon et al., 

2004; Farkas et al., 2007): usually their soluble forms are associated with a higher toxicity because of a higher 

availability (Asa et al., 2013; Stephens et al., 2001b).  

The availability of heavy metals is also influenced by the presence of organic matter and clay content, pH and 

the redox status; moreover, the cycle of sediments or soil wetting and drying can slowly increase the heavy 

metals mobility over time, and therefore enhance their environmental hazard (Hartley and Dickinson, 2010; 

Stephens et al., 2001b). Moreover, the mobility of heavy metals in subaqueous and early dredged sediment 

and soils are strictly linked to the change of the redox status of the environment (Clark et al., 2000; Feng et al., 

2005; Gismera et al., 2004; Rao et al., 2008). 
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1.3.  WATER , SEDIMENT AND SOIL IN TERACTIONS : ECOSYSTEM VARIABILIT Y  

1.3.1. Freshwater ecosystems 

Since ancient times, floodplains have attracted humanity because of the high availability of natural resources, 

fertile soils and relatively flat land for agriculture (European Sediment Research Network, 2004). 

Contaminants and pollutants from different sources (industrial, mining, municipal sewage, agricultural and 

other activities) nowadays enter watercourses by both natural and anthropic processes (Prica et al., 2010) and 

sediments often become both a sink and a source of toxic compounds causing environmental problems in most 

industrialized countries (Choueri et al., 2009; Schwarzenbach et al., 2006).  

Heavy metals are considered some of the most harmful inorganic pollutants in sediments and soils (Viganò et 

al., 2003). Only a small part of free heavy metals ions are dissolved in water while it has been estimated that 

between 30 to 98% of the total metal load of a river can be transported in a sediment-associated form (Varol 

and ķen, 2012). In fact, heavy metals can be retained in the solid phase through different sorption mechanisms 

such as adsorption, precipitation and fixation processes. 

Adsorption occurs as an electrostatic interaction between the solute and the solid phase, and it largely 

depends on the pH of the system. Specific adsorption represents an almost irreversible binding of heavy 

metals to clays, silanol groups, inorganic hydroxyl groups, or organic functional groups (Bradl, 2004; 

Sahuquillo, 2003). These reactions can be schematically resumed as follows:  

S-OH + Me
+
 + H2O ź S-O-MeOH2

+
 +H

+                                                                            
[3] 

Metal precipitation  occurs as a complexation of metals with oxides, hydroxides, carbonates, sulphides or 

phosphates present in sediments or soils (Reed and Matsumoto, 1993) and is a reversible reaction. These 

reactions depend on pH and metal concentrations, resulting in the formation of a new solid phase as explained 

by the reaction:  

S-O-MeOH2
+
 + Me2

+
 + H2O ź S-O-MeOH2+ + Me(OH)2(s) +2H

+                                        
[4]
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Fixation or absorption of heavy metals is the mechanism involved in the diffusion of soluble metals into the 

solid phase. Adsorbed metals, can in fact diffuse into the lattice structure of minerals and be fixed into the 

pore spaces of the mineral structure (Bradl, 2004).  

Notably, the changing of redox status, e.g. sediment oxidation after dredging, seasonal drying of canals bed 

etc., can deeply affect metals sorption/desorption cycles and precipitation/dissolution processes at the 

interface between water and sediment (Du Laing et al., 2009; Ho et al., 2012) by enhancing or decreasing their 

mobility and therefore their environmental hazard (Sahuquillo, 2003).  

Early in history, water bodies became pathways for trade, and engineering works have been regularly carried 

out to improve the flow for navigation, and the safety of territories from flooding. Nowadays, the diffuse 

problem of sediment contamination and the lack of standardized regulations, cause serious problems to the 

hydraulic security of a territory (Stephens et al., 2001b) and to the navigability of waterways (Hartley and 

Dickinson, 2010).  

The maintenance of the water level in rivers and reservoirs, and the dredging of the surplus of sediments, are 

in fact essential to maintain the equilibrium of the territory. On the other hand, the necessity to preserve the 

environmental health and to reduce the cost of dredging operations, induces scientists and local authorities to 

study adequate strategies for sediment risk assessment and for preventing sediment contamination.   

1.3.2.  Marine and brackish systems 

The concept that sediments in shallow water environments are capable of supporting rooted plants, and 

undergo transformation and horizon differentiation, has led soil scientists to consider the hypothesis of a 

subaqueous pedogenetic process  (Demas and Rabenhorst, 1999; Ellis et al., 2002).  

Demas and Rabenhorst (1999), in fact, found that, in submerged subaqueous environments, soils may develop 

similarly to subaerial terrestrial ones. In these contests, it has been demonstrated that the presence of buried 

horizons, the accumulation of biogenic CaCO3, the presence of benthic faunal and of organic components, can 

be considered common pedogenic additions (Barko et al., 1991; Demas and Rabenhorst, 1999). Similarly to 

some subaerial pedons, pedogenetic losses of nutrients can be observed though the distribution of organic 

carbon, which usually decreases with depth along the soil profile. In both systems, in fact, the mineralization 
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of organic carbon occurs mostly thanks to the microbial metabolism, even if different degradation processes 

can be recognized (Roden, 2004; Vodyanitskii and Shoba, 2014). The microbial biomass characterization, its 

enzymatic production and its metabolic path, strongly contribute to bioturbation processes, promoting 

oxygen diffusion or anoxic transformations along the soil profile. Examples of transfers include 

accumulations and depletions of iron and manganese species, diffusion and bioturbation from shellfish and 

worms (Fanning and Fanning, 1989), which promote soil horizons differentiation  (Fenchel and Riedl, 1970).  

