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ABSTRACT 

Among the research lines of WP5 of VS4, of the RETURN Project, there is the development of quantitative 
and probabilistic methodologies for multi-risk assessments to support the identification of effective and 
economically sustainable strategies to mitigate the impacts caused by sediment handling in marine coastal 
areas and ports affected by maintenance and capital dredging or reclamation operations. In this case, 
sediments can represent a wide range of risk sources, and their possible interactions may generate cascading 
effect scenarios. Task 4.5.3 addresses the theoretical development of the multi-risk approach developed 
specifically for the management of dredged sediments and their handling. To date, we follow the regulatory 
guidelines based on two different strategic approaches. 

¶ The first concerns the results of the ecological analysis based on the quality classification of the 
sediments, an analysis characterizing from an Eco toxicological and chemical point of view. In this case, 
good quality sediments can be immersed back into the sea; on the contrary, the sediments with the 
worst class must follow different management paths, including storage in confined disposal facilities 
and, eventually, disposal in specialized landfills. 

¶ The second approach, referring to explicit contaminated areas, is based on environmental risk analysis: 
in this case, the sediments that are contaminated, like the soils, must be reclaimed to be recovered, to 
bring the environmental contamination under the so-called risk threshold. 

 
In this scenario, multi-risk analysis would make it possible to develop a useful decision support system 

aimed at defining the best management way. For example, by coupling the ecological evaluations with the 
sanitary-environmental ones, it is possible that the sediments defined as not suitable for re-immersion in the 
sea, can be treated with reclamation techniques, usually used in the second strategic approach, to reclassify 
the quality of the sediments, making them suitable for a new immersion and for beach nourishment.  

This process requires the definition of three key aspects:  
1) in situ, pre and post treatment characterization  
2) distribution and handling of pollutants during dredging and re-immersion operations  
3) suitable treatment techniques, also in the supply chain, for the treatment of the specific contamination 

(physical-chemical and biological train treatment).  
During this management process, people must decide whether (or not) to treat the sediments, whether to 
store them on land to be treated and/or recovered or whether to put them back into the sea, whether to 
mitigate the risk within situ treatment and recovery interventions or off-situ, biological, chemical, physical or 
in the supply chain and so on. 

With this mission, researchers from the universities of Enna, Genoa, and Palermo (UKE, UniGe and UniPa) 
developed synergistic work aimed at the analytical evaluation of the effects of the movement and treatment 
chain of dredged marine sediments. The activities include the application of studies based on mathematical 
models (for the study of the impacts and effects of the "fate and transport" process), physical models referring 
to applications in bench scale or pilot plants (for validating the results and the model calibration), modeling to 
simulate and support monitoring in the coastal environment, ante- and post operam, all with the help of "sea 
truth" activities. The synergistic work was also based on the results obtained in transversal tasks where UKE 
(together with the aforementioned partners) has developed specific activities on sediments: Task 4.5.1, 
relating to the chemical-physical treatment of contaminated marine sediments; Task 4.5.2, relating to the 
biological treatment of contaminated sediments.  

 
In this context, Task 4.5.3 defines and completes the knowledge on the treatment and rational 

management of treated sediments (according to the objective of minimum environmental and social risk): the 
investigation of new processes has been completed (such as desorption thermal) and an analysis of the 
processes was proposed according to a preliminary and general model of risk assessments, opportunities and 
repercussions (SWOT analysis and consequent FMEA). Particularly: SWOT, precisely, stands for Strengths 
(strengths), Weaknesses (points of weakness), Opportunities (opportunities) and Threats (threats); on the other 
hand, the FMEA is the Failure Mode and Effects Analysis. 
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Some specific activities concerned: development of the method to support decisions by means of 

assessments based on "fate and transport" models integrated with the modeling of "in-chain" treatment 
processes (UKE); applications of in-situ mitigation methods, based among others, on mycoremediation for the 
mitigation of the diffusion of heavy metals during dredging and re-immersion operations (UniGe); evaluation 
and studies on off-site treatments for the decontamination and recovery of contaminants, comparing the 
results of different processes or applications in the supply chain, based on both biological (bioslurry) and 
physical-chemical (thermal desorption) processes (UniPa). 
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FIRST SECTION: TASK GOALS  

INTRODUCTION  

Task 4.5.3 aims to develop quantitative methodologies for multi-risk assessments to identify effective and 
economically sustainable strategies to mitigate the impacts associated with sediment management in marine 
coastal areas and in ports affected by dredging or remediation operations. 

Sediments are essential components of all aquatic systems and are subject to high anthropogenic inputs, 
representing a potential reservoir of toxic compounds. In the last decades, coastal ecosystems have drastically 
changed due to human activities, which caused severe ecological impacts. In the marine environment, they 
constitute an extremely complex environmental compartment. In fact, they can represent a vast range of 
sources of risk, and the possible interactions can cause different scenarios with cascading effects. Their 
management is a complex process that involves different phases, among which the characterization, the 
transport, the treatment, and the destination of the materials. 

The task proposes a decision support system to identify optimal management strategies. The decision 
support system incorporates regulatory frameworks and scientific methodologies in order to evaluate and 
mitigate the impacts associated with the movement and the treatment guaranteeing the environmental, 
economic, and social sustainability. 

The first phase of the task involved the characterization of the sediments, which includes the analysis of 
the samples to determine the nature and the extension of the contamination. 

Currently, the regulatory guidelines are based on two different strategic approaches. 
The first approach is based on the results of the ecological analysis based on the qualitative classification 

of the sediments, an analysis that characterizes them from the Eco-toxicological and chemical point of view. 
With this approach, sediments of good quality can be reused and therefore re-immersed in the sea, while in 
the opposite case they must follow different management paths, starting from the storage in the containment 
basin up to their possible disposal in a special landfill. 

The second strategy refers to explicitly contaminated areas and is based on environmental risk analysis. 
With such an approach, the contaminated sediments must be remediated in order to be recovered by bringing 
the environmental contamination below the so-called risk threshold. 

In both cases, fate and transport models are essential in order to evaluate the environmental and health 
impacts. On the other hand, it is important to define the best practice for treatment of contaminated 
sediment. 

The task also integrated risk analysis tools, such as SWOT and FMEA, in order to identify and classify the 
risks associated with sediment management and the use of adequate treatment techniques, targeted at 
specific contaminations, guaranteeing sustainable solutions across the supply chain.  

In summary, during this management process, it is necessary to decide whether or not to treat the 
sediments, whether to store them on land to be treated and/or recovered, whether to re-immerse them in 
the sea, whether to mitigate the risk through treatment and recovery interventions in situ or off-site, 
biological, chemical, physical, or along the supply chain, and so on. 

To reach these objectives, the work integrated advanced tools and techniques, among which: 

¶ bench-scale and pilot-scale applications, fundamental for the validation of the results and the 
calibration of the models. 

¶ mathematical models, used in order to simulate the processes (or "fate and transport" 
phenomena) and predict the environmental impacts; 

¶ simulations and environmental monitoring, in order to evaluate the effects of the operations 
before and after their execution. 

¶ field verification activities, necessary in order to integrate the model data with real observations. 
 
Through this work, task 4.5.3 tries to provide practical and sustainable solutions for the management of 

marine sediments, guaranteeing the protection of the marine environment. 
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AIM AND GENERAL EVALUATION 

MARINE SEDIMENT REGULATION  

The Italian and European regulations on marine sediments have evolved over time, progressively defining 
in detail the definitions and criteria for the proper management of this environmental matrix. 

One of the first regulations, Italian Ministerial Decree (D.M.) 24/01/1996, governed the discharge into the 
sea of materials derived from the excavation of marine or brackish seabed, as well as from other sediment 
movements in the marine environment.  

The following year, through Italian Legislative Decree (D.Lgs) 22/1997 (Decreto Ronchi), the European 
Waste Catalogue (CER) was introduced in Italy, classifying dredged sediments as potential waste and thus 
imposing management and traceability obligations. D.M. 5/02/1998 identifies non-hazardous waste subject to 
simplified recovery procedures.  

Sediments are included among the types of waste eligible for these procedures and regulated by Annex 1, 
Sub-Annex 1, provided they meet specific criteria and technical regulations. 

- The D.Lgs. 152/2006, Environmental Consolidated Act, allows sediments to be excluded from waste 
regulations. 

- The Article 185, paragraph 3, excludes sediments if moved within surface waters or within 
hydraulic properties for water and river management, flood prevention, flood or drought 
mitigation, or soil restoration, provided it is proven that the sediments are non-hazardous 
according to Decision 2000/532/EC of the Commission of May 3, 2000, and subsequent 
amendments. 

- The Article 109 regulates the immersion in the sea of dredged materials from marine or brackish 
seabeds, providing for specific authorizations for activities such as beach nourishment or sediment 
re-immersion. 

 
Law 116/2014 introduced Article 184-quater into the Environmental Code, regulating the cessation of 

waste classification for dredged materials subjected to specific recovery operations and compliant with 
contamination limits. 

Dredged materials cease to be waste if, after recovery operations, which may also include sorting and 
selection, they do not exceed the contamination threshold concentrations set in Columns A and B of Table 1, 
Annex 5, Title V, Part Four, and if the destination site is certain and they are directly used, including for reuse 
or environmental reshaping, without risks for the affected environmental matrices, particularly ensuring no 
contamination of groundwater and surface waters. 

In case of direct use in a production cycle, they must comply with the technical requirements for specific 
purposes, the applicable regulations and standards for products and raw materials, and must not generate 
emissions into the environment that exceed or differ qualitatively from those resulting from the use of 
authorized products and raw materials. 

For port areas, Law 84/1994 (Article 5-bis) regulates dredging within Sites of National Interest (S.I.N.) and 
marine-coastal areas. 

In S.I.N., if sediments meet contamination limits, they can be reintroduced into the water body or used for 
coastal nourishment; otherwise, remediation is required. In alternative, they can be placed in containment 
basins if compatible with environmental and health protection. 

D.M. 161/2012 had included sediments among excavated soils and rocks (TRS), treating them as by-
products under Article 184-bis, but the Decree of the President of the Republic (D.P.R.) 120/2017 revoked this 
classification, excluding them from the benefits provided for TRS. 

In 2016, the MATTM (Italian Ministry for the Environment, Land, and Sea Protection) issued three decrees 
to regulate the sector: 

¶ Decree of the Director General (D.D.) 351/2016, which defines pollutant limits for excluding marine 
areas from S.I.N. classification; 

¶ D.M. 172/2016, which regulates dredging in port and coastal areas; 
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¶ D.M. 173/2016, which establishes technical criteria for the immersion and management of non-
S.I.N. sediments. 

These decrees are supplemented by technical documents available on the Italian Institute for Environmental 
Protection and Research (ISPRA) website (https://www.isprambiente.gov.it/files/software/decreto-15-
luglio-2016-n173), and the MATTM Circular 469/2019, which clarifies the application of D.M.173/2016 and 
Article 109 of D.Lgs.152/2006. 
 
At the European level, the Water Framework Directive (2000/60/EC) and the Marine Strategy Framework 

Directive (2008/56/EC) require an ecologically sustainable management of sediments.  
Dredging operations must ensure the maintenance of ecological status in water bodies and may require 

Environmental Impact Assessment (EIA), Integrated Environmental Authorization (AIA), or Appropriate 
Assessment (VIncA - Environmental Impact Assessment) in sensitive or protected areas. 

The regulatory framework offers various sediment management scenarios: they can be treated as waste, 
as by-products (if not initially classified as waste), as end-of-waste materials, or excluded from waste 
regulations if reintroduced into the same water body without environmental risk. The classification depends 
on the degree of contamination, the area of intervention (S.I.N. or not), and the purpose of sediment 
movement (maintenance or remediation). 
 

CONCEPTUAL MODEL AND FLOWCHARTS OF TASK APPROACH 

As regards the management of marine sediments, the possible management choices involve a very wide 
range of possibilities: certainly, the definition of "contaminated", "non-contaminated" or "potentially 
contaminated" sediment can strongly influence "the direction of the choicesέΦ The sedimentary matrix 
dredged, from small or large ports, or from the coastal area in general, tends to be recovered where it is not 
contaminated. The most obvious and environmentally shared solution is to re-introduce (into the sea) the 
sediment into suitable areas or use it (depending on the grain size of the sample) as beach nourishment. On 
the contrary, if the sediment is of poor quality, and with a more or less "severe" level of contamination, the 
sediment must be appropriately stored or treated before any subsequent recovery or reuse. 

In this context, the socio-economic reality of the territory and the real condition of the services and 
intended use in the geographical area concerned can play a key role in management choices, which may differ 
from region to region, despite the starting technical-practical affinity. Here the decision tree can branch 
significantly in different directions, leading to a series of different solutions that are not easily interpretable.  

Figure 1.1 represents a scheme of possible choices that the manager should evaluate for the correct 
management of this environmental matrix, one of the most complicated and debated in the environmental 
field: dredged marine sediments. In this context, simple analysis tools of opportunities and risks could help the 
management and fate of matrices as they are or "reclaimed". 

The Aim of Task 4.5.3 of RETURN project concern the development of quantitative and probabilistic 
methodologies for multi-risk assessments. This is important in order: 

1) to support the identification of effective and economically sustainable strategies;  
2) for the mitigation of the impacts due to the handling of sediments in coastal marine areas and harbors, 

affected by maintenance or reclamation dredging operations.  
 
In this scenario, multi-risk analysis would make it possible to develop useful decision support aimed at 

defining the best management scenario. 
 

https://www.isprambiente.gov.it/files/software/decreto-15-luglio-2016-n173
https://www.isprambiente.gov.it/files/software/decreto-15-luglio-2016-n173
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Figure 1.1 - Conceptual flow chart on the choices to be faced in the management of dredged sediments 

More in detail, the research units of Task 4.5.3 developed a synergistic work aimed at the analytical 
evaluation of effects of the movement and treatment of dredged sediments. The analytical approach combines 
and integrates specific experimental methods (for the preliminary study of the impacts and effects of the "fate 
and transport" process), analysis of physical models referred to applications in bench scale or pilot plants (for 
the validation of the results and model calibration), subsequent mathematical simulations for the support of 
monitoring in the coastal environment, ante and post-operam, and data acquisition for what is called 'sea 
truth. 

First, it must be underlined that the management of contaminating marine sediments is very costly, both 
in economic and environmental terms. The interdisciplinary nature of topics and regulations brings the 
manager of these matrices to numerous crossroads of choice, which, depending on the territory and the socio-
economic balances involved, can lead to different approaches and processes (treatment, re-immersion, reuse 
etc). 

The topic of multi-risk analysis applied to such a complex system of processes, such as the movement of 
more or less contaminated marine sediments, risks being difficult to manage a priori: there are in fact many 
aspects that need to be considered. 

a. General aspects: mainly linked to the origin of the sediments and the reason for their movement. 
b. Regulatory aspects: linked to the origin of the activities and any evidence of contamination in the areas 

to be dredged 
c. Technical aspects: linked to dredging methodologies (environmental or not) and the operational use 

of the ports involved in handling activities. 
d. Application aspects: linked to the need or otherwise to treat the sediment before its subsequent 

destination (whether re-introduction or reuse). 
e. Aspects of real applicability of intervention: aimed both at remediation technologies and at the 

territorial presence of the end user or residual disposal. 
f. Economic aspects: linked to all the implications and cost-benefit evaluations of each single previous 

aspect. 
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Based on this simple introduction, which among other things includes only a part of the possible arguments 

of interest, the extreme complexity of guaranteeing a complete approach right from the start is highlighted. 
For this reason, the analysis of choices, or therefore the evaluation of possible risks and effects, cannot ignore 
planning that involves a systematic approach: 

 
1. preliminary analysis of strengths and weaknesses, according to a semi-qualitative analysis approach, 
2. identification of the list of INPUT information necessary for the analysis; 
3. in-depth analysis of the aspects with a semi-quantitative Risk Analysis (AdR) approach; 
4. Output information; 
5. List of priorities for choosing and mitigating process "failures/breakdowns". 
 
