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Abstract in English 

The assessment of the risk posed by a polluted site towards humans and the environment 

is an important issue. The methodology to define a conceptual model of the site of study 

and to perform the risk assessment can differ significantly for each country thus, the 

comparison between different methods to approach polluted sites, can highlight which 

are the aspects that should be included or modified in the risk assessment methodology 

to ensure reliable outcomes. 

The aim of the study was to compare the Italian and Swedish approaches to deal with 

contaminated sites and evaluate the respective results. The two risk assessments were 

performed for the property of Bollnäs Bro 4:4, located in Bollnäs (Sweden). The site 

presented a diffused contamination by both inorganic and organic pollutants as a 

consequence to the storage and maintenance of train coaches. Soil samples were taken on 

site to perform leaching test and determine the site-specific soil to liquid partition 

coefficient (Kd) of metals. Two software were used: Risk-net 2.0, to determine the 

threshold concentrations for risk (CSRs), i.e. the Italian remediation goals, and the 

Software for site-specific soil guidelines by Kemakta AB to calculate the Swedish site-

specific soil guidelines. 

The outcomes of the two risk assessments were different both considering the value and 

the driving exposure pathway, but confirmed the critical pollution of the property. The 

Swedish site-specific guidelines were found smaller than the Italian CSRs for the majority 

of the contaminants, but it was not possible to define which approach would have 

determined the highest remediation costs, due to the non-legally-binding character of the 

Swedish guidelines. 

The Italian risk assessment is very detailed, but time consuming. The Swedish 

methodology, on the contrary, is quick and simple, but is lacking in site-specificity, due 

to the limited number of editable parameters. Both the approaches have strengths and 

weaknesses, but further studies, focused both on the physio-chemical and toxicological 

properties of the pollutants and the mathematical models adopted in each country, are 

required to perform a deepened comparison between the two methodologies. 
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Abstract in Italiano  

La valutazione del rischio posto dalla presenza di un sito contaminato su uomo ed 

ambiente è una problematica importante. Il procedimento per definire un modello 

concettuale del sito ed eseguire lôanalisi di rischio possono risultare molto diverse di 

Paese in Paese. Per questo, il confronto tra diverse metodologie di approccio ad un sito 

inquinato può essere usato per identificare quali sono gli aspetti che andrebbero inclusi 

in una procedura di analisi di rischio e quali invece tralasciati, per ottenere risultati 

realistici e affidabili. 

Lo scopo del lavoro è stato quello di comparare lôapproccio italiano ad un sito 

contaminato con quello svedese per poi valutare i risultati corrispondenti. Le due analisi 

di rischio sono state eseguite per la proprietà Bollnäs Bro 4:4, situata nella cittadina di 

Bollnäs (Svezia). Il sito in analisi era caratterizzato da unôestesa ed eterogenea 

contaminazione, costituita sia da inquinanti organici che inorganici, conseguente alla 

manutenzione delle carrozze di treni, poi tenute in capannoni. Dei campioni di suolo sono 

stati raccolti sul sito per eseguire un test di cessione e determinare il coefficiente di 

partizione suolo-acqua (Kd) dei metalli presenti. Due software differenti sono stati 

utilizzati: Risk-net 2.0, per calcolare le concentrazioni soglia di rischio (CSR), ovvero gli 

obiettivi di bonifica italiani, e il Software for site-specific soil guidelines by Kemakta AB 

per calcolare le linee guida sito-specifiche svedesi. 

Le due analisi di rischio hanno fornito risultati diversi, sia in termini di valore numerico 

che considerando la via di esposizione determinante per il contaminante, ma entrambe 

hanno confermato la criticità della contaminazione del sito. Le linee guida sito-specifiche 

svedesi sono risultate più basse delle CSR italiane per la maggior parte dei contaminanti, 

ma non è stato possibile determinare quale tra i due approcci avrebbe comportato i costi 

di bonifica più elevati, dato che le linee-guida svedesi non costituiscono valori legalmente 

vincolanti. 

Lôanalisi di rischio italiana ¯ pi½ dettagliata ma richiede tempo per essere eseguita. La 

metodologia svedese è, invece, semplice e veloce da applicare, ma la simulazione risulta 

molto meno sito-specifica a causa del numero limitato di parametri che possono essere 

modificati. Entrambi gli approcci hanno punti di forza e debolezza, ma sono necessari 

ulteriori studi, incentrati sui modelli matematici e i parametri chimico-fisici e 
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tossicologici utilizzati in ciascun Paese, per poter fare un paragone più approfondito tra 

le due metodologie. 
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1 Introduction  

Risk assessment is the formal process of evaluating the consequences of a hazard(s), i.e. 

a situation or a chemical, biological, physical agent that can cause adverse effects or harm, 

and their related probabilities (Gormley at al., 2011; Phillips et al., 2008). In the 

environmental contest, risk assessment is used in order to assess the risk associated to a 

polluted site and the consequent remediation required as well as a possible future hazard 

that has not occurred yet (Saponaro, 2015; NATURVÅRDSVERKET, 2009; Gormley at 

al., 2011). When dealing with an existing polluted site, the risk assessment methodology, 

as part of the remediation procedure, is based on the use of models that can connect the 

hazard due to the contamination with the exposure and migration pathways and the 

receptors (Saponaro, 2015). 

Different countries have consequent different approaches to assess the risk, therefore the 

outcomes of the risk assessment and the practical actions adopted might differ 

significantly. Because of this heterogeneity, a comparison between different 

methodologies can be useful to highlight their positive and negative aspects and it can 

help further develop a more efficient procedure to assess the risk.  

The polluted area Bollnäs Bro 4:4, in the Swedish city of Bollnäs, where train coaches 

were stored and maintenance work has been constantly performed for one century, is an 

example of a site that requires a risk assessment to evaluate the possible harm posed by 

the existing pollution. Previous reports and analysis performed at the site, reported 

contamination both in soil and groundwater and a risk assessment with the consequent 

possible actions to manage the risk was performed by Swedish Consultants (SWECO) in 

2015, without considering the buildings present at the site. 

 

1.1 Aim of the study 

The aim of this thesis is to compare the Italian and Swedish risk assessment procedure, 

both considering the methodology itself and the software used, and performing a risk 

assessment for the site Bollnäs Bro 4:4 with the two different approaches. Even if analysis 
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were executed in the previous years and a risk assessment was performed by the Swedish 

company SWECO in 2015, it is interesting to perform a risk assessment using different 

inputs after collecting samples at the site to check if the contamination is as heterogeneous 

as it appears from the previous reports. Moreover, due to the importance in evaluating the 

risk posed by toxic metals, it is of interest the actual mobility of these species in the site 

of study to properly determine the risk. 

The questions that have to be answered in this study are: 

1. What are the major differences between the Italian and Swedish risk assessment 

procedure? 

2. Which conclusions can be drawn from the analysis on toxic metals in the samples 

collected at the site of study? 

3. Which conclusions can be drawn from the outcomes of the two risk assessments?  

4. Which are the differences in the results of the two risk assessments and how can 

they be explained? 

5. Which are the strengths and the weaknesses of the two approaches and, how, if 

possible, could they be merged? 
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2 Background 

 

2.1 Risk assessment  

Risk assessment methods can be broadly divided in two types: qualitative and 

quantitative. The qualitative approach is usually simple and cost-effective, but it results 

as significantly subjective (Gormley at al., 2011; Linkov et al., 2009). Consequently, it is 

possible to obtain different outcomes if the performer of the assessment changes, due to 

the individual interpretation of the inputs and the outputs of the problem. Quantitative 

methods, on the other hand, are more complicated than the qualitative ones, but more 

reliable since based on a large amount of data and on the judgment of experts in the topic. 

However, quantitative methods can be simplified if the model is provided in the form of 

a software. In this case, it is possible to modify the inputs and the consequent outcomes 

of the assessment with the manipulation of a reasonable number of parameters. A possible 

issue of the quantitative methods can be identified in the strong dependence on the 

selection of the data to perform the assessment (Gormley at al., 2011; Linkov et al., 2009). 

Environmental risk assessments consider three possible classes of hazards: sanitary risk 

related to human health, ecological risk for an ecosystem, and the risk for water resources 

(Saponaro, 2015). The ecological risk is the farthest from standardization of the procedure 

(Saponaro, 2015) and due to the ecosystem complexity the modelling results difficult. 

It is possible to identify three different types of risk assessments, depending on the 

complexity of the approach and the instruments used to reach the aim of the study (APAT, 

2008; Saponaro, 2015): 

- Level 1: Tables with non-site-specific values;  

- Level 2: Analytic model for transport and/or site-specific parameters; 

- Level 3: Numerical model or direct measurement with probabilistic methods to 

estimate the risk. 

A level 2 risk assessment, is an acceptable compromise between the other two levels but 

usually requires simplifications when drawing the conceptual model of the site of study, 

in particular about (Saponaro, 2015): 
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- Geology and hydrogeology of the site (isotropy etc.); 

- Geometry and chemical features of the pollution sources; 

- Lack of change of input parameters in time; 

- Pollutant fate and transport mechanisms.  

 

2.2 Problem formulation 

A clear definition and description of the problem and its boundaries is of fundamental 

importance when performing a risk assessment, because it affects the outcomes and the 

consequent future actions at the site (Gormley at al., 2011; Nickson, 2008). When the 

schedule for a risk assessment is strict and the time is lacking, overlooking details and 

saving time collecting less information could appear easier, but this approach might lead 

to issues in the revision phase of the procedure (Gormley at al., 2011). It is important to 

assess the uncertainty of the problem formulation so that the outcomes can be clearly 

contextualized in the frame of assumptions adopted by the performer of the risk 

assessment without ambiguity.  

Uncertainty is a critical aspect in the risk assessment (Unites States Environmental 

Protection Agency-USEPA; Gormley at al., 2011) and is usually caused by the lack of 

complete data. This factor can be decisive both in the formulation of the problem and it 

is the reason why fully gathering information is a crucial part of the process.  

During the formulation of the problem, it is recommended to include in the discussion the 

stakeholders or the public bodies that could be directly or indirectly affected by the 

assessed risk (Gormley at al., 2011). The early participation of the interested parties can 

make the decisions taken during and after the risk assessment more efficient and punctual 

(Gormley at al., 2011). If doing so, it is also possible to avoid future bureaucratic issues 

between the different involved parties, which would cause delays both in the phase of risk 

assessment and in the remediation actions. 

Basic general information about the risk must be collected considering the ñfour wò: what, 

to whom (or which part of the environment), where and when. The problem formulation 

phase can be divided in sub-stages: problem framing, conceptual model development, 
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risk assessment planning, risk screening and prioritizing (Gormley at al., 2011; Nickson, 

2008).  

 

2.2.1 Conceptual model development 

In order to formalize all the aspects cited above, a conceptual model, i.e. a schematic 

representation, of the site is necessary to represent the features and the boundaries of the 

environmental problem under evaluation (Gormley at al., 2011; Nickson, 2008). The 

complexity and the details of the model to be defined usually vary case by case, but the 

more detailed the model is, the closer the assessment is to the real situation. However, it 

must not be forgotten that a conceptual model will never be able to represent perfectly 

the site and imprecision will always affect the outcomes. Hence, an increased effort in the 

conceptual model development can only increase the reliability of the results of the risk 

assessment but will never remove the intrinsic imperfection of a schematic representation 

of a complex reality. 

The development of a conceptual model is highly dependent on the quality of the data 

and information gathered about the site of study. Therefore, it is fundamental to collect 

the historical data available for the area in order to identify the proper methodology to 

follow when performing the investigations and the location of the sampling points. The 

investigations that can be executed must be divided in two classes: direct investigations, 

that give quantitative outcomes, and indirect investigations, that produce qualitative 

information (Nickson, 2008; Saponaro, 2015).  

The complexity of the model is strictly connected to the one required for the risk 

assessment. A conceptual model is used to define the hypothetic connection and 

relationship between the source of the hazard (polluted site) and the pathways of exposure 

and migration to the receptors, i.e. humans and environment respectively (Gormley at al., 

2011; Nickson, 2008; Saponaro, 2015). The source of the hazard, e.g., a polluted site, 

greatly bear on the results of the risk assessment, in the sense that a wrong or superficial 

description of the considered site can lead to misleading results and inefficient risk 

management actions. The distinction between migration and exposure pathways is based 

on the different receptor considered. When humans are considered, we talk about 
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exposure because the quantity of the pollutant that reaches the receptor and its contact 

time, in addition to the chemical properties of the chemical itself, determine the 

consequences on human health. In the case of hazard to the environment, the term 

migration pathway is used because no exposure is calculated in the risk assessment 

(Saponaro, 2015).  

When developing the conceptual model, it is important to be informed about all the factors 

that can affect the risk (Gormley at al., 2011; Nickson, 2008).  All the natural and human 

processes that can influence the hazard must be taken into account. The activity in the 

nearby areas, the annual precipitations and the geochemical properties of the soil are 

examples of the information required. If any affecting factor is not considered from the 

very first stage, problems may arise during the assessment of the risk and the definition 

of the consequent practical actions (Gormley at al., 2011).  

 

2.2.2 Planning the assessment 

The stage of planning the assessment is focused on the definition of the required data and 

the methods to collect them (Gormley at al., 2011). In this context, the selection of which 

are the most important data in order to perform the risk assessment for the site provides 

opportunity to save time focusing the effort on the most critical aspects of the assessment 

and it leads to more punctual outcomes. 

In the last years, the request for public participation in the risk assessment and for a 

procedure characterized by full transparency has become stronger along with the increase 

in the environmental awareness between citizens (Gormley at al., 2011, Petts and Brooks, 

2005). Participatory risk assessment is an effective solution to the lack in the public 

participation (Gormley at al., 2011). This type of risk assessment involves people in the 

problem formulation, management options and final solutions communicating 

information in a comprehensible and non-specific language (Homan et al., 2001; Petts 

and Brooks, 2005). 

 



25 

 

2.2.3 Risk screening and prioritization 

A first partial screening of the risk characterizes the stage of conceptual model definition 

(Gormley at al., 2011). The screening can be used to identify which are the most relevant 

risks that have to be analyzed and assessed, but also those aspects that can be overlooked 

when performing further investigations. In this way, it is possible to manage the efforts 

of the assessment in an efficient way saving time and resources. In this phase, the 

performer of the risk assessment can understand if a quantitative risk assessment is 

possible for the site, i.e. the available data and information are enough, or if more analysis 

is required. However, not all the risks need a quantitative risk assessment, since they 

might be considered negligible looking at the data already available (Gormley at al., 

2011). Therefore, risk screening is useful to focus the assessment on those risks that are 

affected by an uncertainty that could greatly affect the outcomes of the study and the risk 

management.   

Risk screening can be based on different factors (Gormley at al., 2011): 

- The importance of a hazard, the susceptibility of the receptor or the accessibility 

of a pathway; 

- The probability of an event, considering the historical occurrence and the 

changing in the circumstances; 

- The reliability of the links identified between the hazard and the receptor. 

Screening the risk, deciding with ñfiltersò which are the hazards to be further analyzed, 

is only a first step that is followed by the prioritization of the risk. This process must be 

transparent due to the intrinsic subjectivity of the procedure, in order to clarify on which 

basis the outcomes of the assessment are founded (Gormley at al., 2011). Once 

transparency is ensured, it is also possible to compare results of different assessment in 

an effective way. Risk ranking can be performed in many ways: considering the relative 

strength of a dangerous chemical, the likelihood of a pathway to be relevant for a specific 

receptor, the necessary exposure to ensure critical hazard to a receptor and so on (Gormley 

at al., 2011). All these qualitative approaches use a conceptual model to identify the 

connections between sources of the hazard, pathways and receptors.  
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The process of screening and prioritizing the risk must be revised during the whole 

assessment. In fact, it is probable that some risks that are classified as not relevant, at the 

starting point of the study, gain more importance in the next steps with possible influence 

on the outcomes of the assessment.   

2.3 Assessment of the risk 

After a first stage of problem formulation in which planning and scoping are performed 

along with the collection of data to identify the dimensions and features of the site 

contamination and also all the information needed to predict the fate of the contaminants, 

the risk can be assessed (USEPA). Usually, the assessment can be divided in four stages 

(Gormley at al., 2011): 

- Hazard(s) identification; 

- Assessment of the potential consequences; 

- Assessment of the probability of these consequences; 

- Risk and uncertainty characterization. 

Either performing a quantitative or qualitative risk assessment, the assessment of the risk 

follows the same steps as reported above.  

 

2.3.1 Hazard(s) identification  

When a chemical, physical or biological agent or a situation can cause, under specific 

conditions, harm, it can be identified as a hazard (Phillips et al., 2008). A hazard can be 

of different magnitude, spacing from a local context, e.g., highway traffic pollution, to a 

global one, e.g., ozone depletion. The identification of the hazards greatly affects the next 

steps of the risk assessment and, therefore, it is important to identify all the possible 

threats (Gormley at al., 2011). 

Given a hazard, the consequences that can occur are intrinsic in the hazard itself and all 

the possible ones must be taken into account with the related probability to assess the risk. 

The magnitude of the consequences must be defined without neglecting not only the 

spatial but also the temporal scale of them (Critto et al., 2007; Gormley at al., 2011; 

Phillips et al., 2008).  
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2.3.2 Assessment of consequences probability 

Given all the consequences that are likely to occur due to a hazard, it is important to 

associate to each of them a probability or frequency (Gormley at al., 2011). For example, 

in the case of a polluted site, the actual odds that an individual comes in contact with the 

polluted soil must be considered. Models are used to reproduce the migration of pollutants 

in the environment and estimate the off-site exposure of humans to these dangerous 

compounds. When estimating the exposure on site, the frequency at which the receptor is 

in contact with the hazardous chemical is considered. The carcinogenic risk, expressed as 

a probability, is itself an example of this concept and is direct consequence of the 

probability that the pollutant reaches the receptor (Phillips et al., 2008; Saponaro, 2015).  

Once it is established the probability of exposure to harmful chemicals occurs, it is 

important to calculate the odds of adverse effect due to the exposure. Obviously, the 

occurrenceôs likelihood of consequences to exposure to hazardous compounds can be 

different due to the variety of factors involved. In fact, the probability of harm depends 

on the properties of the chemical itself, on the vulnerability of the receptor and on the 

extent of the exposure. As an example, it is unrealistic that the exposure to the same 

pollutant concentration would lead to the same consequences in the case of an adult and 

an infant. Usually the likelihood of harm is represented in a simplified way using a dose-

response relationship that relates the magnitude of harm to a certain exposure for a given 

type of receptor (Gormley at al., 2011). These relationship is obtained using 

ecotoxicological tests that use as receptor small mammalians and extrapolate the results 

for humans using factors, e.g., safety factor, to adapt the outcomes to the different receptor 

(Norrström, 2015; Saponaro, 2015). 

 

2.3.3 Risk and uncertainty characterization  

At this step, the information and the results obtained from the previous stages are gathered 

to determine the definitive likelihood of harm that an activity or a compound could cause 

to a specific receptor in defined exposure conditions and with the related assumptions and 

uncertainties. 
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A common way to characterize the risk is to compare the contaminant concentration in 

an environmental matrix with a guideline value and then define what this would mean in 

terms of how likely adverse effect could occur (Critto et al., 2007; Gormley at al., 2011). 

Further considerations can be made about the validity of the guideline for the studied site 

and consequent actions to properly characterize risk, e.g., site specific guidelines (Elert, 

2016; NATURVÅRDSVERKET (2), 2009). 

In order to characterize the risk posed by dangerous chemicals, ecotoxicological tests, as 

mentioned before, can be performed using for example the predicted no-effect 

concentration (PNEC), determined using laboratory animals or gathering data from 

similar cases affecting population (Critto et al., 2007; Gormley at al., 2011; Phillips et al., 

2008). In the case of hazardous chemicals, an important distinction must be highlighted 

between toxic and carcinogenic compounds, due to the different dose-response effect on 

humans and animals (Phillips et al., 2008; Saponaro, 2015).  

Considering a dose-response relationship, in the case of a toxic agent, a threshold value 

is defined as that dose at which response, i.e. adverse effects, on the target occurs. When 

the acceptable dose has to be modified with respect to humans, a reference dose (RfD) is 

determined, that is always smaller than the threshold dose. In fact, the RfD is usually 

derived from the no adverse effect level (NOAEL) using uncertainty factors (UFs) that 

are based on the data and the procedure performed to determine the RfD (Phillips et al., 

2008). For example, if animals are used, a normal UF is 100, but it can vary according to 

the number of studies and the type of animal (Saponaro, 2015). Then another modifying 

factor (MF) can be used which is based on the professional judgment of the chemicalôs 

data (USEPA, 1993).  
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The dose-response correlation for carcinogenic and mutagenic chemicals is considered as 

a no threshold one, i.e. adverse effects on human health are likely to occur also at very 

low exposure values (Critto et al., 2007; Phillips et al., 2008; USEPA, 1992). Since 

response at low doses of carcinogenic compounds cannot be directly determined either 

by epidemiologic studies or laboratory tests with animals, it must be derived from the 

correlation found at higher doses. A common way to extrapolate this relationship is the 
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linearization of the dose-response curve, which is considered a valuable solution as long 

as other information suggest a different correlation. The slope of the linearized part of the 

curve is called slope factor (SF), with (mg/kg/day)-1 as unit (Phillips et al., 2008; 

Saponaro, 2015; USEPA, 1992).   

The dose-response correlation for carcinogenic and non-carcinogenic substances is 

reported in Figure 1. 

 

Figure 1: Carcinogenic and non-carcinogenic compounds dose-response correlation (Saponaro, 

2015). 

Uncertainty is present in all the stages of a risk assessment and in the case of 

environmental issues its precise quantification is an actual problem. Distinction must be 

made between epistemic uncertainty, due to lack of information, and aleatory one, 

consequence of the inherent variability of natural systems. The first step when dealing 

with uncertainty is its own identification. Even if it is clearly possible to reduce only the 

epistemic uncertainties collecting more data or performing further analysis, the 

identification of uncertainties can improve the quality of the whole study and insert the 

outcomes is a well-defined background. Uncertainty factors, as those reported before for 

human health risk, can be adopted to express the uncertainty and to provide a margin of 

safety (Critto et al., 2007; Gormley at al., 2011).  
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2.4 Risk management 

The risk management is not a part of the risk assessment but it is briefly discussed here 

as the following step of the remediation process, when the risk is assessed as not 

acceptable. 

Once risk is estimated as relevant and not tolerable, the decision-maker must choose one 

of the risk management options to terminate, mitigate, transfer, tolerate or exploit the risk, 

keeping in mind that the total neutralization of the risk is usually impossible. In order to 

select the best strategy to adopt, all the positive and negative aspects in an economic, 

environmental, technical and social contest must be taken into account. As a consequence, 

the following decision-making can result complex due to the trade-offs between these 

aspects. Also because of this, the involvement of public and stakeholders in the selection 

of the best option, can lead to positive effects in the efficiency of this stage (Gormley at 

al., 2011; Phillips et al., 2008; Saponaro, 2015). 

After the appraisal of the options, the risk must be practically addressed in order to meet 

the objectives defined in the risk management strategy. All the actions put into practice 

must be clearly and unambiguously motivated. When this stage is completed, surveillance 

covers a fundamental role in monitoring possible variable circumstances at the site 

(Gormley at al., 2011). 

The risk assessment procedure described and the considerations reported above are 

general. The approach to the risk can vary in different ways in different countries, as it 

will be observed in the following chapters where the procedures performed in Italy and 

in Sweden when dealing with polluted sites will be analyzed. 
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3 Risk assessment in Italy 

The Italian risk assessment procedure for polluted sites is regulated, as part of the 

remediation process, by two official documents (Saponaro, 2016): 

- Legislative decree (D. Lgs.) 152/06 ï Part IV 

- Legislative decree (D. Lgs.) 4/2008 

Important definitions are present in these documents (D. Lgs. 152/06; Saponaro, 2016): 

- CSC (threshold concentration for contamination): these concentrations are those 

above which a site-specific risk assessment must be performed. It must be 

specified that they are different for soil (and the associated land use) and 

groundwater and that are not risk-based; 

- CSR (threshold concentration for risk): these concentrations are calculated as 

result of the risk assessment and represent the acceptable level of pollution for the 

site. If they are exceeded, remediation or securing actions must be adopted; 

- Potentially polluted site: a site where one or more concentrations are found above 

the CSC; 

- Polluted site: a site where one or more concentrations are found above the 

calculated CSR; 

- Remediation: reduction of the pollutants concentration to a value below or equal 

to the CSR in soil and groundwater;  

Usually, the CSRs are higher than the CSCs, so less strict, but in the case of the 

(Polycyclic Aromatic Hydrocarbons) PAHs and As, it is the opposite. Therefore, even if 

the CSRs for PAHs and As are calculated through a risk assessment, the remediation 

targets are usually replaced by the CSCs (Saponaro, 2015).  

A schematic representation of the whole Italian methodology, from site characterization 

to soil remediation, is schematically represented in Figure 2. 



32 

 

 

Figure 2: Schematic representation of the risk assessment methodology in Italy (Saponaro, 2015). 

As explained before, in order to perform the risk assessment, a characterization of the site 

is necessary. In the following paragraph, the Italian procedure will be shortly described 

as fundamental preliminary step of the risk assessment. 

 

3.1 Site characterization 

The characterization of the site has the two following main aims: 1) the determination of 

the pollution of the site (concentration and spatial distribution of pollutants) and 2) the 

acquirement of the site-specific values for the physical-chemical parameters of soil and 

groundwater that affect the transport of pollutants.  

When dealing with the definition of the features of the contamination the aspects that 

have to be addressed are: 

- Identification of the primary sources of pollutions (that must be removed), e.g., 

leaching tanks, etc; 

- Identification of the secondary sources of pollutions, i.e. the environmental 

matrices that are contaminated. 

The secondary sources of pollution can be constituted by:  

- surface soil (down to 1 m depth from ground surface); 

- deep soil (from 1 m below ground surface to the groundwater level); 

- groundwater. 
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The two first matrices form the unsaturated zone, the third one the saturated zone (APAT, 

2008).  

The dimension of the pollution, the potential pollutants and the concentrations are 

fundamental information that must be gathered to properly characterize the secondary 

sources of pollution (APAT, 2008; Saponaro, 2015). 

The first step of the site characterization is constituted by the environmental 

investigations. These researches are different in the case of previously measured 

concentrations above the CSC and when there are no certainties about the level of 

pollution (APAT, 2008; Saponaro, 2015). When values above the CSC of soil and 

groundwater were already found at the site, the Plan of Characterization (PdC) is drafted, 

whereas preliminary investigations are performed if concentrations above the CSC were 

not detected yet. The soil CSCs to be considered are different depending on the land use 

that must be distinguished between residential/recreational and industrial/commercial. 

The PdC must contain many information (APAT, 2008; Saponaro, 2015). The first 

fundamental part of the PdC is the historical reconstruction of the site which is constituted 

by all the data about the studied area, i.e. site evolution in the past (constructions, 

pavements etc.), incidents, analytic set (list of manufacturing processes, raw materials, 

by-products and leftovers) and works performed (substitutions of pipes etc.). Also the 

collection of environmental historical data about the site itself must be present in the 

drafted PdC (i.e. stratigraphy, depth of the aquifer, groundwaterôs flow direction and 

chemical data about soil and groundwater). A preliminary conceptual model that defines 

the potential sources of contamination, based on the historical reconstruction, the features 

of the environmental matrices affected by the activity in the area, based on available 

historical data, and the possible migration pathways to receptors, must be included in the 

PdC as well. The last part of the PdC is constituted by the Plan of the Investigations (PdI). 

The PdI defines the environmental matrices to be analyzed, the typology, the depth and 

the points of the performed investigations, the sampling procedures and the parameters 

and/or compounds to be analyzed and the way the analysis must be performed.   

The D. Lgs. 152/06 defines two main strategies to decide the location of the sampling 

points (APAT, 2008; Reteambiente, 2016; Saponaro, 2015):  
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- ñreasoned locationò: the sampling is performed on the base of the available 

historical data and the information gathered by the preliminary conceptual model. 

The aim of investigations is to verify the hypothesis of the model about extension, 

level and presence of pollution. This approach is suggested for complex sites 

where it is possible to identify the most vulnerable areas and the probable sources 

of contamination; 

- ñsystematic locationò: the sampling points are defined following statistic 

calculations or randomly, e.g., using a grid. This choice is recommended when 

the dimension of the site or the historical information about it are not sufficient to 

identify the most vulnerable areas and the probable sources of contamination. 