In many coastal environments, such as estuaries, coastal wetlands and lagoons, soils may develop under 

permanently submerged conditions (subaqueous soils, Demas and Rabenhorst, 2001). On the other hand, 

hydromorphic or hydric soils develop under partial or provisional water saturation conditions (Federal 

Register, July 13, 1994; Reddy and DeLaume, 2008) and are characterized by the continuous wetting and 

drying of soil horizons, and by the alternation of aerobic and anaerobic processes which strongly affect soil 

pedogenesis (Demas and Rabenhorst, 2001), 

The presence of a saline water gradient, the alternation of freshwater and saltwater aquifer and the tide 

oscillation level, allow the evolution of particular ecosystems where the development of soil and vegetation 

patterns is strongly linked to the time of submergence, oxygen diffusion mechanisms, and high salinity levels 

(Ding et al., 2010; Zuo et al., 2012).  

The high ecological value of these environments is worldwide recognized, and ranges from regulation of the 

bio-geo-chemical cycles of nutrients and trace elements, protection of water quality, biodiversity promotion 

and conservation, fish farming, recreation and many other ecosystem services (Barbier et al., 2011; de Groot 

et al., 2012).  

Despite their values, erosion processes of the coastal area, subsidence and saline intrusion are globally 

threatening these fragile environments, and changes of both climate conditions and hydrological regimes 

deeply influence their evolution and health (Halpern et al., 2008; Lotze et al., 2006; Worm et al., 2006). 

To study the relationship between subaqueous and hydromorphic soil, or between soils features, vegetation 

pattern and morphological characters, offers a unique opportunity to increase the knowledge of the ecosystem 

dynamics, thus to protect these fragile environments and devise strategies for the sustainable management 

of water and coastal resources (Erich and Drohan, 2012; Surabian, 2007).  
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1.4.  THE AIM OF THE THESIS 

The physicochemical interaction between water, sediment and soil deeply influence the formation and 

development of the ecosystem. In this research, different freshwater, brackish and saline subaqueous 

environments of Northern Italy were investigated to analyze the physicochemical processes which occur at the 

interface between water and sediments, as well as the effects of soil submergence on soil development.  

In the first part of the thesis, a freshwater system (Reno river basin, Northern Italy) was chosen as a study area 

to explore the physicochemical quality of water and sediments with the aim to:  

ü highlight how the quality of water affects the sediment contamination; 

ü assess the risk hazard of heavy metals in both wet and dry sediments by comparing different techniques; 

ü test new eco-friendly techniques for water remediation and for the protection of sediment contamination.  

In the second part of the work, different brackish and saline systems were chosen as study areas to evaluate 

the effect of water saturation on soil-forming processes and on ecosystem characterization.  

In a brackish system (San Vitale park, Northern Italy), some soil sequences were traced from the subaqueous 

to the hydromorphic environment with the aim to: 

ü verify the hypothesis of a soil continuum from a subaqueous to an hydromorphic environment;  

ü highlight how the saline water intrusion or surfacing influences the soil development and properties; 

ü define the common features, the physicochemical variables, and the pedogenetic processes which 

characterized subaqueous and hydromorphic pedons. 

In a saline system (Grado lagoon, Northern Italy), soils form different saltmarshes were collected according to 

their prevalent vegetation cover with the aim to: 

ü verify the presence of features, physicochemical variables, and pedogenetic processes which characterized 

subaqueous and hydromorphic pedons;  

ü highlight how the tide oscillation influence the soil development and properties; 

ü define which variables better describe the relationship between soil development, tide oscillation and 

vegetation cover in lagoon systems.  
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2. FRESHWATER SYSTEMS: THE RENO RIVER BASIN  

Plain areas are impacted by many urban and industrial settlements and superficial waters are often affected by 

human pressure. With increasing of erosion and runoff processes on superficial waters, natural and anthropic 

discharges, etc., the quality and safety of the ecosystem can deeply decrease (Varol and ķen, 2012). A high 

amount of soil loss by land erosion flows into watercourses, increasing dramatically the sediment 

accumulation in riverbeds, and the hydraulic safety of the territory can be deeply affected. Therefore 

periodical dredging operations and embankment building are needed to avoid rivers flooding (Stephens et al., 

2001a). Sediments can be considered both a sink and a source of nutrients and pollutants (Reddy and 

DeLaume, 2008) and in view of resource recycling, the application of dredged sediments in the surrounding 

agricultural land is considered a sustainable practice if sediments are not polluted. 