In particular, the first 3 points of the previous analysis framework could require an iterative approach: 

where new evidence of probable effect (risk) and/or consequential damage were to emerge from the basic 
analysis, the information enrichment process could undergo a further "extension of concepts" that could 
enrich the decision-making tool 

In this sense, therefore, the risk analysis identified, as happens with the ordinary risk analysis approach of 
the dynamic production process, should be continuously updated on the basis of the aspects previously 
identified and which accrue (over time) an enrichment of information both site-specific (regions, 
municipalities, territories of real applications, beyond the proof on concept) and of future regulatory direction 
(regulatory modifications and additions probabilistically developed in phases following the revision of the 
AdR). 

With reference to the above list, Figure 1.2 shows the scheme of the activities proposed within Task 4.5.3, 
which provides for the close correlation between activities developed specifically within the same task and the 
evaluations/data coming from the Parallel experimental and research approaches developed in other tasks of 
WP5 (also extending to other WPs in the future), such as tasks 4.5.1 and 4.5.2. 
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Figure 1.2 - Scheme of the activities proposed within Task 4.5.3 

 
As shown in Figure 1.2, in order to identify the preliminary actions and preliminary aspects on which to 

focus attention, a "general" risk analysis was proposed that allows the identification of strengths and 
weaknesses based on predominantly qualitative considerations but specific to the intervention scenario. 

 
In particular, S.W.O.T. analysis allows identification of the strengths, weaknesses, opportunities and threats 

of a specific project or action plan. It is a tool that can help the work team plan strategically. SWOT, precisely, 
stands for Strengths (strengths), Weaknesses (points of weakness), Opportunities (opportunities) and Threats 
(threats). 

Although it is widely used by many organizations, from small businesses to non-profits to large enterprises, 
the SWOT analysis can be used for many personal and professional purposes, as it is a powerful tool that helps 
identify competitive opportunities for improvement. This way, you can improve your decision-making process 
by restating any risks of failure. 

Simply put, each of these factors must be carefully examined to adequately plan for planning growth. This 
is where analytics comes in. 

 
The first "return" of the SWOT analysis is certainly to highlight the most sensitive aspects that can affect 

the optimization of the decision-making process. In the case of application to the topic addressed in task 4.5.3., 
the SWOT analysis suggests the INPUT DATA and PROCESSES on which to focus the subsequent analysis and 
in-depth analysis. The specific aspects of intervention include the following (deduced from a first "run" of 
application of the SWOT analysis). 

 

INPUT DATA AND INFORMATION 
(BIBLIOGRAPHICAL ANALYSIS) 

 
Origin and characterization of sediments 
Organic and inorganic - Tourist/commercial ports - 
Ecotoxicology - Sampling and representativeness cell 
Dredging objectives 
Maintenance and reclamation dredging 
Dredging Methods 
Classifications and costs from bibliography 
In situ and ex-situ interventions 
Preliminary Bathymetric and hydrodynamic studies 
Applicability of Sediment Treatment Methods 
Physical and Biological Chemist 

PROCESS OUTPUT  
(ANALYSIS OF DATA) 

 
Classification and average concentration of pollutants 
In the port(s) of the άtǊƻƻŦ ƻŦ conceptέ - classification and 
typology (commercial, industrial and small ports) 
Impacts of dredging 
Hydrodynamic diffusion models 
Sediment movement 
Any impacts at sea or on land 
Performance and costs of interventions 
general and site-specific assessments for sediment 

reclamation 

DISCUSSION  
(RESULTS Disussion) 

 
Best dredging choices (costs and site specificity) 
Better performance for specific application 
Best Treatments for cost-performance analysis 
Better recovery/reuse choices (environmental benefits) 
 
YES or NO: Reuse or re-immersion? 
YES or NO: In situ or ex-situ monitoring plans (post and ante operam)  
YES or NO: Train Treatment or single approach for reclamation 

Preliminary analysis of 

opportunities and risks 

SWOT 

ANALYSIS 
Redundant semi-qualitative 

analysis 
 

Preliminary analysis of opportunities and risks 

FMEA ANALYSIS 
Semi-quantitative analysis of processes 
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¶ Origin and Characterization sediments - revalent organic or inorganic pollution; - Tourist or commercial 
ports analyzed; influence of Ecotoxicology aspects; the representativeness of the sampling (for 
representativeness cells); etc. 

¶ Objectives of dredging ς maintenance (contamination is probable but not clear-cut) or remediation 
(full-blown contamination). 

¶ Dredging methods: closely linked to the previous point, there is a difference in the approach of 
environmental or ordinary dredging and in this sense; the choice should be made not only on the basis 
of operating costs but also on the real risk of impact during operations of movement. 

¶ In situ or ex situ interventions: The initial choice depends on whether you intervene with treatment or 
safety measures. In the case of in-situ interventions, further evaluation aspects emerge based on the 
hydrodynamic and bathymetric conditions of the seabed. In-situ interventions, however, should be 
oriented towards the recovery of the resource, "leaving the uncontaminated matrices to the sea" in 
order to reduce environmental depletion. 

¶ Applicability of treatment methods: the treatment of contaminated marine sediments starts from 
technologies and techniques applied to soils, as many of these are effective for the sediments. 
Furthermore, depending on the pollution, which is the most suitable process: chemical, physical and 
biological. Although task 4.5.3 was initially focused on biological aspects, it must be considered that in 
the case of sediments a "train treatment" process is often effective for the complete removal of 
pollutants or, alternatively, to prepare the matrix for biological degradation of the bacteria in the 
presence of multipollutant. 

The list of input data defined by the preliminary analysis, which can be extended based on subsequent 
reviews and interactions, requires the specific study of each single aspect that, as a domain effect, involves 
assessments and knowledge, which are in turn different. In this sense, the FMEA analysis is an AdR tool 
quantitatively aimed at defining the priority aspects of risk mitigation. 
 

SWOT AND FMEA ANALYSIS  

The definition of risk and Risk-Based Thinking have become predominant in quality systems with the latest 
version of the ISO 9001 standard. These concepts are indeed explicitly stated in the standard, but they were 
already present "between the lines" in the 2008 version. 

The ISO 31000 standard defines risk as an effect of uncertainty on objectives. It is easily deduced from this 
definition how this can generate both a positive event and a negative event, despite the fact that, in everyday 
usage, we tend to associate risk with a purely negative event. 

Risk analysis consists, first of all, in the identification of the risk and its nature, but also in the analysis of its 
causes and potential consequences. Only with an understanding of these factors will it be possible to make 
choices to adequately address them. 

In Task 4.5.3, SWOT and FMEA risk analyzes were used. The first one aims at a strategic analysis to make 
decisions with a purely qualitative method, while FMEA has a semi-quantitative approach. 

The SWOT analysis tool, also known as SWOT matrix, allows evaluating both the positive and negative 
aspects of the internal and external context. 

SWOT (Strengths, Weaknesses, Opportunities and Threats): where the first two elements refer to the 
internal context and are specific to the organization, while the last two refer to the external context, including 
all the factors that do not belong to the organization itself but rather to everything that surrounds it. 

ü Strengths (S) ς These are the aspects considered strong points of the organization, where it excels. 
ü Weaknesses (W) ς Unlike strengths, these are the areas where the organization is lacking or at least 

not sufficiently prepared. 
ü Opportunities (O) ς These are opportunities arising from everything that surrounds the 

organization. Useful factors may include geographical location, the presence of key stakeholders 
in the area, legislative decrees, etc. 

ü External Threats (T) ς The same factors that may present opportunities can automatically become 
threats for organizations that are not adequately prepared. 
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The SWOT analysis should help in understanding the factors surrounding the organization and placing them 

in the appropriate position. The next effort should be to transform weaknesses into strengths and threats into 
opportunities. 

We can easily observe how risks can (and should) also be placed within the SWOT matrix, categorized into 
internal and external context. At this stage, identifying and assessing risks is an almost mandatory step to 
making the SWOT analysis effective. Transforming risks into opportunities to seize or into strengths thus 
becomes the new mission, aligning perfectly with the latest version of ISO 9001. 

 
The FMEA (Failure Mode and Effects Analysis) was chosen for use within task 4.5.3 because it is a 

multidisciplinary quantitative analysis developed by a team of experts who are involved in order to identify 
potential causes of error, quantify severity, and assess preventive actions to be taken to avoid their occurrence 
(general scheme in Figure 1.3). 

This type of analysis is used during the design phase to mitigate the occurrence of issues that could 
compromise the entire process. 

Failure modes are analyzed through an effects analysis, identifying potential causes of error, how they can 
be detected, and the frequency with which they may occur. 

Once the risks have been quantified, corrective actions to be taken are suggested, and the responsible 
individuals for the intervention are defined. 

In the context of the RETURN Project, the FMEA analysis can be applied in different phases of the sediment 
dredging and remediation process: 

 
ü Planning 
ü Dredging 
ü Transport and temporary storage 
ü Remediation treatment 
ü Outcome verification 
ü Reuse or disposal. 

 
The SWOT analysis was presented only after collecting input data (related to characterization, treatment, 

operational feasibility, etc.), in order to organize and standardize the available information. 
 
On the other hand, the FMEA has been presented as a mere analysis tool: the procedure and completion 

of the FMEA approach is complicated and dynamic, in continuous and perpetual updating. In this case, 
following the SWOT analysis, examples of potential failures have been identified and analysed across various 
development phases (dredging, in-situ treatment, ex-situ treatment, reuse, etc.) 
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Figure 1.3 - Scheme of the FMEA analysis 
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SECOND SECTION: GENERAL BIBLIOGRAPHICAL ASPECTS 

SAMPLING CRITERIA FOR SEDIMENTS TO BE SUBJECTED TO MOVEMENT. 

The assessment of sediment quality is not easy to define, as sediments are complex systems and their 
interaction with the ecosystem is equally complex. There is no universally accepted methodology for assessing 
the state of pollution of sediments. The determination of pollution is influenced by the difficulty of obtaining 
information from the system without disturbing it and interpreting it, furthermore sediments are composed 
of many microenvironments, in which chemical, physical and biological conditions can vary and these in turn 
influence the environmental toxicity of the contaminants contained in the sediment and their bioavailability 
but the objective of guaranteeing the quality of sediments is also necessary to ensure the protection of water 
quality and the validity of the results obtained in the characterization phase of the site that hosts these 
materials. The main objectives of the characterization in terms of sediment quality are closely linked to the 
proper performance of the studies of an area to be reclaimed and are ideally divided into two phases:  

¶ Priority phase; 

¶ Detail phase. 
 
The Priority phase (1st phase) is characterized by operations aimed at evaluating the horizontal and vertical 

distribution of contaminants, and the possible correlations between contaminant distribution and 
granulometric characteristics of the sediments. Furthermore, it is a priority to establish the effects of 
contamination on living organisms, the bioavailability of the pollutants identified and the possible transfer to 
food networks, in particular cases and in particularly sensitive areas the concentration of contaminants along 
the water column, and the contribution of heavy metals, distinguishing between natural and anthropogenic 
sources. 

In the Detailed (second) Phase the study is completed by examining the chemical, physical and eco-
toxicological characteristics of areas possibly not investigated in the first phase, analytical investigations can 
be carried out on the samples taken previously, investigations on the water column, on benthic and necto-
benthic populations (ISPRA, 2012) The first thing to do is therefore to study the horizontal and vertical 
distribution of contaminants within the sediments. 

The optimal sampling strategy must allow a significant characterization of the entire surface and volume of 
material to be moved. The sampling criterion described takes into account the bathymetric heterogeneity of 
the seabed, the qualitative variability of the sediments, as well as the internal structural articulation of Italian 
ports. It provides for three types of unit areas (APAT-ICRAM, 2007), each of which must be characterized by a 
single sampling point and positioned close to the internal structures of the port (type 1), in the central areas 
of the port at a distance from the structures (type 2) and in the areas at the entrance of the ports or along the 
coastlines adjacent to port areas (type 3), provided that there is no specific contamination deducible from 
previous information. 

 
ü Type 1 (Ports) 

Along the internal perimeter characterized by the presence of structures, such as jetties, docks and docks, 
a 50 m x 50 m square mesh grid must be superimposed on the area to be dredged (unit sampling areas of type 
"1"). Any residual areas, resulting from the subdivision into lots of 2,500 m2, can be omitted if their surface 
area is less than 1,500 m2. 

 
ü Type 2 (Ports) 

In internal areas at distances greater than 50 m from the structures, a square mesh grid with a side of 100 
m must be superimposed on the area to be dredged (unitary area of type "2"). This grid of unitary areas must 
be positioned in contiguity with any unitary areas of type "1" and "3". Any residual areas resulting from the 
subdivision into lots of 10,000 m2 may be omitted if their surface area is less than 5,000 m2. 

 



 

26 
 

 
ü Type 3 (Ports and adjacent areas) 

Within the port entrances, the external areas adjacent to the port, along the external protection dams and 
breakwaters, as well as other areas adjacent to the coastline, a grid with a square mesh of 200 m side (unit 
area of type «3») must be superimposed on the area to be dredged. This grid of unit areas must be positioned 
adjacent to the grids of unit areas «1» and «2» where present. Any residual areas resulting from the division 
into lots of 40,000 m2 may be ignored if their surface area is less than 10,000 m2. In each unit area, regardless 
of the type, at least one sampling point must be identified, representative of the area, and positioned 
according to the volume of material to be dredged and the distance from the point of the adjacent unit areas. 

Regardless of the surface area involved, the number of points must not be less than 3. The height of each 
individual core taken must be at least equal to the thickness of the material to be removed expected at the 
sampling point. 

 
Below are schematically reported some graphic examples of the sampling grids described in the previous 

cases (Figure 2.1- 2.2). 

 
Figure 2.1 - Example of Sampling in the internal port area (Figure with Italian references referring to APAT-ICRAM (2007), Italian legislative reference 

regulation) 
 

 
Figure 2.1 - Example of Sampling of the port entrance (Figure with Italian references referring to APAT-ICRAM (2007), Italian legislative reference 

regulation) 
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Sections of approximately 50 cm must be taken from each core, according to the following indications 

(APAT-ICRAM, 2007). 
- Cores up to 2 m high must be divided into sections of 50 cm, starting from the top, taking a number 

of sections from 1 to 4, depending on the length of the core, leaving out the deepest section when 
the latter is less than 25 cm. 

- For cores with a height greater than 2 m, in addition to the 4 levels referred to in the previous 
point, a section of 50 cm must be taken representing each subsequent interval of 2 m, leaving out 
the section relating to the deepest interval when the latter is less than 1 m; 

- If it is ascertained that the natural geological substratum constituting the area has been reached, 
appropriately documented in the technical report, for which any anthropogenic contamination can 
be excluded, it is sufficient to take a single section of length 50 cm representing the entire base 
layer. 

 

Below 5 different examples are reported for typical core characterization (Figure 2.3-2.6). 
 

 
 

Figure 2.2 - Section of the cores to be collected for analysis, example 1 and 2 (Figure with Italian references referring to APAT-ICRAM (2007), 
Italian legislative reference regulation) 
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Figure 2.3 - Section of the cores to be collected for analysis example 3 (Figure with Italian references referring to APAT-ICRAM (2007), Italian 
legislative reference regulation) 

 

 

 
Figure 2.4 - Section of the cores to be collected for analysis, example 4 (Figure with Italian references referring to APAT-ICRAM (2007), Italian 

legislative reference regulation) 
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Figure 2.5 - Sections of the cores to be collected for analysis, example 5 (Figure with Italian references referring to APAT-ICRAM (2007), Italian 
legislative reference regulation) 
 

CHEMICAL-PHYSICAL ANALYSIS OF SAMPLES 

Once the samples have been collected, it is possible to proceed with the analysis. The list of parameters to 
be analysed varies according to the sampling area and the intended type of analysis. For the chemical, physical 
and microbiological ones, the parameters to be analyzed are included in the tables below in relation to the 
collection site (APAT-ICRAM, 2007): Table 2.1. 