According to the features of the site, both the two approaches can be adopted as 

represented in Figure 3. In particular, the presence of buildings and/or activities at the site 

affects the number and the location of the sampling points. Moreover, the use of indirect 

investigations, as soil gas sampling, can guarantee a better location of the sampling points. 

Samples can also be taken in the nearby of the site to determine the background level of 

contaminants in the soil matrices (Reteambiente, 2016; Saponaro, 2015) 

 

Figure 3: Possible criteria in the location of sampling points (Saponaro, 2015): a) reasoned 

location, b) random location, c) systematic location with grid, d) systematic random location. 

When the characterization of the site is completed and a definitive conceptual model is 

developed, the risk assessment can be performed. 

 

3.2 Conceptual model 

In order to properly assess the risk associated to the pollution at the site of study, the 

values for the required input parameters must be fixed. The document ñCriteri 

metodologici per lôapplicazione dellôanalisi assoluta di rischio ai siti contaminatiò by 

APAT (2008), reports the procedure to develop the conceptual model for a polluted site. 
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In particular, it is of interest to determine the geometry of the polluted area and the source 

representative concentration (CRS). The secondary source of pollution, both in the 

saturated and unsaturated zone, is assumed to always have a minimal areal extension of 

2500 m2 (50 m x 50 m) with the exception of specific cases as gas stations (APAT, 2008). 

The procedure to determine the geometry of one or more sources of pollution inside a 

contaminated site can be summarized as follows: 

- Subdivision of the area of interest in polygons according to the sampling criteria 

adopted, i.e. Thiessen polygons for reasoned sampling and regular cells for 

systematic sampling; 

- Determination of the spatial continuity of the source of pollution; 

- Neighborhood analysis. 

This procedure must be performed for each polluted matrix (APAT, 2008). 

The source of pollution is identified as the area constituted by the contiguous cells or 

polygons where the CSC is exceeded at least for one contaminant. If more sources of 

pollution are identified, the risk assessment must be performed for each of them (APAT, 

2008). 

The cells or polygons where C < CSC might have to be included to determine the polluted 

area and the CRS. In particular, a cell or polygon is included in the source of pollution if 

all or the majority of the cells or polygons surrounding it have a C > CSC. The 

cells/polygons that are included in the polluted area with this procedure have to be 

considered clean when doing the neighborhood analysis for a neighboring cell/polygon. 

The most ambiguous case is when the number of surrounding cells/polygons with C < 

CSC and of those with C > CSC is the same. The conservative solution contemplates the 

inclusion of the analyzed cell/polygon in the source of pollution (APAT 2008; Saponaro, 

2015).  

The concentration of each contaminant in each sampling point must be checked to 

distinguish the subareas of pollution. Usually the cells where an inorganic contaminant 

exceeds the guideline are all merged together. If it is possible to prove that the primary 

sources of pollution that caused the presence of the contaminants found on site are 



36 

 

different, independent secondary sources must be identified for each pollutant (APAT, 

2008; Saponaro, 2015).  

Once the shape of the secondary source(s) of pollution is determined, the rectangle that 

better includes all the cells/polygons where C > CSC is used as input for the assessment 

of the risk. More specifically, two rectangles must be drawn (Saponaro, 2015): 

- for the sanitary risk, with one side parallel and the other one perpendicular to the 

main wind direction; 

- for the risk posed to groundwater, with one side parallel and the other one 

perpendicular to the main groundwater flow direction. 

A unique secondary source is defined as (APAT, 2008): 

- a continuous secondary source that might pose risk to the same receptor in the 

same area of exposure; 

- a patch worked secondary source that it is impossible to divide in different 

polluted sources (Figure 4). 

 

Figure 4: Example of single secondary source of pollution from patch worked contamination. 

When dealing with the features of the polluted site, the representative value to be 

considered in the risk assessment is (APAT, 2008): 

- the most conservative value, i.e. the lowest or the highest depending on the 

considered parameter, if less than 10 data are available; 
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- in the case of 10 or more data, the Lower Confidential Limit at 95% (LCL95%) if 

the lowest value is the most conservative, or the Upper Confidential Limit at 95% 

(UCL95%) if the highest values is the most conservative. 

In the case of the CRS, for example, the concentration to be adopted will be either the 

greatest one or the UCL95% depending on the number of available data (APAT, 2008; 

Saponaro, 2015).  

 

3.3 Risk assessment  

A risk assessment can be performed before, during or after the remediation or securing of 

the site.  

The aim of a risk assessment can be of two main types (Saponaro, 2015): to determine if 

the presence of pollution could pose harm to the receptors or to define the objectives of 

the remediation required for the site. In the former case, a ñforwardò approach is applied, 

in the latter a ñbackwardò approach is adopted. An example of the second procedure is 

constituted by the CSR themselves that, fixed an acceptable level of risk, represent the 

remediation target in each environmental matrix. The two different approaches are 

schematically represented in Figure 5. 
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Figure 5: òForwardò and ñbackwardò risk assessment. 

According to the adopted standards, the risk assessment is always performed only 

considering the secondary sources of pollution (APAT 2008). 

 

3.3.1 Identification of receptors 

In order to calculate the human health risk three classes of receptors must be 

distinguished: residents, workers and attenders for recreational purposes. The first and 

the third type of receptors are further divided in children and adults. While workers are 

usually considered as receptors only on site (an exception could be a polluted abandoned 

site surrounded by a mall or industrial areas to which might be associated a risk to the 

off-site workers), residents and attenders are taken into account as off-site receptors as 

well. These distinctions, summarized in Table 1, are important because different exposure 

scenarios take into account the different exposure frequencies of the classes (high for 

resident and low for attenders) and also the bodyweight of the receptor (greater for adults 

and lower for children) (APAT, 2008; Saponaro, 2015). The subdivision of human 
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receptors in the different classes mentioned above, reflects the different susceptibility to 

the chemicals that they come in contact with (Figure 6). It must be specified, however, 

that the order of receptors proposed in Figure 6 can vary significantly depending on the 

site-specific parameters adopted (Saponaro, 2016). Therefore, when different receptors 

are found on or off-site the risk must be assessed for the most sensible one independently 

from the location. For example, if a worker is considered as a receptor but also residents 

off-site are likely exposed to the pollution, the risk must be assessed for a child resident 

off-site because more sensible than the worker.  

Table 1: Classes of human receptors considered in the Italian risk assessment. 

Receptor Sub-classes Location of the receptor 

Resident - Child 

- Adult 

- On site 

- Off-site 

Worker - Adult - On site 

Attender for recreational 

purposes 

- Child 

- Adult 

- On site 

- Off-site 
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Figure 6: List of human receptors from the most to the less sensible to exposure to hazardous 

chemicals. 

When water resources are considered, groundwater is the receptor usually considered 

(Saponaro, 2015). 

 

3.3.2 Identification of migration and exposure pathways  

As previously explained in the report, the distinction between migration and exposure 

pathways is due to the different receptors considered, i.e. water resources and humans.  

Considering groundwater, the possible migration pathways are: 

- Soil leaching, when the source of pollution is in the unsaturated soil; 

- Transport of pollutants to the POC (Point Of Conformity), when the source of 

pollution is in the aquifer. 

The exposure pathways of interest in the assessment of human health risk are named 

ñdirectò, when the receptor comes in contact with the secondary source of pollution, and 
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ñindirectò, when the contact occurs after the migration of the contaminant to the receptor. 

The direct exposure pathways considered are accidental ingestion of soil and dermal 

contact with soil, while the indirect ones are inhalation of particulate matter and inhalation 

of vapors (indoor and outdoor). Moreover, the distinction between source of pollution in 

soil, deep soil, i.e. the unsaturated soil at a depth greater than 1 m, and groundwater affects 

the exposure pathways (Table 2). The indirect exposure pathways have to be considered 

when also off-site receptors are detected because the transport of pollutants through air 

or particulate matter can cover a long distance beyond the borders of the site.   

Table 2: Exposure pathways. 

Exposure pathway Type of 

pathway 

Location of the source 

of pollution 

Exposure 

Accidental ingestion of soil Direct Soil On site 

Dermal contact with soil Direct Soil On site 

Inhalation of particulate 

matter 

Indirect Soil On site 

Off-site 

Inhalation of vapors Indirect Soil 

Deep soil 

Groundwater 

On site 

Off-site 

 

The identification of the pathways that are relevant for the case of study is important 

because it bears on the calculation of the concentrations of pollutant at the POC and the 

Point Of Exposure (POE). The POC is the point where the original conditions (ecological 

and chemical) of the site must be guaranteed. Usually, the POC is located at the legal 

boundary of the site downstream the groundwater flow The POE is the point where a 

human receptor is exposed to a certain pollutant (Reteambiente, 2016).  

The probability of the exposure to occur is assumed to be equal to 1, with a sure contact 

between receptor and pollutant (Saponaro, 2015).  

The assessment of the risk requires site-specific values, when available, to perform a 

realistic simulation. The features of the case-scenario that can be modified by the 

performer of the risk assessment are reported in Table 3. 
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Table 3: Features of the polluted site that can be modified with site-specific values. 

Risk object Site-specific features 

Humans 

Exposure pathways (also off-site) 

Type of receptors 

Exposure parameters (bodyweight, exposure time, 

exposure frequency and exposure entity for each exposure 

pathway) 

Outdoor and Indoor environment parameters 

Groundwater 
Leaching from contaminated soil 

POC > or = 0 

Humans and Groundwater 
CRS 

Saturated and unsaturated zone hydrogeological properties 

 

3.3.3 Pollutants concentrations at POE and POC 

The concentration at the POE and POC can be directly determined but, when this is not 

feasible, models are used to simulate the migration of pollutants from the source of 

contamination to the POE and the POC (Saponaro, 2015).  When a different exposure or 

migration pathway is considered, the calculation of the concentration at the POE or POC 

varies as well.  

In the case of direct exposure pathways, the concentration at the POE is the same of the 

source of pollution and is previously determined during the characterization of the site. 

When indirect exposure is considered, the methodology to determine the concentration at 

the POE leans on the use of models. For inhalation of particulate matter and vapors 

outdoor, the box model is considered (Saponaro, 2015). In order to simulate the migration 

of particulate matter and vapors off-site, the gauss model is applied.  

The simulation of the migration of pollutants must be as realistic as possible and in order 

to achieve a reliable approximation of the process all the environmental parameters that 

are affecting the transport of pollutants in the atmosphere and in the soil have to be 

quantified. For example, physical features and hydrogeology of the soil as well as climatic 

information must be analyzed. If a precautionary approach is adopted, the concentration 
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at the POE and POC can be assumed equal to the one of the source of pollution (Saponaro, 

2015).  

 

3.3.4 Dose calculation for health risk 

Once the pollutants concentration at the POE is determined, the chronic daily intake 

(CDI) for a generic pollutant j and an exposure pathway i can be estimated using the 

following general formula: 

ὅὈὍȟ
ὅ
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where: 

- CPOEj,i = Concentration of the pollutant j at the POE in the environmental 

compartment associated to the exposure pathway i 

- CR = contact rate, i.e. the daily volume of polluted environmental matrix taken 

[m3/d]   

- EF = exposure frequency, i.e. yearly contact frequency between the receptor and 

the polluted environmental matrix [d/year] 

- ED = exposure duration, i.e. years of exposure [year] 

- BW = bodyweight, with an average value of 70 kg for the adults and 15 kg for the 

children [kgbw] 

- AT = averaging time, i.e. time gap in which the negative effects of the contact 

with the pollutant occur [d] 

The AT has a different value according to the toxicity of the chemical considered. If the 

pollutant has systemic negative effects, i.e. carcinogenic, mutagenic and teratogenic, the 

exposure is averaged using the average lifetime of an individual, i.e. 70 years. The AT 

for chemicals with local toxic effects, i.e. effects that are limited to the organ that absorb 

the compound, is instead stablished as equal to the actual exposition, i.e. posed equal to 

ED (Saponaro, 2015; APAT, 2008).  

When the CDI of a pollutant which has both toxic and systemic effects, e.g., benzene, is 

estimated, the calculation has to be repeated twice, one for each property. 
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3.3.5 Health risk calculation and assessment 

The estimated corresponding dose for each exposure pathway must then be integrated 

with the toxicological properties of the pollutant that are expressed by the dose-response 

correlation.     

The information required when assessing the risk posed by a chemical with toxic 

properties is the RfD or the Acceptable Daily Intake (ADI) expressed as mg of pollutant 

per kg of bodyweight per day. The RfD is estimated considering the threshold value, 

beyond which negative effects are reported, and dividing it by a safety factor between 1 

and 10000 which takes into consideration the approximations adopted. In fact, as 

explained before, the dose-response correlations are drawn with ecotoxicological 

experiments using laboratory animals or with historical data about disease in the 

population (Saponaro, 2015). 

For a contaminant j with local toxic effects, the Hazard Index (HI) is defined as: 

ὌὍ
ὅὈὍȟ
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Where: 

- CDIj,i  is the chronic daily intake of j through the exposure pathway i 

- RfDj,i is the reference dose of j considering the exposure pathway i 

In the case of more pollutants, the overall HI is called HImix and is expressed as the sum 

of the HIs for each single chemical: 

ὌὍ ὌὍ  

In the case of substances with systemic effects, the dose-response correlation is 

established considering the added probability, with respect to the one characterizing the 

ñnormalò conditions, that the chemical poses its negative effects as a consequence of a 

daily intake extended to the whole lifetime of the individual. In the practical uses, the 

dose-response curve is assumed as linear. The consequence of this simplification is the 

adoption of the SF (kgbw*d/mgpollutant), whose values are reported in Italy by the ISS-
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ISPESL (Istituto Superiore della Sanità ï Istituto Superiore per la Prevenzione E la 

Sicurezza Sul Lavoro) database (Saponaro, 2015).  

For a contaminant j with systemic effects, the risk (R) is defined as: 

Ὑ ὅὈὍȟ ὛzὊ  

Where: 

- CDIj,i  is the chronic daily intake of j through the exposure pathway i 

- SFj is the carcinogenic potential of j associated to the exposure pathway i 

In the case of more pollutants, the overall R is called Rmix with the assumption of an 

additive interaction between substances: 

Ὑ Ὑ  

All these parameters should be calculated for all the receptors but it is clear that, if the 

most sensible receptor is considered when assessing the risk, the ones left will be ensured 

as well.  

According to the D. Lgs. 152/06 the conditions to be respected are: 

ὌὍ ρ 

Ὑ ρπ Ὢέὶ ὥὰὰ ὸὬὩ Ὦ 

Ὑ ρπ 

For systemic effects, the acceptable incremental risk is 1 case out of one million people 

for one single substance while 1 out 100 000 people when the receptor is exposed to more 

contaminants. This variation takes into account that the exposure to multiple hazardous 

chemicals is more likely to cause adverse effects on human health. 

Both the single and cumulative conditions on HI and R has to be respected. However, 

mathematically speaking, when the receptor is exposed to less than ten contaminants the 
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respect of the condition on Rj ensures that the one on Rmix is satisfied (APAT, 2008; 

Saponaro, 2015).  

 

3.3.6 Groundwater risk assessment 

The environmental risk assessment is not defined in Italy. The risk posed by the pollutants 

to the environment is in fact assessed in an easier way than the health risk one and 

considering only groundwater. The risk is estimated comparing the concentration of the 

pollutant in groundwater at the POC with a value established as acceptable by the experts 

or the controlling authority. In Italy it is compulsory to have a concentration of the 

pollutant at the POC below the CSC value defined by the D. Lgs. 152/06 for groundwater. 

If a well for human use is present, the POC is located there. 

 

3.3.7 After risk assessment 

If the risk is assessed as not tolerable, risk management actions must be put into practice. 

At this point of the procedure, with the links between source of pollution, 

exposure/migration pathways and receptors that have been clearly defined, actions to 

reduce the risk at acceptable level can be aimed at (Saponaro, 2015): 

- The removal or reduction of the concentration of pollutant at the source; 

- The interruption of one (or more) exposure/migration pathway(s). 

These two aims can be targeted using remediation techniques or securing the pollution. 

Once these procedures are concluded, a continuous monitoring of the site is usually 

performed to detect eventual variations in the current safe situation.  
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4 Risk assessment in Sweden 

The Swedish Environmental Protection Agency (SEPA) indicates the risk assessment as 

a procedure constituted by several steps to determine if a site is contaminated and if 

remediation to reduce the associated risk is needed. SEPA defines a contaminated site as 

one in which the detected contaminant levels are above the background concentrations 

(NATURVÅRDSVERKET (2), 2009).  

The main steps of the Swedish risk assessment are reported in Figure 7 (Norrström, 2015; 

Gustaffson, 2016). 

 

 

Figure 7: The risk assessment methodology in Sweden (Norrström, 2015; Gustaffson, 2016). 

MIFO, in Swedish, stands for Methods for Inventories of Contaminated Sites and is the 

procedure to collect data and to define the requirements that the info of a contaminated 

site must meet. The MIFO is divided in two parts that together comprise the complete 

guidance for the inventory of contaminated sites (SEPA, 2002).  
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4.1 Problem formulation ï MIFO phase 1 

The problem formulation is the first step of the risk assessment that determines the scope 

of the study. The aim of this stage is to get a first impression of the contaminated area and 

if it can pose a possible risk considering the current and the planned land use. The phase 

one of the MIFO, i.e. a preliminary survey of the site without sampling, is included in the 

process of formulating the problem (Norrström, 2015; SEPA, 2002). The sources of 

pollution, the features of the contamination, the transport and the exposure pathways and 

the protected areas that might be affected by the pollution are qualitatively described. If 

new and relevant information becomes available during the risk assessment it might be 

necessary to revise the problem formulation and the conceptual model 

(NATURVÅRDSVERKET (2), 2009).  

The problem formulation must include the following steps (NATURVÅRDSVERKET 

(2), 2009): 

- Contextualization of risk assessment in time and space 

- Description of the sources of pollution and pollution characteristics 

- Description of the migration and exposure pathways 

- Description of targets to be protected  

- Description of future and possible scenarios 

- Conceptual model formulation 

- Identification of lack of information 

 

4.1.1  Contextualization of the risk assessment 

When contextualizing the risk assessment, the time horizon is fundamental, considering 

the present situation but also the impact associated to other important facilities and 

buildings nearby the site both in the medium (50 ï 100 years) and long term (100 ï 1000 

years).  

The spatial distribution, i.e. the boundaries of the site of study, and the pollution sources, 

that can be primary or secondary, has to be included (SEPA, 2002). The present and future 

land use must be evaluated as well, with the consequent level of protection required for 

health and environment. The environmental impact, with the individuation of the 
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consequences of the polluted site on the current or future use of adjacent areas, has to be 

considered (NATURVÅRDSVERKET (2), 2009). 

 

4.1.2 Description of the source(s) of pollution 

The first aspect to be evaluated is which contaminants are present or suspected to be found 

at the site. The potential sources of pollution as well as the form in which chemicals are 

expected to be detected must be identified. The more the historical information about the 

previous activities at the site, the more detailed is the knowledge about the expected 

pollutants. Then, the chemical and physical properties of these contaminants are used to 

qualitatively assess: 

- If pollutants have degraded and, if so, which are the properties of these chemicals; 

- If pollutants can accumulate in the living organisms and, if possible, which would 

be the magnitude of the phenomenon;  

- Which part of the environment would be impacted by the pollution, i.e. 

environmental compartment and level of the food chain, in the site of study and 

its surrounding;  

- If toxic effects are expected to occur and if they are likely to occur directly, in the 

short term or after a long exposure. 

Great effort must be aimed at those substances that are ñprioritizedò due to the dangerous 

environmental and/or health risk that they can pose. The chemicals that are present in the 

environment to an extent that the exposure to background levels might pose a risk, e.g., 

mercury, lead, cadmium, silver, PCBs (polychlorinated biphenyls) and dioxins, as well 

as PBT (Persistent Bioaccumulative Toxic) and vPvB (very Persistent and very 

Bioaccumulative) chemicals are examples of prioritized substances 

(NATURVÅRDSVERKET (2), 2009).  

The form of the chemical can greatly affect its properties and toxicity might occur. An 

example is the inorganic arsenic which can be present in the pentavalent and trivalent 

forms, the former less toxic than the latter. Moreover, contaminants can be present in both 

inorganic and organic forms, as mercury which can be found as methyl mercury.  
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4.1.3 Description of exposure and migration pathways 

The migration and exposure pathways are qualitatively described according to the 

available data. The chemical and physical properties of the pollution and the 

hydrogeological features of the site have to be determined in order to qualitatively assess 

the likelihood of a specific pathway to be relevant for the case of study 

(NATURVÅRDSVERKET (2), 2009). 

The considered exposure pathways are different according to the use of the site. Two 

main types of land- use are defined (NATURVÅRDSVERKET, 1997): 

- Land with sensitive use (KM), e.g., residential areas, land for agriculture or 

groundwater extraction etc. 

- Land with less sensitive use without groundwater extraction (MKM). 

Before, a third type of land use was included: less sensitive use with groundwater 

extraction (MKM GV), but was removed after revision (Norrström, 2015). 

The exposure pathways for KM and MKM scenarios are reported in Table 4 (Elert, 2015).  

Table 4: Exposure pathways according to the different land-use. 

Exposure pathway KM  MKM  

Intake of soil X X 

Dermal contact with soil/dust X X 

Inhalation of dust X X 

Inhalation of vapour (indoor and outdoor) X X 

Intake of drinking water X X 

Intake of plants X  

 

The exposure probability is not considered in the Swedish procedure that assumes the 

phenomenon certain to occur, i.e. probability equal to 1 (SEPA, 1997).  

The main migration pathways considered are: 

- Leaching from soil to groundwater and surface water 
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- Transport in groundwater  

- Transport in surface water 

- Plant uptake. 

 

4.1.4 Description of targets to be protected 

The areas that might be affected by the pollution and that can be located both in the 

contaminated site or in the surroundings, have to be identified. The people that might be 

exposed to the pollution in the field or in the nearby areas must be identified and 

characterized. The present and future land use of the site is the factor that affects the most 

the groups of people to be considered. When dealing with the environment protection, it 

is necessary to gather information about ecosystemôs structure connecting it with the 

features of the pollution in order to evaluate which are the environmental functions that 

have to be protected. The complexity of the ecosystem can make the assessment of which 

are the areas of protection difficult. The natural resources that are possible target of 

protection are groundwater, surface water and land ecosystem. As for the exposure 

pathways, the critical targets to be considered are different when the land-use changes, as 

reported in Table 5 (Elert, 2015). 
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Table 5: Critical targets to be taken into consideration according to the land-use of the polluted 

site. 

Humans KM  MKM  

Residents X  

Workers  X 

Visitors  X 

Neighbours   

Others   

Environment KM  MKM  

Soil ecosystem X X 

Groundwater X X 

Surface water X X 

Animals X X 

 

4.1.5 Description of future and possible scenarios 

The knowledge of the different events that can be directly or indirectly caused by a 

contaminated area as consequences of short or long term variations is a useful resource 

in the assessment of the risk. 

4.1.6 Conceptual model formulation 

The problem description must be summarized in the conceptual model that describes the 

possible causal links between sources of pollution and receptors. At the beginning the 

level of detail of the model can be low and the more data are collected, the more precise 

the structure of the model becomes with the identification of the actual causal links. The 

complexity of the model can vary from the simple comparison with guidelines to more 

complex approaches. In Sweden, generic guidelines are used as first instrument to assess 

the potential risk posed by a polluted site (NATURVÅRDSVERKET (2), 2009). 
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4.1.7 Identification of lack of information 

The development of a conceptual model is the best way to identify if some critical 

information is missing and which are the aspects the most affected by uncertainties. If 

present, the lack of data must be declared and explained, requesting further investigations 

(NATURVÅRDSVERKET (2), 2009). 

 

4.2 MIFO phase 2 

All the hypothesis about the contaminants expected on site and the exposition of humans 

and environment due to the supposed distribution of the pollution, are verified or refuted 

in the phase two of the MIFO. The phase two of the MIFO consists in a preliminary 

investigation of the site, and is performed in the case of sites for which supplementary 

inspections are required after phase one (Norrström, 2015; SEPA, 2002). 

The first step of the MIFO 2 is constituted by the analysis or creation of a geological map 

that describes the features of the surface and that should be used as basis for planning the 

sampling criteria and to assess the migration of pollutants. Then, a sampling program is 

established which includes (SEPA, 2002): 

- Media to be sampled and motivation of the choice; 

- Location of samples and boreholes with motivation of the choice; 

- Sampling method and motivation of the choice; 

- Method for samples preparations and analysis to be carried out with motivation 

of the choice. 

Then the sampling and the field investigations can be performed in order to gain more 

information about migration and actual contamination of the site. The number of samples 

can vary from case to case, with the principle that is better to have many instead of few. 

Those samples that are not selected for analysis are saved until the whole investigation is 

performed. Samples of soil, groundwater, surface water and sediments are taken to be 

further analyzed.  

At the end of the MIFO 2, a comprehensive risk assessment can be performed, filling the 

form E, in order to preliminary establish the risk expected on the considered site. The 

graph reported in Figure 8 is used to evaluate the risk, with one to four horizontal lines 
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for all the media at the site: groundwater, surface water, sediments and buildings and 

other constructions. On each line four points must be reported corresponding to hazard 

assessment (H), contamination level (C), sensitivity (S) and protection value (P). 

 

Figure 8: Diagram for schematic risk assessment (SEPA, 2002). 

Hazard assessment consists in the evaluation of the potential harm that can be posed to 

human beings and environment by one or more substances. Contamination level is the 

amount of each pollutant in all the environmental compartments where it is present. 

Sensitivity is related to the risk that the pollution might pose to humans, while protection 

value is referred to the environment (SEPA, 2002).  

On the vertical axis of the graph reported in Figure 8, the potential for migration 

determines the position of the horizontal lines for the considered compartments. 

 

4.3 Simplified risk assessment 

The simplified risk assessment is performed at the same stage of the MIFO 2 and consists 

in comparing the concentration levels of the contaminants found at the site with the 
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corresponding generic guidelines or standards for environmental quality. If this is not 

sufficient, a more developed approach is adopted in the detailed risk assessment, where 

the level of contamination is compared to site-specific guidelines determined modifying 

the inputs to better represent the conditions at the polluted area (Norrström, 2015; 

Gustaffson, 2016; NATURVÅRDSVERKET (2), 2009).  

The generic guidelines are established for all the two possible land-uses, i.e. KM and 

MKM. The basic principle to define the generic guideline values is to adopt the lowest 

concentration between the one based on human health and the one to protect the 

environment (NATURVÅRDSVERKET, 1997). 

The procedure to determine the generic guidelines is schematically reported in Figure 9. 

 

 

Figure 9: Schematic representation of the methodology to determine the generic guidelines for 

simplified risk assessment (NATURVÅRDSVERKET (3), 2009). 

The Swedish generic guidelines for polluted land are used to indicate a level below which 

the risk is considered acceptable. Therefore, negative effects on humans, environment or 

natural resources are guaranteed to not occur. However, if the contamination level 

exceeds the guidelines, risk is not always implied, due to the possible case-specific 

variations from the scenario adopted to determine the guidelines. The generic guidelines 
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represent a recommendation, i.e. not legally binding values, and are not the remediation 

goal (Elert, 2015; NATURVÅRDSVERKET (3), 2009).  

 

4.3.1 Human health based guideline 

When chronic exposure occurs, as in the case of a risk assessment, the average daily 

exposure is estimated per kg of body weight and the reference soil concentration (C) is 

calculated, i.e. the soil contamination resulting in an exposure that correspond to the 

Toxicological Reference Value (TRV). The TRV corresponds to the TDI (tolerable daily 

intake) for non-genotoxic substances whilst it is equal to the risk based daily intake for 

genotoxic compounds. The risk level used for genotoxic chemicals is a lifetime excess 

cancer risk of 1 in 100 000 (10-5). The chronic exposure for non-genotoxic substances is 

based on the estimated exposure of a child with a body weight of 15 kg. In the case of 

genotoxic chemicals, for which the average daily exposure corresponds to the integrated 

lifetime exposure, a time-weighted average of the exposure of a child (0-6 years) and of 

an adult (7-64 years) is used, with the body weight of a grown up assumed to be 70 kg 

(NATURVÅRDSVERKET, 1997). 