Heavy metals are some of the most harmful substances discharged in river systems and both chemical and 

physical factors influence their mobility and bioavailability, etc. (Carlon et al., 2004). Therefore the heavy 

metals risk assessment requires a comprehensive prediction of its potential adverse effects, which involves the 

study of metal speciation, partitioning, mobility and toxicity. 

In this scenario, the objective of this work was (i) to monitor the ecological status of water and sediments in 

natural and artificial watercourses of the Reno river basin with respect to nutrients and heavy metals, (ii) to 

assess the heavy metals hazard of sediments by comparing different analytical procedures (e.g. the pseudo-

total and available fraction) and different oxidation status (e.g. before and after dredging operations). 

The following scientific production resulted from this research:  

- Ferronato, C., Modesto, M., Stefanini, I., Vianello, G., Biavati, B., Antisari, L.V., 2013. Chemical and 

Microbiological Parameters in Fresh Water and Sediments to Evaluate the Pollution Risk in the Reno River 

Watershed (North Italy). J. Water Resour. Prot. 05, 458ï468. doi:10.4236/jwarp.2013.54045 

- Ferronato, C., Vittori Antisari, L., Modesto, M., Vianello, G., 2013. Speciation of Heavy metals at water-sediment 

interface. EQA ï Environ. Qual. 10, 51ï64. doi:10.6092/issn.2281-4485/3932 

- Ferronato, C., Vianello, G., Vittori Antisari, L., 2014. The evolution of the Po Valley and Reno basin (North Italy) 

through the historical cartography: vicissitude of a land reclamation, in: Regional Symposium on Water, Wastewater 

and Environment: Traditions and Culture. pp. 741ï752. ISBN: 97 8-960-538-921-5 

- Ferronato, C., Vianello, G., Vittori Antisari, L., 2015. Heavy metals risk assessment after oxidation of dredged 

sediments through speciation and availability studies in the Reno river basin, Northern Italy. J. Soil and Sediments. 

doi: 10.1007/s11368-015-1096-4 - in press 
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2.1.   STUDY AREA  

The Reno river basin is located in the southern part of the Padanian Plain (Northern Italy) and covers an area 

of 4 930 km
2
 between the Apennines and the beginning of the plain. The equilibrium between men and nature 

in this land has always been linked to the capacity of societies to improve the hydraulic safety and to sanitize 

the swamps, canalizing the water and managing the excess of transported sediments.  

The land colonization of the Po Valley and of the area of the actual Reno river basin, has been characterized 

by a long term process of drainage operations, which began with the Etruscans and continued with the 

Romans (Surian and Rinaldi, 2003).  

During the Middle Ages the plain was covered with swamps and bogs and all the ancient canalizations have 

been lost because of the lack of maintenance works; many attempts for water re-canalization were carried out 

during the following centuries by  the Papal State, the Republic of Venice and  Napoleon.  

Only in the lasts centuries men have succeeded in building a huge network of artificial canals for water 

collection and drainage throughout all the plain, and could therefore definitively avoid the continuous flooding 

of the lands. The final reclamation was carried out thanks to manual excavation works and to the planning of 

engineering systems (Century XIX-XX) that  gave rise to  an extensive network of artificial canals. All these 

works have been fundamental for the management of the swamp and wetlands and their transformation into 

one of the most productive agricultural land of Italy (Ferronato et al., 2014).  

Nevertheless the maintenance of the watercourses through dredging the excess of sediments is still one of the 

most important activity for the management of the territory equilibrium.  

The Reno river basin nowadays is characterized by a network of artificial canals artificially embanked and 

used as collectors for different purposes, such as for draining water and wastewater from urban and industrial 

discharges, or for transporting water for irrigation purposes.  

In the upper part of the basin watercourses usually have a natural bed and vegetated banks (Vittori Antisari et 

al., 2010), while in their lower reaches, rivers are characterized by high artificial embankments and cross 

urban and industrial/craft settlements with spread and point sources of pollution. 
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2.2.    M ATERIALS AND METHODS  

2.2.1.   Sampling and experimental design 

The Reno River basin and the sampling sites of the studied area are presented in Figure 1.2 while the detailed 

localization of each site is reported in Appendix 1.  

Figure 2.1. Reno river basin (Northern Italy) and localization of the monitoring network. Rivers (R) and Canals (C) are 

shown.  

 

 

 

Five natural courses and five artificial canals were chosen in the Reno river basin for a monitoring survey and 

for assessing their environmental impact. Natural courses included the Reno and Santerno rivers and the Idice, 

Samoggia and Sillaro streams which cover the area of Bologna district (Figure2.1). Samples were collected in 

upstream positions in the Apennine hilly region (R01-05), and downstream from some cities and 

industrial/craft settlements (R06-10).  

Artificial courses included the Dosolo, Navile, Zenetta, Riolo and Medicina canals, which also flow into the 

Bologna district. Sampling sites were located in the plain area of the district upstream or downstream from 
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wastewater plants and urban/industrial/craft settlements (C01-05 and C06-13, upstream and downstream, 

respectively).  

The monitoring survey of water and sediments was performed seasonally for 2 years (2012-2013) and the 

representative samples were collected in the middle section of the watercourse by lowering appropriate  

instruments connected with a rope down to the course from a bridge.  