 
Analyses must be carried out to search for substances whose presence cannot be excluded on the basis of 

previous investigations, as well as on the basis of the list of priority substances referred to in the decision of 
the European Parliament no. 2455/2001/EC.  

 
Analyses concerning additional substances must be carried out on a representative number of samples, 

chosen to obtain the most representative distribution possible of the area to be characterized, with particular 
attention to the areas with presumed greatest contamination. 
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Table 2.1 - Chemical-physical analyses relating to port areas (extract from Table 2.1a of APAT-ICRAM, 2007) 
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INTERPRETATION OF QUALITY CLASSES: CHARACTERIZATION OF DREDGED SEDIMENT 

The marine sediment characterization plan must be carried out in light of D.M. 173/2016. The sampling 
plan and characterization strategies have been prepared according to the characterization Path I proposed in 
the Ministerial Decree and have been designed in accordance with the provisions of the Port Regulatory Plan. 
Figure 2.7 shows the Characterization paths provided by D.M. 173/2016. 

 

 

Figure 2.6 - Characterization paths provided by Ministerial Decree 173/2016 (in Italian) 
 

 

The results of the analyses and the related quality control measures, as well as the analytical methodologies 
used for each chemical parameter, must be reported on the test reports issued by the accredited laboratories, 
as well as the following information: 
ω Recovery percentage compared to certified standard materials 
ω Limit of quantification or LOQ (guaranteeing at least those reported in Table 4.2 and the technique with 

which the LOQ was quantified) 
ω Extended uncertainty 
ω QA/QC assessments 
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Table 2.2 - Chemical and ecotoxicological parameters researched according to the Technical Annex to the Ministerial Decree 173/2016 (in Italian) 

 

 
 
With reference to the eco-toxicological part, biological tests must be performed on all samples intended 

for analysis. The results must be reported on the test reports issued by the accredited laboratories, indicating 
the test methods and statistical results (Table 2.3). 

 
Table 2.3 - Physical parameters searched according to table 2.6 of the Technical Annex to Ministerial Decree 173/2016 (in Italian) 

 
 
Finally, microbiological analyses must be performed on surface samples, as reported in Table 4.4. The 

results, including data relating to positive controls (reported to the laboratory control chart), in tabular 
summary form, must be reported and discussed in a specific Technical Report generally produced by the 
testing laboratory itself. 

 
Table 2.4 - Microbiological parameters researched on surface sediments according to the Technical Annex to Ministerial Decree 173/2016 (in Italian) 
 

 
 
 

The quality classification of the analyzed sediments must be carried out on the basis of the chemical and 
eco-ǘƻȄƛŎƻƭƻƎƛŎŀƭ ŀƴŀƭȅǎŜǎΣ ƻƴ ǘƘŜ ōŀǎƛǎ ƻŦ ǘƘŜ ά²Ŝƛghted integration criteria, as reported in table 2.7 of the 
D.M. 173/2016 (Table 2.5). 

 
 
 
 
 

PARAMETRO SPECIFICHE 

LIMITE DI 

QUANTIFICAZIONE 

(LOQ) 

Metalli e metalloidi As, Cd, Crtot., Cr VI, Cu, Hg, Ni, Pb, Zn, V, Al, Fe 
0,03 mg/Kg (Cd, Hg) 

1 mg/Kg (altri) 

Idrocarburi Policiclici Aromatici 

(IPA) 

Acenaftilene, Benzo(a)antracene, Fluorantene, Naftalene, 

Antracene, Benzo(a)pirene, Benzo(b)fluorantene, 

Benzo(k)fluorantene, Benzo(g,h,i)perilene, Acenaftene, Fluorene, 

Fenantrene, Pirene, Dibenzo(a,h)antracene, Crisene, 

Indeno(1,2,3,c-d)pirene e loro sommatoria 

1 µg/Kg 

Idrocarburi C>12 Nessuna specifica 5 mg/Kg 

Pesticidi Organoclorurati (OCP) 

!ƭŘǊƛƴŀΣ 5ƛŜƭŘǊƛƴΣ 9ƴŘǊƛƴΣ ʰ-I/IΣ ʲ-I/IΣ ʴ-HCH (Lindano), DDD, 

55¢Σ 559 όǇŜǊ ƻƎƴƛ ǎƻǎǘŀƴȊŀ ƭŀ ǎƻƳƳŀ ŘŜƎƭƛ ƛǎƻƳŜǊƛ нΣпΩ Ŝ пΣпΩύΣ 

HCB, Eptacloro epossido 

0,1 µg/Kg 

Policlorobifenili (PCB) 
Congeneri: 28, 52, 77, 81, 101, 118, 126, 128, 138, 153, 156, 169, 

180 e loro sommatoria 
0,1 µg/Kg 

Carbonio organico totale o 

sostanza organica totale 
Nessuna specifica 0,1 % 

Composti organostannici Monobutilstagno, Dibutilstagno, Tributilstagno e loro sommatoria 1 µg/Kg 

Sommatoria T.E. PCDD, PCDF 

(Diossine e Furani) e PCB 

Diossina Simili 

Elenco di cui alle note della tabella 3/A di cui al D.Lgs. 172/2015 D.Lgs 172/2015 

Ecotossicologia selezionato un saggio biologico tra le tipologie 1, 2 e 3  

 

PARAMETRO SPECIFICHE UNITÀ DI MISURA 

DESCRIZIONE 

MACROSCOPICA 

Colore, odore, presenza di concrezioni, residui di origine 

naturale e/o antropica 
- 

GRANULOMETRIA 
Frazioni granulometriche al 1/2 

Dove  = - log2 (diametro in mm/diametro unitario in mm) 
% 

MINERALOGIA Principali caratteristiche mineralogiche % 

 

PARAMETRO SPECIFICHE UNITÀ DI MISURA 

MICROBIOLOGIA 

Conta Enterococchi Fecali; Conta Clostridi solfito-riduttori; 

Ricerca Salmonella spp; Conta Coliformi Totali; Conta 

Escherichia coli; Conta Lieviti e ifomiceti; Conta Stafilococchi 

- 
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Table 2.5 - Sediment Quality Classification According to the Weighted Integration Criteria (DM 173/16) 

 

 
ATTENTION* the table refers to the previous priority classifications recently updated following the externalization of the DM 173/16. In general, the 

options remain the same and the color indications summaries the a lterna tives in l ight of  the new qua lity class if ica tion (A1-C2 Ą  A-E) 
 

According to the frequently cited manual, the management options that can be pursued are direct 
consequences of the quality status resulting from the characterization of the samples. Table 2.6 provides a 
summary of the possible alternatives for the different quality classes. 

 
Table 2.6 - Quality class table (APAT-ICRAM, 2007, in Italian) *  
 



 

34 
 

DREDGING OBJECTIVES 

Dredging activities and scenarios have evolved slowly over the centuries, gradually moving from 
experience-based applications to increasingly advanced interventions, fueled by equipment that follows the 
pace of technological evolution and by projects based on mathematical and numerical models. 

The main objective of dredging has always been the maintenance of navigable depths in ports or canals, 
while more current issues include reclamation, construction and maintenance of maritime infrastructure on 
which the economic well-being of many countries is based. 

The most recent need is to address these realities also from an environmental point of view, in order to 
mitigate the negative effects associated with each dredging project. The amount of material made available 
by each intervention is considerable, which is why the current tendency is to promote its beneficial use, from 
the creation of construction materials, to the nourishment of eroding beaches or, for example, to the 
protection of salt marshes. 

In general, the term dredging refers to a wide variety of different activities; the main objectives are 
essentially four: 

1. economic, linked to the creation of the seabed necessary for the transit of ships in the access 
channels to ports and in port basins; 

2. recreational, carrying out beach nourishment works;  
3. coastal protection and sea defence works; 
4. defence, understood as flood prevention through the construction of environmental 

protection works and the removal of polluted material. 
 
Although less commonly, dredging is used to find minerals and precious metals or to remove the excess 

part that covers them. Three main categories can therefore be recognized: main, maintenance and corrective 
works. 

 

MAINTENANCE DREDGING 

This type of activity concerns the removal of silting from the bed of the canals, a natural phenomenon, in 
order to maintain the design depth for navigation in the canals and in the ports. The main characteristics are:  

- Variable quantities of material;  
- Soft, non-compacted soil;  
- Possible presence of contamination; 
- thin layers of material; 
- Work to be done with fixed periodicity. 

Since maintenance dredging is most often needed in areas that are artificially deepened for navigation, it 
does not necessarily impair the natural environment (Giaime and Mosca, 2009). The greatest potential for 
negative environmental impact is the disposal of dredged material and the high amount of suspended material 
during the dredging phase, which may eventually include dispersion of pollutants. 

The problem of turbidity can be controlled with appropriate procedures and means. This is aggravated by 
the need to do this type of intervention on a regular basis, since silting is a cyclical phenomenon. The polluting 
content of the material that has to be excavated can have a significant impact on the environment. 

Many cities have long allowed sewage and industrial waste to be poured into canals, causing canal beds to 
become impregnated with numerous pollutants that have entered the water system. 

Dredging can spread the particles to which the contaminants are attached and increase the speed with 
which they spread. The extent of this phenomenon depends on the type of equipment used and the care taken 
by all those involved in these operations. 
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CAPITAL DREDGINGS 

They involve the creation of new or improved facilities such as port basins, deeper navigation in canals, a 
lake or a reclamation area for industrial or residential purposes. The following features generally characterize 
these projects:  

- Repositioning of large quantities of material;  
- Compact soil; 
- Undisturbed soil layers; 
- Low contamination content;  
- Layers of significant thickness;  
- Non-repetitive dredging activity. 

Clearly, a negative environmental effect of these operations is often the destruction of natural habitats 
(drainage of wetlands, disposal of dredged material in biologically sensitive areas...) (Giaime and Mosca, 2009). 
However, on the other hand, additional wetlands or tidal zones can be reconstructed and important areas can 
be protected from erosion. 

How exactly the environment is affected is largely determined in the design phase. The spread of chemical 
contaminants absorbed by the dredged material is generally of little concern if the material to be dredged is 
unaltered. The environment is best considered when a comprehensive analysis of the environmental 
consequences is integrated into the design phase. It is at this stage that the main remedies can be taken, such 
as improved design, suitable selection of dredging facilities and informed selection of sites. Furthermore, the 
beneficial reuse of dredged material can have a largely positive effect on the whole environment in the project 
area. 

 

ENVIRONMENTAL\REMEDIAL DREDGING 

It should be noted that both infrastructure and maintenance works can have a beneficial effect in terms of 
removing contaminated material. Remedial work, purely for the purpose of cleaning the dredging area, is not 
always considered as a separate type of dredging and has distinctive characteristics. A company to correct past 
actions that, in many cases, have strongly determined the contamination of the sediments carries it out. This 
type of remedial dredging requires the careful removal of the dredged material and is therefore linked to its 
further treatment, reuse and repositioning. Its characteristics are: 

- limited quantities of dredged material; 
- highly contaminated contents; 
- soft, non-compact material; 
- requirement of periodic interventions. 

It is therefore work aimed at remedying an existing critical situation, which is carried out with great care 
and which does not significantly damage the environment in other ways. A prerequisite for a dredging 
operation of this type is the removal of contaminated material before the start of any type of intervention. 
Each of these three types of intervention has different purposes, although none is aimed at dredging for its 
own sake; it is a means to an end such as deepening a channel, removing contaminated material, or creating 
safe zones for commercial or industrial development. To meet these intentions, the dredging industry has 
developed a wide variety of means, each with specific characteristics. 
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PHASES OF A DREDGING CYCLE 

The characteristics of a dredging cycle vary considerably from project to project. However, it is possible to 
identify a number of different phases that are common to most projects in relation to the equipment used for 
each execution. The phases are reported below (Smith, 1998). 

 

PHASE 1 - EXCAVATION OR REMOVAL PHASE 

This process involves the removal of sediments and/or rocks from the bottom. A special machine, a dredge, 
is used for these purposes, through mechanical or hydraulic action or a combination of the two. The most 
significant environmental effects that occur during this process are reported in the following.  
Å Increase in suspended sediments: during the excavation phase, the cohesion of the in-situ material is 

loosened and part of the material can be brought into suspension due to the rotational or cutting 
movement. The amount of material brought into suspension depends on the energy applied in the 
excavation and on the way in which the material is lifted to the surface.  

Å Mixing of the layers: when equipment necessary for thick layers is used, equipped with a combined 
vertical and horizontal cutting movement, it is difficult to avoid mixing the layers themselves. If the 
movement of the equipment, on the other hand, is only horizontal, it is easier to control the thickness 
of the layers. 

Å Dilution (in the case of hydraulic dredging): to facilitate transport of the excavated material, water is 
added during the cutting and suction phases. The water/soil ratio varies depending on the type of 
dredge. This variable is influenced when the thickness of the layer to be removed is small compared to 
the minimum thickness that the dredge can remove. 

 

PHASE 2 - LIFTING THE MATERIAL 

During the second phase of a dredging cycle, the removed material is lifted to the liquid surface; this 
operation can be performed mechanically or hydraulically. In the first case the material is lifted using a grab 
(bucket dredgers, scoop dredgers or clamshell dredgers); in the second case the hydraulic dredgers 
(disintegrator suction, stationary suction and self-propelled suction) use a suction pipe. The excavated material 
is sucked from the suction mouth using centrifugal pumps.  

The material is then further lifted by means of the suction pipe towards the pump and from there, through 
the discharge line, it is sent to the dredger's hold.  

The environmental r isks at this stage are different.  
Å Release of suspended sediments: in the case of mechanical excavation with an open bucket, the 

dredged material is in direct contact with the water, which can cause dilution and an increase in the 
content of the suspended sediments in the overlying water column.  

Å Release of loose layers: with hydraulic transport there are potential problems related to the area of the 
suction mouth. If the suction capacity is lower than the excavation capacity of the dredger, there is a 
release of material that forms a layer, which remains on the seabed. The same effect is observed when 
the disintegrated material slowly falls into the water column, reaching the suction depth when the 
suction mouth has moved away.  

Å Density of the material: problems can arise with hydraulic transport, as this method requires the 
addition of water to obtain a density of the mixture that is suitable for pumping. The coordination 
between the excavation capacity and the pumping capacity is crucial: if the latter is too high, the density 
of the mixture in the suction line becomes too low. This causes problems of dehydration during the 
disposal or treatment phase, which is even more worrying in the case of contaminated material. 

Å Overflow during the loading of the hopper or barges: the overflow of excess water inevitably carries the 
sediments into the surrounding waters. This is important especially when treating contaminated 
materials. 
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PHASE 3 - TRANSPORT OF DREDGED MATERIAL. 

The third phase of a dredging cycle is the horizontal transport of the excavated and lifted material from the 
dredging area to the treatment or final storage area. This can be achieved mainly with one of these methods: 
1) transport in the hold of the dredgers themselves or on barges; 2) pumping through pipelines; 3) transport 
on trucks and conveyor belts. 

Each method is linked to the type of dredger used: transport by barge is generally associated with 
mechanical excavation, while transport by pipeline is used with hydraulic dredgers. The environmental effects 
related to transport can be summarized as follows. 
Å Safety: when using open barges for transport, the crew may come into direct contact with the dredged 

material. This is not a problem in a normal dredging project, but in the case of contaminated material a 
health risk may arise.  

Å Dilution: this is more likely to occur with the use of hydraulic dredges where a maximum density is 
imposed to allow discharge, driven by centrifugal pumps, through pipelines. 