A reference soil concentration is calculated for each exposure pathway. Since this value 

represents the level of soil contamination that gives an exposure equal to the TDI or risk 

based daily intake considering only that specific pathway, an integrated value has to be 

estimated. The integrated human health based guideline for soil is calculated using the 

following formula: 

ὅ  ὅὭ 
άὫ

ὯὫ
 

Where Ci is the reference soil concentration for the I exposure pathway. As explained 

before, the exposure pathways to be included are different in the case of KM and MKM 

areas. 

The integrated health based guideline calculated as shown, corresponds to an estimated 

total exposure equal to the TDI or the risk based daily intake, but humans are also exposed 

to other sources than the polluted area, i.e. background exposure. Therefore, since the 
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background exposure is included in the acceptable daily intake, i.e. TDI or risk based 

daily intake, a downward modification of the integrated guideline must be performed. 

Through this procedure, the sum of the calculated exposure from the site of study and the 

background exposure do not exceed the acceptable daily intake. The assumed background 

exposure adopted for lead, cadmium and mercury is 80% of the acceptable daily intake, 

90% for PCBs and dioxins and 50% for the other contaminants (Elert, 2016; 

NATURVÅRDSVERKET (3), 2009).  

The acute toxicity of the contaminants, in the sense of acute adverse effect as a 

consequence of the ingestion of relatively small amount of polluted soil, must be 

considered as well, if characterizing the pollutant. Examples of these contaminants are 

arsenic and cyanide. The biggest risk is posed to children that can swallow relevant 

amount of soil and that have a low body weight. The guideline for acute toxicity is 

calculated to protect a small child with a body weight (mchild) of 10 kg that swallowed 5 

g of soil (msoil) with the formula reported below: 

ὅȢ  
ὝὈὃὉzά

ά
 
άὫ

ὯὫ
 

Where the TDAE (mg/kg) is the tolerable dose for acute effects for the considered 

contaminant (NATURVÅRDSVERKET (3), 2009). 

The lowest between CINTEGRATED and CA.TOXICITY  is adopted as health based guideline 

CHEALTH. 

 

4.3.2 Guideline for protection from diffusion 

Three guidelines are determined considering three aspects that affect the spreading of the 

pollution: the presence of the contaminant in free phase, in groundwater and in surface 

water. 

The impurities in free phase can lead to a fast spreading of the contaminant in the 

surrounding area and the concentration of contaminant in the soil (CFREEPHASE) that can 

pose issues related to the presence in free phase is calculated as: 
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Where: 

- Csol is the solubility of the contaminant in water [mg/l] 

- Kd is the soil/liquid partition coefficient [m3/kg] 

- ɗw and ɗa the volumetric water and air content respectively [-] 

- ɟb dry bulk density [kg/m3] 

- H is the Henryôs constant [-] 

It is important to protect groundwater downstream the polluted area, when it is considered 

a critical target for the considered site. The acceptable concentration of pollutant in soil 

(CGW) in order to not pose risk to groundwater is calculated as: 

ὅ  
ὅ

ὈὊ  z ὅὊ
 
άὫ

ὯὫ
 

Where: 

- Ccrit-gw is the criteria for the protection of groundwater [mg/l] 

- DFgw-pretect is the dilution factor pore water-groundwater [-] 

- CFwater-mob the factor for pollution distribution between soil and water [kg/l] 

The value for protection of groundwater is usually based on drinking water standards 

from WHO (World Health Organization). When a drinking water standard is missing, it 

can be calculated considering the TDI associated to the consumption of drinking water. 

In practice, the Ccrit-gw is determined as 50 percent of the drinking water standard. In the 

case of KM, an imaginary well at which groundwater must be protected is posed on site, 

while for MKM scenarios the groundwater protection is ensured at 200 m downstream 

from the site (Elert, 2015; Elert, 2016; NATURVÅRDSVERKET (3), 2009). 

The protection of surface water must be considered as well, calculating the concentration 

of contaminant in soil (Eoff site) to which correspond an acceptable presence of the same 

substance in the surface water using the following formula: 

Ὁ  

ὅ

ὈὊ z ὅὊ
 
άὫ

ὯὫ
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- Ccrit-sw is the criteria for the protection of surface water [mg/l] 

- DFsw is the dilution factor pore water-surface water [-] 

- CFwater-mob the factor for pollution distribution between soil and water [kg/l] 

The Ccrit-sw value is set in order to not cause negative effects on plants and animals and it 

is usually below drinking water standards. Therefore, the protection of surface water 

environment will often ensure the human health to not be harmed by the consequences 

associated to the exposure to drinking water (NATURVÅRDSVERKET (3), 2009). 

The strongest assumptions in the protection of surface water is the complete mixing. 

Therefore, the model results reliable only in the case of small basins or streams (Elert, 

2015). 

The lowest between CFREEPHASE, CGW and Eoff site is the guideline associated to the 

protection against the spreading of the contaminant (Crelease). 

 

4.3.3 Guideline for protection of soil environment  

The guideline for protection of soil environment (Eonsite) is determined for KM and MKM, 

respectively EKM and EMKM . The objective of this benchmark for KM is to guarantee the 

preservation of the ecological processes naturally occurring in the soil matrix, e.g., 

metabolism of nutrients and soil respiration. In the case of MKM the aim of the guideline 

is to ensure that the land will support the ecological functions required in that specific 

land use, e.g., cultivation of ornamental plants, grass and other vegetation (Elert, 2016). 

The guideline values are based on dose-response ecotoxicological studies on soil species 

with the No Observed Effect Concentration (NOEC) as primary data, i.e. concentration 

of the chemical at which no adverse effects are observed. When enough data are not 

available, safety factors are used (NATURVÅRDSVERKET (3), 2009).  

In the case of Sensitive Land Use, the guideline is established in order to protect the 75 

percent of the terrestrial species. Due to the use of the NOEC to determine the guideline, 

it is possible to state that the preservation of the 75 percent of the species doesnôt mean 

that 25 percent of them will be negatively affected, hence, the resulting protection may 

be even greater than expected. If Less Sensitive Land Use is considered, the guideline is 
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determined so that the 50 percent of the terrestrial species is protected from adverse 

effects (NATURVÅRDSVERKET (3), 2009).  

 

4.3.4 Final Guideline Value 

The lowest between CHEALTH, EONSITE and CRELEASE is the generic guideline for protection 

of health, soil environment and against spreading (Cgl-unadj). This value is then compared 

to the background concentration of the contaminant (Cbc-nat) so that the guideline doesnôt 

result lower than the level due to natural and diffuse anthropogenic sources 

(NATURVÅRDSVERKET (3), 2009). The final value is the actual generic guideline of 

a specific contaminant for polluted soil. 

4.4 Detailed risk assessment 

A detailed risk assessment can be performed in the case the evaluation of the risk in the 

simple risk assessment is not considered fulfilling the quality standard required for the 

case of study. This could be the case of an extensive and complex contamination that 

affects multiple media or the deviation from the generic conditions of KM and MKM 

scenarios. If the uncertainties about the risk are considered very relevant in the 

determination of the outcomes of the results of the risk assessment, it is necessary to 

perform a detailed one. A possible method to perform a detailed risk assessment is to 

determine site-specific guidelines to evaluate the level of pollution without using generic 

data as inputs. In fact, a major effort in modelling and measuring characterizes the 

detailed risk assessment (NATURVÅRDSVERKET (2), 2009).  

When dealing, for example, with the spreading of the contaminant, studies on leaching, 

sorption, degradation, transformation and transport of the contaminant via groundwater, 

air and sediments must be performed. The risk posed to soil environment can be made 

more site-specific by biological and ecotoxicological tests. The interaction that might 

occur between chemicals when assumed must be taken in consideration as well using, for 

example, safety factors and it has to be analyzed with biological surveys and 

ecotoxicologial experiments (NATURVÅRDSVERKET (2), 2009).  

Due to the amount of analysis required and to the lack of the instruments to perform a 

complete detailed risk assessment, the site-specific guidelines determined in this study 
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will not be based on exotoxicological or biological test. For the same reason, degradation 

and transformation of contaminants, as well as interactions between them will not be 

considered. 

4.4.1 Site-specific guidelines 

The operation of comparing the levels of pollution with the generic guidelines can be 

quickly performed once all the necessary data about pollution are collected. However, it 

is possible that the assumptions in the model for the generic guidelines are not fitting the 

actual situation in the site of study. Therefore, site-specific guidelines can be calculated 

changing the inputs of the model. The features that can be made site-specific are reported 

in Table 6 (Elert, 2015). 

Table 6: Features of the polluted site that can be modified with site-specific values (Elert, 2015). 

Risk object Site-specific features  

Humans Exposure pathways 

Exposure parameters (time on site, time 

indoor/outdoor, consumption) 

Transport parameters (leakage into houses, 

uptake in plants) 

Soil environment Not easy to be converted in site-specific due to 

KM & MKM  

Groundwater Leaching from contaminated soil 

Polluted areaôs size 

Infiltration 

Distance to well 

Aquifer properties 

Gradient 

Water flow   

Surface water Leaching from contaminated soil 

Polluted areaôs size 

Infiltration 

Distance to well 

Water discharge (for rivers) 

Water turn-over rate (for lakes)  

 



62 

 

In the determination of the health based guidelines, the inputs that can be modified to 

reproduce a specific situation are the exposure pathways considered and the exposure 

parameters. Depending on the land use, some exposure pathways can be in fact removed, 

but only after a detailed analysis of the circumstances. Exposure parameters as the time 

of exposure can be changed while usually others as ingestion of soil, water and plants are 

defined to protect critical targets and should not be modified 

The most important parameter for the spreading of metals is the Kd. In order to calculate 

the site-specific guidelines for spreading protection, a site-specific Kd can be determined 

using soil samples from the site of study. For organic pollutants, the Kd can be estimated 

with the soil organic carbon-water partitioning coefficient (Koc) and the fraction of 

organic matter in soil (foc). The Henryôs constant (H) as well as the octanol-water 

partitioning coefficient (Kow) are two other parameters of the pollutants that can be 

changed with site-specific values. If the transport to groundwater and its protection are 

considered, the dilution factor (DF) as well as hydrogeological properties of the soil, e.g., 

depth of the aquifer, porosity, groundwater flow, are relevant. For the protection of 

surface water, the discharge and turn-over rates in streams and lakes respectively can be 

modified to obtain more realistic guidelines. In the case of the guideline for the protection 

of soil environment, due to the ecotoxicological studies on which the model is based, it 

results difficult to fit it to site-specific conditions (NATURVÅRDSVERKET (3), 2009; 

Elert, 2015).  

Once the site-specific guidelines are calculated, they are compared with the concentration 

of pollutants detected on site to estimate if risk might be posed to sensitive targets.  

 

4.5 After risk assessment 

Once risk is likely to occur due to the exceeding of the site-specific guidelines, the 

remediation actions have to be put into practice in order to prevent harm to people and 

environment. Since the guidelines are not legally binding, the remediation targets are 

discussed between the entity responsible for the site and the municipality, as well as the 

techniques to reach the acceptable levels of pollution (Elert, 2016). 
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5 Differences between Italian and Swedish procedure 

As it appears from the previous chapters, there are many clear differences and some 

similarities between the Italian and the Swedish risk assessmentôs methodology, briefly 

summarized in Table 7. 

A parallelism can be made, when considering the procedure to assess the risk in the two 

countries, between the CSCs and the generic soil guidelines and the CSRs and the site-

specific soil guidelines respectively. In fact, the CSCs and the generic guidelines are not 

site-specific and are general ñthresholdò concentrations above which a further step is 

necessary. The CSRs and the site-specific guidelines, on the other hand, are calculated 

for the site and used to set the maximum level of acceptable pollution. However, the 

Italian CSCs are not risk-based, differently from the Swedish generic guidelines. 

Moreover, while the CSRs are the remediation goals for the site of study, the site-specific 

guidelines are not legally binding and are different from the remediation goals.  

In both the procedures, these ñthresholdò pollution levels, i.e. CSCs and generic 

guidelines, are established considering two default land use scenarios, 

residential/recreational or commercial/industrial in Italy and KM or MKM in Sweden, 

that can be modified. In Italy is defined also a CSC for groundwater, that is valid for both 

the land uses.   

Considering the exposure pathways and parameters, it has to be highlighted that the 

Italian procedure does not contemplate the intake of water and plants for health risk, that 

are instead included in the Swedish one. However, the groundwater CSCs, that 

correspond to the Italian drinking water standards, ensure the protection of human health 

from the intake of water. The exposure pathways, in the Swedish case, are established by 

default according to the land use of the site, as well as the targets to be protected, and the 

exclusion of one of them can be done only if site-specific guidelines are determined. In 

the Italian procedure, the exposure pathways as well as the targets are established case-

by-case and they are included according to the secondary sources (soil, deep soil, 

groundwater) and type of the pollution. Moreover, in the Italian risk assessment, the 

inhalation of vapors and particulate matter off-site are taken into account as possible 

exposure pathways, while neglected in the Swedish procedure. The exposure time instead, 
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is modified very rarely in the Italian methodology, while it is usually changed in the 

determination of the site-specific guidelines.  

The possible receptors are different in the two procedures. In fact, five classes of human 

targets are identified in the Swedish approach whilst only three in Italy. The main 

difference is that the Swedish guidelines are calculated using the bodyweight of a child 

whilst the Italian procedure contemplates the protection of the most sensible human 

receptor. Therefore, if only workers are pointed as targets, only the adults and their 

average bodyweight are considered. 

In the Italian risk assessment, the protection of groundwater must be ensured at the POC. 

The POC is usually located on the downgradient  siteôs legal boundary. In the Swedish 

methodology the distance at which groundwater has to be protected is 0 m for sensitive 

land use and 200 m downstream the site for less sensitive land use. If a well for drinking 

water purposes is present, the groundwater must be protected at the well too. It is however 

possible to decide in which location the groundwater should be preserved from pollution 

giving satisfying motivations, e.g., protected groundwater area. In addition, the Swedish 

model identifies more environmental targets than the Italian one. In fact, not only surface 

water and groundwater, but also soil environment is taken into account as a critical entity. 

Moreover, the protection against the spreading of the contamination must be ensured. 

Biological surveys and ecotoxicological studies can be performed to assess the adverse 

effect of pollution on animal species and vegetation in the Swedish assessment, while in 

the Italian one they are not performed.     

When considering the genotoxic risk, the two methodologies differ significantly one from 

the other. In the Italian approach the acceptable additional risk is equal to 10-6 for a single 

contaminant and 10-5 for the cumulative risk. As explained before, if there are no more 

than 10 pollutants on site the respect of the first condition satisfies the second as well. 

The Swedish procedure considers tolerable an additional risk equal to 10-5 for each 

contaminant, but the background exposure, as well as the acute ecotoxicity of the 

compound, if present, are considered to reduce the guideline for human health. For toxic 

chemicals, the Italian approach consists in ensuring the HImix < 1 while the Swedish 

guideline is determined through the concept of TDI.  
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In the Italian regulation, the PAHs are not divided in classes but each of them is 

independently analyzed as a single contaminant due to the dangerous effect that they can 

have on humans and environment. In Sweden instead, the PAHs are divided in three 

classes: high (PAH-H), medium (PAH-M) and low (PAH-L) molecular weight PAHs. 

The aromatic hydrocarbons are classified in three blocks, >C8-C10, >C10-C16 and >C16-

C35, according to the Swedish regulation, whilst in Italy the subdivision in classes, either 

the TPHCWG or MADEP, is applied only if the CSC is exceeded for hydrocarbons CÒ12 

or C>12. The classes of aliphatic hydrocarbons differ as well in the two countries. The 

symbols ñ>ò and ñ<ò indicates the hydrocarbons with a number of carbon atoms greater 

or smaller than the following number. 

Table 7: Differences between Italian and Swedish risk assessment procedures. 

Aspect 

Risk assessment methodology 

ITA  SWE 

ñThresholdò pollution 

concentration 

- CSC (generic) 

- CSR (site-specific) 

- Soil generic guideline 

- Site-specific soil 

guideline 

Risk-based ñthresholdò 

concentrations 

Risk not considered in CSC Risk considered in generic 

guidelines 

Remediation goals CSRs (legally binding) 1 Different from generic and 

site-specific guidelines 

Exposure pathways Determined by the source 

location (pollution secondary 

source, site use)  

Fixed for KM and MKM (can 

be excluded only for site-

specific guidelines) 

Intake of plants No If KM  

Intake of drinking water No In KM 

Exposure time Usually not modified  Fixed for KM and MKM (can 

be modified only for site-

specific guidelines) 

 

                                                 
1In the case of PAHs, for which the CSR is lower than the CSC, the remediation goal becomes the CSC 

itself.  
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Table 7: Differences between Italian and Swedish risk assessment procedures. 

Aspect 

Risk assessment methodology 

ITA  SWE 

Human receptors off-site Yes (inhalation of vapors and 

particulate matter) 

No 

Land use Residential/Recreational 

Commercial/Industrial 

KM 

MKM  

Receptors Residents  

Workers 

Visitors 

 

Residents (KM) 

Workers (MKM) 

Visitors (MKM) 

Neighbors  

Others 

Protection of groundwater - At POC (site border)  

- At drinking water well 

if present inside the 

site 

At: 

- 0 m (KM) 

- 200 m downstream 

(MKM)  

- drinking water well 

(if present)   

Environmental targets Groundwater Groundwater  

Surface water 

Soil environment 

Animals 

Biological surveys and 

ecotoxicological tests 

No Can be performed for site-

specific guidelines 
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Table 7: Differences between Italian and Swedish risk assessment procedures. 

Aspect 

Risk assessment methodology 

ITA  SWE 

Genotoxic risk for humans If number of contaminants < 

102   

- Rj<10-6 for all the j-

contaminants 

If number of contaminants > 10   

- Rj<10-6 for all the j-

contaminants 

- Rmix<10-5 

Guideline for human health 

that considers: 

- R<10-5 

- Acute toxicity 

- Background exposure 

Toxic effects on humans HmixÒ1 Guideline for human health 

based on TDI 

PAHs and aromatic 

hydrocarbons 

No categories: 

- Every single PAH 

- Sum of PAHs 

 

 

 

 

 

- Aromatic 

Hydrocarbons C9-C10 

+ Aromatic 

Hydrocarbons C11-

C22 (in case of 

petroleum 

hydrocarbons 

exceeding of CSCs) 3 

3 categories: 

- High molecular 

weight (PAH-H) 

- Medium molecular 

weight (PAH-M) 

- Low molecular 

weight (PAH-L) 

 

- Aromatic 

Hydrocarbons >C8-

C10 + Aromatic 

Hydrocarbons >C10-

C16 + Aromatic 

Hydrocarbons >C16-

C35 

Interactions between 

contaminants 

No Not present but can be added  

                                                 
2 Once again, the Italian regulation for genotoxic risk does not change with the number of contaminants 

considered, but for less than 10 pollutants the respect of the Rj is mathematically sufficient to guarantee the 

Rmix as well. 
3According to the MADEP classification.  
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All the differences here reported are significant in the sense that they surely affect the 

outcomes of the risk assessment procedures in both the Italian and Swedish methodology. 

 

5.1 Comparison between Italian CSC and Swedish generic guidelines for soil 

In addition to the different considerations and assumptions of the Italian and Swedish risk 

assessment methodology, it is reasonable to expect different limit values for the same 

pollutants in the two cases. In fact, if the CSCs are based on the international suggested 

values and are not risk-based, the generic guidelines, on the other hand, are determined 

using models that require assumptions which can be dissimilar from the international 

ones. Moreover, the contaminants for which a limit concentration is established and that 

can be included in a risk assessment can change in the two methodologies. The soil CSCs 

and the soil generic guidelines are reported, for those contaminants that are regulated both 

in Italy and Sweden, in Table 8. It must be specified that the Italian regulation includes 

more pollutants than the Swedish one that however considers some chemicals that are not 

regulated in Italy (e.g., Barium). 
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Table 8: Italian CSCs for soil and Swedish soil generic guidelines. 

Compound 

Italian CSC (mg/kgd.m.) 
Swedish generic guideline 

(mg/kgd.m.) 

Recreational/ 

residential 

Commercial/ 

industrial  

KM  MKM  

Antimony 10 30 12 30 

Arsenic 20 50 10 25 

Lead 100 1000 50 400 

Cadmium 2 15 0.5 15 

Cobalt 20 250 15 35 

Copper 120 600 80 200 

Chromium total 150 800 80 150 

Chromium (VI) 2 15 2 10 

Mercury 1 5 0.25 2.5 

Nickel 120 500 40 120 

Vanadinium 90 250 100 200 

Zinc 150 1500 250 500 

Cyanide free 1 100 0.4 1.5 

Trichlorobenzenes 1 50 1 10 

Hexachlorobenzene 0.05 5 0.035 2 

Dichloromethane 0.1 5 0.08 0.25 

Dibromchloromethane 0.5 10 0.5 2 

Bromdichloromethane 0.5 10 0.06 1 

Trichloromethane 0.1 5 0.4 1.2 

1,2-dichloroethane 0.2 5 0.02 0.06 
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Table 8: Italian CSCs for soil and Swedish soil generic guidelines. 

Compound 

Italian CSC (mg/kgd.m.) 
Swedish generic guideline 

(mg/kgd.m.) 

Recreational/ 

residential 

Commercial/ 

industrial  

KM  MKM  

1,1,1-trichloroethane 0.5 50 5 30 

Trichloroethene (TCE) 1 10 0.2 0.6 

Tetrachloroethene (PCE) 0.5 20 0.4 1.2 

PCB-7 0.06 5 0.008 0.2 

Benzene 0.1 2 0.012 0.04 

Toluen 0.5 50 10 40 

Etylbenzene 0.5 50 10 50 

Xylene 0.5 50 10 50 

 

Looking at the values of the Italian and Swedish ñthresholdò concentrations for the two 

land uses, it is possible to notice that in the large majority of the cases the Swedish 

guidelines are lower than the Italian CSCs. The fact that the generic guidelines, as well 

as the site-specific ones, are not legally binding and neither the remediation goals, can be 

a possible explanation to this differences, allowing lower concentrations to be adopted as 

limit. In the case of the sensible land use, the smaller values adopted in the Swedish 

system, if compared to the Italian CSCs, might be a consequence of the fact that in the 

Italian regulation residential and recreational land use are put together whilst the KM 

scenario excludes the recreational purpose. Therefore, if the CSC for sensitive land use 

has to be respected, the acceptable pollution level is increased considering the possible 

lack of residents in a recreational area.  

 

  



71 

 

6 Software to assess the risk 

Software are a very useful tool to easily-reproduce the conceptual model of a polluted site 

for which a risk assessment must be performed. In fact, the possibility to manipulate and 

to change the input parameters and to quickly evaluate the variation in the outcomes of 

the program, enable the user to simulate different scenarios and then choose the one that 

fits the most the features of the site. 

The software used in a risk assessment, as well as its complexity, usually varies in 

different countries. However, it is common that the software is presented in the form of 

an excel file, as the ones used in Italy and Sweden. 

 

6.1 Risk-net 2.0 

Risk-net is a software, based on an Excel file, used to perform a risk assessment according 

to the Italian regulation (D.Lgs. 152/06 and D. Lgs. 04/08) and the indication by APAT-

ISPRA guideline (Istituto Superiore per la Protezione e la Ricerca Ambientale) (2008).  

The software allows the user to calculate both the risk using a ñforwardò approach, 

starting from the concentration of pollutants detected at the source of pollution, and the 

remediation targets, i.e. CSRs, with a ñbackwardò approach, defining the acceptable R 

and HI. 

The structure of the software consists in a main screen in which different boxes are present 

and clicking on the cells inside them, new windows are opened to insert inputs, show 

outputs etc.  

 

6.1.1 Main screen 

In Figure 10 is reported the main screen that is shown to the user after opening Risk-net. 

In this screen it is possible to have access to the input and output windows using the 

command buttons. The user can define the type of assessment, insert the general 

information on the project and the options of calculation. The button ñZoomò is used to 

modify the view of the main screen, while the ñ?ò buttons open the rapid help guide. 
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Figure 10: Main screen of Risk-net 2.0. 

In the ñDescrizione Progettoò dialog box, it is possible to insert general information about 

the project, i.e. site, data, ID/area and compiled by. Clicking on ñRiepilogo simulazioneò 

the settings and assumptions of the case of study are shown.  

The ñTipo di Analisiò dialog box is where the user specifies which type of analysis has 

to be performed. If a ñforwardò approach is adopted, ñCalcolo Rischioò is selected, whilst 

ñCalcolo Obiettivi di Bonificaò, i.e. CSRs, is chosen if a ñbackwardò approach is applied. 

The simulation can be run also if both the options are selected (RECONnet, 2015).  

ñLimiti e Opzioni di Calcoloò allows the user to define the acceptable limits, i.e. R and 

HI. 

ñInputò is used to insert the inputs necessary to perform the risk assessment. Ais shown 

next to the command button if it was clicked, in order to remind the user which inputs 

have already been edited. 

The ñOutputò dialog box shows the summary of the outputs, given the inputs inserted in 

the program.  

ñComandiò contains the following command buttons: 

- ñApri Fileò: to load a previously saved simulation; 

- ñSalva Fileò: to save the inputs and the outputs of the performed simulation; 



73 

 

- ñNuovoò: to reset the program to the starting point (not saved data will be lost); 

- ñReportò: to obtain an Excel file where the main inputs and outputs of the 

simulation are reported; 

- ñEsciò: to exit from the software (not saved data will be lost). 

In the following paragraphs, the dialog boxes and their command buttons will be further 

described. 

 

6.1.2 ñTipo di Analisiò 

As already explained, Risk-net can be used to perform a risk assessment adopting a 

ñforwardò or a ñbackwardò approach.  

If ñCalcolo Obiettivi di Bonificaò is selected, the maximum acceptable concentrations at 

the pollution source, according to the acceptable R and HI, are calculated in three steps 

(RECONnet, 2015): 

1. Calculation of the CSR for each substance (with a ñbackwardò approach); 

2. Check of the cumulative risk due to the presence of more contaminants (the 

program calculate the risk associated to the CSR of each contaminant and the total 

risk summing the individual ones); 

3. Reduction of the individual CSR by the user in order to obtain a total risk equal 

or below the limit. 

The CSRs that respect the acceptable limits of risk, both individual and cumulative, are 

the remediation goals for the site of study. 

ñCalcolo Rischioò is used to calculate the risk associated to the source representative 

concentration (CRS), defined by the user. As for ñCalcolo Obiettivi di Bonificaò, the 

individual and cumulative risk are determined and the values obtained has to be compared 

to the acceptable levels for health risk (RECONnet, 2015).  
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6.1.3 ñLimiti e opzioni di calcoloò 

Clicking on the button ñAccettabilit¨ò, a window is open (Figure 11) to define the 

acceptable R and HI values. The standards determined by the Italian regulations are used 

by default, but the user can modify them for the simulation. 

 

Figure 11: The window opening from the ñAccettabilit¨ò button, to modify the acceptable R and 

HI values. 

 

6.1.4 ñOpzioniò 

The program considers by default the equations and the criteria defined by APAT-ISPRA 

(2008), but the user can activate and define other calculation options by clicking on the 

ñOpzioniò button. The ñOpzioni di calcoloò window that appears (Figure 12) presents 

different options as (RECONnet, 2015): 

- ñEsaurimento sorgenteò: to consider the depletion of the source of pollution; 

- ñSAMò (Soil Attenuation Model): to take into account the attenuation of 

contamination during the leaching, due to the mass redistribution;  

- ñDAFò: to consider the dilution in the groundwater, selecting the direction of the 

dispersion; 
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- ñVolatilizzazioneò: to consider the volatilization of the contaminant if the 

pollution in the upper soil is not reaching the soil surface; 

- ñCsatñ: to consider the saturation concentration for indirect exposure pathways; 

- ñUnitsò: to specify if the dimensions of the source of pollution are expressed in 

cm or m.  

- ñC soil-gasò: to adopt the concentration of pollutant in soil gas for indoor and 

outdoor volatilization; 

- ADAFò: to adjust the toxicological parameter for the child receptor.  

 

Figure 12: The window ñOpzioni di calcoloò from ñOpzioniò. 