Water samples were collected with a steam container pre-washed in distilled water. 1 L water was transferred 

into clean glass bottles, sealed and kept refrigerated at 4° C until analysis. All bottles were pre-cleaned with 

diluted nitric acid and flushed with milli-Q water to remove trace elements before usage.  

Superficial sediment samples (0-10 cm) from both rivers and canals were collected using a Van Veen grab 

(Idromarambiente, Italy) connected to a rope. Three subsamples were collected from each site and 

subsequently homogenized in order to assure the representativeness of the sample. The collected materials 

were transferred into appropriate  plastic boxes, covered with river/canal water in order to avoid oxidation 

processes, sealed and kept refrigerated at 4° C until analysis.  

All analysis were performed in duplicate or triplicate and reference standard materials were used to verify the 

accuracy of the measures. The agreement for each datum was always below ±10%. 

2.2.2.  Water physicochemical analysis 

Water samples were processed within 24h from the sampling or appropriately stabilized for the sample 

conservation (D.M. 23/2000/ITA). 

Electrical conductivity (EC), and pH were measured in the field with portable probes (Crison, Spain) and 

confirmed in laboratory (Compact Titrator, Crison, Spain).  

The measurement of the water alkalinity was determined through the presence of HCO3
-
 ions. The 

concentration of HCO3
-
 ions was obtained by titrating 40 ml of non-filtrated water sample with 0.02N HCl at 

the end point of pH 4.4 (D.M. 23/2000/ITA, 2000). The volume of HCl used for titration was then related to 

the concentration of HCO3- by the following equation:  

HCO3
-
 (mg L

-1
) = V *N*1000*61/ C

                                                                                     
[5] 
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where V was the volume of HCl used for the titration, N was the normality of the HCl used (0.02N), 61 was 

the  equivalent weight of the acid and C was the volume of the water sample used.  

Dissolved organic C and N (DOC and DON respectively) were determined by TOC-L analyser (TOC-UV 

series, Shimazu Instruments) on unfiltered samples. The TOC analyser adopts the 680°C combustion catalytic 

oxidation method, which achieves total combustion of samples by heating them in an oxygen-rich 

environment. The carbon dioxide generated by oxidation is detected using an infrared gas analyser (NDIR) 

and it has a range of detection between 0.4 µg L
-1
 and 30,000 mg L

-1
. Through the combustion catalytic 

oxidation method it is possible to efficiently oxidize easily-decomposed compounds, low-molecular-weight 

organic compounds, but also hard-to-decompose insoluble and macromolecular organic compounds.  

The quantification of both macro and micro elements was determined by Inductive Coupled Plasma-Optical 

Emission Spectroscopy (ICP-OES, Spectro Arcos, Germany). The methodology used inductively coupled 

plasma to produce excited atoms and ions from the sample solution, and an optic interface to record the 

electromagnetic radiation produced by the atoms. 50 ml was filtered on Wathman 42 within 24 h from the 

sampling and stabilized with 1:100 w:w suprapure HNO3 (Carlo Erba). ICP-OES measures were performed in 

triplicate and the instrument calibration was performed using international standard solution (BCR -610).  

The concentrations of Na, Mg and Ca ions (meq L
-1
) were used to calculate the Sodium Adsorption Rate, as 

reported in the following equation:  

SAR= Na
+
 / [ã(Ca

2+
+Mg

2+
)/2)]                                                                [6] 

2.2.3. Sediment analysis physicochemical analysis 

Superficial sediments were wet sieved at 2 mm and subsequently split into two subsamples. The first 

subsample was maintained in wet conditions, covered with fresh water and stored at 4°C for maximum one 

week. A second subsample was air dried and stored at room temperature for further analysis.  

Soil particle size distribution was determined by the pipette method after dispersion of the sample with a Na-

hexametaphosphate solution (Gee and Bauder, 1986). 10g of dry sediment was used for the analysis and the 

dispersion time was 2h. The suspension was transferred into a graduated cylinder, brought to volume and 
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sealed with parafilm. After homogenization, the suspension was left undisturbed to sediment. The 

measurement of the different textual classes involved particles of D<2ɛm (clay), 2-50 ɛm (silt) and 50-2000 

ɛm (sand) and they were carried out according to the calculation of the sedimentation times. 10 ml of 

suspension was then collected in pre-weight quartz capsules at the appropriate time. The suspension was dried 

at 105°C for 24h and the dry weight was then related to the Sand, Silt or Clay percentage.  

In accordance with  the law of Stokes, the sedimentation times (ũ) were calculated as a function of the 

particles diameter (D) and density (ɟs), the depth of the liquid (s), its density (ɟl) and viscosity (ɖ, 10
-3
 Pas) 

and the constant of gravity (g). The sedimentation time was then calculated for each fraction as follows:  

ũ = (18sɖ) / D
2 
( ɟs - ɟl) * g                                                                 [7] 

The pH was determined in a 1:2.5 ratio w:v with distilled water. 10g of dry samples and 25 ml of distilled 

water were shaken  for 2 h at room temperature and the measurement of pH was performed through a glass 

electrode (Compact Titrator, Crison, Spain). The suspension was filtered on Wathman 42 and the electrical 

conductivity (EC) was subsequently detected on the supernatant with a glass electrode (Orion, Germany).  