Å Spillage: the greatest risk is the loss of material in the joints between pipelines or the loss from the 
barges themselves, especially in difficult weather conditions. Leakage may also occur if the bottom of 
the barge is damaged or poorly sealed;  

Å Noise and air pollution: this is a more significant effect in the case of transport by barge than in the case 
of transport by pipeline. 

 
Figure 2.8 shows the sequence of operations during the transport phase. 
 

 
 
Figure 2.7 - Sequence of operations during the transport phase 

 

PHASE 4 - PLACEMENT OF THE MATERIAL 

The final stage of a dredging project is the repositioning of the excavated material to its final destination or 
to an intermediate site for treatment operations. The possibilities at this stage are considerable: - reclamation 
of an area; - nourishment; - creation of wetlands; - repositioning on land; - repositioning in a quarry; - 
repositioning at sea. 

The following effects due to repositioning are noteworthy. 
Å Occupation of spaces: the major effect, especially in the case of positioning on land, is the occupation 

of land and the alteration of the natural habitat. The same occurs underwater, with a less visible effect. 
Å Dispersion of the deposited material: in underwater storage sites, depending on the depth of the sea, 

the effects of waves and currents can cause the dispersion of the finer material. On land, however, the 
same action is carried out by wind or rain;  

Å Noise and air pollution: the placement operation, especially if carried out by vehicles or other earth-
moving machines, can generate noise and pollution problems;  

Å Quality of underground water: if the choice of the storage area is wrong and the protective measures 
are lacking, the loss of material can damage the underlying aquifer. 



 

38 
 

 

SEDIMENT REMOVAL: THE DREDGES 

Dredging equipment should be chosen according to the type of material to be dug, the presence of wave 
motion in the excavation area and the overall amount of excavation to be done. Dredgers are of different types 
and sizes and include machines operating in water and those on land. Dredging equipment is classified 
according to the excavation operations and can be grouped as follows (Smith, 1998).  

- mechanical dredgers;  
- hydraulic dredgers;  
- special low-impact dredgers;  
- other types of dredgers. 

 
The identification of the most suitable dredgers can also be made based on the propulsion, choosing 

between self-propelled or stationary machines. It is also necessary to take into account a combination of 
factors such as the type of physical environment, the positioning method and the distance from the positioning 
site and finally the nature, quantity and level of contamination of the material to be dredged. 

HYDRAULIC DREDGERS 

They are generally used in the presence of weakly compacted material and mainly use centrifugal pumps. 
The material is collected and transported in sludge or liquid form by means of suction pipes that operate 

as a result of the depression that forms in the collection area.  
Hydraulic dredges are often also used to indicate those dredges whose operation is achieved by coupling 

both types, in which the excavation system is mechanical and the material transport system is hydraulic. These 
dredges are designed to meet specific needs, as they allow well-compacted materials to be dredged while 
limiting problems related to turbidity and the escape of particles into the water column.  

The concentration of solids collected is intermediate between that obtained with the mechanical and 
hydraulic techniques. Among the many disintegration mechanisms that are often applied to this type of 
dredger, there is also the use of powerful water jets near the suction head, which significantly improves the 
excavation capacity in the presence of more compacted material.  

The dredged material is usually deposited in the unloading area through a special pipe or is fed into the 
hold of the dredger itself, from which it can be subsequently unloaded through an opening in the bottom. 
Hydraulic systems are faster than mechanical ones and cause less suspension of material since, during 
dredging operations, once captured by the suction head, they do not give rise to many leaks into the 
surrounding water column. Three main types of hydraulic dredgers can be identified. 

 
ü Suct ion Dredgers - Stat ionary suct ion dredgers (SD) 

They are used for excavation operations of unconsolidated soils made up of sand or gravel. Their main 
limitation is that they produce shallow excavations and for this reason they are rarely used for the construction 
of ports or canals. They require anchors and moorings that can hinder navigation. It is a very economical tool 
when it can flow directly through pipes into the filled area (Figure 2.9). 

  
ü Cutter Suct ion Dredgers (CSD) 

They are equipped with a cutting head that increases the dredge's material removal capacity. They operate 
by advancing on two anchoring pylons fixed in the ground: during the dredging operation, the cutting head is 
moved by mechanical winches and describes semicircular arches that cause incisions in the seabed of a depth 
of about ten centimeters. The material is then captured by the head of the suction pipe and is then pumped 
to the shore through pipes or placed on barges. 

They are properly used in the case of well-compacted materials such as clay, sand or soft rocks (Figure 
2.10). 
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Figure 2.8 - Stationary suction dredger 
 
 

 
Figure 2.9 - Dredger underway (left) - Section of a suction dredger (right) 

 
 

ü Trailing Suct ion Hopper Dredgers (TSHD) 
 

They operate in such a way that as they move, they make a suction head crawl on the seabed which picks 
up the material and puts it into the hold. This type of dredger can navigate autonomously without the need 
for tugs or moorings, allowing the transport of the load even over long distances. They are suitable for dredging 
all non-rocky solids. The material is then unloaded by gravity by opening the bottom of the vessel or is pumped 
to the shore via pipes. Thanks to their high working and production speed, they are frequently used in 
nourishment or dry land creation projects and in maintenance dredging, but they still need adequate sea-beds 
and liquid surfaces of sufficient size (Figure 2.11). 

 

 
Figure 2.10 - Dredger underway (left) - Section and planimetry of a TSHD dredger (right) 
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MECHANICAL DREDGERS 

They are used to remove gravelly, hard or compact material using technologies similar to land excavation 
methods. They are suitable for work in areas of limited size. Mechanical dredges use excavation and transport 
systems that can generally be identified with a clamshell bucket, mechanical spoons or buckets where the 
collected material passes through the entire water column meeting the surrounding environment. The 
dredged material is then transported by pontoons and barges or by hopper boats with an opening on the 
bottom capable of travelling long distances. The cohesive sediments dredged and transported with this 
method generally remain intact throughout the process, with large quantities that maintain the density and 
structure that they had in situ. The main types of mechanical dredges are listed below. 

 
ü Bucket Ladder Dredgers (BLD) 

They use a series of containers, ōǳŎƪŜǘǎΩΣ ƳƻǳƴǘŜŘ ƻƴ ŀ ǎŜƭŦ-propelled belt. By rotating, they collect and 
drag the material to the surface and then unload it onto buckets placed alongside the dredger. They can be 
used for a wide variety of sediments including those formed by soft rock. They have a low yield in clay and not 
very high in sand due to the buckets not being completely filled. They have fallen into disuse due to their low 
production speed, the high level of noise and also the need to have large moorings that are an obstacle to 
navigation. They also have the defect of causing a high dispersion of the material in the water column, also 
due to the fact that the air trapped in the buckets during the ascent tends to push out part of the collected 
material (Figure 2.12). 

 

 
Figure 2.11 - Dredger underway (left) - Section of a Bucket ladder dredger (right) 

 
ü BackHoe Dredgers (BHD) 

They work similarly to mechanical earth excavators: they are in fact characterized by a scoop excavator 
installed on the deck of a vessel equipped with steel anchoring pylons. The excavated material is brought to 
the surface and deposited on barges for transport. They are tools of limited use, with high operating costs, 
used for the excavation of compact, heterogeneous material but whose limitation is the fact that they cannot 
reach very great depths (Figure 2.13). 

 
Figure 2.12 - BHD dredger in action 
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ü Grab Dredgers (GD) 
They are equipped with a grab bucket operated by a mechanical arm located on the deck of the vessel. The 

dredging operation is carried out by lowering the bucket to the seabed, closing it and raising it to the surface 
where its contents are unloaded onto buckets placed next to the dredger. It is a flexible piece of equipment, 
suitable for carrying out modest quantities of work, given that it has high unit costs; it is particularly suitable 
for excavation work in areas that are difficult to access. 

Another limitation is that it produces irregularities in the shape of the seabed (Figure 2.14). 
 

 
 

Figure 2.13 - Grab bucket dredger 
 

OTHER TYPES OF DREDGERS 

Among the specialized dredging techniques in which there is no need to lift the material to the surface 
before it is transported, the so-called "hydraulic dredges" stand out. Horizontal transport is in fact obtained 
by natural forces, but in a less controlled way than the other methods just described. Two main types of 
dredgers fall into this category: hydraulic injection dredgers and underwater ploughshare dredgers. 
Environmental tolerability, in the use of this system, should always be considered in the preliminary phase of 
a dredging project so that appropriate contractual conditions can be included. 

 
ü Water Inject ion Dredgers (WID) 

This equipment throws a large amount of water on the surface layers of the bottom, as a result, the density 
of the material decreases and the upper part rises slightly. The material starts to move naturally until it reaches 
a state of equilibrium. In the case of a slope, even a small one, in the dredging area, the transport distance can 
be significant. The material is deposited in an adjacent area with a lower slope. WIDs are dredgers that cannot 
be used in environmental projects because the material is not physically removed but simply moved to another 
place, in a rather uncontrolled and less predictable way. However, they can be used with some advantages in 
those areas less sensitive to this type of problem (Figure 2.15). 

 

 
Figure 2.14 - Dredger underway (left) - Section and planimetry of a water injection dredger (right) 
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ü UnderWater Plough (UWP) 

Characterized by a large frame that is pulled along the bottom by a tugboat; the frame is equipped with 
blades that scrape the surface layers of the bottom. The excavated material remains in front of the blades and 
is then pushed forward until the volume of the collector is full. At this point the process must be stopped 
otherwise the material escapes from the collector and becomes partially suspended. 

The UWP system is mostly used in maintenance dredging in tidal basins, where large quantities of sediment 
are deposited. The material is either pushed back towards the main current, so as to reintroduce it into the 
natural transport process of the channel, or it is moved to areas where other dredging equipment does not 
have access and where it can subsequently be removed by normal dredging. 

This type of operation cannot be carried out in environmental dredging projects as it is impossible to control 
the transport and deposit process and the material is not removed from its natural system. In other projects, 
however, it can be a valid alternative, preferable for lower operating costs (Figure 2.16). 
 

 
Figure 2.15 - Dredger underway (left) - Section and planimetry of a UWP dredger (right) 

ADVANCES IN DREDGING EQUIPMENT 

In addition to the development of new machines, dedicated to infrastructural dredging, a significant push 
has been given to the enhancement and optimization of existing tools. 

In recent years, many changes have been implemented in relation to the constraints imposed on dredging 
activities, in response to considerations and limitations desired regarding the protection of environmental 
ecosystems. This has led to a general rethinking, both from a conceptual and technical point of view, of all 
dredging activity; it has determined a continuous adaptation of traditional machinery to improve their ability 
to cope with new constraints. The major innovations that have driven these changes are: 

- Increased dredging precision in order to reduce dredged volumes; 
- Reduction of suspended sediment production in the dredging and storage area, in order to avoid 

problems arising from slightly or heavily polluted material; 
- Improved on-board monitoring and control possibilities to enable the crew to recognize and 

correct effects and trends in the initial phase; 
- 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ΨƭŀȅŜǊ ōȅ ƭŀȅŜǊΩ ŜȄŎŀǾŀǘƛƻƴ ƳŜǘƘƻŘǎ ǘƻ ŀŎƘƛŜǾŜ ǎŜƭŜŎǘƛǾŜ ŘǊŜŘƎƛƴƎ ƻŦ ƭŀȅŜǊǎ ǿƛǘƘ 

different contamination contents; 
- Reduction of material losses from easily erodible layers: this prevents dispersion problems in the 

case of polluted material; 
- Increase in the transport phase of the density of the dredged material, so as to reduce the volume 

sent for further treatments and so as to reduce the time for the full consolidation and maturation 
of the material in the onshore storage areas; 

- Increase in automatic control, to ensure a continuous process and allow the crew to concentrate 
on the main controls, leaving the repetitive operations to the automatic control system. 

 
 
Some "innovative systems for all types of dredgers" are listed below and briefly described. 

   
  



 

43 
 

 
ü Dredging Informat ion System 

There has been considerable progress in recent times in monitoring dredging activities, both on board the 
vessels using a continuous data recording system, and in the offices using the Dredging Information System. 
These systems continuously record a large number of variables such as dredging depth, position, volumes, 
concentration, voids, pressure, rotation speed, energy consumption. The data is processed automatically and 
sent to both an automatic control and guidance system, and to a real-time feedback system for use by the 
dredging manager and supervisor. 

 
ü Automatic control systems 

The development of information and monitoring systems has led to an increase in the use of automatic 
control systems on board dredgers. This allows the project manager to focus on the creative part, namely the 
optimization and improvement of the dredging cycle. A direct consequence is the continuous need for 
accurate measurement systems for all the variables that enter into the process: the quality of the information 
available is thus better. 

 
ü Degassing system 

A factor that limits the density of the mixture pumped by centrifugal pumps is the gas contained within the 
bottom material. When the gas content is very high, the risk of cavitation, following the rapid increase in 
pressure within the sediment mixture, is very high. It is therefore necessary to reduce the gas content before 
the dredged material enters the suction pump. This technique is widely used by various manufacturers in the 
dredging field; the result is an increase in density in the transport pipeline or in self-propelled suction dredgers 
and a consequent decrease in the volumes to be deposited. 

 
ü Control and monitoring systems 

A concrete improvement in the precision of mechanical dredging equipment has been achieved thanks to 
the continuous monitoring of the position of the bucket in the submerged state using dedicated software. The 
most sophisticated systems memorize the dredging operations, avoiding having to dig several times in the 
same place. 

In general, there are additional systems to define the excavation depth in advance, in order to avoid 
different depths from one cycle to another. Systems have also been developed that automatically control the 
movement of the pontoon in compliance with a predefined curve. The most sophisticated positioning systems 
allow very accurate bucket movements characterized by positioning errors of a few centimeters. These results 
are obtained thanks to the installation of D-GP on the dredge arm, which allow the movements of the cutting 
head to be monitored and instantly corrected automatically or manually. Thanks to these improvements, 
mechanical dredgers can also be used for environmental dredging projects, which was intolerable in the past 
due to the imprecision of the excavation profile. This introduced the possibility of excavating contaminated 
material with densities equal to those in situ. 

 
ü Green TSHD 

One of the major constraints for TSHD dredgers is overflow, i.e. discharge into the sea via surface spillways: 
this practice generates an increase in turbidity in the water column, characterized by a high content of fine 
sediments in the discharged mixture. The simplest but also uneconomical way to overcome this problem is to 
stop dredging when the dredger is full; therefore, new technologies have been introduced. 

- Controlled dumping to improve the accumulation capacity of the dredger. 
- Controlled dumping, via a guidance system in the suction pipe, which directs the excess water to the 

lowest part of the water column. 
- Trailers with better characteristics for containing the material. 
- Reuse or recirculation of excess water inside the jets installed on the dredger. This has made it possible 

to significantly reduce the excess water discharged into the sea and the dispersion of the finest 
sediments in the dredging area. 

- Use of submersible pumps, thus obtaining a higher density of the material to be dredged.
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TRANSPORT OF DREDGED MATERIAL 

TRANSPORT VIA PIPELINE 

This type of transport (Figure 2.17) is fundamentally an environmentally friendly method and, compared to 
other transport methods, it has low energy consumption and, in addition, noise and air pollution are almost 
non-existent. It is generally used for the transport of dredged material, whether it is uncontaminated or 
polluted: it is therefore a clean system as it takes place within a closed circuit. The only points of contact with 
the external environment are the suction mouth and the outlet in the storage area: between these two 
sections there is no possibility of contact between the transported material and the environment unless a 
break occurs in the pipeline itself (APAT, 2004a). The total breakage of a pipeline is a very rare phenomenon 
and leakage control can be investigated when the transported material is heavily contaminated. In most cases, 
however, the impact due to a small leak can be neglected and is less significant than the potential risk of 
contamination of other transport methods. Some measures have been employed to improve this transport 
system, and others could be developed. 