 

6.1.5 ñInputò 

In the ñInputò dialog box it is possible to access the different windows for the definition 

of the conceptual model, the contaminants and the required input parameters. 
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ñModello concettualeò  

In the window appearing after clicking the button ñModello concettualeò (Figure 13), the 

user selects the migration and exposure pathways for each secondary source of pollution, 

i.e. surface soil (0-1 m from ground surface), deep soil and groundwater. For each matrix, 

the exposure pathways and the types of receptor (on site, off-site or both) to be taken into 

account are added with a and the cell is colored in yellow by the program. If the target 

for an exposure pathway is not selected, the cell is colored in red to highlight the 

incomplete information.  

For the exposure pathways in which the receptors off-site are considered, the program 

allows the user to distinguish between transport through dispersion in air (ADF) and in 

groundwater (DAF). In the case of ñLiscivazione in faldaò (leaching towards 

groundwater) and ñContaminazione in faldaò (contamination in groundwater), if the cell 

ñPOC=0ò is selected, the concentration estimated by the software due to the leaching 

from soil and the concentration in groundwater defined by the user respectively is 

compared to the CSC (on the vertical of the pollution source un the first case and at the 

source of pollution in the second one). This calculation is performed only if groundwater 

is considered as a receptor in the window ñRecettoriò. Even if it is possible to select both 

ñPOC=0ò and ñPOC>0ò, in that case only ñPOC=0ò is considered by the program for the 

risk assessment (RECONnet, 2015).  

There are other command buttons present in the window: 

- ñContinuaò: to go back to the main screen; 

- ñHelpò: to open the manual; 

- ñStampaò: to print the screen; 

- ñSeleziona tutteò: to select all the migration and exposure pathways; 

- ñDeseleziona tutteò: to unselect all the migration and exposure pathways. 
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Figure 13: The window showed after clicking on the ñModello concettualeò command button. 

Since some of the command buttons are the same for many windows, they are not 

described in the following paragraphs.  

 

ñSelezione contaminantiò 

In this window (Figure 14) the user has to add the contaminants that must be considered 

in the risk assessment.  There are some command buttons showed on the screen: 

- ñ>> Contaminantiò: to open the window for the insertion of the contaminants; 

- ñBanca datiò: to access the database and to check, modify or insert new 

contaminants.  
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Figure 14: ñSelezione contaminantiò window. 

When accessing the window to insert the contaminants for the first time, the user has to 

specify which database will be used in the window reported in Figure 15. It is possible to 

select the database of the software (ñDatabase di Defaultò), by ISS (Istituto Superiore 

Sanità)-INAIL  (Istituto Nazionale Assicurazione Infortuni sul Lavoro) (2015) or an 

external one (ñDatabase Esternoò), in the form of a modifiable excel file. If the external 

database is used, the Koc and Kd, that depend on the pH of the soil, and the CSRs for 

hydrocarbons are no longer automatically calculated. The choice can be changed later 

clicking on ñBanca Datiò. If the database changes, the added contaminants are deleted 

(RECONnet, 2015).  
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Figure 15: Window for database selection. 

Once the database is chosen clicking on the cell ñContinuaò, the window to insert the 

contaminants automatically appears (Figure 16). It is possible to select different 

contaminants for surface soil, deep soil and groundwater clicking on ñSuolo 

Superficialeò, ñSuolo Profondoò and ñFaldaò respectively. The column on the left of the 

window contains all the chemicals present in the database, whilst the one on the right 

reports those that have been considered so far. The user has to click on ñ>> Inserisciò to 

add a contaminant selected in the left column. To remove a pollutant, it must be first 

selected in the right column and then the cell ñ<< Rimuoviò has to be clicked. In the cell 

ñCercaò, it is possible to insert some letters of the name of the contaminant to search it in 

the database. The button ñ>> Databaseò allows the user to consider all the contaminants 

present in the database, while ñRimuovi tuttoò deletes all the inserted contaminants. With 

the buttons ñSposta suò and ñSposta gi½ò, the contaminant selected in the right column 

can be moved upwards and downwards respectively. 
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Figure 16: Window for insertion of contaminants. 

The other command buttons are: 

- ñ>> Elenco SSò: to insert for the deep soil the same contaminants considered for 

surface soil; 

- ñ>> Elenco SPò:  to insert for the groundwater the same contaminants considered 

for deep soil; 

- ñContinuaò: to complete the procedure of inserting the contaminants and go back 

to the main screen; 

- ñBanca Datiò: to access the database to check, modify or insert new compounds. 

In particular, when clicking on the ñBanca Datiò button, a new window appears that 

shows the database of loaded in the software (Figure 17). Here it is possible to check the 

chemical, physical and toxicological properties of the contaminants present in the selected 

database.   
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Figure 17: Window with the Risk-netôs database. 

The command buttons present in the window are:  

- ñModifica DB Defaultò: to modify the parameters of the database ISS-INAIL 

(these variations are valid only for the current simulation); 

- ñApri DB esternoò: to open the external database (Figure 18) and then modify or 

add compounds (no empty rows must be left because the program stops at the first 

empty row). Once the user has completed the modifications, the database must be 

saved without changing its name (ñBanca Dati_RCNò). 

- ñCarica DB esternoò: to load the external database; 

- ñKd e Koc --> f(pH)ò: to show the Kd and Koc that are pH-dependent; 

- ñRicercaò: to open the window in Figure 19 and search a contaminant with its 

name (ñCerca Nome Compostoò) or with the Chemical Abstracts Service (CAS) 

number (ñCerca Numero C.A.S.ò) and show its chemical, physical and 

toxicological properties. Clicking on ñChiudiò it is possible to go back to the 

database window. 
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Figure 18: Window with the external database. 
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Figure 19: The window for the search of the contaminant. 

 

ñDefinizione CRSò 

If the user decides to apply a ñforwardò approach to perform the risk assessment, the CRS 

has to be defined for each contaminant considered. Clicking on the button ñDefinizione 

CRSò the window in Figure 20 appears and the CRS are inserted as mg/kg of dry 

substance and mg/l for soil and groundwater respectively. It is also possible to insert the 

soil gas CRS (mg/m3) in the homonymous column, if available, for the volatilization 

indoor and outdoor (RECONnet, 2015).  
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Figure 20: Window for the definition of the CRS. 

 

ñRecettoriò 

Clicking on the ñRecettoriò command button, the widow reported in Figure 21 is opened 

and it allows the user to select the receptors on site or next to it.  

It is possible to choose receptors between ñResidenziale Ricreativoò (Residential 

Recreational) and ñIndustriale Commercialeò (Industrial Commercial): 

- ñAdultoò (Adult): for recreational or residential conditions (the difference is 

determined by the exposure parameters);  

- ñBambinoò (Child): for recreational or residential conditions (the difference is 

determined by the exposure parameters); 

- ñAdjustedò: for recreational or residential conditions (the difference is determined 

by the exposure parameters). Selecting this option, the exposure for genotoxic 

compound is averaged on the 6 years of the child and the 24 of the adult, whilst 

for non-genotoxic chemicals the exposure of a child is cautiously considered;  

- ñLavoratore Adultoò (Adult Worker): for industrial or commercial conditions. 

If the leaching to or the transport in groundwater are considered, the user has to select 

from the box ñProtezione Risorsa Idricaò between (RECONnet, 2015): 
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- ñLimiti Tabellariò to assess the risk to the water resource as indicated by the 

D.Lgs. 04/08; 

- ñIngestione di Acquaò to assess the health risk associated to the ingestion of 

drinking water (option not contemplated by the actual regulation). 

This procedure must be done also for the receptors off-site, from the button on the upper 

right corner of the window. If the exposure pathways are not taken into account for on 

site or off-site receptors, it is not possible to visualize the corresponding window. 

The command button ñDefaultò sets the options for calculation according to the 

guidelines by APAT-ISPRA (i.e. ñAdjustedò and ñLimiti Tabellariò). 

 

Figure 21: The window ñRecettoriò. 

 

òParametri Esposizioneò  

The following step consists in the definition of the exposure parameters for the site of 

study that can be modified in the window that appears after clicking on the ñParametri 

Esposizioneò command button in the main screen (Figure 22). The user has to insert the 

parameters for the exposure pathways considered, both on site and off-site.  
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The definition of the exposure parameters affects the consequences for the individual 

targets. The parameters to be inserted and that vary for adults, children and workers, are: 

frequency and exposure duration, daily contact rate (for inhalation, ingestion or dermal 

contact), bodyweight and the time used to average the exposure (RECONnet, 2015).   

Only the parameters for the considered exposure pathways have to be inserted, with gray 

cells in correspondence of unnecessary data. Clicking on the button ñImposta valori 

default ISPRAò, the default values are implemented in the software. The user has then to 

choose between recreational and residential values. 

 

Figure 22: The window for exposure parameters. 

 

òCaratteristiche Sitoò 

The parameters about the geometry and the features of the site must be defined in order 

to determine the transport factors. This is possible clicking on the command button 

ñCaratteristiche Sitoò and compiling the window that appears (Figure 23). The value of 

each parameter can be site-specific or the default one defined by APAT-ISPRA. All the 

parameters are divided in four tables: ñZona Insaturaò (Unsaturated zone), ñZona Saturaò 

(Saturated zone), ñAmbiente Outdoorò and ñAmbiente Indoorò.  

The parameters required to perform the calculations, for the matrices and exposure 

pathways considered, are highlighted in the violet cells, whilst those not necessary are 

located in the light gray cells. The dark gray cells contain the data already calculated or 

determined by literature. If the values in the violet cells is modified by the user, it is 

underlined, otherwise the default one by APAT-ISPRA is adopted (RECONnet, 2015).     
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The box ñSelezione tessituraò is used to insert the parameters of the soil texture at the site 

of study. If the ñLente tra sorgente e p.c.ò option is activated, the program consider the 

presence of a lens of soil with high water content and a pop-up window appears to insert 

information about the lens. For the parameter ñInfiltrazione Efficaceò (Effective 

Infiltration) the user can select the option ñCalcolatoò, to make the program calculate the 

value, otherwise the value can be manually inserted. The value for the dispersivity in 

groundwater (ñDispersivit¨ò) can be manually inserted or calculated by the software at 

the POC. The thickness of the mixing zone (ñSpessore della zona di miscelazioneò) can 

be a user-value or the default one, calculated from the features of the soil and the aquifer. 

The default wind speed (ñVelocit¨ del ventoò) corresponds to 2 m above soil surface, 

therefore, if data at a different height are available, the corresponding value at 2 m can be 

calculated clicking on the button ñCalcò. The dispersion factors in the atmosphere and the 

difference between indoor and outdoor pressure can be manually inserted by the user as 

well (RECONnet, 2015). 

The command button ñDefault ISPRAò is used to insert the default values as defined by 

APAT-ISPRA. 

In the case of unrealistic parameter values a warning is shown in the column ñCheckò. 

For the parameters that are not checked by the software, ñno checkò is reported.  

A different error message is shown if the format of the value is not correct or the value 

itself is not present, when closing a window.   
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Figure 23: Window ñCaretteristiche Sitoò used to insert the infro about the site of study. 
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6.1.6 ñOutputò 

The ñOutputò box in the main screen is used to open the windows with a summary of the 

input and those reporting the outputs, both final and not.  

 

ñRiepilogo Inputò 

Clicking on the button ñRiepilogo Inputò, the window reported in Figure 24 appears, 

showing exposure and migration pathways, receptors, limits for risk, features of the site 

and exposure parameters that will be used in the simulation to determine the CSRs and 

the Risk.  

 

Figure 24: ñRiepilogo Inputò window. 
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ñContaminanti Indicatoriò 

After the user has clicked on the button ñContaminanti indicatoriò, the window that 

appears is used to select the matrix to be considered: surface soil (ñSuolo Superficialeò), 

deep soil (ñSuolo Profondoò) and groundwater (ñFaldaò) (Figure 25). Clicking on one of 

the three buttons, a window, with all the chemicals considered for that matrix and their 

related properties, is shown (Figure 26).   

 

Figure 25: Window for selection of the matrix for which the contaminants must be shown. 

 

Figure 26: Window with the contaminants and the related properties considered in the selected 

matrix. 

 

 

ñOutput Intermediò 

The window reported in Figure 27 is shown on the screen after clicking the button ñOutput 

Intermediò and it allows to show the exposure pathways and parameters, the transport 

factors and the sheet for the assessment of the level of pollution in groundwater for each 

matrix (RECONnet, 2015). 
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Figure 27: Windows with the command buttons for the intermediate results. 

The button ñVie Attiveò shows the summary of the conceptual model of the simulation, 

as reported in Figure 28. In this window it is possible to check the receptors and the 

pathways affecting each matrix (soil, air, groundwater). Arrows connect the secondary 

sources of pollution (surface soil, deep soil and groundwater) with the mechanism of 

transport and the exposure pathway corresponding to each of the environmental matrices 

(soil, air, groundwater). A green arrow indicates the pathways related to volatilization, 

the violet ones the transport and leaching that impact the groundwater and the red ones 

the direct contacts (soil ingestion and dermal contact) that affect the soil. On the right side 

of the window, the receptors on site and off-site are listed with the corresponding scenario 

(residential or industrial) (RECONnet, 2015).  
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Figure 28: Schematic representation of the conceptual model of the simulation. 

With the button ñEMò, it is possible to check the exposure pathways considered and the 

calculated exposure factors for both genotoxic and no-genotoxic substances in the opened 

window (Figure 29). ñNAò indicates that the specific exposure pathway was not taken 

into account. 

 

Figure 29: Exposure factors calculated in the simulation. 
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Clicking on one of the three command buttons under ñFattori di Trasportoò, the calculated 

transport factors are shown for the selected matrix (Figure 30). The excluded migration 

pathways are identified with ñNAò. If the option for the depletion of the source of 

pollution is activated, the factors for which the transport is limited are reported in red. 

 

Figure 30: Transport factors calculated in the simulation. 

The window that appears after clicking on the button ñSteady State vs Transitorioò 

(Figure 31), shows the variation in space and time of the pollution in groundwater 

according to the Domenico equation. The user has to select from the scrollbar ñSeleziona 

percorsoò the migration pathway (leaching from deep or surface soil, or transport in 

groundwater) and the contaminant considered. In the two tables in the lower part of the 

window, the variation of the concentration of the pollutant in groundwater with respect 

to space and time can be observed. The concentration is calculated both for unsteady (red 

points) and steady conditions (blue points). The button ñGrafico logaritmico/lineareò is 

used to convert the linear scale to the logarithmic one and vice versa (RECONnet, 2015).  
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Figure 31: Variation of contamination in groundwater. 

 

ñCalcolo Cpoeò 

If the risk assessment is performed with a ñforwardò approach, clicking on the ñCalcolo 

Cpoeò button a window appears on which are reported the concentration at the POE for 

each polluted matrix (Figure 32). Moreover, the CRS (as total and soil gas concentration), 

the saturation concentration (Csat) and the concentration outdoor (Coutdoor), indoor (Cindoor), 

in groundwater (Cfalda) both on site and off-site are reported. ñNAò indicates that the 

migration pathway is not activated.  

 

Figure 32: Concentrations at the POE. 
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6.1.7 ñRischioò 

In the case of a ñforwardò risk assessment, clicking on the ñRischioò button the user 

accesses the window reported in Figure 33 that is used to visualize the calculated risk for 

each of the three matrices (ñSuolo Superficialeò, ñSuolo Profondoò and ñFaldaò) and the 

summary of the outputs. 

 

Figure 33: ñRischioò window. 

 

ñCalcolo Rischioò 

Clicking on one of the three ñCalcolo Rischioò buttons, the user opens the window 

reported in Figure 34 in which the R and the HI are reported.  The CRS established by 

the user is reported in the second column of the table. The shown R and HI are determined 

after calculating the R and HI for each exposure pathway and then considering the most 

conservative value, i.e. the highest, between exposure outdoor, indoor and the intake of 

water (if this option was activated). If the respect of the CSC at the POC was selected, 

the risk associated to the hydric resource (RGW) is reported as a ratio between CPOC and 

the CSC. In order to take into account the presence of many pollutants, the cumulative R 

and HI are reported at the bottom of the window and if hydrocarbons classified according 

to MADEP (Massachusetts Department of Environmental Protection) or TPH WG (Total 

Petroleum Hydrocarbons Working Group) speciation where inserted, the cumulative risk 
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for the hydric resource related to the total hydrocarbons, is reported as well. When the 

condition of acceptability is not satisfied, the cell is colored in orange. If the user wants 

to determine the maximum acceptable CRS, a corrective factor (f) can be applied inserting 

a value in the fourth column of the table to obtain cumulative R and HI below the limits. 

The button ñRicalcola con fattore di correzioneò is used to perform the latter operation 

(RECONnet, 2015). 

 

Figure 34: ñCalcolo Rischioò window with the values of R and HI for surface soil matrix. 

 

ñRiepilogo Outputò 

This button is clicked by the user to show the summary of the calculated outputs (Figure 

35). Once the contaminant to be considered is selected from the scroll bar in the upper 

left corner of the window, the R and HI is reported for each exposure pathway. All the 

transport factors used in the current simulation to determine the results are listed in the 

box ñFattori di Trasportoò. 
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Figure 35: ñRiepilogo Outputò window with the summary of the outputs for a ñforwardò risk 

assessment, for surface soil matrix. 

 

ñScreening NAPL (Cres)ò 

This command is described in the ñObiettivi di Bonifica (CSR)ò paragraph. 

 

6.1.8 ñObiettivi di Bonifica (CSR)ò 

If a ñbackwardò risk assessment is performed, clicking on the button ñObiettivi di 

Bonifica (CSR)ò it is possible to open the window reported in Figure 36. From here, the 

user can check the remediation targets (CSRs) calculated for each of the three matrices 

(surface soil, deep soil and groundwater) and access the summary of the outputs. 
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Figure 36: The window ñCSRò to access at the calculated CSR and the output of a ñbackwardò 

risk assessment. 

 

ñCalcola CSRò 

Clicking on the ñCalcola CSRò button, the user accesses the window reported in Figure 

37 where the CSRs for the selected matrix are shown. The individual CSR of each 

contaminant, calculated from the maximum acceptable R and HI, i.e. with ñbackwardò 

approach, are listed in the second column of the table. The reported CSR is chosen as the 

most conservative value, i.e. the lowest, between the CSRs determined for each exposure 

pathway.  However, the individual CSRs are not the remediation goals because they may 

not satisfy the limits for cumulative R and HI. If this is the case, the user has to insert a 

corrective factor (f) to reduce the CSR and the associated risk, calculated clicking on the 

button ñRicalcola con fattore di correzioneò. This value can be the same for all the 

chemicals or different for each of them. The CSRs that respect the individual and 

cumulative limits are the remediation values for the site of study. If the hydrocarbons 
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classified as MADEP o TPH WG where inserted, the cumulative risk for the hydric 

resource related to the total hydrocarbons, is reported as well (RECONnet, 2015). 

If the CRS defined by the user is bigger than the CSR the contaminant cell is colored in 

orange.  

 

Figure 37: ñCalcola CSRò window with reported the calculated CSRs and the cumulative HI and 

R for surface soil. 

 

ñRiepilogo Outputò 

Once the remediation targets are determined, clicking on the ñRiepilogo Outputò button 

the user can visualize the summary of the outputs (Figure 38). The contaminant that is 

considered is selected from the scroll bar on the top-left of the window and the CSR for 

each exposure pathway is reported below. The box ñFattori di Trasportoò contains all the 

transport factors that were used to obtain the outputs of the simulation.  
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Figure 38: The window that summarizes the outputs for the surface soil matrix. 

 

ñCalcola CSR idrocarburiò 

If the user has inserted hydrocarbons according to the MADEP or TPH WG classification, 

clicking on the button ñCalcola CSR Idrocarburiò it is possible to determine the CSR for 

the classes: 

- ñIdrocarburi C>12ò (hydrocarbons with more than 12 C atoms) and ñIdrocarburi 

C<12ò (hydrocarbons with less than 12 C atoms) in soil; 

-  ñIdrocarburi totaliò (total hydrocarbons) in groundwater. 

The CSR is defined selecting the class MADEP or TPH WG that poses the greatest risk. 

In order to do so, the software determines, based on the CRS inserted by the user, the 

fraction (f) of each sub-class, e.g., ñAlifatici C5-C6ò etc., present in the macro-classes 

ñIdrocarburi C>12ò, ñIdrocarburi C<12ò and ñIdrocarburi totaliò, as shown in Figure 39, 

where the window for hydrocarbons CSR is reported. The calculated fractions are applied 

to each sub-class to identify which is the one with the lowest CSR. The CSR for the three 

main classes is calculated as CSR/f. In the two small tables (green for TPH WG and violet 



101 

 

for MADEP) where the CSR are reported, the most critical sub-class is specified for each 

of the three main classes in the row ñClasse criticaò. The lowest CSR value is highlighted 

in orange (RECONnet, 2015).  

From the scrollbar on the top left of the screen, it is possible to select which matrix has 

to be considered.  

 

Figure 39: Window with the CSRs for the hydrocarbons for surface soil. 

 

ñScreening NAPL (Cres)ò 

The button ñScreening NAPL (Cres)ò is used to check the mobility of Non-Aqueous Phase 

Liquid (NAPL) in the saturated and unsaturated soil (Figure 40). For each contaminant 

the screening value, according to the standard ASTM E2081, is calculated and allows the 

user to determine the residual concentration of pollutants in soil4 (RECONnet, 2015). 

Different information is present for each contaminant in this window: 

                                                 
4 The standard ASTM E2081 assumes that, in the case of a contaminant that is in the liquid phase at room 

temperature, the separated phase that is present when the Csat is exceeded, is immobilized until the 

mechanical adsorbent capacity of the soil is reached (residual saturation) and the leaching can occur. In 

Risk-net, the residual capacity of soil is fixed by default at 0.04 according to the standard ASTM E2081-

00. 
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- Physical phase at room temperature (L=liquid, S=solid, G=gaseous); 

- Csat; 

- Density; 

- Type of NAPL, i.e. LNAPL (Light NAPL) and DNAPL (Dense NAPL); 

- Screening concentration for mobilization of NAPL (only for liquid contaminants). 

 The contaminants for which the physical state or the density are not present in the 

database are indicated with ñNAò. 

The command button ñIdrocarburiò shows the typical residual concentration for the 

classes of hydrocarbons. 

The button ñRicalcolaò performs the calculation of the screening values according to the 

residual capacity of soil defined by the user in the cells on the top-left of the window.  

 

Figure 40: Window for the screening of NAPL. 

 

6.1.9 ñConfronto concentrazioniò 

In the case of a ñforwardò risk assessment, the window reported in Figure 41 appears to 

the user after clicking on the button ñConfronto concentrazioniò. The user has to specify, 

in the two scrollbars, the matrix and the contaminant that have to be considered. Then the 

software reports the expected concentration for each matrix, based on the CRS defined 

before, and the corresponding CSR for the three polluted matrices, i.e. secondary sources 

(surface soil, deep soil and groundwater).  Moreover, the weight distribution of the 

contaminant in the soil phases is shown. The cells with ñNAò inside, indicate the exposure 
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or migration pathways that were not considered or the cases where the CSR exceed the 

Csat. In the latter case, it is necessary to remove the consideration of the Csat for the 

determination of the CSRs from the options for calculation in order to show the limits for 

the compartments. 

 

Figure 41: ñConfronto concentrazioniò window. 

 

6.2 Software for site-specific soil generic guidelines by Kemakta AB  

The software developed by Kemakta AB is used in Sweden to calculate the site-specific 

soil guidelines implementing in an Excel file the model used by SEPA to determine the 

soil generic guidelines. The excel file consists in nine sheets, each of them with a different 

purpose. 

 

6.2.1 Conceptual model 

The first sheet of the excel file is named ñconceptual modelò (Figure 42) and the 

parameters affecting the release, the transport and the exposure are reported in it. Starting 

from the left, the first column lists the possible sources of pollution, followed by the 

release mechanism and the exposure pathways. On the right side of the sheet the objects 

of the risk are reported. The cells with aare those that must be considered in the generic 
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scenario (KM or MKM). The boxes with red text inside, as those of the exposure 

pathways, are directly connected to the pink cells in the sheet ñInputò of the file. 

Moreover, these cells are those that strongly affect the determination of the soil 

guidelines. A separate case is constituted by the ñsurface water ecosystemò and ñsurface 

waterò cells that, even if they are not containing red text, are always considered and also 

affect the outcomes. In fact, the user is not allowed to remove the from these two boxes 

because the protection of surface water and its ecosystem must be always guaranteed in 

the Swedish procedure (Elert, 2016; NATURVÅRDSVERKET (3), 2009). 

It is possible to add more parameters in the boxes named ñotherò but these factors will 

not be considered by the model and has to be separately assessed.  
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Figure 42: ñConceptual modelò sheet of the software for the determination of site-specific soil 

guidelines. 
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6.2.2 ñInputò    

This sheet allows the user to modify and manipulate the inputs to the model. 

Firstly, in the upper part of the sheet (Figure 44), a generic scenario has to be chosen (KM 

or MKM) so that the input values can be compared to those associated to the generic 

situation and a work mode selected between ñworking copyò and ñReportò (Figure 43). 

There are no forced warnings in the first working mode, whilst they are present in the 

second one, with also compulsory comments. Once the generic scenario is selected, the 

default input values are reported in the orange cells and cannot be modified by the user. 

The own scenario to be modified can be named and described in the box on the top left 

of the sheet and, after it is saved clicking on the ñAdd new/Save changedò cell below, it 

appears as selected in the box ñChoice of user scenarioò. In the scrollbar it is possible to 

choose the user scenario to modify, i.e. to modify the values in the white cells. If no 

scenario is created, only KM or MKM  can be selected, otherwise all the scenarios created 

and saved can be modified, allowing the user to evaluate different simulations.   

The variation from the standard input values is reported in the third sheet of the file named 

ñCommentsò where it is also possible to add considerations to explain the motivations 

behind the changes in the inputs.    

The contaminants for which soil guidelines must be determined (no more than 23) can be 

inserted using the scrollbars in the big box ñContaminantsò. The compounds that can be 

selected are both the one provided by the database and those modified by the user, as it 

will be further explained in the chapter.  

In the pink cells below the box ñContaminantsò the exposure pathways are reported with 

the that can be removed only if in the sheet ñConceptual modelò the pathway is 

excluded. On the right of the box ñExposure pathwaysò is the ñExposure parametersò one 

where it is possible to modify the exposure time and the consumption of plants. In the 

box ñScenario specific model parametersò, the type of base scenario must be chosen (KM 

or MKM) in order to define which value of exposure parameters, as daily soil ingestion, 

exposed skin surface and hours per day of exposure to vapors and dust, has to be adopted 

to define the soil guidelines.  
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The boxes ñSoil and groundwater parametersò and ñContaminated siteò are used to insert 

the features of the soil and the dimension of the site of study respectively. The length and 

the width of the site are calculated considering a rectangle that includes the polluted area. 

In particular, two sides of the rectangle have to be perpendicular and the other two parallel 

to the groundwater flow. In the same box, the user can add the guideline for contaminated 

soil below groundwater surface putting a .  This choice affects the spreading to 

groundwater and surface water and the intake of drinking water 

(NATURVÅRDSVERKET (3), 2009). The depth from groundwater surface at which 

contamination is present must be specified with a value greater than zero but lower than 

the thickness of the aquifer. The pollution of soil beneath groundwater surface is not 

considered in the general scenarios (KM and MKM). 

Below, five boxes are present to edit the parameters about the transport model. In the first 

box on the left, the dilution to indoor and outdoor air is automatically calculated in the 

yellow cell by the program, as 1/DF, for vapor transport to indoor and outdoor air once 

the other parameters are inserted. In all the other cases, the dilution is calculated the same 

way (NATURVÅRDSVERKET (3), 2009). The pollutant to be considered must be 

chosen in the scrollbar. It must be highlighted that the choice of the compound has no 

effect on the calculation of the guidelines but enable the user to see the dilution factor 

calculated for the chosen compound.  

The box about groundwater contains the information necessary to calculate the transport 

of the pollutant to groundwater, i.e. percolation, hydraulic conductivity (horizontal 

direction) and gradient and the aquifer thickness. The distance to the well is present as 

well, but it is considered only if the intake of drinking water is taken into account as 

exposure pathway. In the yellow cell is calculated the dilution in the groundwater at the 

well, using the other inputs.     

The transport model for surface water considers either a lake or a river/stream. In the box 

ñTransport model ï surface waterò it is possible to select which one should be included. 