Carbonate content (CaCO3) was calculated by volumetric method, according to Loeppert and Suarez (1996).  

The carbonate content is determined by the acid dissolution of the carbonates and the measurement of the 

production of CO2. 1 g of dry sample and 5ml of HCl 6N were used for the CO2 development and A Dietrich 

calcimeter was used for the volumetric quantification of the carbonates (MiPAF, 2000).  The volume of CO2 

produced by the reaction was related to the carbonate content as follows:  

CaCO2  (g kg
-1
) = V0 * 0.0044655 * 1000 / m                                             [8] 

where m was the mass of the sample (g), V0 was the volume of CO2 produced and 0.0044655 was the gas 

volumetric correction factor. 

Total organic carbon (TOC) and total nitrogen (TN) were detected by CHN elemental analyser (EA 1110, 

Thermo Fisher, USA) by Dumas combustion. The method used the gas chromatography technique to detect 

the CO2 and N2 produced from the combustion of the sample at 1100°C. A further subsample of the dry 

fraction was finely ground with an agate mill and 5-15 mg of samples were weighed with thin capsules. 
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Samples were pre-treated firstly with 2M HCl and then with 1M HCl in order to dissolve all carbonates 

present and subsequently submitted to the analysis.  

Total content of K, P, Fe, Mn, Cd, Cr, Co, Cu, Ni, Pb and Zn was detected by Inductive Coupled Plasma ï 

Optical Emission Spectroscopy (ICP ïOES, Spectro Arcos, Germany) as described in section 2.2.2.  

Previously, samples were finely grounded and pre-treated with aqua regia (AR: suprapure HCl and HNO3 3:1 

w:w) in a microwave digestion (Millestone 1200, USA). The mineralization cycle was performed for 3 min at 

250 Watt, 4 min at 450 Watt and 3 minutes at 700 Watt. Reference materials (BCR-320R and BCR-142) and 

reagent blanks were used to check the accuracy of data and all analyses were performed in duplicate. Samples 

were brought to volume (20ml) and filtered with Wathman 42 before ICP-OES analysis.  

2.2.4.   Heavy metals partitioning 

The soluble fraction of metals was determined on both dry and wet samples using MilliQ  water according to 

Jung et al (2005). 10g of sediment were weighed in a polyethylene container with 100 ml of MilliQ water and 

shaken for 16h in order to reach the equilibrium of the extraction.  

The suspension was then centrifuged at 10000 rpm for 15 min and filtrated by Whatman 42. The supernatant 

was stabilized with HNO3 suprapure (Carlo Erba) at 1:100 w:w ratio and the content of heavy metals in 

solution was detected by ICP ïOES as described in section 2.2.2 .  

A reagent blank solution (MilliQ water) was also analysed for the correction of the measures.  

The concentration of soluble metals was calculated through the coefficient of partitioning (log Kd) as follows:  

LogKd = Metot / Mesol                                                                                                                 [9] 

where Metot was the amount of pseudo-total metal detected in aqua regia (mg kg
-1
) while Mesol was that 

obtained by water extraction (mg L
-1
) according to Jung et al. (2005).  

The available fraction of metals for calcareous sediments was extracted with DTPA (diethylenetriammine 

pentacetic acid, pH 7.3) according to Lindsay and Norvell (1978). DTPA is a chelant agent which is widely 

used for the extraction of available metals in non-acidic soils (MiPAF, 2000).  
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10g of sediment (both wet and dry samples) were put in suspension with 20ml of DTPA and shaken for 2h in 

order to reach the equilibrium of the extraction. The suspension was then centrifuged at 10000 rpm for 15 

min, filtrated by Whatman 42 and the supernatant was soon analysed by ICP-OES for heavy metals content as 

previously described (section 2.2.2).  

A reagent blank solution (DTPA solution) was also analysed for the correction of the measures.  

The available percentage of metals was subsequently calculated as the ratio between the DTPA metal fraction 

(mg kg
-1
) and its pseudo-total fraction (mg kg

-1
). 

2.2.5.   Heavy metals sequential extraction 

A Five-step sequential extraction was performed according to the procedure developed by Tessier et al (1979) 

and modified by Hartley and Dickinson (2010) and Ciceri et al. (2008). 1g of freeze-dry sediment was 

weighed in a nalgene polypropylene centrifuge tube. The procedure steps used were as follows: 

1. (Exchangeable phase): 10 ml of 1M MgCl2 (pH 7) were added to the sediment samples and shaken for 60 

min at room temperature. After the equilibration period, samples were centrifuged at 10000 rpm for 20 

min and the supernatant was filtered through a cellulose filter (Wathman 42). 10ml of MilliQ water were 

added for few minutes in order to wash the sample from the residual reagent, centrifuged at 10000 rpm for 

10 min and the supernatant discarded. 