- Recent automatic control systems include a pump-monitoring device and a guidance system for a 
smoother flow process with lower peak values of the mixture density. Physical reasons limit the 
highest peaks of density and this allows obtaining an average density of the mixture in the pipeline. 

- Regular interruptions in the dredging process at the end of each oscillatory movement and during the 
anchoring and loading phases of the material, are the main causes of the addition of water to the 
transport pipeline; the introduction of a series of bearings between the suction and discharge sections, 
prevent the operator from interrupting the suction phase during dead periods. This allows avoiding 
interruptions in the discharge phase of the material during periods of inactivity. 

- The use of high-density pumps significantly reduces the need to add water for transport although, as 
a defect, they have rather limited outlet capacities. 

- In case the transport pipeline requires the use of an unloading barge, the process of returning the 
water from the storage site to the dredger and the recirculation of the water for unloading should be 
considered. The biggest disadvantage of this method is the need to mix the dredged material with the 
transport water and this increases the volume needed for storage or subsequent treatment, which, in 
case of contamination, can be a serious problem. 

 

 
 

Figure 2.16 - Example of transport via pipeline. 
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BARGE TRANSPORT 

The second type of transport, frequently used in dredging works, is by barge or container: in this case, the 
dredged material is deposited hydraulically or mechanically inside a vessel. Horizontal transport between the 
dredging site and the storage or treatment area is therefore done by navigating a barge (APAT, 2004a). This 
system causes noise and air pollution and maritime traffic problems. The main advantage is that water is not 
needed for transport as the excavated material can be taken at its original density, which can therefore be 
maintained, with the exception of the TSHD, which, with the use of hydraulic pumps, conveys the material 
from the bottom to the inside of the vessel. The most obvious risk comes from the fact that most barges are 
open and this involves the possibility of the material leaking out. There is also a risk of crew contact with the 
dredged material, which can present a problem if the dredged material is contaminated. An important element 
in control is to ensure regular inspection of the barges, as well as their maintenance. New approaches have 
been developed to improve the aspects just mentioned. 

 
- To avoid material spilling from the barge during transport, it is useful to cover it with a sheet, or to 

continuously remind the workers to leave sufficient space (at least 50 cm) above the loaded 
sediments. Another possibility is to leave the sediments still for a certain period after the loading 
phase: the water can be pumped out before the transport begins. 

- - For the unloading procedure, the barge is emptied by opening the bottom in an underwater storage 
area or by using another vessel that unloads the material hydraulically, which however requires 
considerable dilution in the suction phase. To avoid this, it is better to use the mechanical system, so 
that the material maintains its density. 

ROAD TRANSPORT 

Road transport should be considered when the destination site of the material is not near a navigable 
waterway. The opportunities for this type of transport are limited, in any case, the advantages consist in the 
fact that the vehicles can be mechanically loaded with any density and that the choice of destination is flexible. 
The main disadvantage derives from the high number of vehicles needed to transport the material and the 
consequent pollution produced, which is certainly greater than that produced by transport by pipeline. 

This type of transport can therefore be used in certain situations: 
- where the material is highly polluted and the cost for the treatment of the transport water is high; 
- where the excavation is carried out mechanically; 
- where the dredged material has different characteristics and therefore different destinations. 
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DEPOSIT OF DREDGED MATERIAL 

The deposition of the dragged material at the storage site is another important phase in the dredging 
process, which can potentially have significant effects on the environment: it is necessary to select these areas 
and the related infrastructure in the most appropriate way. Furthermore, the equipment and techniques used 
for the storage of the material have an influence on the overall environmental effects of dredging APAT 
(2004a). 

 

GROUND STORAGE 

One option for placing the dredged material is on land, within a confined area surrounded by 
embankments: this system is applied when the material must be used on land or when it is contaminated and 
therefore must be deposited in a storage area on land. To send the material to land, pumps are used, installed 
on board the dredgers, which, through pipelines, convey it to the chosen area. With this procedure, the most 
significant environmental effects are: 

- burial of surfaces; 
- change in topography; 
- loss of (contaminated) transport water in the sub-surface layers of the soil. 

 
A problem that can arise at this stage is the breaking of the embankments or the overflow of the material 

above them: the surrounding environment will then be damaged. To avoid all this, an adequate design of the 
embankments and control of the water level inside them is required. Another problematic item is the 
evacuation of the excess transport water: it contains a small part of fine material that is being deposited in the 
storage area and, if this is contaminated, the effect on the environment can be dangerous. Furthermore, the 
quantity of fine material that passes through the terminal section can generate blockages in the channels used 
to remove the transport water. The construction of reclaimed basins can be an additional safety measure in 
which very restrictive limitations must be imposed on the content of suspended sediments relative to the 
transport water. It would also be necessary to close the terminal section of the basin during the material 
deposit phase and stop the work every time the area is filled to its maximum capacity so that, by leaving the 
material to settle for a few days, the water containing, by now, a smaller quantity of suspended sediments is 
removed. To avoid interrupting the storage operations, it is advisable to create several reclaimed basins in 
series, which can then be used simultaneously. In any case, it is advisable to adequately study the 
environmental conditions of the area chosen for unloading to assess any risks or take the necessary 
precautions such as, for example, repositioning the material in a less vulnerable area or installing protective 
coverings such as those in HDPE (High-density polyethylene) or natural materials (Figure 2.18). 

 

 
 
Figure 2.17 - Confined area for the storage of dredged material 
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SEA STORAGE 

When the dredged material is qualitatively suitable, it can be deposited in the sea, if suitable areas are 
available. Generally, underwater storage occurs after horizontal transport on a barge: the vessel sails directly 
from the dredging area to the storage area and here the bottom of the vessel is opened so that the material 
flows onto the riverbed or the seabed. Here too, the choice of a site has a great effect on the environmental 
consequences of the project. An area with a significant tidal range or stressed by strong currents involves a 
risk of erosion, resuspension and subsequent dispersion of the material in the surrounding area. In other cases, 
however, areas such as those just mentioned are deliberately chosen to exploit the currents themselves. 
Environmental damage can be reduced by using, instead of the opening in the bottom of the barge, a pump 
connected to a vertical pipe that reaches the bottom to convey the material towards its final destination 
without contact with the intermediate water layers: in this way, losses of fine sediment and dispersion are 
significantly reduced. To maximize this result (Figure 2.19), a diffuser can be installed in the terminal section, 
which has two main purposes (APAT, 2004a): 

- Change the direction of the flow of the mixture from vertical, in the duct, to horizontal, on the seabed: 
this reduces both the flow of the current on the newly deposited layers and the resuspension of the 
material; 

- Reduce the speed of the mixture at the outlet from 4/5 m/s, in normal discharge ducts, to less than 
0.5 m/s: this reduces the erosion on the newly discharged layers. 

 

 
Figure 2.18 - Underwater diffusion system 

 
Another method to reduce the environmental impact of the dumping process is to limit the period during 

which dumping is permitted: avoid dumping underwater when the tide is at its highest or during seasons when 
there is intense biological activity in the area (Smits 1998). 

STORAGE TECHNOLOGIES 

Storage refers to the operations of disposing of dredged material in a permanent site, structure or basin. 
Storage can concern both dredged sediments and residues from preliminary treatments and/or treatments of 
the sediments themselves. 

 
ü Unconfined open water storage 

The material is stored in shallow water (< 18m) a short distance from the dredging area; part of the material 
can be stored close to the coast to protect the coast itself, or can be used for the nourishment of eroded 
beaches. The main factors to be taken into account are: 

- currents and wave motion; 
- water depth and bathymetry; 
- potential changes in erosion and deposition; 
- chemical and biological characteristics of the site; 
- other uses of the site that can interfere with confinement. 
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This technology is applicable only to uncontaminated sediments or treatment residues; it has the 

advantage of being the least expensive among the storage alternatives. 
Figure 2.20 below illustrates the different methods of deposition of the material on the seabed. 

 

 

Figure 2.19 - Methods of sediment deposition on the bottom 

 

ü Capping on the bottom 
The contaminated material (moderate contamination) is placed on the bottom, on a flat surface to form a 

pile, and then it is covered with a "cap" of uncontaminated material in order to physically and chemically 
isolate the contamination. The characteristics of the capping material and its thickness must be such as to 
guarantee the isolation of the contamination and to resist wave motion and erosion. Capping (APAT, 2004a) 
determines a significant reduction in the risk associated with sediments, since it provides physical isolation of 
the latter, protects them from erosion, prevents phenomena of resuspension and transport and finally 
constitutes a chemical isolation, reducing the dissolution and transport of colloids. The main factors to take 
into account in the design of a capping on the bottom are: 

- characteristics of the contaminated sediments; 
- characteristics of the material used for the capping; 
- selection of the site, equipment and construction techniques; 
- thickness of the capping; 
- maintenance and monitoring interventions. 

 
It is important that there is a low erosion potential and that the capping material is not dispersed or mixed 

with contaminated sediments; therefore, an effective monitoring system is essential to determine the 
effective isolation of the sediments and to evaluate the need to reinforce the confinement system. 

The capping is made with uncontaminated granular material, such as sand, sediments, soil, sometimes, for 
particular needs, more complex capping are made with multiple layers of different materials and with the 
presence of geotextiles that have the purpose of preventing the mixing of contaminated sediments with the 
capping material. Usually, the use of natural sands is preferred since these have an association of fine material 
and organic carbon content that is very effective in the chemical isolation of contaminated sediments. To 
provide long-term protection, the capping must be thick enough to effectively separate the contaminated 
sediments from the aquatic organisms that live and feed in the area of interest; this is achieved by also 
providing for the use of measures that prevent the colonization and disturbance of the site by these organisms. 
When designing a capping, consolidation must be taken into account; this phenomenon concerns both the 
fine granular material that constitutes the "plug", which can undergo consolidation due to its own weight, and 
especially the contaminated sediments that consolidate due to the weight of the overlying capping. It is 
therefore important that the design thickness of the confinement system consider this phenomenon in order 
to ensure a minimum thickness after consolidation. 
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Contaminated sediments are generally fine material, often with a high-water content and modest shear 
strength; this last characteristic influences the ability of the sediments to resist localized loads and slips that 
can cause an unwanted mixing between the sediments themselves and the capping material. To improve the 
ƳŜŎƘŀƴƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǘƘŜ άǎŜŘƛƳŜƴǘǎ + ŎŀǇǇƛƴƎέ ŎƻƳōƛƴŀǘƛƻƴΣ ǘƘŜ ƭŀǘǘŜǊ Ƴǳǎǘ ōŜ ǇƭŀŎŜŘ ǎƭƻǿƭȅΣ ƎǊŀŘǳŀƭƭȅΣ 
over the entire area involved: this will avoid displacements, subsidence, mixing with the sediments and 
resuspension. 

The material that constitutes the capping can be placed on site either with mechanical methods, therefore 
in a dry state through buckets that release the material on site, or with hydraulic methods, in a sludge state, 
transported through pipes. The hydraulic method is the most precise, even if it is necessary to dissipate the 
energy needed for the transport before the material is placed on site to avoid the unwanted resuspension of 
the contaminated sediments. The high costs of this technology are due to the specialized equipment, the 
capping material and monitoring. 

Figure 2.21 shows some frequently used "capping types". 

 

Figure 2.20 - Capping types 

 

ü Natural confinement and capping 
The contaminated material is placed in natural or artificial depressions and/or trenches that constitute the 

lateral confinement of the sediments to which a surface capping is added, which, not protruding above a pile, 
is less subject to erosion forces. For the creation of the capping, non-contaminated material from the 
excavation of the overflow pit can also be used. The selective factors, problems and cost analysis illustrated 
for the bottom capping are perfectly applicable to this type of confinement as well. 
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STORAGE WITH ARTIFICIAL CONFINEMENT 

In this case, containment is the placement of material in sites or structures designed to contain and control 
contaminated sediments. 

 
ü Commercial landfills 

Dried sediments or residues from pre-treatments and treatments can be dumped in commercial landfills 
in modest quantities and can be used, as already noted, for daily covering or for the construction of partitions 
and covers. Before disposal, it is advisable to evaluate: 

- the concentration of contamination; 
- the distance and cost of transportation; 
- the residual capacity of the landfill; 
- the solids content of the sediments.  

 
ü Confined Disposal Facilit ies or CDFs  

It consists of the storage, for an indefinite period, of the most contaminated sediments, followed by 
monitoring the release of contaminants; the degree of containment of this structure is extremely high. 

A containment facility must also provide for the drying of the sediments to have greater compaction and 
maximize space. In the case of dredged and mechanically transported sediments, the design of a CDF (Figure 
2.22) is made on the basis of the volume of material to be stored; if instead there is hydraulic dredging and 
transport, the design must take into account many more variables, such as the productivity of the dredging, 
the surface area, the quality of the effluent.  

Below are some structural peculiarities of CFDs. 
 

 
Figure 2.21 - Mechanical storage of sediments 

 
 

CDF on land (UCDF) 
This type of structure is characterized by good visibility (Figure 2.23), which is an advantage from a safety 

point of view; on the other hand, however, the high visual impact creates discontent in public opinion. It is 
essential to provide isolation measures to reduce the advective transport of contaminants, as well as the risk 
of leaching; furthermore, it is advisable to guarantee the presence of water in the filling basin in order to 
preserve anoxic conditions capable of preventing the mobilization of contaminants. 

The filling of this type of CDF is rather expensive, in fact, hydraulic systems cannot be used, but must resort 
to barges; on the other hand, however, the monitoring is relatively easy. 
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Figure 2.22 - Schematic of CDF on ground 

 
 
 

CDF island/near coast (NICDF) 
This type of reclaimed basin guarantees a fair amount of visibility (Figure 2.24), but it is associated with a 

high visual impact, furthermore if it is built in a stretch of sea, river or open lake it can determine the closure 
of that area to navigation. As long as the water covers the stored sediments there are anoxic conditions that 
prevent the mobilization of heavy metals; there is then less dispersion in the surface water thanks to the 
presence of the lateral dams, the effluent that must be appropriately treated constitutes the only discharge. 
It is also possible to control the mass of water above the sediments, which is what regulates the advective 
transport of contaminants. 

As regards the costs: those of the filling are lower than those of the CDF on land, those of the excavation 
are lower than those for the underwater CDF and also the monitoring is easier and cheap 

 

 
Figure 2.23 - Schematic of NICDF  

 
 

Underwater CDF (SCDF) 
Being invisible makes this type of reclaimed basin more tolerated by public opinion, even if the lack of 

visibility can be a cause for abandonment of the work, furthermore, it does not cause limits to the navigability 
of the area; however, it is subject to erosion phenomena by marine currents. A great advantage of this type of 
CDF is that the stored sediments are always in anoxic conditions which ensure that heavy metals remain 
immobile, eliminating the risk of leaching; on the other hand, however, the upper surface in contact with the 
water constitutes a further route for the contaminants to escape and furthermore it is not possible to control 
the force of the water through the overlying water head, as was the case with NICDFs (Figure 2.25). 

As regards costs, those related to excavation are undoubtedly higher than those of other types of CDF, 
while those related to filling and maintenance are lower. Being invisible makes this type of landfill basin more 
tolerated by public opinion, even if the lack of visibility can be a cause for abandonment of the work, 
furthermore, it does not cause limits to the navigability of the area; however, it is subject to erosion 
phenomena by sea currents. 

A great advantage of this type of CDF is that the stored sediments are always in anoxic conditions which 
ensure that heavy metals remain immobile, eliminating the risk of leaching; on the other hand, however, the 
upper surface in contact with the water constitutes a further route for the contaminants to escape and 
furthermore it is not possible to control the force of the water through the overlying water head, as was the 
case with NICDFs. 
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Figure 2.24 - Schematic of SCDF  

 

When designing a reclaimed basin, it is important to take into account: 
- quantity of material to be stored; 
- dredging, transport and filling methods; 
- physical properties of the sediments; 
- contaminants present and their release potential. 