Then, the volume and the turnover time of the lake or the flow rate of the stream are 

inserted. The dilution is calculated in the yellow cell through the input values. 
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If the user has calculated more precise site-specific dilution factors, it is possible to insert 

them in the box ñTransport models ï user dilution factorsò, clicking on those available 

and marking them with a . The dilution factors are once again calculated as 1/DF.  

In the box ñTransport models ï calculated water flow ratesò, the flow rate in the 

contaminated soil and in the aquifer are calculated and reported in the two yellow cells. 

If the userôs inputs are consistent, the former should result lower than the latter 

(NATURVÅRDSVERKET (3), 2009). 

The values to be used for the substances when considering the protection of soil 

environment have to be selected between the KM and the MKM ones, in the box 

ñProtection of soil environmentò. If other values should be used, a substance must be 

modified and saved as it will be explained at the end of this paragraph. 

The box ñAdjustment of guideline valueò is used to add more considerations in the 

determination of the soil guideline, i.e. protection of groundwater and adjustment for 

acute toxicity or high background. The first two aspects can be excluded in this sheet, 

whilst the protection of groundwater can be neglected only removing the in the sheet 

ñConceptual modelò (NATURVÅRDSVERKET (3), 2009).  The distance to the 

protected groundwater must be specified so that the dilution can be automatically 

calculated in the yellow cell. If the user has a more reliable dilution factor, it can be 

inserted in the corresponding cell. 

Since the surface water protection is always considered by the program, assuming that 

the pollution will always reach a surface water resource in the future, it is not present in 

the sheet ñInputò.  

Below the boxes for the transport model, it is possible to save, modify and remove 

scenarios.  

At the bottom of the sheet ñInputò (Figure 43 to Figure 45), the user has the possibility to 

create new substances modifying the parameters of the chemicals available in the 

database of the program. The user can also create a completely new substance simply 

reaching the end of the scrollbar ñCreate substance from existingò and selecting ñNo 

substanceò. The name of the compound can be edited by the user and in the case of a 

chemical present in the database, e.g., lead, in the suggested name will appear ñ-modò, 
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e.g., lead-mod. In order to add the compound, the user has to click on ñCreate substanceò 

and on ñRemove substanceò to delete it. In the scrollbar ñSelect substance parameterò the 

parameter to be changed with a user value can be selected and the reference, already 

present or just created, that justifies this variation can be inserted.  

The last box of the sheet ñInputò allows the user to modify a model parameter, e.g., 

diffusivity in pure air or water, wind speed, exposed skin area, bodyweight, years of 

exposure etc.  

If an input value is considered as not realistic, the corresponding cell is highlighted in red 

to let the user know. However, the program will still calculate the guidelines with the 

input inserted by the user. 

 

Figure 43: ñWork modeò box in the ñInputò sheet. 
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Figure 44: Upper part of the sheet ñInputsò. 
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Figure 45: The bottom part of the sheet ñInputò. 

 

6.2.3 ñCommentsò 

In the third sheet of the excel file (Figure 46), the changes applied by the user in the 

ñInputò sheet are reported together with the default inputs for the generic scenario. On 

the right of the sheet, the user can write down a comment to explain the modification. If 

the line is highlighted in red, the comment is considered compulsory. 
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Figure 46: The upper part of the ñCommentsò sheet. 

 

6.2.4 ñOutput reportò 

This sheet reports the calculated guidelines for the substances inserted by the user and 

according to input values. For each calculated guideline, the main factor affecting its 
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determination is reported in the column ñGoverning for guidelineò. Below, the variations 

applied in the ñInputò sheet are listed in three parts: the deviation from the generic 

scenario, the deviation in model parameters and the new substances edited by the user. 

On the right it is possible to add compulsory (obl) or voluntary (frv) comments. In Figure 

47 is illustrated the sheet ñOutput reportò for the edited ñUser scenarioò in which Arsenic, 

Lead and Cadmium are inserted as pollutants to calculate the guidelines.  

The program, when calculating the final guideline, applies rounding so that the showed 

value is a even power of ten of 10, 12, 15, 18, 20, 25, 30, 35, 40, 50, 60, 70 and 80. 

 

Figure 47: ñOutput reportò sheet, with guidelines for As, Pb, Cd. 

 

6.2.5 ñDeviation substancesò 

In this sheet, the different properties between the user-modified substance and the 

corresponding original one, are reported. Next to the column with the parameters, the 

comments can be added and, if the line is colored in red, the user should add a comment.  

It is also possible to show a list of all the parameters of the chemical modified by the user. 

In order to display the list of properties, the user has to select from the scrollbar ñDefault 

substanceò the voice ñno substanceò. 

In Figure 48 is reported the example in which the user has changed the Kd value of barium, 

creating the substance ñBarium-modò. 
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Figure 48: ñDeviation substance dataò sheet with a user Kd value for Ba. 

 

6.2.6 ñGuidelinesò 

The sheet ñGuidelinesò (Figure 49) reports in detail the partial determination of the soil 

guidelines, allowing the user to understand which are the factors that adjusted and 

determined the final benchmark value. In the table ñSingle pathway concentrationò the 

guideline for each contaminant considered is reported for all the exposure pathways. On 

the right the unadjusted integrated health guideline is calculated and in the table 

ñAdjustmentsò the required modifications are applied according to background exposure 

and acute toxicity considerations. Also the guidelines calculated for protection of soil 

environment and against release and transport are shown. The adjusted guideline for 

protection of health and environment is then compared to the background concentration 

of the pollutant, reported in the homonymous cell. The final guideline is shown in bold 

in the column ñFinal guidelineò. On the right of the sheet the table ñThe influence of 

exposure pathwaysò reports, for each substance, how relevant each exposure pathway, in 

terms of percentage, was in the determination of the integrated unadjusted health 

guideline.  

The cells colored in gray correspond to the most important factor affecting the guideline 

calculation. In the case of the column ñBackground concentrationò the cell is colored in 

orange if this value is used to adjust the final guideline. The final guideline value might 

differ from the one highlighted in gray or orange, due to the rounding applied by the 

program as explained before. For example, in Figure 49 it is possible to see that the final 

guideline for Pb is 50 mg/kg, but the real not-rounded value was 52 mg/kg, as reported in 

the gray cell under ñExposure other sourcesò column.  



115 

 

 

 

Figure 49: ñGuidelinesò sheet with As, Pb and Cd as considered substances. 

 

6.2.7 ñConcentrationsò 

The sheet ñConcentrationsò is used to estimate the presence of pollution in the different 

media, using the same transport model adopted for the determination of the soil 

guidelines. The actual concentration of the pollutants added as inputs has to be inserted 

in the column ñInput of measured soil concentrationò so the presence of pollution in pore 

air and water, groundwater, well water, surface water, indoor and outdoor air, vegetables 

and fish as well as the release to surface water, can be determined and shown in the 

corresponding column. In Figure 50 the calculations are performed for As, Pb and Cr with 

userôs input concentrations. 

 

Figure 50: ñConcentrationsò sheet with As, Pb and Cr as considered substances. 

 

6.2.8 ñUser referencesò 

The substances, for which the guidelines are calculated, and their properties are reported 

with the associated reference in the only table present in the sheet. The user and generic 

scenariosô names and the default and user references are shown below the table (Figure 

51). 
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Figure 51: ñUser referencesò sheet with As, Pb and Cr as considered substances. 

 

6.2.9 ñGeneric guidelinesò 

The generic guidelines for KM and MKM scenarios determined by SEPA are reported in 

this sheet that can be used to quickly compare the site-specific values with the general 

ones (Figure 52). 

 

Figure 52: ñGeneric guidelinesò sheet. 
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7 Case of study 

The site for which the risk assessment is performed is Bollnäs Bro 4:4, located in the town 

of Bollnäs, in the Centre of Sweden (Figure 53).   

 

Figure 53: Location of Bollnäs and of the site of study, Bollnäs Bro 4:4 (Engström and Örne, 

2015; Ezilon Maps). 

 

7.1.1 Geology  

Drilling test conducted in 2015 showed that the property soil is covered with filling 

material with a depth variating between 0.5 and 4 meters. The material is mainly 

constituted by sand and gravel but also some residues from the activities performed at the 

site, e.g., coal and ashes. The natural soil nearby the site is mainly silt and till, i.e. unsorted 

glacial sediment. This information visible in the geological map of Bollnäs, reported in 

Figure 54 (Engström and Örne, 2015). 
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7.1.2 Surface water and groundwater 

No surface water resources are located in the property, with the closest one constituted 

by the Ljusnan river, at 300 m east of the site, that flows into the Varpen lake. Bollnäs 

Bro 4:4 is crossed in the southern area by a culvert for storm water (Figure 55 a) that has 

two outlets: the first located where Ljusnan flows into the lake and the second in lake 

Varpen (Figure 55 b). Previous investigations found that the culvert drains the 

groundwater from the southern half of the property transporting it towards the outlets 

(Engström and Örne, 2015).  

The site slopes to the south where there the nearest residential building are. The water 

table was detected between 0.5 and 3 m beneath surface. The groundwater levels and the 

plausible direction of groundwater flow are reported in Appendix 3. Due to the 

heterogeneity of the filling material used at the site, the groundwater flow can vary 

significantly, but the main direction is deemed to be the south. In the surrounding area, 

the flow direction is south-southeast, as in the southern part of the site, due to the presence 

of the culvert. However, some flow towards the east might occur in the northern part of 

the property (Engström and Örne, 2015).  
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Figure 54: Geological map of the area of Bollnäs. The filling (striped area) covers the entire 

property of Bollnäs Bro 4:4 while the natural soil close to it is constituted by silt (yellow area) 

and moraine (blue area) (Engström and Örne, 2015). 
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a)  b)  

Figure 55: a) culvert for stromwater collection crossing the site of Bollnäs Bro 4:4; b) outlets of 

the culvert (Engström and Örne, 2015; Google Maps). 

 

7.1.3 Past and present activities 

In Bollnäs Bro 4:4 SJ (Swedish Transport Administration) coaches and locomotives have 

been stored, repaired and painted for about one century. Impregnation with creosote, coal 

storage, use of trichloroethylene for cleaning purposes occurred at the site and oil tanks 

were located in the area (Engström and Örne, 2015). The past activities performed at the 

site are reported in Figure 56.  
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Figure 56: Historical map of the property Bollnäs Bro 4:4 with the activities performed on site 

(Engström and Örne, 2015). 

At the present time, the area is open to the public and it can be classified as MKM with 

stores, offices, a glass blower and a recreational building for young people. The current 

activities on the properties are reported in Figure 57. 
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Figure 57: Map of the Bollnäs Bro 4:4 with current activities (Engström and Örne, 2015). 

 

7.1.4 Targets to be protected 

People that regularly work in the area or that come to visit it, as well as the residents 

living nearby the site, may be affected by the contamination. The closest private house is 

located immediately north of the property, while a residential area is located at 150 m 

from the southern border of the site (Engström and Örne, 2015).  

No wells for drinking water purposes or areas of groundwater protection are located close 

to the polluted site. The river Ljusnan and the lake Varpen are the protected resources for 

surface water (Engström and Örne, 2015; SGU). 

Due to the compact covering present on the siteôs surface, there is no specific target to be 

protected when considering the soil environment (Engström and Örne, 2015). 
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7.1.5 Future land use 

The municipality of Bollnäs intends to keep using the site for offices and working areas, 

to save the recreational building and a small structure at the gates of the property, the 

building where the glass shop and the coffee house are located a small part of the edifice 

where the wind shelters company is, due to their historical value. Moreover, it is planned 

to build a new and bigger recreational area for youngsters and visitors, with green spaces 

but no cultivation (Engström and Örne, 2015) (Figure 58). 

 

Figure 58: Future land planning for the property Bollnäs Bro 4:4 (picture by Bollnäs Kommun). 

 

7.1.6 Previous studies 

Four studies have been performed in the property Bollnäs Bro 4:4: 

- "Limited environmental engineering surveying of the property Bollnäs Bro 4: 4". 

SGI on behalf of Bollnäs municipality TSF Real Estate Group. 2008-04-28. 

- "In-depth environmental engineering surveying of the property Bollnäs Bro 4: 4". 

SGI on behalf of Bollnäs municipality TSF Real Estate Group. 2008-06-16. 



124 

 

- "Additional studies". Sweco on behalf of Bollnäs municipality 2011-01-26. 

- ñAdditional environmental technical soil studying including risk assessment of 

property Bollnªs Bro 4: 4ò. Sweco on behalf of Bollnäs municipality 2015-11-26. 

The last report includes the information gathered in the three previous ones.  

The analysis performed in the previous studies reported high levels of  PAHs, oil, benzene 

and metals, with lead above all, in soil. PAHs, oil, aliphatic hydrocarbons, 

trichloroethylene and metals are found in great amount in the groundwater. Twelve 

polluted sub-areas were identified by Sweco in the property. In Figure 59 are reported the 

sampling points were pollutants are detected at levels beyond the generic guidelines for 

contaminated soil (MKM) as well as the twelve sub-areas. 

 

Figure 59: Sampling point where pollutants were found above the generic guidelines (MKM) for 

contaminated soil and the twelve contaminated sub-areas (Engström and Örne, 2015). 

In Appendix 4, 5, 6 and 7 are reported the results of the soil and groundwater sampling 

performed at the site in the previous surveys. 
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7.2 Materials and methods 

 

7.2.1 Literature study 

The literature study was the first important step to have the overall view necessary to 

write the report. In order to illustrate the risk assessment procedure in general, the 

research of valid literature on the web was necessary. The description of the Italian and 

the Swedish risk assessment procedures required the consultation of material provided by 

the supervisors of both Politecnico di Milano and Kungliga Tekniska Högskolan (KTH). 

The reading of articles about leaching tests and metalsô fate in soil resulted in the 

ñLeaching testò and ñMetals in soilò sections. The report on Bollnäs Bro 4: 4 by Sweco 

(Engström and Örne, 2015) was fundamental to identify the features of the site. In fact, 

the characterization of the site adopted for the report is based on the one developed by 

Sweco.  

 

7.2.2 Sampling at the site 

The report by Sweco (Engström and Örne, 2015), was used to choose the location of the 

soil sampling points analyzed in laboratory (see Appendix 2). The location to perform the 

sampling were chosen in correspondence of the sampling points where high 

concentrations of metals had been found in previous studies. In fact, the name of each 

sample is the code used for the corresponding previous one. The only exception is 

constituted by the samples taken inside the building in the south of the site. In this case, 

it was decided to take samples inside the building for two reasons: firstly, no sample from 

inside the structure was analyzed in the previous studies; secondly, the building is planned 

to be conserved and renovated. Only soil samples were taken on site at different depths 

according to those at which high levels of metals had been previously found. In the case 

of the sample taken in the building, the sampling point was chosen in order to not damage 

the electric wires crossing the area beneath surface and close to the furnace where metals 

were treated. The operations were performed with a scraper. The sampling points and 

their location are reported respectively in Table 9 and Figure 60 (Engström and Örne, 

2015). The code name of the sample was determined by the sampling point and the depth, 

e.g., Building Surf., Building -0.2 M etc. 
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Table 9: Sampling points for analysis of soil polluted by metals. 

Sampling point Number of samples Depth (m) 

Building 2 Surface 

0.2 

1517 1 Surface 

0.35 

0.65 

1522 2 0.35 

0.65 

1513 2 Surface 

1.10 

S7 4 Surface  

0.5 

0.8 (twice) 

1506 3 0.4 

0.6 
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Figure 60: Soil sampling points location (Engström and Örne, 2015): the red points are in 

correspondence of the samples used for the laboratory analysis performed in this study. 
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7.2.3 Assessment of the risk 

The two software presented before were used for the assessment of the risk: Risk-net 2.0, 

for the Italian procedure, and the Software for site-specific soil guidelines developed by 

Kemakta AB, for the Swedish one.  

In the Swedish case, it was unnecessary to perform a comparison between the 

concentrations found on site and the generic MKM guidelines, because the procedure was 

already completed by Sweco (see Appendix 4, 5).  The metalsô concentrations detected 

in the soil samples taken on site for the laboratory analysis performed in this study, were 

instead compared to the generic guidelines for KM and MKM scenario (see Appendix 2). 

Then, site-specific guidelines were determined considering the future land use of the 

polluted area for the pollutants of interest at the site. 

As first step of the Italian risk assessment, the CRS for the contaminants found at the site 

were compared to the CSC of each contaminants to determine which pollutants should be 

taken into account as inputs in Risk-net 2.0 to determine the CSRs. The data collected in 

the previous surveys and reported in Appendix 4, 5, 6 and 7 were used together with the 

concentrations calculated in the analyzed samples. 

 

7.2.3.1 Assumptions ï Risk-net 2.0 

The inputs for the assessment of the risk were edited when the default settings were 

considered not fitting the features of the site of study. 

 

ñOpzioniò 

The limitation constituted by the consideration of the Csat in the determination of the CSRs 

and the risk was removed in Risk-net in order to obtain outputs that corresponded to the 

actual inputs (i.e. CRS). However, the Csat was included in the process of the CSRs 

identification, as explained below. 
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ñModello Concettualeò 

In the ñModello Concettualeò the leaching in groundwater and the contamination of 

groundwater were assessed on the vertical of the pollution, i.e. POC = 0.  

No off -site receptors were considered, because adopting the residential/recreational 

scenario for the simulation. 

 

ñSelezione Contaminantiò 

The data collected in the previous studies were used to compare the concentrations 

detected on site to the CSC in order to select the pollutants to be taken into account in the 

assessment of the risk.  

For the organic compounds, some arrangements had to be made to obtain concentrations 

to compare to the Italian CSCs. First, it was necessary to convert the Swedish classes of 

organic compounds in the two main Italian classes, i.e. hydrocarbons CÒ12 and C>12 and 

check if the CSC for recreational land use was exceeded. In order to do so, the classes 

ñAliphatic > C5-C8ò, ñAliphatic > C8-C10ò, ñAliphatic > C10-C12ò, ñAromatic> C8-

C10ò and ñAromatic> C10-C16ò were merged together summing up the concentrations 

detected and comparing the final value with the CSC for hydrocarbons CÒ12. The sum of 

the classes ñAliphatic > C12-C16ò, ñAliphatic > C16-C35ò, ñAromatic> C10-C16ò and 

ñAromatic> C16-C35ò was compared to the CSC of hydrocarbons C>12. The class 

ñAromatic> C10-C16ò was considered in both the cases due to the impossibility to 

properly divide the value in C10-12 and C12-16, consequently adopting a conservative 

assumption. Since the CSC for recreational purposes were exceeded in soil, the 

hydrocarbons were inserted in Risk-net 2.0 using the TPHCWG classification. The 

concentrations for the Swedish ñPAH-L sumò were compared to the CSC of naphthalene 

while the ñPAH-M sumò and ñPAH-H sumò classes were merged together and the 

resulting concentration compared to the CSC of indenopyrene, chosen for the most 

strictly medium-high molecular weight PAH regulated in Italy. Since for groundwater the 

only chemical parameter regulated is the Total hydrocarbons, all the classes named before 

are summed up to compare the resulting value to the CSC. Due to the concentrations 

above the CSC, the TPHCWG classification was adopted. Both for soil and groundwater, 
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the Swedish classes were adapted to obtain those of the TPHCWG method as reported in 

Table 10: 

 

Table 10: Adaptation of Swedish classes for hydrocarbons to TPHCWG ones. 

TPHCWG Swedish class 

Aliphatic C 5-6    Aliphatic > C5-C8    

Aliphatic C >6-8  Al iphatic > C5-C8 

Aliphatic C >8-10 Aliphatic > C8-C10 

Aliphatic C >10-12 Aliphatic > C10-C12 

Aliphatic C >12-16 Aliphatic > C12-C16 

Aliphatic >C16-21 Aliphatic > C16-C35 

Aliphatic >C21-C35 Aliphatic > C16-C35 

Aromatic C >8-10 Aromatic > C8-C10 

Aromatic C >10-12 Aromatic > C10-C16 

Aromatic C >12-16 Aromatic > C10-C16 

Aromatic C >16-21 Aromatic > C16-C35 

Aromatic C >21-35 Aromatic > C16-C35 

 

As it is possible to see, some Swedish classes are repeated more than once, e.g., Aliphatic 

> C5-C8, due to the impossibility to divide them in more TPHCWG classes. This means 

that a conservative assumption was adopted, overestimating the concentration of 

hydrocarbons for the specific TPHCWG class. The classes Aliphatic C5-C6 and Aliphatic 

>C6-C8, were both chosen with a fraction of n-hexane greater than the 53 %. This choice 

was a conservative one due to the more hazardous properties of a mixture with a larger 

presence of n-hexane. 

In the case of Hg, following the guidelines by the Ministero dellôAmbiente e della Tutela 

del Territorio e del Mare (2015) three contaminants were inserted: 

- Elementary mercury: to assess the risk associated to volatilization; 

- Methylmercury: to assess the risk associated to direct contacts (i.e. soil ingestion 

and dermal contact); 

- Mercury chloride: to assess the risk associated to the leaching in groundwater. 
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Due to the lack of a groundwater CSC for Mercury chloride, the same CSC, i.e.1 µg/l, 

was inserted in Risk-net to allow the calculations of the corresponding CSR. 

Both Xylene and p-Xylene were inserted in the software, with the same CRS, because the 

first has a soil CSC and the second a groundwater CSC. 

In the case of groundwater, even if data about concentration of PAHs were once again 

available divided in three classes (PAH-L, PAH-M, PAH-H) it was decided to compare 

the PAHs detected one by one. In fact, the number of organic contaminants individuated 

in groundwater was much greater than in soil (see Appendix 6 and 7). Moreover, 

Indenopyrene was inserted as contaminant in Risk-net even if the data available in 

groundwater were referred to Indeno(1,2,3-c,d)pyrene. 

The contaminant considered for the three matrices are reported in Table 11. 

Table 11: The contaminant inserted in Risk-net to assess the risk for surface and deep soil and 

groundwater. 

Matrix  
Chemical compound 

Inorganics Organics 

Surface soil - As 

- Cu 

- Hg 

- Pb 

- Zn 

- Aliphatic C 5-6 (n-hexane 

>53%) 

- Aliphatic C > 6-8 (n-

hexane >53%) 

- Aliphatic C > 8-10 

- Aliphatic C > 10-12 

- Aliphatic C > 12-16 

- Aliphatic C > 16-21 

- Aliphatic C > 21-35 

- Aromatic C > 8-10 

- Aromatic C > 10-12 

- Aromatic C > 12-16 

- Aromatic C > 16-21 

- Aromatic C > 21-35 

- Benzene 

- Indenopyrene 

- Naphthalene 
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Table 11: The contaminant inserted in Risk-net to assess the risk for surface and deep soil and 

groundwater. 

Matrix  
Chemical compound 

Inorganics Organics 

Deep soil - As 

- Cd 

- Co 

- Cu 

- Hg 

- Pb 

- Zn 

- Aliphatic C 5-6 (n-hexane 

>53%) 

- Aliphatic C > 6-8 (n-

hexane >53%) 

- Aliphatic C > 8-10 

- Aliphatic C > 10-12 

- Aliphatic C > 12-16 

- Aliphatic C > 16-21 

- Aliphatic C > 21-35 

- Aromatic C > 8-10 

- Aromatic C > 10-12 

- Aromatic C > 12-16 

- Aromatic C > 16-21 

- Aromatic C > 21-35 

- Ethylbenzene 

- Indenopyrene 

- Naphthalene 

- Toluene 

- Xylene 

- p-Xylene 
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Table 11: The contaminant inserted in Risk-net to assess the risk for surface and deep soil and 

groundwater. 

Matrix  
Chemical compound 

Inorganics Organics 

Groundwater - Cd 

- Fe 

- Mn 

- Ni 

- Pb 

- Zn 

- Aliphatic C 5-6 (n-hexane 

>53%) 

- Aliphatic C > 6-8 (n-

hexane >53%) 

- Aliphatic C > 8-10 

- Aliphatic C > 10-12 

- Aliphatic C > 12-16 

- Aliphatic C > 16-21 

- Aliphatic C > 21-35 

- Aromatic C > 8-10 

- Aromatic C > 10-12 

- Aromatic C > 12-16 

- Aromatic C > 16-21 

- Aromatic C > 21-35 

- Benzene 

- Benzo(a)anthracene 

- Benzo(a)pyrene 

- Benzo(b)fluoranthene 

- Benzo(ghi)perylene  

- Benzo(k)fluoranthene  

- Bromodichloromethane 

- Chrysene 

- 1,2-Dibromoethane 

- 1,4-Dichlorobenzene 

- 1,2-Dichloropropane 

- Indenopyrene 

- 1,1,2,2-Tetrachloroethane 

- 1,1,2-Trichloroethane 

- Trichloroethylene 

- Trichloromethane  
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The database used was the default one, but the Kd value for the Cu, Zn, As and Pb was 

changed with the site-specific and representative value measured with the laboratory 

analysis and reported in the chapter ñResultsò. 

 

ñDefinizione CRSò 

In order to define the CRS in the three matrices, it was firstly necessary to perform the 

neighborhood analysis to identify the geometry of the polluted area. ArcMap was used to 

draw the Thiessenôs polygons for the case of study, considering the sampling points given 

by literature (see Appendix 4, 5, 6 and 7) and those used to perform laboratory analysis 

in this report, for surface and deep soil. The network of piezometers was used for 

groundwater instead. The Thiessenôs polygons for the site of study are reported in Figure 

61. Due to the impossibility to clearly distinguish different primary sources of pollution 

for the contaminants, only one unique source of pollution was identified. The CRS for 

each contaminant was defined as UCL95% when the number of available data was above 

10 or as the maximum concentration otherwise. The number of data was established 

including all the polygons where the concentration of the specific compound or chemical 

parameter (i.e. the classes of hydrocarbons) was found above the CSC or that were 

included in the polluted area after the neighborhood analysis. The neighborhood analysis 

for the three matrices is reported in Figure 62 Figure 63 and Figure 64. 
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Figure 61: Subdivision of the polluted site in Thiessenôs polygons for surface and deep 

soil (1) and groundwater (2). 

 

Inorganics Organics 

  

Figure 62: The neighborhood analysis for surface soil. On the left map the inorganic compounds 

were considered, on the right one the organics. 
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Inorganics Organics 

  

Figure 63: The neighborhood analysis for deep soil. On the left map the inorganic compounds 

were considered, on the right one the organics. 

 

Inorganics Organics 

  

Figure 64: The neighborhood analysis for groundwater. On the left map the inorganic compounds 

were considered, on the right one the organics. 

In some cases, the polygons that were added to the secondary source after the 

neighborhood analysis were lacking the data about the concentration of the specific 

chemical. Therefore, the level of pollution was assumed to be 0 in that polygon.  
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The resulting polluted area for the three matrices, was obtained merging the cells obtained 

for the neighborhood analysis of organic and inorganic compounds, because it was not 

possible to determine whether the sources of pollution were different for the two macro-

classes of pollutants. The contaminated area was found to cover all the property of Bollnäs 

Bro 4:4 in all the three matrices.  

 

ñRecettoriò 

The receptors on site were the default ones for recreational land use, i.e. ñAdjustedò. This 

scenario was preferred to the industrial/commercial one because more conservative when 

assessing the risk posed to children that are constantly attending the site. No off-site 

receptors were considered.  

 

ñParametri Esposizioneò 

The exposure parameters adopted for the simulation were changed inserting those for 

recreational land use (APAT, 2008). The exposure frequency and the inhalation rate of 

outdoor air inhalation were edited. Moreover, since the indoor inhalation is not considered 

by default in Risk-net, the same values of outdoor inhalation were adopted for the 

exposure parameters. In fact, it was considered unrealistic and improper to omit this 

exposure pathway, due to the future use of the site, that will bring many people, both 

young and adults, to spend a lot of time inside the buildings of the property. 

 

ñCaratteristiche sitoò 

The thickness of the pollution in the deep soil was defined equal to 1 m due to the average 

depth of the groundwater level from the ground level of 2 m. 

The fraction of (Soil Organic Carbon) SOC in surface soil was assumed to be equal to the 

average value between those obtained for the samples studied at the laboratory (see 

Appendix 2) taken at maximum 1 m beneath ground level, i.e. 3,86 %. The conversion of 

the Loss On Ignition (LOI) value to the SOC was performed adopting a factor of 1,9. The 

fraction of SOC in the deep soil was defined as half of the one for surface soil, considering 

that usually the amount of SOM (Soil Organic Matter) decreases with depth.  
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The soil pH that was adopted was the average value obtained by the soil samples studied 

in laboratory with CaCl2 liquid solution, i.e. 6,11. This solution was preferred to distilled 

water because it was considered more representative of the real conditions on site.   