2. (pH-dependent phase ï Carbonate bond): 20 ml of 1M CH3COONa (pH 5) were added to the residue and 

shaken for 5h at room temperature. The supernatant was separated by centrifugation at 10000 rpm for 20 

min, filtrated with Wathman 42. The residue was washed with MilliQ water as described for Step 1.   

3. (Reducible phase - Oxide and Hydroxide bond): 20 ml of 0.04M NH2OH*HCl in 25% CH3COOH w:v 

(pH 2) were added to the residue and the samples were shaken for 16h at room temperature as reported in 

Cicerni et al. (2008). The supernatant was separated by centrifugation and filtration and the residue was 

washed with MilliQ water as described for Step 1.  

4. (Oxidable phase - Sulphur and Organic bond): 5ml of 30% H2O2 +3ml of 0.02M HNO3 were added to the 

residue and left to equilibrate for 1h at room temperature and 2h in a water bath at 85°C. A further aliquot 
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of 3ml of 30% H2O2 was added to the mixture and heated for other 2h at 85°C. Samples were then left to 

cool down at room temperature; then 10ml of 1M CH3COONH4 were added to the mixture and the 

samples were shaken for 30 min at room temperature. The supernatant was separated by centrifugation 

and filtration and the residue was washed with MilliQ water as described for Step 1. 

5. (Residual phase): the residue from Step 4 was died at 60°C overnight and finally digested with aqua regia 

(6ml HCl + 2ml HNO3) using a microwave oven.  

All the supernatants were analysed by ICP-OES for Cd, Cr, Cu, Mn, Fe, Ni, Pb, Zn content as previously 

described (Section 2.2.2). A reagent blank solution for each fraction was also analysed for the correction of 

the measures. All analyses were performed in triplicate by ICP-OES and each geochemical fraction was 

presented as percentage value on the total fraction found. 

2.2.6. Data analysis 

The geo-accumulation Index (Igeo) was calculated to observe the anthropogenic contribution to the sediment 

contamination. The Igeo was calculated for some metals as follows:  

Igeo= log2 (Cn/1.5Bn)
                                                                                                         

[10] 

where Cn is the metal concentration of sediment determined using acqua regia, Bn is the mean regional 

reference background values reported by the Emilia Romagna region soil services (determined in the study 

area only for Cu 57.6 mg kg
-1
, Zn 72.9 mg kg

-1
, Cr 144 mg kg

-1
, Ni 58.5 mg kg

-1
, Pb 48 mg kg

-1
 according to 

Amorosi et al (2005) and 1.5 is the correction factor  (Müller, 1969). The Igeo was associated with a 

qualitative scale of pollution intensity according to Müller et al (1969) where samples were classified as: 

- unpolluted (IgeoÒ0),  

- unpolluted to moderately polluted (0ÒIgeoÒ1),  

- moderately polluted (1ÒIgeoÒ2),  

- moderately to strongly polluted (2ÒIgeoÒ3),  

- strongly polluted (3ÒIgeoÒ4),  

- strongly to extremely polluted (4ÒIgeoÒ5),  

- extremely polluted (Ó5). 
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All statistical analyses were performed with SPSS software 15.0.1 (IBM, Armonk, New York, USA) or with 

Statistica10 software (StatSorf, Tulsa, OK, USA).  

Descriptive statistics involved the calculation of Mean, Minimum (min), Maximum (mas) and Standard 

Deviation (SD) values and were performed to summarize the variability of data. The analysis of variance was 

performed with one-way ANOVA test and Fisherôs least significance difference or Pearson correlation were 

performed as post-hoc tests. 

Hierarchical cluster analysis was performed using squared euclidean distances and complete linkage method. 

Cluster analysis primary purpose is to assemble objects based on the characteristics they possess. The 

dendrogram provides a visual summary of the clustering processes, presenting a picture of the groups and 

their proximity, with a dramatic reduction in dimensionality of the original data 

A Principal Component Analysis (PCA) was performed to reduce the number of variables and to detect the 

structure of the relationships between variables explaining as much as possible their variance using few 

composite variables (PC, Principal Components). Two Principal Components (PC1 and PC2) were extracted, 

and the Factor Loadings were used to highlight the most meaningful parameters of the data set, affording data 

reduction with minimum loss of original information. The statistical significance of each component was 

checked the analysis of the eigenvalues and of the explained variance for each component. Factor scores were 

used to display the groups of samples in a scatter plot, according to the two principal components that defined 

the relationship between variables. 

A Discriminant function analysis (DFA) was performed with forward stepwise method to identify the 

continuous variables of the dataset, which could discriminate samples according to their membership to pre-

define groups. In contrast to PCA and Cluster analysis, DFA provides a statistical classification of samples, 

grouping them according to their similar and it is performed with prior knowledge of membership of samples 

to a particular group. The statistical significance of each discriminant function  (Function 1 and Function 2) 

was checked with Wilkôs lambda test and the SCDC was used to rank the importance of each variable. The 

canonical scores of each sample was used to perform a canonical score plot and display the different groups of 

samples according to the two dimensions that better separate the groups.  
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2.3.   RESULTS  

2.3.1.  Water physicochemical characterization 

The variability  of all the physicochemical properties of water samples were evaluated through time and space. 