 
To estimate the environmental impact of a CDF, it is necessary to evaluate the quality of the interstitial 

water of the sediments, the flows exiting the CDF and finally, after a certain time, through dispersion criteria, 
the volume of the area surrounding the CDF affected by the contamination to evaluate the use of containment 
measures. 

The main containment measures consist of reducing the hydraulic head in order to prevent infiltration and 
advective transport; lining the bottom of the CDF with clayey material rich in organic matter; lining the bottom 
and walls of the CDF with a sandy layer with a high content of organic matter. The effluent from transport 
and/or pumping operations and that originating from the drying and consolidation of sediments in the CDF, 
presents contamination mainly in the form of suspended particles, therefore by using sedimentation basins or 
flocculation plants it is possible to significantly reduce the level of contamination. 

The concentration of nutrients in the effluent must also be monitored, which come from contact with sand 
and clay with a high organic substance content and from prolonged stagnation in the reclaimed tank. It is 
necessary to reduce the concentration of nutrients in the effluent in order to avoid excessive consumption of 
oxygen in the surrounding waters, this is done in special nitrification plants. 

The following figure illustrates the main escape routes of contaminants from a CDF (Figure 2.26). 
 

 
Figure 2.25 - Possible ways of material loss 

 

When the dredged material is deposited in liquid form, the coarser fraction rapidly sinks near the discharge 
zone forming a slurry, while the finer fraction continues to circulate in the containment zone to settle more 
slowly. The clean water exits through an outlet structure. The rate of outflow, for continuous discharge 
operations, is approximately equal to the inflow rate: once the material consolidates, the pore water (possibly 
contaminated), is expelled. 
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Consolidation lasts for a long period after discharge, thus reducing the volume occupied. Unless prevented, 
the surface begins to dry out and, in relation to the adjacent water level; the deposited material may dry out 
across the entire vertical profile: the surface may crack and vegetate. The physical-chemical and bio-chemical 
behaviour of the tank is that as soon as the dredged material begins to dry and is therefore exposed to the 
atmosphere, oxidation begins: the initially dark water gradually becomes lighter as does the material. 
Oxidation and pH reduction, especially in marine sediments, and the resulting chemical transformations, can 
have a significant impact on the mobility of contaminants. If the sediment is rich in sulphur, organic matter, 
and poor in carbonates, oxidation can cause the formation of strongly acidic conditions: this increase the 
release of particulate metals into the interstitial water and the current. Unsaturated conditions of the dredged 
material across the entire vertical profile of the tank occur only when the infill tanks are built on land above 
the water table, while in an aquatic environment, most contaminants remain chemically immobile. The main 
elements that constitute the capital costs of a CDF are: design costs; land and expropriations; dam and 
contaminant control materials; construction equipment and labour costs.
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DREDGED MATERIAL AS A RESOURCE 

Dredging and the dredged material itself, if of consistent quality, are essential for the maintenance and 
development of ports and waterways, for reclamation and flood management: all these activities involve the 
creation of large volumes of material, which can therefore become a valuable resource, even if much of it is 
not used due to economic, logistical, legislative or environmental constraints. Many countries have already 
moved towards an intensive use of this resource, such as Japan, where more than 90% of the material itself is 
used, in others there are many limits that prevent different uses: first of all the cost, generally higher than 
normal disposal methods, secondly the difficulty of finding suitable projects for the use of the material at the 
right time or adequate markets and finally the complex and inadequate legislation. Public opinion is often also 
negative. The possibilities of use can be classified mainly into two groups: 

- Engineering use, for the production of building materials, insulation, flood defence and nourishment; 
- Environmental use, such as the creation or improvement of habitats, the maintenance of places with 

sediment deficits or other. 
 
Factors that need to be considered for the successful use of dredged material as a resource include: 
- Communication - the imperative must be to gain trust from the public, regulators and wider 

stakeholders (Figure 2.27). 
 

 

Figure 2.26 - Example of an explanatory panel positioned in the port area of Genoa, during the dredging works of 2008-2014, to communicate and 

explain the activities that were carried out in the Port (Cutroneo et al. 2014) 

 
- Economics - taking into account cost savings for primary resources and making a proper assessment 

of costs and benefits for society; 
- Legislation - it is important to ensure that national policies do not place dredged material 

unintentionally into waste legislation; 
- Coordination - between supply and demand this is strategic and can be achieved at local, regional or 

basin scale; 
- Technical and administrative - where planning and detailed site-specific solutions are needed; 
- Environmental - where proper knowledge of natural processes is essential for adequate risk 

assessment and environmental improvements. 
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Traditional open water storage methods in dredged material management are often perceived as a source 

of risk for environmental resources. The main alternative in the past, especially for contaminated material, 
was to dispose of it in a Confined Disposal Facility (CDF), but in many areas these capacities became too 
expensive to build and raised many concerns about the environmental effects they produced. These structures 
progressively see their containment capacity reduced to critical levels, to the point where it is necessary to 
remove and treat the material inside to make room for the newly dredged material. In some places, raw 
materials are scarce and could be replaced by secondary materials such as dredged material. The classic 
management of dredged material usually involves the removal of sediment from a given channel, an activity 
that by its nature creates risks for the environmental context; in fact, it can alter the morph-dynamical and 
ecological structure of a given system, proving a potential effect, equal or even greater, than that due to open 
sea disposal. Thus, in considering the various possibilities, there is a need to take a holistic view of the system 
in which dredging takes place, so as to include the potential effects of a given management strategy in a 
broader perspective. In addition to sustainable disposal of the material, the range of uses has diversified 
enormously in recent years to include road construction, brownfield remediation, construction materials, 
habitat and landscape creation, but further uses can be achieved with preliminary treatment of the dredged 
materials. 

 

RELATIONSHIP BETWEEN MATERIAL SUPPLY AND DEMAND AND OTHER CHARACTERISTICS OF DREDGED SEDIMENTS 

Dredged material can be used directly, as aggregate, converted into construction material (bricks), used for 
embankments, embankments or beaches, and used to satisfy the sand deficit in areas subject to erosion and 
to build new wetlands. 

Its potential use depends on the type of material, how and where it was taken, its availability and its 
engineering and environmental characteristics. For this reason, it is very important that the sediment supply 
meets the need for interventions in the vicinity and that it occurs in the most appropriate time. Similarly, it 
may be necessary to modify the project so that it corresponds to the characteristics of the available supply. In 
Japan, for example, more than 90% of the dredged material is used: part of it, after the initial positioning on 
land, is subsequently used for other purposes (Figure 2.28). In contrast, in Europe (Figure 2.29), it is evident 
that less than 10% of the material is used directly, although these figures do not include sustainable 
regeneration in rivers and near coastal systems where the material could help offset the need for sediment. 

 

 
 
Figure 2.27 - Use of dredged material in Japan 
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Figure 2.28 - Results of the CEDA questionnaire on the use of dredged material in Europe 2005 

 
The quality and quantity of the material entrained are critical questions, along with the timing of the 

application: the timing of a maintenance or investment dredging project rarely coincides with that of the 
project and, even if they do, dredging can be controlled by environmentally dictated timing, to reduce the 
effects on the ecosystem. 

 
Whether the dredged material can be used completely or not depends not only on the degree and type of 

contamination, but also on its physical characteristics, such as grain size, which largely determines the 
engineering and environmental uses of the material itself. The classification according to grain size includes 
five groups: rock, gravel and sand, consolidated clay, clay and silt and other mixtures. 

- Rock - can be weak rock (sandstone or coral) or hard (granite and basalt); the fragments vary in 
size from small to large, depending on the dredging equipment used and on the material itself. It 
is usually not contaminated and can be used as a construction material and for interventions in 
aquatic or non-aquatic habitats. 

- Gravel and sand - are generally considered the most versatile materials, requiring less treatment 
after dredging. Granular material can be used for nourishment, recreational parks and more. 

- Consolidated clay - ranges from soft to hard and is usually obtained from investment dredging. If 
the water content is low, it can be used for brick making or in the construction of dams and 
embankments. - Clay/silt - is available after maintenance dredging of rivers, canals, estuaries and 
ports. The water content is usually high, so dewatering is necessary, which can last months or years 
depending on the drainage method and requires a large amount of storage space. 

- Mixtures - are obtained from investment dredging and are due to glaciation processes, and include 
rock, sand, clay and silt. They can have a variety of uses such as filling and land improvement. 

 
The most important criteria for matching the material to the intended use are the chemical composition 

and the grain size of what has been excavated. Environmental standards must be met for both engineering 
and environmental use of the material, but this does not categorically exclude contaminated sediments, as a 
certain level of contamination is considered acceptable, which depends on the type of use and the 
characteristics of the environment in which they will be placed. 
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POSSIBLE ENGINEERING AND ENVIRONMENTAL USES OF DREDGED MATERIAL 

ü Building materia ls 
The excavation of sand and gravel from ports or coastal areas for use as aggregate in building materials is 

a common practice: in some cases, the dredged material can be used directly with special excavation and 
transport techniques. For use on land, however, separation and treatment processes are often required to 
obtain concrete or other materials. Furthermore, the dredged material can be used as an alternative to some 
natural resources used in the construction industry: rock, sand, clay, various mixtures can become aggregates 
for concrete, components for bituminous mixtures, raw materials for the packaging of bricks or artificial 
boulders for coastal protection (cast dams). Appropriate analyses must confirm the suitability of the dredged 
material for the corresponding use as well as certify compliance with regulatory requirements. It is necessary 
to investigate what the chemical-physical properties are, and the most important parameters to observe are 
the degree of humidity, the grain size, the content of organic material and the type and concentration of 
pollutant. 

 
ü Coastal and flood protect ion 

Coastal protection from erosion is a growing activity, due to a series of operations mainly due to human 
action, such as, for example, the increase in maritime construction, the blocking of longshore sediment 
circulation due to ports, the reduction of solid transport in rivers, the natural evolution of river mouths due to 
rising sea levels and the retreat of the coasts. 

 
ü Bank arrangements 

Especially in the Netherlands, the arrangement of the banks of watercourses with the use of dredged 
material is a common operation: the dredged material, clean or slightly contaminated, can be deposited on 
the banks or on the embankments respecting some conditions, such as the fact that the quality of the soil on 
site must not worsen with the application of the material brought. 

 
ü Nourishment 

Coastal protection involves artificially adding a given volume of sand through nourishment to stop or 
reduce the retreat of the shoreline caused by coastal erosion. The most significant environmental impact is 
because the organisms that live in that area are submerged. The fine sediments contained in the dredged 
material are first carried away by the current, favouring the formation of turbidity in the water before settling 
on the bottom, where the wave force is less. Normal TSHD dredgers pump the sand directly to the shore via 
pipelines. However, for dredging operations in small ports, usually done with the mechanical system, transport 
by barge finds a valid use. The unloading is carried out as close as possible to the beach at high tide, where the 
action of the waves transports the material and finally gives shape to the beach. To ensure that the sand 
actually reaches the beach, the hoppers must always be emptied to a depth below the so-called closing depth, 
i.e. within the active zone of the coastline. The creation of dunes behind the beach provides additional 
protection and allows the nourishment to last longer. 

 
ü Construct ion of embankments 

Embankments must be strong enough to resist the actions of waves, in the case of maritime constructions, 
or to resist the current and the passage of boats, in the case of river embankments. Generally, gravel, rock or 
clay fills are used, which are preferred to sand. 

 
ü Construct ion of submerged barriers 

They are made with different types of dredged material, parallel to the coast, although the orientation 
depends on the purposes of the project. There are three different types of submerged barriers: 

- Fusible barriers: the purpose is to provide for the continuous deficit of sand in the active zone of 
the coast caused by erosion by the current and the waves; 

- Protection barriers: designed to absorb part of the wave energy. This improves the recreational 
characteristics of the beach and, by inducing wave breaking, can favour surfing activity. In some 
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cases, the shape of these barriers is such as to realize the refraction of the wave, modifying the 
characteristics of the local solid transport; 

- Containment barriers: used to isolate an area such as a site of deposition of contaminated material. 
 
The grain size suitable for the construction of fusible barriers must preferably be medium or coarse, and 

they must be placed in shallow water, where the waves have a significant effect on the seabed, causing the 
transport of sediments. Protective barriers, on the other hand, are placed at greater depths, but always in such 
a way as to have control over the wave action. Containment barriers are suitable for those situations in which 
the particular shape of the seabed allows for the enclosing of a basin or quarry, where the material can be 
deposited and where the barrier acts as a dam to prevent the contained material from escaping. One of the 
advantages of this type of construction is the possibility of using self-propelled dredgers. 

 
ü Construct ion of salt  marshes 

The dredged material, usually characterized by a fine grain size, can be used for the construction of salt 
marshes in tidal areas and exposed to erosion. 

 
ü Creat ion and improvement of habitats 

In this case the quality of the dredged material must be assessed not only on the basis of the requirements 
related to the intended use (grain size, total organic carbon, presence of various types of debris) but also on 
the basis of the nutrient content, the level of contamination, aesthetic and toxicological characteristics. The 
potential types of habitats that can be constructed vary from marshes and wetlands to bird nesting islands, 
underwater environments, fish farming improvement projects, biodiversity enhancement, etc. 

 
ü Sustainable Landfill Operat ions 

It consists of introducing dredged material into the marine environment to maintain or compensate for the 
deficit of sediments: this can be achieved either by deliberately deciding to drop the excess material during 
the loading operation of the dredged material or by placing the latter on the seabed. In any case, the normal 
hydrodynamic processes present in the area move the sediments. 

 

RELATIONSHIP BETWEEN DREDGING METHODS AND MATERIAL USE 

In addition to considering how best to achieve the objectives of the dredging project, the intended use of 
the material should be considered in the choice of the best dredging and disposal technique; in this way, it 
becomes an integral part of the organizational strategy of the entire project. If the sediments do not directly 
correspond to the criteria of use, treatment processes will be necessary and, in this case, it will be necessary 
to connect the dredging process with the use process through an intermediate disposal phase. The need for 
treatment and the suitable type can have consequences on the dredging and disposal methods used. It 
outlines the operations that lead from dredging to the use of the material: it can be used directly without any 
intermediate phase (Direct use) or indirectly, as intermediate treatments are foreseen (Indirect use). Each type 
of use must respond to certain characteristics of the sediments and the water quality.  

The criteria for choosing the most suitable path to follow can be divided as follows: 
- environmental quality: the parameters to be assessed are chemical and biological. These criteria 

are valid for both an engineering use of the material and an environmental one; 
- geotechnical quality: they include physical parameters such as granulometry, permeability, 

mechanical characteristics, etc. 
  

ü Direct use 
Investment dredging using suction dredgers with breaker, bucket dredgers, scoop dredgers or clamshell 

dredgers produces volumes of consolidated material, characterized by rock, sand and clay. It can be pumped 
via a floating pipeline to the reuse area or can be transported by barges to the designated area. The main uses 
are the construction of embankments, reclamation, offshore barriers and submerged barriers. Maintenance 
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dredging using suction dredgers provides material such as loose gravel, sand and mud; it is transported by the 
dredger to the use area but can also be deposited in the ship's hold via hatches and then pumped via a floating 
pipeline or pumped by jet. 

 
ü Treatment phase 

For dredged material that does not meet the use criteria, numerous types of treatment have been 
developed. Physical techniques, such as dewatering and separation, are used to meet geotechnical 
requirements, while chemical, biological or thermal techniques are used to meet environmental requirements. 
However, if multiple requirements are imposed, a combination of techniques will be necessary, where the first 
phase is always dewatering, which suggests using systems that limit the water content in the material in 
dredging operations. 