Sand was the chosen texture of the unsaturated zone, due to the lack of data about the soil 

parameters required by Risk-net and because it was the coarsest texture available in the 

software.   

The average precipitation at the site was assumed to be of 550 cm/year (World Weather 

and Climate Information). The cracks areal fraction outdoor was posed equal to 1, i.e. site 

without pavement. In fact, the value for paved areas (0,1) would have resulted in an 

underestimation of the risk. Both the parameters were required to calculate the percolation 

and thus the leaching of pollutants. 

For the saturated zone, the dimensions of the polluted area were assumed to be those of 

the rectangle that best included the site, i.e. 300 m in the direction perpendicular to 

groundwater flow and 180 m in the parallel one (Figure 65).  
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Figure 65: The blue arrow represents the plausible direction of groundwater flow and the red 

rectangle the schematic geometry representing the dimensions of the polluted site for 

groundwater matrix (Engström and Örne, 2015). 

The average thickness of the aquifer was estimated to be 8 m. This value was calculated 

assuming a depth of 10 m to bedrocks and of 2 m to groundwater level for ground level.  

The hydraulic conductivity was assumed to be 10-5 m/s, i.e. permeable material due to the 

coarse texture of the soil.  

The hydraulic gradient was estimated using the data, collected by Sweco (2015) and 

reported in Appendix 3, about groundwater levels. The representative value for the 

hydraulic gradient was assumed equal to 0.002 m/m. 

Due to the lack of data about the main wind direction the polluted area to be considered 

was safely determined adopting the longest segment of the polluted area as the side of the 

source representative rectangle parallel to the wind direction (Figure 66) with a resulting 
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surface of 325x190 m2. The average wind speed was assumed to be of 3.5 m/s (Word 

Weather and Climate Information).  

 

Figure 66: The red rectangle represents the schematic polluted area for soil (Engström and Örne, 

2015). 

 

7.2.3.2 Inputs ï Risk-net 2.0 

The numerical inputs edited in Risk-net and the CRS for the selected contaminants are 

reported in Table 12 and Table 13 respectively. 
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Table 12: The numerical input to Risk-net edited for the risk assessment of the site of study. 

Parameter Edited value 

Thickness of pollution in deep soil  1 m 

Surface soil organic carbon  3.86% 

Deep soil organic carbon 1.93% 

Soil pH 6.11 

Precipitation 55 cm/y 

Cracks area for outdoor 1 

Unsaturated zone texture Sand 

Thickness of the aquifer 8 m 

Hydraulic conductivity of the saturated zone 10-5 m/s 

Hydraulic gradient 0.002 m/m 

Pollution source length along groundwater 

flow direction 

180 m 

Pollution source width perpendicular to 

groundwater flow 

300 m 

Pollution source length along wind direction 325 m 

Pollution source width perpendicular to wind 

direction 

190 m 

Daily frequency of exposure ï air inhalation 

indoor and outdoor (both adult and child) 

3 h/day 

Indoor and outdoor inhalation rate- child 1.9 m3/h 

Indoor and outdoor inhalation rate - adult 3.2 m3/h 
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Table 13: The CRS for the contaminants considered in the risk assessment. 

Chemical compound 

CRS 

Surface soil 

(mg/kg) 
Deep soil (mg/kg) Groundwater (µg/l) 

Inorganics 

As 23 27 - 

Cd - 2,8 5,4 

Co - 26 - 

Cu 4982 851 - 

Fe - - 6130 

Hg 20 14 - 

Mn - - 10800 

Ni - - 53,7 

Pb 3146 351 365,5 

Zn 851 3178 3800 

Organics 

Aliphatic C 5-6 (n-hexane 

>53%) 
10 10 10 

Aliphatic C >6-8 (n-

hexane >53%) 
10 10 10 

Aliphatic C >8-10 10 10,6 10 

Al iphatic C >10-12 10 62,75 406 

Aliphatic C >12-16 10,5 217,5 1620 

Aliphatic >C16-21 112,4 195 3680 

Aliphatic >C21-C35 112,4 195 3680 

Aromatic C >8-10 1,6 7,68 10 

Aromatic C >10-12 4,1 55,75 22,2 

Aromatic C >12-16 4,1 55,75 22,2 

Aromatic C >16-21 3,74 5 2 

Aromatic C >21-35 3,74 5 2 

Benzene 0,27 - 57 

Benzo(a)anthracene - - 0,11 

Benzo(a)pyrene - - 0,14 

Benzo(b)fluoranthene - - 0,22 
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Table 13: The CRS for the contaminants considered in the risk assessment. 

Chemical compound 

CRS 

Surface soil 

(mg/kg) 
Deep soil (mg/kg) Groundwater (µg/l) 

Organics 

Benzo(ghi)perylene  - - 0,11 

Benzo(k)fluoranthene  - - 0,12 

Bromodichloromethane - - 1 

Chrysene - - 0,44 

1,4-Dichlorobenzene - - 1 

1,2-Dibromoethane - - 0,1 

1,2-Dichloropropane - - 0,5 

Ethylbenzene - 0,82 - 

Indenopyrene 26,48 10,36 0,24 

Naphthalene 11,55 42 - 

1,1,2,2-Tetrachloroethane - - 0,5 

Toluene - 0,11 - 

1,1,2-Trichloroethane - - 1 

Trichloroethylene - - 45 

Trichloromethane 

(chloroform) 
- - 1 

Xylene - 7,3 - 

p-Xylene - 7,3 - 

 

7.2.3.3 CSR determination ï Risk-net 2.0 

The first individual CSR for the contaminants inserted in Risk-net, was determined 

choosing the lowest CSR between those proposed by the software for each of the 

exposure/migration pathways. 

The second step in the determination of the final CSRs, consisted in checking the actual 

presence, above CSC, of those contaminants, for which the groundwater protection 

resulted decisive, in groundwater. The second smallest CSR was associated to those 

pollutants that were not found in the groundwater matrix above the corresponding CSC. 

If another CSR was not available, the contaminant was excluded from the list of pollutant 
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for the specific matrix. This procedure was considered acceptable, even if the risk posed 

by the leaching was overlooked, due to the permeability of the soil matrix and the 

shallowness of the groundwater level. Therefore, acknowledged these favorable 

geological features for leaching, it was realistic to assume that the leaching towards 

groundwater was not relevant if the pollutant was not detected in groundwater. The CSR 

determined with this procedure was then compared to the CSC and if the former value 

resulted smaller than the latter, the CSC was adopted as remediation goal and the 

contaminant excluded from further assessments. 

The CSR obtained was then compared to the Csat proposed by the software. If the CSR 

resulted above the Csat, the maximum concentration of the contaminant (Cmax) found on 

site was adopted as new CSR, as suggested by the Italian guidelines (Ministero 

dellôAmbiente e della Tutela del Territorio e del Mare, 2015). 

The individual calculated CSRs were then adopted as CRS for a ñforwardò risk 

assessment and the calculation of the risk. A corrective coefficient was used to adjust the 

CSRs in order to satisfy the condition on both the single and cumulative risk. The last 

check consisted in comparing the final CSRs with the corresponding CSC. In the case of 

the hydrocarbons, the CSRs of the classes were summed up to compare the cumulative 

value to the CSC of hydrocarbons C<12 (HC<12) and hydrocarbons C>12 (HC>12). The 

CSRs obtained after this last confrontation were the remediation goals for the 

contaminants of concern at the site of study. 

 

7.2.3.4 Assumptions ï Software for site-specific soil guidelines by Kemakta AB 

The generic scenario on which was based the assessment of the risk for the site of study, 

was a KM one. The motivation of this choice is that, even if there are no people 

permanently living at the site, they are supposed to stay more on the area, due to the 

recreational use, exposing a larger fraction of the skin, for example wearing shorts during 

summer.   
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ñConceptual modelò 

Dealing with the exposure pathways, those included in the calculation were: 

- Dermal contact with soil; 

- Intake of soil; 

- Inhalation of dust; 

- Inhalation of vapors; 

- Intake of drinking water. 

The intake of drinking water was included as well, even if there were not sensible 

groundwater reservoirs close to the site and wells for drinking water purposes, due to the 

importance of groundwater as a resource. If the site-specific guidelines result strongly 

influenced by this exposure pathway, the values will be re-calculated excluding the intake 

of drinking water. 

Since no cultivation is or will occur at the site, the intake of plants was excluded.  

The targets that were considered as relevant in the assessment of the risk posed by the 

pollution are:  

- Adults regularly active on site; 

- Adults and children visitors; 

- Adults and children neighbors; 

- Groundwater; 

- Surface water ecosystem; 

- Surface water; 

- Sediment ecosystem. 

The neighbors were taken into account due to the vicinity of residential houses. 

The soil environment was excluded from the analysis because all the siteôs surface soil 

had been covered with filling material making the formation of an environment 

impossible. 

Groundwater was considered due to its intrinsic importance as a resource.   
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ñInputò 

The contaminants that were inserted in the sheet ñInputò are those for which a site-specific 

Kd was estimated, i.e. Pb, As, Zn, Ba, Cu. Moreover, other pollutants of interest at the 

site of study were included in the risk assessment, basing the selection on the data 

collected by Sweco (Appendix 4 and 5). The chemicals added as inputs are reported in 

Table 14. 

Table 14: Chemicals inserted in the Swedish software for site-specific soil guidelines as inputs. 

Pollutant 

Inorganic Organic 

- As-mod5 

- Cd 

- Co 

- Cu-mod4 

- Cr 

- Hg 

- Ni 

- Pb-mod4 

- Zn-mod4 

- Aliphatic > C8-C10 

- Aliphatic > C10-C12 

- Ali phatic > C12-C16 

- Aliphatic > C16-C35 

- Aromatic > C8-C10 

- Aromatic > C10-C16 

- Aromatic > C16-C35 

- Benzene 

- 1,2-Dibromomethane 

- PAH-L 

- PAH-M 

- PAH-H 

- Trichloroethylene 

- Trichloromethane (chloroform) 

- Xylene 

 

The adopted exposure parameters were those associated to the KM scenario, where more 

specific and reliable information about the site of study was lacking. 

The exposure time for adults for intake of soil, inhalation of vapors and dust was fixed at 

200 d/y (i.e. the value for MKM scenario) because this value corresponds to the number 

of workdays spent on site. For dermal contact with soil in adults, the MKM value of 

90 d/y was used. The exposure time for children, associated to dermal contact with soil 

                                                 
5Chemicals for which a site-specific Kd value was inserted. 
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and dust, is assumed to be the KM one, i.e. 120 d/y, due to the days spent in the area 

during summer. For the inhalation of dust and vapors by children, it was assumed that 

they will be present in the recreational building 4 h/d during the weekend and 2 h/d the 

remaining days of the week, i.e. 20 hours per week and 2.8 h/d on average. Since in the 

model a day of exposure consists in 8 h/d, the exposure time obtained for the case of study 

was 130 d/y. This value was determined multiplying the average daily exposure time for 

the days of the year and then dividing the result by the number of h/d required to consider 

a day of exposure (8 h/d). The fraction indoor was assumed to be 1 because, even if green 

areas will be present at the site, both the workers and the youngsters will spend a large 

amount of time inside buildings. Moreover, the inhalation indoor is more likely to be a 

relevant factor in the exposure, due to the lower dilution of air if compared with the 

outdoor area. 

The content of organic carbon in soil was posed equal to the average one obtained from 

the laboratory analysis concerning the LOI, i.e. 7.33%. The conversion to the LOI value 

to the SOC was performed adopting a factor of 1.9. The water content adopted was the 

average obtained considering the soil samples analyzed at the laboratory, i.e. 11.5%.   

The width and the length of the polluted area were determined defining the rectangle 

represented in Figure 67, drawn considering the main groundwater flow direction, and 

are of 300 m and 180 m respectively. 

The percolation in the area was estimated to be much lower than the default value (100 

mm/year) due to the presence of many buildings and the covering layer of asphalt. In 

particular, a value of 20 mm/year was adopted in the simulation.  

The hydraulic conductivity (K) value was assumed to be of 10-5 m/s as the default value 

of the software, due to the coarse texture of the filling material in the soil that characterize 

it as a permeable one. The adopted K corresponded to the more permeable material found 

on site, i.e. sand and gravel, for safety reasons. 

The hydraulic gradient was estimated using the data, collected by Sweco (2015) and 

reported in Appendix 3, about groundwater levels. The representative value for the 

hydraulic gradient was assumed equal to 0.002 m/m. 
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The average thickness of the aquifer was estimated to be 8 m. This value was calculated 

assuming a depth of 10 m to bedrocks and of 2 m to groundwater level for ground level.  

The distance to well adopted was the same as for the MKM scenario, because the 

protection of groundwater at the site is not considered a primary issue. 

In the transport model for vapors, the recreational building in the north of the site was 

considered. Assuming a height of 4 m, the air volume was estimated to be around 7200 

m3. The reliability of this value is proven by the fact that the same air volume was assumed 

by Sweco. The surface under the building was calculated as 1800 m2.    

The target for surface water was decided to be the small bay of lake Varpen, where the 

southern outlet of the culvert that crosses the site is located (Figure 67). Using the data 

provided by Peter Strömbäck of Bollnäs Municipality, the area of the ñsmall lakeò was 

calculated to be 220000 m3, with an average depth of 4 m and a surface of 55000 m2.  The 

turnover time of the bay was calculated assuming that the outflow was constituted by the 

river Voxnanôs flow rate, in the south of lake Varpen. Dividing the volume of the ñsmall 

lakeò by the Voxnanôs flow rate of 38 m3/s, the turnover time was 0.002 years.  

 

Figure 67: The ñsmall lakeò used for the calculation of the site-specific guidelines with the 

Swedish software (Engström and Örne, 2015). 

The Kd of the metals that were listed before was changed with the site-specific one, 

reported in the section ñKd determinationò in ñResultsò, calculated with the harmonic 

mean.  
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Once the site-specific inputs were inserted in the software, the guidelines for the 

contaminants of interest at the site of study were calculated and compared to the levels of 

pollution found on site.    

 

7.2.3.5 Inputs ï Software for site-specific soil guidelines by Kemakta AB 

The numerical inputs edited in the Swedish software for the calculation of the site-specific 

guidelines are reported in Table 15. 

Table 15: List of the numerical inputs edited in the Swedish software for the calculation of the 

site-specific guidelines. 

Parameter Edited value 

Exposure time adults ï Intake of soil 200 d/y 

Exposure time adults ï Inhalation of dust 200 d/y 

Exposure time adults ï Inhalation of vapor 200 d/y 

Exposure time adults ï Dermal contact with 

soil/dust 

90 d/y 

Exposure time children ï Inhalation of dust 130 d/y 

Exposure time children ï Inhalation of vapor 130 d/y 

Soil organic carbon 3.66 % 

Water content 11.5 % 

Site length 180 m 

Site width  300 m 

Air volume indoor 7200 m3 

Surface under building 1800 m2 

Lake volume 220 000 m3 

Turnover time of lake 0.002 y 

Percolation 20 mm/y 

Hydraulic gradient 0.002 m/m 

Thickness of the aquifer 8 m 

Distance to well 200 m 
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7.3 Results 

 

7.3.1 Italian risk assessment 

The outcomes of the Italian risk assessment are shown in this section. 

 

7.3.1.1 CSR determination 

The CSRs firstly calculated (CSR (1)) with Risk-net for surface soil, deep soil and 

groundwater are reported in Table 16 to Table 19. The final CSRs, listed in the last 

column on the right, were referred to the single contaminant without considering the 

cumulative effects. 

Considering the values obtained for surface soil, soil ingestion resulted the most 

dangerous exposure pathway in five cases (i.e. As, Aliphatic >C16-21, Aliphatic >C 

Aliphatic >C21-35, Aromatic >C21-35, Indenopyrene), whilst the CSR was due to indoor 

vapor inhalation in four cases (Aliphatic >C6-8, Aliphatic >C8-10, Aliphatic >C10-12, 

Aliphatic >C12-16). Protection of groundwater was determinant for the remaining 11 

contaminants (Cu, Pb, Hg, Zn, Aliphatic C5-C6, Aromatic >C8-10, Aromatic >C10-12, 

Aromatic >C12-16, Aromatic >C16-21, Benzene, Naphthalene). 

For the pollutants of interest in deep soil, the CSRs were based on groundwater protection 

for 17 parameters (As, Cd, Co, Cu, Hg, Pb, Zn, Aliphatic C5-C6, Aliphatic >C6-8, 

Aromatic >C8-10, Aromatic >C10-12, Aromatic >C12-16, Aromatic >C16-21, Aromatic 

>C21-35, Indenopyrene, Naphthalene, Toluene) and on indoor vapor inhalation for 7 

parameters (Aliphatic >C8-10, Aliphatic >C10-12, Aliphatic >C12-16, Aliphatic >C16-

21, Aliphatic >C21-35, Ethylbenzene, Xylene). 

For groundwater, the CSRs corresponded to the CSC for all the pollutants of concern. 

However, as shown Table 19, the risk posed by volatile chemicals for vapor inhalation 

might be an issue during the process of remediation to the CSCs. 
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Table 16: Individual CSR for surface soil. 

Compound 

CSR (mg/kg) 

CSR (1) 

Exposure/migration pathway 

Soil 

ingestion 

Dermal 

contact 

Vapor 

inhalation 

outdoor 

Dust 

inhalation 

outdoor 

Groundwater 

protection 

Vapor 

inhalation 

indoor 

Dust 

inhalation 

indoor 

Arsenic* 4.26E-01 4.50E+00 - 4.63E+04 1.68E+01 - 4.63E+04 4.26E-01 

Copper* 3.13E+03 1.12E+05 - [5.86E+09] 1.07E+03 - [5.86E+09] 1.07E+03 

Lead* 2.74E+02 9.78E+03 - [5.13E+08] 1.18E+01 - [5.13E+08] 1.18E+01 

Elemental Mercury - - 4.82E+00 [1.26E+07] 1.58E-01 4.60E-01 [1.26E+07] 

1.58E-01 Methylmercury 7.82E+00 2.79E+02 - - - - - 

Mercury chloride 2.35E+01 8.38E+02 - [1.26E+07] 1.58E-01 - [1.26E+07] 

Zinc*  2.35E+04 8.38E+05 - [4.40E+10] 2.67E+03 - [4.40E+10] 2.67E+03 

Aliphatic C 5-6 4.69E+03 1.68E+04 1.07E+04 [2.80E+10] 3.40E+01 8.17E+01 [2.80E+10] 3.40E+01 

Aliphatic C > 6-8 4.69E+03 1.68E+04 1.07E+04 [2.80E+10] 1.45E+02 8.17E+01 [2.80E+10] 8.17E+01 

Aliphatic C > 8-10 7.82E+03 2.79E+04 8.05E+03 [2.10E+10] 1.33E+03 6.12E+01 [2.10E+10] 6.12E+01 

Aliphatic C > 10-12 7.82E+03 2.79E+04 8.05E+03 [2.10E+10] 1.30E+04 2.86E+02 [2.10E+10] 2.86E+02 

Aliphatic C > 12-16 7.82E+03 2.79E+04 8.05E+03 [2.10E+10] 2.05E+04 6.30E+02 [2.10E+10] 6.30E+02 

Aliphatic C > 16-21 1.56E+05 5.59E+05 1.61E+05 [2.10E+10] 1.63E+07 8.78E+05 [2.10E+10] 1.56E+05 

Aliphatic C > 21-35 1.25E+05 4.47E+05 1.61E+05 [2.10E+10] 1.63E+07 8.78E+05 [2.10E+10] 1.25E+05 

Aromatic C > 8-10 3.13E+03 1.12E+04 3.21E+03 [8.37E+09] 5.17E+01 1.53E+02 [8.37E+09] 5.17E+01 
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Table 17: Individual CSR for surface soil. 

Compound 

CSR (mg/kg) 

CSR (1) 

Exposure/migration pathway 

Soil 

ingestion 

Dermal 

contact 

Vapor 

inhalation 

outdoor 

Dust 

inhalation 

outdoor 

Groundwater 

protection 

Vapor 

inhalation 

indoor 

Dust 

inhalation 

indoor 

Aromatic C > 10-12 3.13E+03 1.12E+04 3.21E+03 [8.37E+09] 1.29E+02 5.39E+02 [8.37E+09] 1.29E+02 

Aromatic C > 12-16 3.13E+03 1.12E+04 8.43E+03 [8.37E+09] 2.58E+02 6.05E+03 [8.37E+09] 2.58E+02 

Aromatic C > 16-21 2.35E+03 8.38E+03 4.32E+04 [8.37E+09] 6.47E+02 1.59E+05 [8.37E+09] 6.47E+02 

Aromatic C > 21-35 2.35E+03 8.38E+03 1.37E+06 [8.37E+09] 5.16E+03 1.41E+08 [8.37E+09] 2.35E+03 

Benzene 1.16E+01 3.68E+01 9.84E+00 [2.56E+07] 1.73E-02 7.48E-02 [2.56E+07] 1.73E-02 

Indenopyrene 8.75E-01 2.13E+00 2.30E+03 [1.82E+06] 2.28E+01 1.33E+06 [1.82E+06] 8.75E-01 

Naphthalene 1.56E+03 4.30E+03 5.17E+00 [5.88E+06] 9.01E-01 3.24E+00 [5.88E+06] 9.01E-01 
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Table 18: Individual CSR for deep soil. 

Compound 

CSR (mg/kg) 

CSR (1) 

Exposure/migration pathway 

Groundwater 

protection 

Vapor 

inhalation 

outdoor 

Vapor 

inhalation 

indoor 

Arsenic* 8.42E+00 - - 8.42E+00 

Cadmium 5.68E-01 - - 5.68E-01 

Cobalt 3.41E+00 - - 3.41E+00 

Copper* 5.35E+02 - - 5.35E+02 

Elemental Mercury 7.90E-02 4.82E+00 4.74E-01 

7.88E-02 Methylmercury - - - 

Mercury chloride 7.88E-02 - - 

Lead* 5.91E+00 - - 5.91E+00 

Zinc*  1.34E+03 - - 1.34E+03 

Aliphatic C 5-6 (n-hexane > 53%) 1.05E+01 1.07E+04 8.17E+01 1.05E+01 

Aliphatic C > 6-8 (n-hexane > 53%) 4.00E+01 1.07E+04 8.17E+01 4.00E+01 

Aliphatic C > 8-10 3.39E+02 8.05E+03 6.12E+01 6.12E+01 

Aliphatic C > 10-12 3.25E+03 8.05E+03 1.48E+02 1.48E+02 

Aliphatic C > 12-16 5.14E+03 8.05E+03 3.25E+02 3.25E+02 

Aliphatic C > 16-21 4.07E+06 2.04E+06 4.52E+05 4.52E+05 

Aliphatic C > 21-35 4.07E+06 2.04E+06 4.52E+05 4.52E+05 

Aromatic C > 8-10 1.30E+01 3.21E+03 7.92E+01 1.30E+01 

Aromatic C > 10-12 3.24E+01 3.21E+03 2.78E+02 3.24E+01 

Aromatic C > 12-16 6.46E+01 1.41E+04 3.12E+03 6.46E+01 

Aromatic C > 16-21 1.62E+02 3.71E+05 8.20E+04 1.62E+02 

Aromatic C > 21-35 1.29E+03 3.75E+08 7.31E+07 1.29E+03 

Ethylbenzene 6.60E-01 3.07E+01 3.28E-01 3.28E-01 

Indenopyrene 5.70E+00 4.81E+06 6.97E+05 5.70E+00 

Naphthalene 2.25E-01 7.54E+00 1.67E+00 2.25E-01 

Toluene 1.05E-01 8.05E+04 6.12E+02 1.05E-01 

Xylene - 1.61E+03 1.81E+01 1.81E+01 

p-Xylene 1.11E-01 1.61E+03 1.61E+01 1.61E+01 
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Table 19: Individual CSR for groundwater. 

Compound 

CSR (mg/l) 

CSR (1) 

Exposure/migration pathway 

Groundwater 

protection (CSC) 

Vapor 

inhalation 

outdoor 

Vapor 

inhalation 

indoor 

Cadmium   5.00E-03 - - CSC 

Iron 2.00E-01 - - CSC 

Manganese 5.00E-02 - - CSC 

Nichel  2.00E-02 - - CSC 

Lead * 1.00E-02 - - CSC 

Zinc* 3.00E+00 - - CSC 

Alifatici C5-C6 (n-

hexane > 53%) 

3.50E-01 

1.34E+01 1.75E-01 

CSC 

Alifatici >C6-C8 (n-

hexane > 53%) 

3.50E-01 

8.55E+00 1.11E-01 

CSC 

Alifatici C >8-10 3.50E-01 3.57E+00 4.64E-02 CSC 

Alifatici C >10-12 3.50E-01 3.92E+00 5.10E-02 CSC 

Alifatici C >12-16 3.50E-01 5.45E+00 7.08E-02 CSC 

Alifatici >C16-21 3.50E-01 9.58E+00 1.24E-01 CSC 

Alifatici >C21-C35 3.50E-01 9.58E+00 1.24E-01 CSC 

Aromatici C >8-10 3.50E-01 4.76E+02 6.50E+00 CSC 

Aromatici C >10-12 3.50E-01 6.47E+02 8.96E+00 CSC 

Aromatici C >12-16 3.50E-01 2.35E+03 4.14E+01 CSC 

Aromatici C >16-21 3.50E-01 6.97E+03 3.10E+02 CSC 

Aromatici C >21-35 3.50E-01 2.99E+05 3.12E+04 CSC 

Benzene 1.00E-03 1.80E+00 2.54E-02 CSC 

Benzo(a)anthracene 1.00E-04 7.71E+00 7.74E-01 CSC 

Benzo(a)pyrene 1.00E-05 9.72E+00 8.35E-01 CSC 

Benzo(b)fluoranthene 1.00E-04 1.25E+02 1.16E+01 CSC 

Benzo(ghi)perylene  1.00E-05 3.62E+04 2.06E+03 CSC 

Benzo(k)fluoranthene  5.00E-05 1.36E+02 1.24E+01 CSC 

Bromodichloromethane 1.70E-04 1.05E+00 1.85E-02 CSC 

Chrysene 5.00E-03 2.99E+01 3.21E+00 CSC 
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Table 19: Individual CSR for groundwater. 

Compound 

CSR (mg/l) 

CSR (1) 

Exposure/migration pathway 

Groundwater 

protection (CSC) 

Vapor 

inhalation 

outdoor 

Vapor 

inhalation 

indoor 

1,2-Dibromoethane 1.00E-06 1.28E-01 3.84E-03 CSC 

1,4-Dichlorobenzene 5.00E-04 3.60E+00 5.91E-02 CSC 

1,2-Dichloropropane 1.50E-04 2.83E+00 4.38E-02 CSC 

Indenopyrene 1.00E-04 2.44E+02 1.94E+01 CSC 

1,1,2,2-

Tetrachloroethane 

5.00E-05 

1.68E+00 5.92E-02 

CSC 

1,1,2-Trichloroethane 2.00E-04 2.51E+00 5.50E-02 CSC 

Trichloroethylene 2.70E-01 1.44E+00 1.98E-02 CSC 

Trichloromethane 1.50E-03 9.48E-01 1.43E-02 CSC 

 

The CSRs calculated for surface and deep soil, after checking the actual presence of the 

pollutant in groundwater and considering the CSC value, are reported in Table 20 and 

Table 21 respectively (CSR (2)). In the same tables, the chemicals that were excluded 

from the risk assessment due to the lack of another CSR have been marked (i.e. As, Co 

and Cu in deep soil). 
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Table 20: CSRs for surface soil after checking the contaminant presence in groundwater and 

considering the CSC. 