Since no significant differences were noticed over time within the watercourses, the samples were  grouped 

according to their origin (rivers, R and canals, C) and to their spatial position (upstream, UpS and 

downstream, DwS). The summary of the main physicochemical properties of waters and the significant 

difference level between groups are shown in Appendix 2 and it showed that generally canals were 

significantly richer in nutrient contents than rivers.  

With the aim to classify samples according to their origin and position (RUpS, RDwS, CUpS, CDwS). a 

Discriminant Function Analysis was performed on some chemical variables (e.g. SAR, pH, CE, Alkalinity and 

nutrients content), and both the summary of the standardized coefficients (SCDC) and the canonical scatter 

plot is shown in Figure 2.2.  

Figure 2.2: Standardized coefficients (SCDC) and scatter plot of the Discriminant Function Analysis (DFA) based on the 

macro physicochemical properties of water samples. Only significant variables included in the model are shown. 

 

 

 

 

Wilks' Lambda approx: 0.18; p<0.05 

 Function 1 Function 2 

SAR -2.16 0.34 

PH 0,07 0.07 

CE -0.10 0.00 

HCO3 -0.26 -0.14 

DOM -0.43 0.31 

DON -0.26 0.53 

P 0.78 0.67 

Mg -0.15 -0.07 

Na 2.02 -0.21 

Eigenval 3.23 0.18 

% Var 92.19 5.24 
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The first two functions could explain 97.4% of the total variance and according to their significance level, 

SAR, DOM, DON and P had the highest discriminant power. These variables represented the positive SCDC 

(e.g. P) and the negative SCDC (e.g. SAR, DOM, DON) of  Function 1, and they could discriminate the group 

of rivers waters from that of canals. The latter, in fact, were characterized by higher SAR levels and DOM 

concentration, while in rivers, a higher P amount could be found. Function 2 could explain only 5% of the 

total variance and could not be used to discriminate upstream from downstream waters. 

Heavy metals were compared with the legislative limits established by Italian law for the reuse of water for 

agricultural purposes (D.lgs 152/2006) and for the definition of the ñgood ecological statusò defined by the 

European Framework Directive (Directive 200/60/EC and D.lsg ITA/152/2006). 

A summary of the heavy metals concentration in river and canal water during the monitoring survey is shown 

in Table 2.1. 

Table 2.1: Summary of heavy metals concentration in river (a) and canal (b) waters according to their upstream (UpS) 

and downstream (DwS) position. Data are presented as ɛg L-1. 

 (a) Rivers 

   UpS DwS UpS DwS UpS DwS UpS DwS ANOVA 

  Mean Min Max SD   

Cu* 11.0 49.9 0.6 1.3 134.0 430.0 17.6 83.8 0.0 

Zn  9.4 11.0 0.1 3.2 25.5 30.6 6.9 7.9 0.5 

Cd 2.2 3.3 0.8 0.7 4.5 13.2 1.5 3.8 0.2 

Co  10.4 19.2 1.1 1.1 64.4 64.6 18.6 23.0 0.4 

Cr  1.3 1.1 0.0 0.0 3.5 4.6 0.8 0.8 0.4 

Ni  26.4 39.2 1.5 1.3 122.0 173.0 35.6 51.8 0.2 

Pb  4.8 4.4 0.1 0.8 10.1 10.1 3.8 3.6 0.8 

         
  

 (b) Canals   

  UpS DwS UpS DwS UpS DwS UpS DwS ANOVA 

  Mean Min Max SD   

Cu  16.7 18.3 0.9 0.9 35.0 52.0 9.2 9.7 0.4 

Zn  81.0 44.5 3.5 4.9 429.0 323.0 124.3 50.8 0.1 

Cd 1.6 1.5 1.2 1.2 1.9 1.9 0.2 0.2 0.4 

Co  14.4 11.3 0.5 1.7 102.0 64.8 24.6 15.7 0.6 

Cr  2.5 1.8 1.1 0.9 5.7 2.6 1.3 0.5 0.1 

Ni  6.0 7.4 1.7 1.7 29.6 21.9 6.2 5.4 0.3 

Pb  9.0 10.4 3.6 3.9 22.5 19.7 4.7 4.4 0.3 
 

*= p<0.05 

 

Both river and canal waters respected the limits of water reuse in agriculture while considering the threshold 

for the definition of the good ecological status (Dlsg.152/2006 ITA: 1, 50, 20 and 10 ɛg L
-1
 for Cd, Cr, Ni and 
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Pb respectively), both rivers and canals presented an excess of Cd, Ni and Pb. Canal waters had higher 

concentrations of heavy metals than rivers (p<0.05) with the exception of Cd and Ni, which were higher in 

river waters (p<0.05). The increase of contamination from upstream to downstream was more evident in rivers 

than in canals but only Cu concentration was significantly different (p<0.05). Some extremely high values of 

Ni (122 and 173 ɛg L
-1 
up and downstream respectively) and Cu (134 and 430  ɛg L

-1 
up and downstream 

respectively) were noted in some hotspots in river waters as shown by the max values reported in the table. In 

canals, hotspots were recorded for Zn (429 and 323 ɛg L
-1 

up and downstream respectively) and Co (102 and 

64 ɛg L
-1 

up and downstream respectively) but generally no significant differences were recorded among the 

samples.  