 
ü Intermediate storage 

For logistical reasons, it may be necessary to temporarily store the material; in direct use, this is primarily 
because dredging and use times do not coincide due to environmental and planning issues and then to the 
difference between the dredging production rate and the rate of use request. In the treatment process, 
however, intermediate storage may be required for a number of reasons, such as: the difference between the 
dredging capacity and that of the treatment, which is generally an order of magnitude lower than the former; 
create homogeneity in the input of the dredged material: certain treatments, such as mechanical separation, 
require homogeneous inflows for the success of the operation.
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APPLICABILITY OF SEDIMENT TREATMENT METHODS: BIBLIOGRAPHIC STATE  

The intervention techniques for contaminated marine sediments are described in Legislative Decree 
152/2006 and divided into two distinct categories: remediation operations and safety operations. Remediation 
operations concern the set of interventions aimed at eliminating the sources of pollution and pollutants or 
reducing the concentration to levels lower than the maximum levels established by the legislation. Therefore, 
allowing the recovery and restoration of the contaminated area. 

On the contrary, safety operations are not aimed at removing pollutants but only at containing them to 
avoid their further spread in the environment. In general, these operations are applied as an emergency 
measure, in order to limit contamination while waiting for remediation operations, or as a definitive measure, 
when it is not possible to implement the remediation due to the lack of techniques suitable for removing 
pollutants, or because the remediation costs are unsustainable. It is therefore a limited solution, which should 
be used as little as possible and only when other working hypotheses have been discarded. 

The classification system generally adopted to identify the type of intervention is that of the point of 
application of the same, for which there are interventions: 
ü In-situ: without movement or removal of materials from the site; 
ü Ex-situ: with movement and removal of materials from the site, in turn divided into interventions: On-

site: with movement, removal of materials and treatment in plants specifically built within the area 
itself; Off-site: with movement, removal of materials and treatment in specific plants outside the area. 

Another distinction between the many intervention techniques currently available can be made on the 
basis of their different operating principles and in general three macro technological areas can be identified 
relating to chemical-physical, biological and thermal processes (Table 2.7) (Reis et  al., 2007). 
 
Table 2.7 - Types of intervention for marine sediments. 

In Situ 

 

Bioremediation  

Monitored Natural Attenuation (MNA) 
Bioaugmentation 

Phytoremediation 

Biostimulation 

Chemical Physical Solidification/Stabilization 

Containment measures Sediment Capping 

Ex Situ 

 

 

 

 

 

Chemical-Physical 

Sediment Washing 
Chemical Oxidation 

Solidification/Stabilization 

Electrokinetic decontamination 

Solvent extraction 

Flotation extraction 

 

 

Thermal 

Thermal Desorption 
Pyrolysis 

Plasma 

Vitrification 

Incineration 

Steam extraction 

 

 

 

Biological 

Bioslurry 
Biopile 

Composting 

Landfarming 

Phytoremediation  

MICP 

Containment interventions CDF 

Dump 

 

It is necessary to clarify that among all the technologies and intervention methodologies applicable for 
ŎƻƴǘŀƳƛƴŀǘŜŘ ƳŀǊƛƴŜ ǎŜŘƛƳŜƴǘǎΣ ǘƘŜǊŜ ƛǎ ƴƻ άǳƴƛǾŜǊǎŀƭƭȅ ōŜǎǘέ ǎƻƭǳǘƛƻƴΣ ŀǎ ŜŀŎƘ ƛƴǘŜǊǾŜƴǘƛƻƴ ƛǎ ŎƘŀǊŀŎǘŜǊƛȊŜŘ 
by numerous site-specific factors taken into account in the characterization phase. 



 

61 
 

A global and general comparison can only be made for the functional choice based on the nature of the 
contaminants present and the physical characteristics of the sediment, as described in Table 2.8 (Perelo, 2010; 
Viviani and Di Bella, 2020). 

In-situ interventions represent a good solution from both an ecological and economic point of view since, 
as previously mentioned, it is not necessary to remove the contaminated sediment from the site. At the same 
time, in the case of "sediments" and not "soils", these interventions represent very complex solutions due to 
the dynamic nature of aquatic systems and therefore to the possible release, mobilization and sedimentation 
of the pollutants present. Further disadvantages of in-situ techniques are also due to the difficulty of predicting 
the intervention times, controlling the process parameters and the possibility of formation of a secondary 
source.  

 
Table 2.8 - Functional choice based on the nature of the contaminants (in Italian; V iviani and Di Bella , 2020). 

 

 
As described in Table 2.7, the in-situ intervention techniques, today really applicable for marine sediments, 

are some bioremediation technologies and "Sediment capping". The term bioremediation refers to in-situ 
treatment techniques that exploit the biological degradation process, using the metabolic potential of 
microorganisms to degrade a wide variety of organic compounds (Scragg, 2005). 

Regarding these technologies (MNA, bioaugmentation, biostimulation and phytoremediation) there are 
numerous studies and applications at laboratory scale but few application experiences, which have highlighted 
a different behavior compared to experimental studies due to the numerous factors that come into play in 
real conditions. In this context, the maintenance of the long-term stationary process characteristics in full-
scale plants is very uncertain. 

On the other hand, "Sediment capping", although it presents advantages such as the reduction of the 
presence of pollutants in the water column and the reduction of their bioavailability for aquatic organisms, is 
an intervention that requires long-term monitoring and involves significant risks as the pollutants present in 
the sediments remain on the site (Zeller and Cushing, 2005). In particular, it is necessary to pay attention during 
the positioning of the covering material since the contaminated sediments could mix with the clean material 
and such positioning is particularly challenging in deep waters, with boat traffic (port areas) and wave action. 
The main risks are due to erosion of the cover and the diffusion of contaminants through the clean material. 
Furthermore, the preparation of the storage air is often laborious and equally expensive, if underwater storage 
(to be completed with possibly reactive capping) of large volumes of sediment is necessary. 

 
As regards ex-situ interventions, the treatments that could be applied for the remediation of contaminated 

marine sediments in relation to the level and type of contamination are: 
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ü Chemical-physical treatments: sediment washing, solvent extraction, flotation extraction, 
solidification/stabilization, oxidation, electrokinetic decontamination; 

ü Thermal treatments: steam extraction, desorption, vitrification, incineration, plasma thermal 
destruction, pyrolysis; 

ü Biological treatments: landfarming, biopiles, composting, bioreactors and MICP (Microbial Induced 
Carbonate Precipitation). 

 
Following treatment, depending on the residual concentration of the contaminants present, the sediments 

can be reused or sent to landfill. 
 
To date, the most widely used treatment techniques for the decontamination of marine sediments concern 

chemical-physical treatments since biological techniques, as already discussed for in situ treatments, do not 
find great application on a real scale due to the variability of the treatment; while thermal treatments would 
require on the one hand very high costs and on the other the impossibility of being able to reuse the treated 
materials in the port area as described by the current legislation (Ministerial Decree 173/2016). Therefore, 
chemical-physical interventions are presented as one of the best alternatives for the remediation of 
contaminated marine sediments thanks to the compromise between low costs and management flexibility. 
Among the technologies currently available that present these characteristics and allow satisfying the 
management options required by the standard, the Sediment Washing technology appears to be one of the 
"readiest" for the full-scale treatment of contaminated sediments, guaranteeing management flexibility and 
application to different territorial contexts. Specifically, Sediment Washing is an ex-situ remediation technique 
that originates from the already consolidated Soil Washing technology, in which the dredged material is 
subjected to a washing treatment with water or with specific extracting agents, in order to create favorable 
conditions for the mobilization of pollutants from the solid matrix (sediment) 
 

HYDRODYNAMIC CHARACTERIZATION OF PORTS 

GENOA PORT DYNAMICS 

During the feasibility phase of the project to construct the new breakwater at the Port of Genoa, the Port 
Authority of Genoa (AdSP-MLO) carried out a detailed study of the dynamics of the water masses within the 
port (winds, currents and wave motion) (AdSP-MLO, 2020). The hydrodynamic circulation forced by 
anemometric conditions depends on the action exerted by the wind on large portions of the sea surface. 
Coastal winds come mainly from the first quadrant, while secondary winds come from the second quadrant 
(Figura 2.30). 

 

 

Figure 2.29 - The directional distribution of measurements observed at the anemometric stations of Genoa-Sestri, Genoa National Tide Gauge 
Network-ISPRA and Genoa Punta Vagno (AdSP-MLO, 2020) 
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Analyses conducted on historical wave motion data reconstructed by the Department of Civil, Chemical 
and Environmental Engineering (DICCA) of the University of Genoa off the coast of Genoa, for the period from 
1979 to 2018, have made it possible to define the wave motion climate that characterizes the Genoa area.  

For incident wave conditions, reference was made to the wave climate reconstructed as part of the Marine-
weather Study for a point located off the Port of Genoa at a depth of -50.0 m above sea level, to which 
reference should be made for details. Figura 2.31 shows the directional distribution of sea states with 
significant wave height Hs > 1.0 m. 

 

 

Figure 2.30 - Figure Directional distribution of sea states with significant wave height Hs > 1.0 m out of the Port of Genoa (AdSP-MLO, 2020) 

 
The most frequent sea conditions outside the Port of Genoa occur in the Libeccio (SW) crossing sector 

(approximately 29%), generally with wave heights between 0.5 and 3.5 m. Furthermore, the Libeccio sector, 
with the highest wave heights, which can reach values of approximately 5 m annually, is the prevailing sector 
for the area under consideration. Sea conditions originating from the Scirocco (SE) are less frequent (5-6%) 
with wave heights generally ranging between 0.5 and 2.0 m, with maximum annual values between 3.0 and 
3.5 m. 

The total energy of the wave motion that acts on the coastline on average, which is the main cause of 
potential sediment transport along the coast, can be represented by a synthetic wave (equivalent climate 
wave) characterized by a direction of origin of 199°N, i.e. coming from the SSW, with a wave height of 2.0 m 
and a persistence of approximately 25 days per year. 

The current configuration of the external works of the Port of Genoa guarantees a high level of protection 
of the port water surface from incident wave motion, so much so that, from this point of view, the port can 
ǊƛƎƘǘƭȅ ōŜ ŎƻƴǎƛŘŜǊŜŘ ŀ άǇƻǊǘ ƻŦ ǊŜŦǳƎŜέΣ ǇŀǊǘƛŎǳƭŀǊƭȅ ƛƴ ǊŜƭŀǘƛƻƴ ǘƻ ǎǘƻrm surges coming from the SW (180-
240°N). 

The port is more vulnerable to Scirocco sea conditions (120-135°N), when waves penetrate through the 
eastern entrance, affecting the outer port and the Calata Oli Minerali. Scirocco sea conditions also penetrate 
the port through the western entrance, affecting the water near the mouth of the Polcevera river. 

The results of the simulations conducted also showed that the surface current is obviously stronger and 
then weakens at depth. 

SCENARIO: SCIROCCO (SE). Inside the port, the Scirocco wind helps to generate a current that flows within 
the Sampierdarena Basin, with speeds ranging from 10 to 20 cm s-1, which increases in intensity in the Airport 
Channel with values of around 30 cm s-1.  

 
Detailed are reported in Figure 2.32-2.35. 
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Figure 2.31 - Figure Current field in the surface layer in the presence of Scirocco wind (AdSP-MLO, 2020) 
 

 
 

 

Figure 2.32 - Figure Current field in the water column in the presence of Scirocco wind (AdSP-MLO, 2020) 

 



 

65 
 

SCENARIO: LIBECCIO-MEZZOGIORNO (SW-S). The Libeccio/Mezzogiorno wind generates currents that are 
less intense than those generated by the Scirocco wind. Within the Sampierdarena basin, a weak current is 
generated, directed towards Levante, with maximum speeds of between 5 and 15 cm s-1. 

 

 

Figure 2.33 - Figure Current field in the surface layer in the presence of Libeccio/Mezzogiorno wind (AdSP-MLO, 2020) 

 

Figure 2.34 - Figure Current field in the water column in the presence of Libeccio/Mezzogiorno wind (AdSP-MLO, 2020) 
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M ICROFUNGI CHARACTERIZATION OF PORTS 

MICROFUNGI IN COMMERCIAL PORT AND IN THE PORT OF GENOA: THE SEDITERRA PROJECT 

The characterization of fungal flora and the selection of species most suitable for mycoremediation allow 
the exploitation of microfungi naturally present within the matrix to be treated, such as bottom sediment, so 
as not to introduce alien species, also with a view to being able to use this type of treatment directly in the 
environment. The protocol for characterizing fungal flora and the criteria for selecting the most suitable 
species for mycoremediation were addressed in the SEDITERRA project as part of the INTERREG Italy-France 
Maritime 2014-2020 program (SEDITERRA, 2019).  

The fungal strains were isolated from sediments in the various ports involved in the project: Genoa, Olbia, 
Livorno, and Pisa (the Navicelli Canal) in Italy, and Centuri and Toulon in France. Once all the species found 
had been correctly identified, those most suitable for mycoremediation tests for each sediment were selected, 
based on isolation frequency and bibliographic knowledge, both for organic and inorganic contaminants. Once 
the pools of species to be used had been identified, liquid inoculations of depleted culture medium (with 
reduced nutrient content) were made in order to promote fungal growth to the extent necessary for the fungi 
themselves in the sediment to be activated and stimulated to degrade and/or accumulate other substances.  

The treatment was carried out ex situ in mesocosms, both for the removal of metals and for the 
degradation of hydrocarbons from port sediments.  

The mycoremediation tests showed that fungal treatment was more effective in accumulating heavy metals 
than in degrading organic contaminants. One of the main limitations of the experiments was that they were 
carried out with relatively low contamination levels: both metals and organic contaminants were below the 
standard tolerance levels. The contamination actually worked on can be defined as residual. However, at least 
as far as metals are concerned, the results were very encouraging and promising.  

In most sediments, there was a reduction in contaminants in the sediment and an increase in metal 
concentration on felt membranes inoculated with native fungi. As these are living organisms, a certain degree 
of selectivity emerged in metal accumulation: in fact, fungal species are able to absorb certain metals better 
than others, and not all have evolved the ability to bioaccumulate. There are, in fact, so-called metals with a 
biological function that fungi can absorb because they are crucial for ensuring proper cell function (e.g. Fe and 
Zn), while there are also indifferent metals that only some species are able to chelate and absorb thanks to 
the evolution of specific mechanisms and also thanks to adaptation and/or exposure to these metals 
themselves (e.g. Cr, As, Pb, Hg). 

The use of native fungi was decisive in the selection of fungal strains, as they are undoubtedly the most 
suited to living in and tolerating the contaminated environment under study. On the other hand, there is a 
possibility that fungi may adopt exclusion as a survival strategy against a specific contaminant. This means that 
each species is skilled and very efficient at accumulating certain metals, while completely excluding others. 

Table 2.9 lists the native fungal species selected for each sediment for the treatment of both metals and 
organic contaminants. For mycoremediation treatment, the selection took into account not only bibliographic 
data, but also the number of colonies isolated for each species and their potential pathogenicity to humans 
and/or other organisms. 
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Table 2.9 - Fungal species selected for each treated sediment (S EDITERRA, 2019) 
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THIRD SECTION: METHODS 

INPUT DATA 

The technical observations and modeling applications were based on a fragment of embedded within the 
"virtual model" (called RETURNOPOLY) of the so-called "Proof of Concept" chosen. In particular, in order to 
involve the different interdisciplinary aspects, and embrace a significant sample of data to analyze, two Italian 
realities were chosen that represent the common example of port activities and consequent processes: 

Å Commercial port: inspired by the port of Genoa (Liguria) 
Å Industrial port: inspired by the Port of Augusta (Sicily) 

 
In fact, task 4.5.3 of RETURN proposes only analyses and results concerning the port area of the "virtual 

model: RETURNOPOLY". In general, the port(s) included in the άtǊƻƻŦ ƻŦ ŎƻƴŎŜǇǘέ ς concern the Key-
classification/typology: commercial and industrial Harbor Area. 
 