Compound 
CSR (1) 

(mg/kg) 

CSR (2)  

(mg/kg) 

CSC 

residential 

(mg/kg) 

CSR<CSC 

Arsenic* 4.26E-01 4.26E-01 2.00E+01 yes 

Copper* 1.07E+03 3.13E+03 1.20E+02 no 

Lead* 1.18E+01 1.18E+01 1.00E+02 yes 

Elemental Mercury 

1.58E-01 4.60E-01  1.00E+00  yes Methylmercury 

Mercury chloride 

Zinc*  2.67E+03 2.67E+03 1.50E+02 no 

Aliphatic C 5-6 3.40E+01 3.40E+01 1.00E+01 no 

Aliphatic C > 6-8 8.17E+01 8.17E+01 1.00E+01 no 

Aliphatic C > 8-10 6.12E+01 6.12E+01 1.00E+01 no 

Aliphatic C > 10-12 2.86E+02 2.86E+02 1.00E+01 no 

Aliphatic C > 12-16 6.30E+02 6.30E+02 5.00E+01 no 

Aliphatic C > 16-21 1.56E+05 1.56E+05 5.00E+01 no 

Aliphatic C > 21-35 1.25E+05 1.25E+05 5.00E+01 no 

Aromatic C > 8-10 5.17E+01 5.17E+01 1.00E+01 no 

Aromatic C > 10-12 1.29E+02 1.29E+02 1.00E+01 no 

Aromatic C > 12-16 2.58E+02 2.58E+02 5.00E+01 no 

Aromatic C > 16-21 6.47E+02 6.47E+02 5.00E+01 no 

Aromatic C > 21-35 2.35E+03 2.35E+03 5.00E+01 no 

Benzene 1.73E-02 1.73E-02 1.00E-01 yes 

Indenopyrene 8.75E-01 8.75E-01 1.00E-01 no 

Naphthalene 9.01E-01 3.24E+00 5.00E+00 yes 
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Table 21: CSRs for deep soil after checking the contaminant presence in groundwater and 

considering the CSC. 

Compound 
CSR (1) 

(mg/kg) 

CSR (2) 

(mg/kg) 

CSC 

residential 

(mg/kg) 

CSR<CSC 

Arsenic* 8.42E+00 - 2.00E+01 - 

Cadmium 5.68E-01 5.68E-01 2.00E+00 yes 

Cobalt 3.41E+00 - 2.00E+01 - 

Copper* 5.35E+02 - 1.20E+02 - 

Lead* 5.91E+00 5.91E+00 1.00E+02 yes 

Elemental Mercury 

7.88E-02 4.74E-01 1.00E+00 yes Methylmercury 

Mercury chloride 

Zinc*  1.34E+03 1.34E+03 1.50E+02 no 

Aliphatic C 5-6 1.05E+01 1.05E+01 1.00E+01 no 

Aliphatic C > 6-8 4.00E+01 4.00E+01 1.00E+01 no 

Aliphatic C > 8-10 6.12E+01 6.12E+01 1.00E+01 no 

Al iphatic C > 10-12 1.48E+02 1.48E+02 1.00E+01 no 

Aliphatic C > 12-16 3.25E+02 3.25E+02 5.00E+01 no 

Aliphatic C > 16-21 4.52E+05 4.52E+05 5.00E+01 no 

Aliphatic C > 21-35 4.52E+05 4.52E+05 5.00E+01 no 

Aromatic C > 8-10 1.30E+01 1.30E+01 1.00E+01 no 

Aromatic C > 10-12 3.24E+01 3.24E+01 1.00E+01 no 

Aromatic C > 12-16 6.46E+01 6.46E+01 5.00E+01 no 

Aromatic C > 16-21 1.62E+02 1.62E+02 5.00E+01 no 

Aromatic C > 21-35 1.29E+03 1.29E+03 5.00E+01 no 

Ethylbenzene 3.28E-01 3.28E-01 5.00E-01 yes 

Indenopyrene 5.70E+00 5.70E+00 1.00E-01 no 

Naphthalene 2.25E-01 1.67E+00 5.00E+00 yes 

Toluene 1.05E-01 6.12E+02 5.00E-01 no 

Xylene 1.81E+01 1.81E+01 5.00E-01 no 

p-Xylene 1.11E+01 - - - 

 



158 

 

The CSRs (2) obtained for the surface soil were different from those calculated in the first 

step in six cases. Indoor vapor inhalation was the new exposure pathway that set the CSR 

for Hg, Aliphatic >C6-8, Aliphatic >C8-10, Aliphatic >C10-12, Aliphatic >C12-16 and 

Naphthalene. The CSR (2) resulted lower than the residential CSC for As, Hg, Pb, 

Benzene and Naphthalene that were thus removed from the list of the pollutants accounted 

for in the risk assessment. 

In the case of deep soil, As, Co and Cu were excluded from the assessment due to the 

lack of CSR (2). The CSR (2) was different from the CSR (1) for Hg, Naphthalene and 

Toluene only. Five parameters were removed from the input (i.e. Cd, Hg, Pb, 

Ethylbenzene, Naphthalene) due to a CSR (2) smaller than the residential CSC. The p-

Xylene was no longer considered because not detected in groundwater. Thus only Xylene, 

provided with a soil CSC, was included in further calculations. 

The CSR (3) were then obtained considering the Csat calculated by Risk-net. In Table 22 

the contaminants for which the CSR (3) was set equal to the Cmax in surface and deep soil 

are reported. For all the other contaminants CSR (3) was equal to CSR (2). 

Table 22: CSRs that were set equal to Cmax in surface and deep soil. 

Compound CSR (2)(mg/kg) Csat (mg/kg) CSR (3) (mg/kg) 

Surface soil 

Aliphatic C > 12-16 6.30E+02 6.78E+00 6.3E+01 

Aliphatic C > 16-21 1.56E+05 2.30E+01 1.2 E+03 

Aliphatic C > 21-35 1.25E+05 2.30E+01 1.2 E+03 

Aromatic C > 16-21 6.47E+02 3.42E+02 5.00E+00 

Aromatic C > 21-35 2.35E+03 1.41E+02 5.00E+00 

Deep soil 

Alifatici C >12-16 3.25E+02 3.39E+00 1.40E+03 

Alifatici >C16-21 4.52E+05 1.15E+01 2.00E+03 

Alifatici >C21-C35 4.52E+05 1.15E+01 2.00E+03 

Aromatic C > 21-35 1.29E+03 7.05E+01 4.70E+01 
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The final CSR (CSR (4)), calculated through a ñforwardò risk assessment and adjusted 

with a corrective coefficient, are reported in Table 23 and Table 24 for surface and deep 

soil respectively. 
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Table 23: Final surface soil CSRs to satisfy both individual and cumulative risk. 

Compound CSR (3)(mg/kg) Corrective factor (-) CSR (4)(mg/kg) R (-) HI ( -) 
Risk for groundwater (-

) 

Copper 3.13E+03 7.00E+00 4.47E+02 - 1.47E-01 4.18E-01 

Zinc 2.67E+03 2.00E+00 1.34E+03 - 5.85E-02 5.00E-01 

Al iphatic C 5-6 3.40E+01 4.70E+00 7.23E+00 - 8.85E-02 2.13E-01 

Aliphatic C > 6-8 8.17E+01 4.70E+00 1.74E+01 - 2.13E-01 1.20E-01 

Aliphatic C > 8-10 6.12E+01 4.70E+00 1.30E+01 - 2.13E-01 9.82E-03 

Aliphatic C > 10-12 2.86E+02 4.70E+00 6.09E+01 - 2.13E-01 4.70E-03 

Aliphatic C > 12-16 6.30E+01 - 6.30E+01 - 1.00E-01 3.07E-03 

Aliphatic C > 16-21 1.20E+03 - 1.20E+03 - 1.73E-02 7.37E-05 

Aliphatic C > 21-35 1.20E+03 - 1.20E+03 - 1.97E-02 7.37E-05 

Aromatic C > 8-10 5.17E+01 4.70E+00 1.10E+01 - 7.17E-02 2.13E-01 

Aromatic C > 10-12 1.29E+02 4.70E+00 2.75E+01 - 5.11E-02 2.13E-01 

Aromatic C > 12-16 2.58E+02 - 2.58E+02 - 1.36E-01 1.00E+00 

Aromatic C > 16-21 5.00E+00 - 5.00E+00 - 2.84E-03 7.73E-03 

Aromatic C > 21-35 5.00E+00 - 5.00E+00 - 2.73E-03 9.70E-04 

Indenopyrene 8.75E-01 1.42E+00 6.16E-01 9.94E-07 - 2.70E-02 

Total risk   

Cumulative Risk Outdoor 9.94E-07 5.19E-01  

Cumulative Hazard Index Indoor  4.62E-13 9.95E-01  
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Table 24: Final deep soil CSRs to satisfy both individual and cumulative risk. 

Compound CSR (3)(mg/kg) Corrective factor (-) CSR (4)(mg/kg) R (-) HI ( -) 
Risk for groundwater (-

) 

Zinc 1.34E+03 2.00E+00 6.68E+02 - - 5.00E-01 

Aliphatic C 5-6 1.05E+01 8.00E+00 1.32E+00 - 1.61E-02 1.25E-01 

Aliphatic C > 6-8 4.00E+01 8.00E+00 5.00E+00 - 6.12E-02 1.25E-01 

Aliphatic C > 8-10 6.12E+01 1.00E+01 6.12E+00 - 1.00E-01 1.80E-02 

Aliphatic C > 10-12 1.48E+02 1.00E+01 1.48E+01 - 1.00E-01 4.55E-03 

Aliphatic C > 12-16 1.40E+03 1.00E+01 1.40E+02 - 4.31E-01 2.72E-02 

Aliphatic C > 16-21 2.00E+03 - 2.00E+03 - 4.42E-03 4.91E-04 

Aliphatic C > 21-35 2.00E+03 - 2.00E+03 - 4.42E-03 4.91E-04 

Aromatic C > 8-10 1.30E+01 8.00E+00 1.62E+00 - 2.04E-02 1.25E-01 

Aromatic C > 10-12 3.24E+01 8.00E+00 4.05E+00 - 1.46E-02 1.25E-01 

Aromatic C > 12-16 6.46E+01 8.00E+00 8.07E+00 - 2.59E-03 1.25E-01 

Aromatic C > 16-21 1.62E+02 - 1.62E+02 - 1.97E-03 1.00E+00 

Aromatic C > 21-35 4.70E+01 - 4.70E+01 - 6.43E-07 3.65E-02 

Indenopyrene 5.70E+00 - 5.70E+00 8.17E-12 - 1.00E+00 

Toluene 6.12E+02 1.00E+01 6.12E+01 - 1.00E-01 5.84E+02 

Xylene 1.81E+01 1.00E+01 1.81E+00 - 1.00E-01 NA 

Total risk   

Cumulative Risk Outdoor 1.19E-12 2.72E-2  

Cumulative Hazard Index Indoor  8.17E-12 9.56E-1  
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No contaminant had a final CSR below the CSC, so the CSR calculated were used as the 

remediation goals. In Table 25 the CSR for HC<12 and HC>12 for both surface and deep 

soil are reported. 

Table 25: Comparison between the CSR for HC<12 and HC>12, in surface and deep soil, and 

the corresponding CSC 

Hydrocarbons CSR (mg/kg) CSC residential (mg/kg) 

Surface soil 

HC<12 1.37E+02 1.00E+01 

HC>12 2.73E+03 5.00E+01 

Deep soil 

HC<12 3.29E+01 1.00E+01 

HC>12 4.36E+03 5.00E+01 

 

7.3.2 Swedish risk assessment 

In this chapter are reported the results of the Swedish risk assessment. 

 

7.3.2.1 Site-specific guidelines 

The site-specific soil guidelines, calculated using the Swedish software and adopting the 

inputs described before are reported in Table 26. 

The site-specific guidelines for the pollutants considered in the Swedish risk assessment 

resulted lower than the generic KM ones for 12 compounds out of 24. The benchmarks 

calculated for Pb, Zn, Aliphatic>C8-C10, Aromatic >C16-C35 and Trichloromethane 

were more than 3 times lower than their KM generic ones. In the case of Benzene and 

Trichloroethene the difference was of one order of magnitude (0.0035 mg/kg vs. 0.012 

mg/kg and 0.06 vs 0.2 mg/kg respectively). The values determined for Aliphatic >C10-

C12, Aliphatic >C12-C16 and Aliphatic >C16-C35 were the only ones that were found 

above the KM and MKM generic guidelines. The site-specific benchmarks for Arsenic 

and Cadmium corresponded to the generic KM guidelines. 

 



163 

 

Table 26: Site-specific soil guidelines calculated with the Swedish software. The cells where the 

site-specific guideline is below the generic MKM one are colored in yellow, those that are also 

below the KM generic benchmark are colored in red. 

Compound 

Site-specific 

guideline 

(mg/kgd.m.) 

Compound 

Site-specific 

guideline 

(mg/kgd.m.) 

Arsenic-mod 10 Aliphatic > C16-C35 2500 

Cadmium 0.50 Aromatic > C8-C10 18 

Cobalt 10 Aromatic > C10-C16 5.0 

Copper-mod 50 Aromatic > C16-C35 3.0 

Chromium total 100 Benzene 0.0035 

Mercury 0.40 1.2-dibromoethane 0.0012 

Nickel 25 PAH L 1.8 

Lead-mod 15 PAH M 5.0 

Zinc-mod 80 PAH H 1.8 

Aliphatic > C8-C10 250 Trichloroethylene 0.060 

Aliphatic > C10-C12 1000 Trichloromethane  

(chloroform) 0.12 

Aliphatic > C12-C16 1000 Xylene 6.0 

 

Since the intake of drinking water was significant in the determination of the site-specific 

guideline for 1,2-dibromethane and Cd only, it was not necessary to recalculate the site-

specific guidelines excluding the cited exposure pathway. 
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7.4 Discussion 

 

7.4.1 Italian Risk Assessment 

 

7.4.1.1 CSR determination 

The process to determine the CSRs for the contaminants of concern at the case study 

consisted in four steps that were necessary to identify the remediation goals that satisfied 

both individual and cumulative risk. 

 

Groundwater 

As expected, the CSRs for groundwater protection were the CSCs, thus one of the three 

matrices was immediately removed from the assessment as secondary source of pollution. 

However, the presence of many organic volatile compounds that were found to pose risk 

due to indoor and outdoor vapor inhalation, might be an issue. In fact, even if ensuring 

the remediation of the matrix to the CSCs, the time required to reach these levels in 

groundwater might be relevant. The risk posed by vapor inhalation indoor resulted 

particularly high for Aliphatic C5-C6, Aliphatic >C6-8, Aliphatic >C8-10, Aliphatic 

>C10-12, Aliphatic >C12-16, Aliphatic >C16-21, Aliphatic >C21-35 as proved by the 

corresponding CSR that resulted lower than the CSC. Considering the CRS and CSC 

values of the contaminants found in groundwater reported in Table 27, it is possible to 

identify which contaminants require a significant effort to respect the CSC at the site. 
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Table 27: CRS and CSC for groundwater. 

Compound CRS (µg/l) CSC (µg/l) 

Cadmium   5.4 5 

Iron 6130 200 

Manganese 365.5 10 

Nichel  10800 50 

Lead * 53.7 20 

Zinc* 3800 3000 

Aliphatic C 5-6 (n-hexane >53%) 10 350 

Aliphatic C > 6-8 (n-hexane >53%) 10 350 

Aliphatic C > 8-10 10 350 

Aliphatic C > 10-12 406 350 

Aliphatic C > 12-16 1620 350 

Aliphatic C > 16-21 3680 350 

Aliphatic C > 21-35 3680 350 

Aromatic C > 8-10 10 350 

Aromatic C > 10-12 22.2 350 

Aromatic C > 12-16 22.2 350 

Aromatic C > 16-21 2 350 

Aromatic C > 21-35 2 350 

Benzene 57 1 

Benzo(a)anthracene 0.11 0.10 

Benzo(a)pyrene 0.14 0.01 

Benzo(b)fluoranthene 0.22 0.10 

Benzo(ghi)perylene  0.11 0.01 

Benzo(k)fluoranthene  0.12 0.05 

Bromodichloromethane 1 0.17 

Chrysene 0.44 5 

1.2-Dibromoethane 1 1 

1.4-Dichlorobenzene 0.1 0.001 

1.2-Dichloropropane 0.5 0.150 

Indenopyrene 0.24 0.1 

1.1.2.2-Tetrachloroethane 0.5 0.05 

1.1.2-Trichloroethane 1 0.2 
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Table 27: CRS and CSC for groundwater. 

Compound CRS (µg/l) CSC (µg/l) 

Trichloroethylene 45 2 

Trichloromethane  1 
0.15 

 

The CRS of Fe resulted 30 times bigger than the CSC, and the presence of the metal above 

the CSC in most groundwater samples defined it as a problematic pollutant. These high 

levels of dissolved Fe might be due to the redox conditions and the poor dissolved oxygen. 

In fact, the amount of Fe+2, soluble, decreases as the dissolved oxygen increases. 

Therefore, more investigations about the groundwater redox conditions should be 

performed. Mn and Ni had CRSs much higher than the CSC, but they were found at levels 

above the acceptable limit only once. Therefore, they are not of primary concern at the 

site. The same conclusions can be drawn for Benzene and 1,1,2,2-Tetrachloroethane. 

In the case of PAHs (i.e. Benzo(a)pyrene, Benzo(ghi)perylene, Benzo(k)fluoranthene, 

Chrysene) and 1,4-Dichlorobenzene, which had a CRS one order of magnitude greater 

than the CSC, their wise presence over the entire site area might make the remediation 

more difficult. 

The comparison between the CRS of the TPHCWG hydrocarbons subclasses and their 

CSC was not relevant and reported in the table just for completeness. Considering that 

the Total hydrocarbons parameter was found exceeding the CSC only once when 

performing the neighborhood analysis, it was clear that these contaminants were not a 

relevant issue for groundwater remediation. 

The presence of volatile compounds might pose harm to humans due to vapor inhalation 

outdoor and primarily indoor, particularly those for which a CSR below the CSC was 

calculated (i.e. Aliphatic C5-C6, Aliphatic >C6-8, Aliphatic >C8-10, Aliphatic >C10-12 

and Aliphatic >C12-16). Moreover, the time required to remove the pollutants to 

acceptable level might be significant for those spread at the site, possibly compromising 

an immediate use of the site for the established purposes. Therefore, direct measures in 

the building present at the site should be taken to assess the actual risk posed by these 

chemicals. The overall critical contamination of groundwater, combined with the 

presence of the culvert that crosses the site discharging the collected water in the 



167 

 

neighboring lake and river, requires an emergency action to stop pollution spreading. A 

possible solution could be the installation of a hydraulic barrier downstream the 

groundwater direction avoiding the pollutants spreading beneath the property. 

 

Pollutants with CSC as the remediation goal in surface and deep soil 

As presented in the ñResultsò, the CSRs (2), which take into account the pollutant 

presence in groundwater, caused some chemicals to be excluded from further calculations 

in deep soil and to change the individual temporary CSR (1) of other substances both in 

surface soil and deep soil. The ñomissionò of the theoretical risk related to groundwater 

protection for these contaminants was justified by the shallowness of the groundwater 

level and the permeability of the soil that both enhance the migration of pollutants to the 

aquifer. The compounds that were excluded due to a CSR lower than the CSC, thus set 

as the new remediation goal, and the risk-driving exposure/migration pathway are 

reported in Table 28. The removal of As, Co and Cu from the list of input chemicals for 

deep soil was a consequence of the non-volatility of these inorganic pollutants, which had 

a CSR for groundwater protection only. 
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Table 28: Contaminants that were excluded from further calculations in Risk-net due to a 

CSR<CSC and risk-driving exposure/migration pathway. 

Compound Exposure/migration pathway 

Surface soil 

As Soil ingestion 

Pb Groundwater protection 

Zn Groundwater protection 

Naphthalene Vapor inhalation indoor 

Benzene Groundwater protection 

Deep soil 

As Groundwater protection 

Cd Groundwater protection 

Co Groundwater protection 

Cu Groundwater protection 

Pb Groundwater protection 

Ethylbenzene Indoor vapor inhalation  

Naphthalene Indoor vapor inhalation  

 

The main issue that caused a CSR value below the CSC was the contaminant leaching 

towards groundwater. This is consistent with the hydrogeology of the site that, with the 

permeable soil and the shallow aquifer, poses groundwater in danger . The fact that indoor 

vapor inhalation poses a harm to humans, not only because of groundwater pollution, but 

to the organic pollution in soil as well, proves again that direct measures of vapors in the 

buildings at the site are recommended to assess the actual risk. 

 

Surface soil 

The CSR (3), i.e. the final individual CSR, was either related to soil ingestion, 

groundwater protection or indoor vapor inhalation, in the case of surface soil. Soil 

ingestion indicates that the harm posed to humans, especially children, in recreational 

outdoor spaces, where they would be in contact with soil, could be relevant. Therefore, 
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not only the indoor exposure is critical at the site, but the removal and replacement of the 

surface layer of soil might be required to properly use the green areas at the site. 

The final CSRs that respected both individual and cumulative risk were calculated using 

a corrective factor for the most critical compounds. The spatial distribution of the 

pollution and the CSR value were considered too; so, if the CSR was close to the CSC or 

the contamination largely spread, it was chosen not to further reduce the CSR to avoid 

excessive remediation costs. 

A corrective factor of 4.7 was set for the CSR of HC<12 to reduce the cumulative HI that 

would have resulted much higher than the acceptable limit (i.e., 1). Even if the presence 

of HC<12 in soil is a relevant issue at the site due to the spatial spreading of these 

contaminants, the reduction of the CSRs of the single classes of hydrocarbons brought to 

a CSR for HC<12 that was one order of magnitude greater than the CSC. Therefore, the 

remediation goal for these organic pollutants was not excessively strict. The same 

conclusion could be drawn for HC<12 (CRS: 35 mg/kg), obtained summing up the CRSs 

of the TPHCGW classes, which does not represent a challenging obstacle to the 

remediation.  

The CSR of Zn, instead, was halved to avoid risk for groundwater exceeding 1. 

Cu had its CSR reduced by a factor of 7 because of the high HI. This remediation goal 

seems possible to achieve due to the almost ñpunctualò contamination with unacceptable 

levels of Cu. A problem might be posed by the high concentrations at which the pollutant 

was found at the site, with a maximum concentration detected of 10000 mg/kg, i.e. more 

than 20 times the CSR. The only efficient way to reduce Cu concentrations to acceptable 

levels consists in the removal of the first layer of soil or in covering the soil surface to 

avoid direct exposure.  

Indenopyreneôs CSR was corrected with a factor of 1.42 to reduce the R caused soil 

ingestion, dermal contact and dust inhalation outdoor. The reduction of the levels of 

Indenopyrene in surface soil might be problematic due to the great difference between 

the CRS and the CSR, 26.5 mg/kg and 0.62 mg/kg respectively, and the spreading of the 

pollution at the site. The removal of the upper layer of soil might be the most efficient 

solution, but the process could be economically unsustainable due to the large area that 
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would be involved. However, it must not be forgotten that the concentrations obtained 

summing up those of the two Swedish classes (PAH-L and PAH-M) was conservatively 

used as the one for Indenopyrene. Therefore, the levels of this pollutant were 

overestimated. 

The remediation of As to acceptable levels (i.e., CSC) in surface soil does not represent 

a problem as well. In fact, the CRS (23 mg/kg) resulted slightly above the CSC for 

residential purposes (20 mg/kg) and the areal extension of the pollution is not relevant. 

However, since As does not pose harm by inhalation of vapors, covering the ground 

surface should be sufficient to protect the attenders of the site and avoid excessive costs. 

Moreover, it would allow the use of the site in the short term. 

Hg, on the other hand, requires a remediation goal much lower than the CRS of surface 

soil (1 mg/kg and 20 mg/kg respectively). However, only few samples had Hg above the 

CSC, so the replacement of the surface layer of soil should be sufficient to solve the 

problem caused by this pollutant. 

Pb was the most critical metal at the site, because present at high concentration in a large 

portion of the site. Therefore, the removal of the surface layer of soil, that appears to be 

the only short-term-solution, might be very expansive. 

The solution to deal with the surface soil pollution might thus consist in both a 

replacement of the upper soil layer, where high levels of contaminants were detected, and 

a covering where no risk from vapor inhalation was calculated. 

 

Deep soil 

More contaminants required corrective factors in deep soil than in surface soil to set the 

final CSR.  

The corrective factor of Zn was halved to ensure a risk for groundwater below 1, as for 

surface soil. Zn was found in a limited number of sampling points, but at high 

concentrations (up to 30 times the CSC for residential areas).  

The CSRs of the two smallest aliphatic fraction (i.e., Aliphatic C5-6 and Aliphatic >C6-

C8) and those of the aromatics with less than 16 carbons atoms were reduced by 8 times 
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to ensure the respect of the cumulative HI and avoid the harm posed by indoor vapor 

inhalation. For the same reason, a corrective coefficient of 10 was used for the CSRs of 

Aliphatic >C8-10, Aliphatic >C10-12 and Aliphatic >C12-16, Toluene and Xylene. The 

CSR for HC>12, of 4360 mg/kg, resulted much higher than the CSC 50 mg/kg (two order 

of magnitude), thus the remediation goal is not strict at all. The same occurred for HC<12 

but the difference was less relevant (33 mg/kg vs. 10 mg/kg). However, many samples 

showed levels of HC<12 far above the CSC, as proved by the value of the CRS for the 

chemical parameter (147 mg/kg). Even if the presence of hydrocarbons in deep soil was 

not as critical as in the surface soil, ensuring the CSR might be quite challenging 

somewhere at the site. 

The CSR of Toluene did not respect the groundwater risk, but, as discussed before, the 

calculated risk was considered not reliable because no trace of the compound was detected 

in the groundwater samples. Both the CSRs of Toluene and Xylene were significantly 

greater than the CSC and, even if the CRS of Xylene in deep soil was greater than the 

CSR (7.3 mg/kg vs. 1.8 mg/kg), both the contaminations were localized in few sampling 

points. 

The satisfaction of the remediation goals of Cd, Hg and Pb, that consisted in the CSC, 

was not a big issue if considering the limited areal extension of the pollution. Since these 

chemicals are metals, it might however be critical to satisfy the CSR in significantly 

polluted samples. This may occur in the case of Hg and Pb that were detected in deep soil 

at levels much greater than the CSC.  

As, Co and Cu, that were not detected in groundwater, do not pose risk even if present at 

the site at values above the CSC. Therefore, they are not remediation targets in deep soil.  

The CSC was the remediation goal of Indenopyrene and Naphthalene as well. The 

presence of Indenopyrene in deep soil resulted quite significant and the CRS (10 mg/kg) 

was one order of magnitude bigger than the CSC (0.1 mg/kg). However, it must be 

recalled that the contaminant was used to represent the sum of two Swedish classes of 

PAHs. Therefore, it is likely that the harm posed by this compound had been 

overestimated. In the second case, the contaminant was not found at levels much greater 

than the CSC except in one sampling point where a concentration of 42 mg/kg was 

detected. Therefore, the removal of the contaminated soil in the small area around the 
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sampling point might solve part of the problem related to the presence of Naphthalene, 

also due to limited number of other polluted samples.  

Due to the heterogeneity of soil pollution in deep soil the possible remediation techniques 

are stabilization (even if it is not a remediation process since it does not remove the 

contaminants), to prevent metals from leaching in groundwater, and soil vapor extraction 

(SVE) to remove organic volatile compounds and metallic Hg. In order to avoid organic 

compounds disturbing the stabilization process, SVE should be performed first. However, 

even if the coarse soil texture that characterizes almost all the site is adequate for SVE, 

two major problems remain. The first one is the presence of people, both attenders and 

workers, at the site at the current time. The second one is the shallowness of the aquifer 

that might be a problem when extracting vapors. Therefore, the most realistic solution to 

allow the property be used for the planned purposes in the short term would be to 

continuously monitor the air inside the existing buildings and replace the soil with clean 

one where the pollution reaches dangerous levels.  

 

7.4.2 Swedish Risk Assessment 

 

7.4.2.1 Site-specific guidelines 

The calculation of the site-specific guidelines for those pollutants that were considered as 

relevantly harmful at the site showed that for half of them the site-specific guideline 

resulted smaller than the generic KM one. Therefore, the harm posed by these substances 

(i.e., Co, Cu, Ni, Pb, Zn, Aromatic >C16-C35, Benzene, 1,2-Dibromoethane, PAH-L, 

Trichloroethylene, Trichloromethane and Xylene) resulted more significant than in the 

default scenario implemented by the Swedish software by Kemakta AB in the case of 

sensitive land use. The remediation effort that will be put into practice by the municipality 

and the authorities should target these critical pollutants to avoid possible adverse effects 

on human and environment.  