2.3.2.    Sediment physicochemical characterization 

Sediment distribution according to their textural composition is presented in Figure 2.3.  

Figure 2.3: Texture triangle of river and canal sediments.  

 

The texture triangle showed that all river samples had a sandy or loamy-sand texture with the exception of one 

sample (F09, Sillaro Upstream), which had a silt-loam texture. Notably, canal texture mostly varied from 

loamy sand, sandy loam and sandy clay loam texture. while a small group of canal samples had a silty clay 

loam texture (P9 and P11, Riolo canal, P2 and P3, Medicina canal and P13, Navile canal).  
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The summary of the chemical properties of sediments from natural rivers (R) and artificial canals (C) in both 

upstream (UpS) and downstream (DwS) sites is shown in Appendix 3.  

Artificial canal sediments were enriched by organic matter and nutrients content (e.g. TOC, TN and TP), 

while their pH values and total CaCO3 content were lower than those of rivers.  

Heavy metals concentration increased from upstream to downstream and from rivers to canals as follows: 

RUpS<RDwS<<CUpS<CDwS. Some hotspots were detected in river sediments of both UpS and DwS 

stations for Zn (189.1-192.2 mg kg
-1
 UpS and DwS respectively), Cr (222.4-239.8 mg kg

-1
 UpS and DwS 

respectively), Co (33.7-32.0 mg kg
-1
 UpS and DwS respectively), Pb (171.8 mg kg

-1
 in DwS); these values 

slightly exceed the Italian legislative thresholds of 150, 120, 20 and 100 mg kg
-1
, for Zn, Cr, Co and Pb, 

respectively. The artificial canal sediments showed mean values significantly higher than the thresholds for 

Cu (161.9-234 mg kg
-1
 UpS and DwS respectively), Zn (595.9-862 mg kg

-1
 UpS and DwS respectively), Cr 

(149.4-174.8 mg kg
-1
 UpS and DwS respectively) and hotspots were found for all metals in both DwS and 

UpS sites, with the exception of Cd.  

A Principal Component Analysis was applied to the physicochemical parameters in order to detect the 

structure of the relationships between variables explaining as much as possible their variance among the 

samples and to highlight the most meaningful variables which describe and characterize samples (Figure 2.4). 

The two components extracted could explain only 50% of the variance, however some interesting 

considerations could be carried out.  PC1 represents the chemical composition of sediments, while PC2 

represent the textural parameters. The factor scores displayed the samples association and could separate 

rivers from canals according to the PC1, but no separation was appreciated between Up and Downstream 

sampling points. As shown in the scatter plot, the PC1 could highlight that river sediments had very similar 

physicochemical characteristics and no dispersion, while canals presented higher variability and generally a 

higher content of both nutrients (e.g. OC and P) associated to some heavy metals (Cu, Co, Cr, Ni, Pb), as 

suggested by the factors loading.  

Moreover, according to PC2, a small group of both river and canal sediments were separated due to their high 

content of silt and clay materials. This group consisted of specific sampling points (R09, C05 and C07) which 

displayed some differences in terms of texture and geochemical composition. 
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Figure 2.4. Factor loadings of Principal Component Analysis (PCA) and score plot obtained from the 

analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.3.   The risk assessment of heavy metals 

Based on the physicochemical characterization of sediments during the monitoring survey (Appendix 3), the 

geo-accumulation index (Igeo), was calculated to evaluate the anthropogenic enrichment of heavy metals on 

the superficial layers of sediments as shown in Table 2.2. The river stations were mainly unpolluted (Igeo<0) 

for all the metals considered in both UpS and DwS but an increase of Zn pollution level was observed in the 

DwS stations after the urban settlements (unpolluted to moderately polluted).  

The highest heavy metal pollution level in canal sediments ranged from moderate to strong/extreme (Igeo>5) 

with Cu and Zn, while an unpolluted to moderate pollution level was observed for all the other metals. No 

marked difference was observed in UpS and DwS stations of the canal network. 

   PC 1  PC2 2 

Clay 0.39 -0.82* 

Silt 0.54 -0.74* 

Sand -0.50 0.80* 

pH -0.23 -0.01 

EC 0.51 -0.03 

CaCO3 -0.47 -0.27 

TN 0.27 0.02 

OC 0.71* -0.08 

TK 0.62 -0.35 

TP 0.70* 0.11 

Fe 0.32 -0.36 

Cu 0.83* 0.16 

Mn 0.03 -0.10 

Zn 0.68 0.39 

Cd 0.64 0.43 

Co 0.74* -0.03 

Cr 0.74* 0.35 

Ni 0.84* 0.10 

Pb 0.74* 0.45 

Eigenv. 6.69 2.92 

% Var 35.22 15.35 

 

 

        *= Factor loading >0.70 

 

           