COMMERCIAL PORT: INSPIRED BY THE PORT OF GENOA (LIGURIA) 

The economic development of the city of Genoa has been intrinsically linked to its harbor since its early 
foundations in the 6th century BC. The initial settlement grew around the Old Pier promontory. After the year 
1000, with the revival of trade, Genoa developed into a significant city-port, a structure that remained largely 
unchanged until the mid-19th century. This port was situated between the natural harbor of Mandraccio Quay 
and the old Arsenal, backed by high, rocky shores. 

Over the centuries, the port underwent various transformations and expansions to accommodate 
increasing maritime traffic and evolving needs. Key developments include the construction of new quays, dry 
docks, and the introduction of modern infrastructure like hydraulic cranes and railway connections reaching 
the quays. The late 19th and early 20th centuries saw significant expansion eastward and westward. 

A pivotal moment was the renovation of the Old Port, designed by Renzo Piano, completed in 1992 for the 
Columbus Celebrations. This project reconnected the port area with the city, transforming it into a vibrant 
public space while preserving its historical significance. 
 
In the following, the main peculiarities of the port Area are reported. 
¶ Strategic Location: Situated in the most sheltered bay of the Ligurian Sea, Genoa's port holds a 

strategic geographical position in the Mediterranean, serving as a gateway to Southern Europe, North 
Africa, and the Far East. It is also a focal point of the EU Rhine-Alpine Core Network Corridor 
(https://transport.ec.europa.eu/other-pages/transport-basic-page/rhine-alpine-core-network-
corridor_en?prefLang=lv). 

¶ Multi-Service Port: Genoa is a modern multi-service port equipped with a wide selection of specialized 
terminals. It can handle all major commodity sectors, including containers, general cargo, breakbulk, 
perishable goods, steel, forest products, and liquid/dry bulk. It also caters to both cruise and ferry 
passenger traffic. 

¶ Comprehensive Services: Beyond cargo handling, the port guarantees a full range of complementary 
services, including ship construction and refitting, customized telecommunications, and data 
processing, supported by a network of dedicated companies. 

¶ Leading Italian Port: Genoa is one of the most important seaports in Italy and a major hub in the 
Mediterranean, competing with ports like Marseille and Barcelona. 

¶ Integration with the City: Unlike some industrial ports, Genoa's port, particularly the Porto Antico (Old 
Port), has been successfully reintegrated into the urban fabric, offering cultural attractions, leisure 
activities, and public spaces alongside its commercial operations. 
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¶ Ongoing Development: The port is continuously evolving with significant infrastructure investment 
plans aimed at improving maritime, road, rail, and air accessibility, as well as enhancing the 
sustainability of port activities. Presently the Port System Authority of the Port of Genoa is carrying on 
the construction of the new breakwater to allow the entry and mooring maneuvers of latest 
generation ships (due to naval gigantism). 

 
In summary, the Port of Genoa boasts a rich history deeply intertwined with the city's identity, a strategic 

Mediterranean location, and a modern, versatile infrastructure capable of handling diverse cargo and 
passenger needs, all while striving for greater integration and sustainability. 
 

Regarding the management of dredged sediments, and the dredging operations themselves, the Port has 
been involved in numerous technical-social intervention actions and procedures. 

Here are some recent news and updates regarding sediment management at the Port of Genoa: 
¶ Dredging Operations: Dredging operations are ongoing in the Port of Genoa with the aim of 

maintaining and increasing the depth alongside the quays. This is crucial for ensuring safe access for 
larger vessels, including both cruise ships and cargo ships. Recent dredging efforts have focused on 
areas like the cruise terminal at Ponte dei Mille and the ferry terminal wharves. The dredged material 
is sometimes repurposed, for example, in the construction of the new breakwater. 

¶ New Breakwater Project: The construction of Genoa's New Breakwater involves significant sediment 
management. Dredged material from the outer harbor is being used to fill the prefabricated caissons 
that form the new structure, aligning with circular economy principles. The project also includes 
seabed consolidation work. 

¶ Environmental Considerations: The Port Authority of the Western Ligurian Sea is increasingly focused 
on sustainable practices. This includes monitoring and removing pollutants from seawater and 
developing best practices in waste management, including sediment. There is also a focus on the reuse 
of dredged sediments. 

¶ Impact of Naval Traffic: Studies are being conducted on the impact of vessel propellers on sediment 
transport within the port, which can affect the bottom topography and require management. 

¶ Sediment as a Resource: There is a broader perspective looking at port sediments not just as waste, 
but also as a potential resource, with research into biotechnologies for decontamination and potential 
reuse in various fields. 

 
For more detailed and the most up-to-date information, you can refer to the websites of the άAutorità di 

Sistema Portuale del Mar Ligure Occidentaleέ (Port Authority of the Western Ligurian Sea, 
https://www.portsofgenoa.com/en/) and news articles related to the Port of Genoa. 

 

INDUSTRIAL PORT: INSPIRED BY THE PORT OF AUGUSTA (SICILY) 

The Port of Augusta, situated on the eastern coast of Sicily, boasts a long and significant history, deeply 
linked to its strategic geographical position. The natural harbor of Augusta Bay has been recognized for its 
potential since antiquity. 

Historically, the bay served as an important anchorage and saw various naval activities over the centuries. 
Its sheltered waters and strategic location in the central Mediterranean made it a valuable asset. 

Significant development of the port complex occurred in the 1950s and 1960s with the establishment of 
petrochemical plants and other industrial activities. This transformed Augusta into a major industrial port, 
particularly for oil refining and related industries. The port also became an important military base for the 
Italian Navy. 

 
In the following, the main peculiarities of the port Area are reported. 
¶ Largest Natural Harbor in the Lower Mediterranean: Augusta Bay is the largest natural harbor in the 

southern Mediterranean, offering extensive sheltered waters. 
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¶ Multi-Functional Port: It serves as a significant commercial port (handling liquid and dry bulk, 
containers), a crucial industrial port (dominated by petrochemical activities), and an important military 
base. There are also areas dedicated to tourism and recreational boating. 

¶ Strategic Location: Its central position in the Mediterranean makes it a key transit point for 
international shipping routes and part of the EU's TEN-T core transport network. 

¶ Deep Waters: The port features significant water depths (ranging from 14 to 18 meters, with some 
areas up to 22 meters), allowing access for large vessels. 

¶ Major Oil Port: Augusta is one of Italy's leading oil ports, handling a large volume of liquid bulk related 
to the nearby petrochemical complex, which meets a significant portion of Italy's national fuel needs. 

¶ Extensive Infrastructure: The port has a large water surface area, numerous berths, long quays and 
piers, and extensive land areas equipped for various port activities, including shipbuilding and repair. 

¶ Three Main Sections: The port area is divided into three main parts:  
o Porto Xifonio: The outer harbor. 
o Porto Megarese: The inner harbor. 
o Seno del Priolo: The area facing the oil refining plants. 

¶ Intermodal Connections: Efforts are underway to improve the port's connectivity, including a planned 
railway link to the Syracuse-Catania line. 

 
In essence, the Port of Augusta is characterized by its vast natural harbor, its crucial role in Italy's energy 

sector, its strategic Mediterranean location, and its blend of commercial, industrial, and military functions. 
In fact, due to the intense activities and the numerous industries that "overlook" the Rada, the area is 

recognized as a "Contaminated Site of National Interest - SIN": consequently, the waters and sediments of the 
Rada have been (and are) the object of continuous investigation and control. 
 

Unfortunately, specific real-time news and updates on the sediment management of the Port of Augusta 
are not readily available in a constantly updating news feed. 

However, based on the information available, here is what we can infer and some related points: 
¶ Focus on Environmental Monitoring: There have been activities focused on updating the analysis of 

marine sediments in Augusta Bay. This suggests an ongoing interest in understanding the current state 
of the seabed and potential contaminants. 

¶ Expansion and Dredging: As the port undergo expansion, including the construction of a new container 
quay terminal, some level of dredging and sediment management is typically required. News from 
March 2024 mentions the port expansion. 

¶ Environmental Considerations in Development: Studies and tools are being developed to assess the 
environmental impact of port activities in Augusta, including the impact of dredging. This indicates an 
awareness of the environmental aspects of port development. 

¶ Potential for Contamination: Given Augusta's history as a significant industrial port, environmental 
monitoring of sediments is likely important to identify and manage any potential contamination. 

 
To get the most current updates, you would typically need to refer to official publications from the Port 

System Authority of the Eastern Sicilian Sea or local environmental agencies in Sicily. 
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CLASSIFICATION AND AVERAGE CONCENTRATION OF POLLUTANTS 

GENOA PORT SEDIMENT CHARACTERIZATION 

The first case study examined concerns the characterization of sediments of the Port of Genoa. The first data 
available refers to the project relating to the first capital dredging carried out within the port between 2009 
and 2014. The characterization of the sediments was carried out by ICRAM (Central Institute for Scientific and 
Technological Research Applied to the Sea) (ICRAM, 2007). In detail, the Genoa Port Authority project included:  

¶ dredging activities relating to the Sampierdarena and Porto Antico basins, together with the area from 
the eastern entrance to the Grazie basin, for a total of approximately 2,700,000 m3 of sediment to be 
dredged; 

¶ the construction of a reclamation basin at Calata Bettolo, intended for the transfer of that portion of 
dredged sediment with concentration values compatible with this intended use; 

¶ the filling of the water areas near Calata Derna and Calata Bengasi, for constructing a quay. 
As part of this program of activities, the Port Authority of Genoa has commissioned ICRAM to design the 
seabed characterization activities preparatory to the planned dredging and quay construction works.  
For the marine areas of the Port of Genoa affected by dredging and quay construction projects, ICRAM has 
therefore drawn up a specific Characterization Plan, modulating the sampling strategy for each area subject 
to intervention according to the bathymetric heterogeneity of the seabed, the qualitative variability of the 
sediments, based on previous information, as well as the internal structural layout of the port. The 
characterization activities planned for marine sediments have been divided into two distinct phases (Phases I 
and II). 

¶ Phase I involved the characterization of the entire western port area, in particular the Sampierdarena 
Channel with all its internal docks, except for the Bengasi Quay and the mouth of the Polcevera stream, 
by taking 199 sediment cores, varying in length between 0.50 m and 8.00 m (for the performance of 
chemical-physical analyses on a total number of 922 levels).  

¶ Phase II involved the characterization of the entire eastern area and part of the Old Port, in particular the 
Scalo Marittimo, the turning basins, the eastern access channel and the Bengasi Quay, through the 
collection of 137 sediment cores, varying in length from 0.50 m to 8.50 m (for the performance of 
chemical-physical and eco-toxicological analyses on a total number of 521 levels). 

The characterization data obtained from surveys carried out within the Port of Genoa were processed using 
various geostatistical techniques to obtain the spatial distributions of the various survey parameters. Areas 
characterized by a different sampling grid were treated separately to respect the different levels of 
information available during the estimation phase. The areas relating to the slipways and turning basins were 
discretized, for estimating the survey parameters, with three-dimensional grids with cells measuring 
30x30x0.5, while the remaining areas were discretized with cells measuring 50x50x0.5. 
The grids were then cut into areas affected by excavation, and therefore subject to characterization, identified 
in accordance with the bathymetry provided by the Port Authority (Figure 3.1). The calculations relating to the 
areas affected by quay construction work went down to a depth of 3 m. The calculations relating to the areas 
affected by excavation projects went down to the actual excavation depth, calculated by comparing the project 
elevations and the bathymetry provided by the Port Authority. In the area of the turning basin and the Old 
Port, core samples taken below a sedimentary cover encountered a rocky substrate above the planned 
excavation levels. In these areas, the deepest layers of the processing grid stop at the estimated level of the 
rocky substrate. 
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Figure 3.1 - Processing grid for the surface layer (ICRAM, 2007) 

 
In general, all the areas characterized were found to be heavily contaminated; the pollutants identified 
(hydrocarbons, polychlorinated biphenyls, heavy metals and organotin compounds) are clearly linked to 
human activities. The highest levels of contamination were found in the turning basin and in the docks of the 
Old Port. Furthermore, where contamination was detected, it extends to the deepest levels. 
The results are shown, for each analyte, according to whether they exceed the concentration values reported 
in Tables 1/A and 1/B of Annex 5 to Part IV of D.L. No. 152/2006. 

At the end of the assessments, ICRAM developed a geographical distribution of the concentrations, 
highlighting the areas of exceedance of each limit value with different colors. The identified areas are: 

- Purple Zone: This color identifies the areas in which the exceeding of the classification limit values for 
dangerous substances has been found; in these areas, the highest level of contamination has been 
found. 

- Red Zone: The areas in which the concentration detected are higher than the limit values of D.L. 
152/2006 are represented in Red. In these areas there is the presence of health risk but the 
concentrations are lower than the classification limit values of dangerous substances. 

- Green Zone: In these areas, the concentrations found were lower than the ICRAM intervention limit 
values. 

The results for the compounds that showed the most significant concentrations (C>12 hydrocarbons, Pb for 
Phase I, and PAH sum and Hg for Phase II) are reported (Figure 3.2-3.25). 
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Figure 3.2 - Estimated concentration of C>12 hydrocarbons in the 0-50 cm layer (ICRAM, 2007) 

 

 
Figure 3.3 - Estimated concentration of C>12 hydrocarbons in the 50-100 cm layer (ICRAM, 2007) 
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Figure 3.4 - Estimated concentration of C>12 hydrocarbons in the 100-150 cm layer (ICRAM, 2007) 

 

 
Figure 3.5 - Estimated concentration of C>12 hydrocarbons in the 150-200 cm layer (ICRAM, 2007) 
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Figure 3.6 - Estimated concentration of C>12 hydrocarbons in the 200-250 cm layer (ICRAM, 2007) 

 

 
Figure 3.7 - Estimated concentration of C>12 hydrocarbons in the 250-300 cm layer (ICRAM, 2007) 
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Figure 3.8 - Estimated concentration of Pb in the 0-50 cm layer (ICRAM, 2007) 

 

 
Figure 3.9 - Estimated concentration of Pb in the 50-100 cm layer (ICRAM, 2007) 
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Figure 3.10 - Estimated concentration of Pb in the 100-150 cm layer (ICRAM, 2007) 

 

 
Figure 3.11 - Estimated concentration of Pb in the 150-200 cm layer (ICRAM, 2007) 
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Figure 3.12 - Estimated concentration of Pb in the 200-250 cm layer (ICRAM, 2007) 

 

 
Figure 3.13 - Estimated concentration of Pb in the 250-300 cm layer (ICRAM, 2007) 

 



 

79 
 

 
Figure 3.14 - Estimated concentration of PAH sum in the 0-50 cm layer (ICRAM, 2007) 

 

 
Figure 3.15 - Estimated concentration of PAH sum in the 50-100 cm layer (ICRAM, 2007) 
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Figure 3.16 - Estimated concentration of PAH sum in the 100-150 cm layer (ICRAM, 2007) 

 

 
Figure 3.17 - Estimated concentration of PAH sum in the 100-150 cm layer (ICRAM, 2007) 
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Figure 3.18 - Estimated concentration of PAH sum in the 200-250 cm layer (ICRAM, 2007) 

 

 
Figure 3.19 - Estimated concentration of PAH sum in the 250-300 cm layer (ICRAM, 2007) 
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Figure 3.20 - Estimated concentration of Hg in the 0-50 cm layer (ICRAM, 2007) 

 

 
Figure 3.21 - Estimated concentration of Hg in the 50-100 cm layer (ICRAM, 2007) 
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Figure 3.22 - Estimated concentration of Hg in the 100-150 cm layer (ICRAM, 2007) 

 

 
Figure 3.23 - Estimated concentration of Hg in the 150-200 cm layer (ICRAM, 2007) 

 