The site-specific guideline resulted below the MKM generic values for 9 out of 24 

chemicals included in the risk assessment (i.e., As, Cd, Cr, Hg, Aliphatic >C8-C10, 

Aromatic >C8-C10, Aromatic >C10-C16, Aromatic >C16-C35, PAH M and PAH H). 

The harm posed by these contaminants might be an issue if the land use of the site was 
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classified as MKM, due to the greater danger caused by these substances when compared 

to the default MKM conditions. 

Considering Cu, Zn, As and Pb, for which the Kd was replaced with the one calculated 

performing the leaching test, the resulting site-specific guideline was lower than the KM 

generic one in the case of Cu, Pb and Zn, whilst below the MKM benchmark for As. This 

fact proves that the mobility of these four metals at the site is an issue and poses greater 

harm than in the generic scenario. Moreover, it must be noticed that the site-specific 

guideline for Cu, Zn and Pb resulted below the KM generic guideline, even if the exposure 

parameters used in the assessment were less conservative than in the KM scenario (e.g.,, 

lower time of exposure). The site-specific guideline for As matches the generic KM one, 

due to the adjustment for background concentration that set the value at 10 mg/kg, 

corresponding to the background concentration itself. In fact, the harm posed to human 

health by As is so serious that the pollutant should not exceed the natural levels found in 

the environment. 

The site-specific guidelines most lowered if compared to the KM generic values were 

those of Benzene and Trichloroethene. The features of the scenario used to represent the 

site caused these two contaminants to be the most affecting and posing the greatest harm. 

The exposure target or pathway that drove the site-specific guideline, showed in the 

ñOutput reportò sheet of the software, is reported in Table 29 for each contaminant. 
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Table 29: Exposure target or pathway driving the site-specific guidelines. 

Compound 
Governing the 

guideline 
Compound 

Governing the 

guideline 

Arsenic-mod High soil background Aliphatic > C16-C35 
Protection free 

phase 

Cadmium 

Intake of 

groundwater+other 

sources 

Aromatic > C8-C10 
Protection of 

groundwater 

Cobalt High soil background Aromatic > C10-C16 
Protection of 

groundwater 

Copper-mod 
Protection of 

groundwater 
Aromatic > C16-C35 

Protection of 

groundwater 

Chromium total 
Protection of 

groundwater 
Benzene 

Protection of 

groundwater 

Mercury 
Protection of 

groundwater 
1,2-dibromoethane 

Intake of 

groundwater 

Nickel High soil background PAH L 
Protection of 

groundwater 

Lead-mod High soil background PAH M 
Protection of 

groundwater 

Zinc-mod 
Protection of 

groundwater 
PAH H 

Protection of 

groundwater 

Aliphatic > C8-C10 
Protection of 

groundwater 
Trichloroethylene 

Protection of 

groundwater 

Aliphatic > C10-

C12 
Protection free phase 

Trichloromethane 

(chloroform) 

Protection of 

groundwater 

Aliphatic > C12-

C16 
Protection free phase Xylen 

Protection of 

groundwater 

 

The majority of the site-specific guidelines (15 out of 24) were related to groundwater 

protection. The groundwater resource was included in the protected targets, even if there 

was no sensitive groundwater resource in the vicinity of the site, due to its intrinsic value 

and the consequent possible harm that can be posed to humans and environment. Of these 

15 chemicals, 10 are organics. The presence of organic pollutants in groundwater is a 
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serious issue due to the toxic and carcinogenic properties of these compounds. Therefore, 

the actual impact on groundwater reservoir beneath the site, but also on the neighboring 

river and lake, might pose harm to humans and environment. In fact, the presence of a 

culvert, crossing the properties, collecting polluted infiltration water, and discharging it 

into the river and the lake, can be critical. Even if it is true that the dilution occurring in 

the two water bodies is enough to reduce significantly the levels of pollution, in the 

immediate surroundings of the discharging points the hazard might be high. The only 

solution to assess the situation is to perform direct measurements at the discharging points 

of the culvert. 

The background concentration was determinant for As, Co, Ni, and Pb. The guidelines 

were adjusted in order to consider the background exposure, but the unadjusted values 

for Co, Ni and Pb were lower than the final guideline due to groundwater protection. In 

the case of Pb, the relevance of this target was expected, due to the significant mobility 

of the metal under the soil conditions found at the site. The relevance of groundwater 

protection in the site-specific guidelines was not a surprise due to the permeability of the 

upper layer of soil, where the highest levels of pollution were detected, and the 

shallowness of the aquifer. Both these factors exposed groundwater to the pollution in 

soil. 

The protection from free phase, possible only in the case of organic compounds, drove 

the risk only for Aliphatic >C10-C12, Aliphatic >C12-C16 and Aliphatic >C16-C35, i.e. 

those chemical for which the site-specific guideline resulted higher than the KM and 

MKM generic values. 

The intake of groundwater, i.e. the adverse effects on human health caused by ingestion 

of polluted water, was the exposure pathway that influenced the most the site-specific 

guidelines for Cd and 1,2-Dibromoethane. The exposure due to other sources of pollution 

lowered the Cd final site-specific value, showing that the background exposure to this 

metal might pose harm to humans.  

As in Sweden the remediation targets have to be discussed, the remediation goals might 

be higher than the site-specific guidelines lower than the corresponding KM generic 

values, due to the ñambiguousò land use of the site, that can be seen as halfway between 

a KM and MKM one. In this case, it might be excessive to refer to such low target levels 
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due to the conservative assumptions made in the study. On the other hand, the site-specific 

guidelines lower than the MKM generic values might be adopted as the remediation goals 

because of the conservative assumptions the risk assessment was based on. In fact, these 

values, between the KM and MKM generic guidelines, mirror the ñparticularò land use 

planned for the site, with coexistence of working and recreational zones.  

Metals have to be removed in the areas where children might come in direct contact with 

them. More site-specific analyses about contaminant fate in soil are advisory, with 

particular attention on chemicals for which the site-specific guideline was lower than the 

generic KM value. Direct measurements to assess the exposure to vapors should be 

performed in the buildings at the site in order to ensure workers safety. A direct survey 

of the pollution levels at the two discharging points of the culvert is necessary as well, to 

properly assess the risk posed to humans and environment. 

 

7.4.3 Italian CSR and Swedish site-specific guidelines for soil 

The site-specific guidelines for the contaminants of concern at the site, resulting from the 

two approaches, were different. 

The mathematical models as well as the physio-chemical and toxicological features of the 

contaminants of the two methodologies, are not considered in the discussion of the results, 

because this was not the aim of the study. 

The CSRs, for both surface soil and deep soil, and the Swedish site-specific guidelines 

are compared in Table 30 for the contaminants of concern included in both the risk 

assessments. 
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Table 30: Pollutants for which both a CSR in soil and a Swedish site-specific guideline were 

calculated. For each contaminant, the lowest value is colored in yellow. 

Swedish pollutant  Italian pollutant  

CSR (mg/kg) Swedish 

site-specific 

guideline 

(mg/kg) 

Surface 

soil 

Deep  

soil 

Arsenic-mod Arsenic* 20  10 

Cadmium Cadmium  2 0.5 

Copper-mod Copper* 447  50 

Mercury Mercury 1 1 0.4 

Lead-mod Lead* 100 100 15 

Zinc-mod Zinc* 1336 668 80 

Aliphatic > C8-C10 Aliphatic C > 8-10 13 6 250 

Aliphatic > C10-C12 Aliphatic C > 10-12 61 15 1000 

Aliphatic > C12-C16 Al iphatic C > 12-16 63 140 1000 

Aliphatic > C16-C35 Aliphatic C > 16-21 1200 2000 2500 

Aliphatic > C16-C35 Aliphatic C > 21-35 1200 2000 2500 

Aromatic > C8-C10 Aromatic C > 8-10 11 1.6 18 

Aromatic > C10-C16 Aromatic C > 10-12 28 4 5 

Aromatic > C10-C16 Aromatic C > 12-16 258 8 5 

Aromatic > C16-C35 Aromatic C > 16-21 5 162 3 

Aromatic > C16-C35 Aromatic C > 21-35 5 47 3 

Benzene Benzene 0.1  0.0035 

PAH L Naphthalene 5 5 1.8 

PAH M + PAH H Indenopyrene 0.62 5.7 6.8 

Xylene Xylene  1.8 6 

 

The Swedish site-specific guideline resulted the lowest one for most the pollutants. The 

values obtained for all the heavy metals were lower than the Italian CSR, showing that 

the harm posed by these contaminants is considered critical by the Swedish authorities. 

However, the Italian CSRs calculated at first (CSR (1)) were much lower than the final 

remediation goal and caused either the exclusion form the risk assessment (if they were 

not detected in groundwater and no other CSR was available) or the replacement with the 

CSC as the remediation goal. The only exception was Zn, which did not pose significant 
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risk and had a CSR above the CSC. Whilst the metal resulted as not a primary issue at the 

site based on the Italian approach, the site-specific conditions resulted in significant risk 

in the Swedish procedure. Even if in both cases groundwater protection was determinant, 

the estimated harm resulted more relevant in the Swedish approach, maybe influenced by 

the permeability of the soil texture. Arsenic was the inorganic pollutant with the smallest 

difference between the two outcomes. In the Swedish case, the harm posed by As resulted 

particularly significant and the site-specific guidelines was set equal to the background 

concentration. The intake of drinking water, not considered in the Italian methodology, 

was critical for As and Cd in the Swedish approach, due to their adverse effects via this 

exposure pathway. 

The CSRs for all the Aliphatics and the Aromatics with less than 12 carbon atoms were 

lower than the site-specific guideline based on the Swedish methodology. Indoor vapor 

inhalation was the most relevant exposure pathway for some pollutants in the Italian 

approach, as well as groundwater protection and soil ingestion. On the other hand, in the 

Swedish approach the decisive factor was either the presence of free phase or groundwater 

protection. The outcomes for these contaminants were partly caused by the same critical 

pathway (i.e., groundwater protection), but the relevance of indoor vapor inhalation was 

negligible in the resulting Swedish guideline. This occurred even if the indoor exposure 

time was greater in the Swedish model than in the Italian one. A possible explanation 

might be the presence of an input concentration in the Italian model that, if high, causes 

a greater risk posed by volatile compounds. The volatilization model and the toxic 

properties of the classes of compounds could be pointed as reasonable motivations too 

and should be further investigated.  

The site-specific guidelines of Aromatics with more than 12 carbon atoms were lower 

than the Italian CSRs. The difference between the two approaches was either great or 

small due to the diverse hazard posed by the same substances in surface or deep soil in 

the Italian case. However, groundwater protection was decisive in both the assessments 

for all the classes, except for Aromatic >C21-35 in surface soil. 

Benzene and Naphthaleneôs Italian remediation goals were the CSC, thus it is not 

surprising that the Swedish site-specific guidelines were lower than these values. 

Groundwater protection was the only pathway of concern related to these contaminants 
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in the Swedish approach, with drinking water as the second most important, but not 

decisive in the final guidelines. In the Italian case, indoor inhalation of vapors was the 

major issue for Naphthalene, whilst groundwater protection was decisive in the CSR of 

Benzene, as in the Swedish approach. The Swedish site-specific guideline for 

Naphthalene was lower than the Italian CSR, as the contaminant represents the Swedish 

class of light PAHs (PAH L). The mix of low molecular weight PAHs in the Swedish 

class might be at the basis of the different issues that caused the two final values. 

The Italian CSR for Indenopyrene was smaller than the Swedish site-specific guideline, 

obtained summing up the values obtained for PAH M and PAH H. Since Indenopyrene 

was selected as representative of PAH M + PAH H, a more conservative outcome in the 

Italian approach was expected than in the Swedish one. Whilst the intake of soil resulted 

the primary issue related to Indenopyrene in surface soil, groundwater protection was 

decisive for the CSR of deep soil, as in the Swedish case. 

Indoor vapor inhalation determined an Italian CSR lower than the Swedish site-specific 

guideline, based on groundwater protection. The CSR obtained for p-Xylene, that was 

inserted to determine the risk posed to groundwater, was even lower, but it was not 

considered due to the absence of the compound in groundwater. 

Even if the Swedish site-specific guidelines were lower than the Italian CSRs for most 

the contaminants, it must not be forgotten that the former are negotiated by the parties 

involved in the risk assessment and are not legally binding values, while the latter are 

compulsory remediation goals for the site. The same reasoning can be done for chemicals 

requiring the CSC as the remediation goal. Therefore, it is not possible to determine which 

of the two approaches would result in the greatest remediation costs. 

 

7.4.4 Comparison between the Italian and the Swedish approach to contaminated 

sites 

The Italian and Swedish approaches for contaminated sites vary a lot. The different 

assumptions and inputs required to estimate the hazard posed by a contaminated area to 

humans and the environment influence the risk assessment outcomes. The strengths and 

weaknesses of the two approaches are briefly reported in Table 31. 
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Considerations about ecotoxicity of pollutants for terrestrial and aquatic living beings, 

present in the Swedish approach, is not considered in the Italian one, which limits the 

assessment of the environmental risk to the impact on groundwater pollutant 

concentrations. Therefore, even if the implementation of a model for the evaluation of the 

adverse effects on living beings is challenging, it might improve the environmental risk 

assessment. 

The development of the conceptual model of the site requires a much greater effort in the 

Italian risk assessment than in the Swedish one. This is shown by the two software as 

well. The number of parameters required by Risk-net is huge if compared to the limited 

amount of editable values in the software by Kemakta AB. Therefore, the risk assessment 

with site-specific conditions appears more realistic in the Italian approach. At the same 

time, the details required to develop the conceptual model for an Italian risk assessment 

entails a great amount of data and information that might increase significantly both the 

costs and the time required to perform the process. Furthermore, a greater number of 

parameters means a higher possibility of criticism from the authorities about the values 

used. This would cause the procedure to last longer or to be repeated, delaying the 

remediation actions at the site. On the other hand, the Swedish approach, even if not 

significantly detailed, allows the performer to rapidly repeat the calculation of the site-

specific guidelines as many times as necessary, by using different input data. 

The different complexity of the two approaches is reflected in the selection of the 

contaminants of concern as well. First, whilst in the Italian procedure the contaminants 

found above the CSC (even if only once) must be considered, the pollutants considered 

in the Swedish approach are selected giving motivations that might be others than the 

detection of levels of chemicals above the generic guideline (e.g. ecotoxicological 

studies). Moreover, a greater number of chemicals is regulated in Italy than in Sweden.  

One aspect that clearly affects the outcomes is the fact that in the Italian risk assessment 

a CRS is required, differently from the Swedish methodology. The neighborhood analysis 

in the Italian approach, that both defines the CRS and the area of the secondary sources 

of pollution in the matrices, might cause the overestimation of the actual risk posed by 

the pollution. The possibility to distinguish more secondary sources ensures a more 
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realistic assessment, but once again implies a greater effort and longer time to perform 

the assessment.  

The exclusion of groundwater protection in the Swedish generic less-sensitive land use 

(MKM) scenario can be negotiated. However, the importance of water resources should 

not be underestimated; because with population growth and increase in water demand, 

polluted groundwater reservoirs might affect the daily life of people in the future. Whilst 

in Sweden water demand is not an issue, in developing countries or densely populated 

countries, it is of primary importance to ensure good quality groundwater resources. 

The exposure pathways are another key point that distinguish the Italian risk assessment 

from the Swedish one. The intake of plants and groundwater drinking are not considered 

in the Italian approach. The intake of plants is an interesting exposure pathway, that can 

be relevant in rural areas. Even if the implementation of a realistic model is challenging 

due to the different variables that affect the process (e.g., type of plant, age of the plant, 

climate, human ingestion rate, etc.), it might bring a positive contribute to the reliability 

of the assessment. The exposure consequent to the intake of drinking water is substituted, 

in Italy, by ensuring the respect of the drinking water standards in the aquifer. Therefore, 

the remediation of groundwater to the CSCs can be problematic due to the low target 

concentrations. 

The assessment of the risk posed by pollution to the off-site receptors of the Italian 

approach should be included in the Swedish assessment. In fact, even if it is generally 

unlikely that off-site inhalation of vapors and dust drive the CSR values, it is also true 

that the harm posed to people in the surroundings of the site must not be underestimated 

(e.g., a school or a hospital might be sensible targets).  

The Italian approach considers pollution sources in three different matrices (surface soil, 

deep soil, and groundwater). Contaminants in surface soil or deep soil in fact pose 

different risks, as shown by the outcomes of the two risk assessments performed in this 

study. For example, the harm posed by metals (with the exception of Hg) to humans, due 

to  ingestion of soil or dermal contact, is negligible if the chemicals are not in the surface 

layer of the soil. This ensures more reliable outcomes that do not overestimate the actual 

risk. 
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A great advantage of the Swedish procedure is the already cited ñflexibilityò. In fact, the 

possibility to choose, with proper motivations, the contaminants to assess and the 

remediation goals, allow a more site-specific remediation procedure.  

In Italy, the legally-binding character of the calculated target values and the great number 

of regulated substances might make the remediation unsustainable, both in terms of costs 

and time required to reach the remediation goals. 

The evaluation of the risk in terms of R and HI is possible in the Italian risk assessment, 

while it is not provided for in the Swedish methodology. The possibility to check the risk 

posed by each contaminant though the single exposure pathway allows the performer of 

the assessment to focus the remediation on the critical issues.  

The two countries adopt different approaches to deal with the carcinogenic risk, but the 

outcomes are almost the same. In fact, even if an incremental risk of 10-5 is considered in 

in the Swedish approach for a single contaminant, instead of 10-6 as in the Italian 

regulation, acute toxicity and background exposure accounted for in the Swedish 

approach lower significantly the resulting guidelines.  

The cumulative risk and hazard posed by many pollutants is not considered in the Swedish 

methodology and should be included. 

A last consideration involves the leaching of metals. Whilst in Risk-net the Kd provided 

by the database is a function of pH, in the software by Kemakta AB just one value can be 

edited. In the case study, a leaching test was performed to determine a site-specific Kd for 

the metals of concern. As explained in Appendix 1 and 2, the fate of metals in soil is not 

related only to soil pH, and other parameters (i.e. SOM, and particle size distribution in 

particular) are important as well. Therefore, a Kd based on leaching tests is more reliable 

than a value based on soil pH only.  

The outdoor areal cracks, required in the Italian model and not present in the Swedish 

one, can be either 1, for unpaved surfaces, and 0.1 for paved surfaces.  
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Table 31: Strengths and weaknesses of the Italian and Swedish approaches. 

Country Strengths Weaknesses 
IT

A
L

Y
 

- Detailed 

- Risk calculation 

- Three matrices 

- Off-site receptors 

- Site-specific conceptual model 

- CRS as input 

- Protection of groundwater in 

both generic scenarios 

- Cumulative R and HI 

- Metalsô Kd also as f(pH) 

- Too complex 

- Often cause an overestimation 

of the risk 

- High time and financial 

demanding  

- No ecotoxicological aspect 

- CSC difficult to be reached 

- Groundwater CSC are drinking 

water standards 

- Areal cracks not realistic 

S
W

E
D

E
N
 

- Simple 

- Quick to be applied 

- Intake of drinking water 

- Intake of plants 

- Ecotoxicological aspects 

- Input pollutants object of 

discussion 

- Site-specific guidelines are not 

legally binding 

 

- Not very site-specific 

- Not defined remediation goals 

- No risk calculation 

- Groundwater protection not 

considered in MKM 

- Limited number of editable 

parameters 

- No pollutant concentration as 

input 

- No distinction between surface 

and deep soil 

- No cumulative risk 

- No off-site receptors 

- Metalsô Kd not as f(pH) 

 

  



184 

 

8 Conclusions 

The evaluation of the adverse effects that a polluted area might cause on humans and the 

environment constitutes a serious issue. Risk assessment is the procedure to estimate the 

actual entity of such theoretical negative impact and determine the remediation goals at 

the site of study. The approach to a contaminated site significantly differs from country 

to country, thus the comparison between diverse procedures is fundamental to identify 

the most efficient, reliable and realistic one. 

The study focuses on the Italian and the Swedish methodology. The two assessments of 

the risk were performed for the site of Bollnäs Bro 4:4, in the Swedish community of 

Bollnäs. Due to the hazard posed by the heavy metals detected in the property, soil 

samples were taken on site to determine the site-specific Kd to be inserted in both the 

Italian and the Swedish risk assessment software.  

The remediation goals determined by applying the Italian methodology showed that the 

levels of pollution in groundwater must be reduced to the corresponding CSC of each 

contaminant. The CSRs in surface soil were driven by soil ingestion, indoor vapor 

inhalation and protection of groundwater, whilst only the two last exposure pathways 

resulted decisive for deep soil CSRs. The remediation goal of 10 pollutants matched the 

CSC itself, due to the low CSRs. Arsenic, Co and Cu were excluded from the calculation 

of the final CSRs of deep soil, because not posing a relevant risk. The CSRs of some 

contaminants of concern in soil were adjusted with a corrective coefficient to respect the 

cumulative R and HI. The remediation goals of the tree matrices indicated the 

combination of stabilization and soil vapor extraction as possible remediation solution. 

However, the risk posed by surface soil contamination could be reduced substituting the 

upper layer of soil with a new, clean one. The great groundwater pollution requires, 

instead, an emergency action to stop the spreading of the contamination and the closure 

of the culvert that crosses the property collecting contaminated water. Moreover, direct 

measurements to assess the quality of vapors in the building of the site are required. 

The Swedish site-specific guidelines determined for the site of study resulted below the 

generic KM value for half of the contaminants of interest, and below the MKM value in 

9 more cases. Therefore, the contaminants that were proved to pose a higher risk than in 
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the KM generic scenario, should be the main object of discussion between the involved 

parties to determine the remediation goals that can ensure the safety of people and the 

environment. The main guideline-driving exposure pathway was groundwater protection, 

but high background concentration and free phase protection were present as well. The 

results of the Swedish risk assessment suggested to perform analysis at the discharging 

points of the culvert and to remove the soil in the areas where children might come in 

direct contact with it. 

The Swedish site-specific guidelines resulted smaller than the Italian CSRs for the 

majority of the contaminants. However, due to the different nature of the two outcomes, 

the former are remediation goals whilst the latter are object of discussion, it was not 

possible to determine which procedure would have required the highest costs. 

The Italian and the Swedish methodologies showed strengths and weaknesses. The Italian 

risk assessment is more detailed, but also more time and resource consuming than the 

Swedish one. The simplicity of the Swedish approach reduces the realism of the 

conceptual model and limits the site-specificity of the assessment, but allows a quick 

simulation of different scenarios. The Italian methodology contemplates the presence of 

off-site receptors whilst the Swedish procedure includes the intake of drinking water 

(substituted, in Italy, by the respect of the drinking water standards in the aquifer), plants 

and ecotoxicological considerations. The ñflexibilityò in the selection of the assessed 

contaminants and the remediation goals that characterize the Swedish approach to 

contaminated sites is opposed to the fine-legally-regulated, Italian procedure. 

Further studies, focused on the physio-chemical and toxicological properties of the 

pollutants as well as the mathematical models used to reproduce the transport of 

contaminants in the environment, and the consequent exposure of living beings to harmful 

substances, are required to perform a complete critical comparison between the Italian 

and Swedish methodologies to assess the risk. 

  



186 

 

APPENDIX 1 ï Site-Specific Parameters for Risk Assessment 

1 Introduction  

In order to perform a more reliable risk assessment, the pollutants mobility must be 

determined. The mobility of metals in soil is in terms of Kd, i.e. the soil to liquid partition 

coefficient. Therefore, the measurement of site-specific Kd for the relevant metals found 

at the site is a fundamental step.  

In this appendix, the background about the fate of metals in soil is reported. 

 

2 Metalsô fate in soil 

2.1 Metals in soil 

Metal fate and transport in soil is affected by both the physiochemical properties of the 

metal itself and the soil matrix properties (Dube et al., 2000). The soil is a complex and 

heterogeneous media, with both chemical and physical properties that can vary a lot in 

space and time affecting the fate of substances present in the media. In particular, when 

dealing with the presence of heavy metals, it is fundamental to estimate and evaluate the 

adsorbing capacity of the soil because it has consequences in agricultural issues, e.g., 

uptake of pollutants, for water quality and in remediation of polluted sites (Bradl, 2004).  

Since the retention process of metals on soil is often unidentified, it is common to use the 

term sorption which indicates the loss of a metal ion from the aqueous to the contiguous 

solid phase (Bradl, 2004). Sorption includes all the processes that remove metals from 

the soil water and the most important is adsorption, i.e. the bi-dimensional accumulation 

of metals on the soil surface due to intermolecular interactions between the two phases 

(Bradl, 2004). Functional groups are, in particular, fundamental for adsorption. Soil 

organic matter has usually a lot of these functional groups that are able to release their 

protons in the solution, allowing the adsorption of metal ions (Bradl, 2004). Carboxyl 
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groups and ferric oxides are the most important functional groups for positively charged 

heavy metals and negatively charged ones, as As, respectively (Qinzhong et al., 2013; 

WSDE, 2003).   

There are different parameters that can influence the sorption and the distribution of 

metals in the soil metal concentration, soil pH, soil type, i.e. both texture and composition, 

the liquid to solid ratio (L/S ratio) and the ionic strength of the soilwater (Bradl, 2004; 

Dube et al., 2000; WSDE, 2003).  

In general, it is proven that the higher the pH, the lower the mobilization of most metals 

(Bradl, 2004; Dube et al., 2000; Hayan et al., 2013; Yujun et al., 2001). At higher pH, the 

number of negative charges increases, enhancing the adsorption of positively charged 

metals on the soil surface (Bradl, 2004; Hayan et al., 2013; Yujun et al., 2001). When the 

pH decreases, the competition between hydrogen ions and metals present in the solution 

for the soil surface increases, which causes a higher amount of soluble metals (Hayan et 

al., 2013; Yujun et al., 2001). These considerations are not valid for heavy metals that 

form complexes with oxygen, as Cr and As, that are found in the soil solution at basic pH 

values in the form of chromate and arsenate respectively (Norrström, 2015; Qinzhong et 

al., 2013).   

The presence of organic matter in soil significantly affects the solubility of heavy metals 

(Bradl, 2004; Dube et al., 2000; Yujun et al., 2001). SOM includes all the organic 

constituents in soil and the most important substances when considering adsorption of 

metals are the humic ones (Dube et al., 2000). The presence of the already cited functional 

groups and the usually negatively charged surface, defines SOM as a fundamental factor 

in metals retention (Bradl, 2004; Dube et al., 2000). However, it must be said that the 

SOM charge is greatly pH-dependent (Dube et al., 2000).  

The texture and the type of the soil can affect the leaching of metals as well (Bradl, 2004; 

Dube et al., 2000). The amount of heavy metals adsorbed on clay is for example higher 

than on coarser soils, because of the weak pH influence on Cation Exchange Capacity 

and the great surface available (Bradl, 2004; Dube et al., 2000). A high presence of clay, 

which is characterized by a negatively charged surface, should ensure an increased 

fraction of metals adsorbed on the solid phase (Dube et al., 2000; Yujun et al., 2001).  
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The ionic strength, i.e. the correlation between the charge of ions in solution and their 

concentration, can impacts the solubility of ionic species as metals, with greater solubility 

at higher ionic strength (WSDE, 2003).  

 

2.2 Methods for soil characteristics 

When performing laboratory analysis on soil samples, it can be relevant to determine the 

characteristics of the solid matrix to understand which are the processes that may affect 

the fate of contaminants. 

 

2.2.1 Soil texture 

The particle size of the soil can be relevant for the adsorption of metals. Therefore, the 

texture of the soil must be determined, for example performing sieving, to identify the 

possible influence of particles size on the release of metals.  

 

2.2.2 pH 

The pH of the soil, as explained before, is one important factor that can determine the 

partition of metals. Usually, the samples are added in a liquid solution as distilled water 

or CaCl2 solution, waiting one day for equilibrium to be reached and then measuring the 

pH of the solution. The use of CaCl2 is estimated to be more representative of the actual 

conditions at the site from where the samples are taken.  

 

2.2.3 Soil organic content 

In order to assess the soil organic matter content, different procedures can be performed 

and one of these consists in the determination of the weight loss on ignition (LOI) (Bojko 

and Kabala, 2014). This method is in fact inexpensive, easy to perform, rapid and it 

requires no specialized knowledge (Sutherland, 1998). The organic matter of the soil, rich 

in functional groups that can enhance the adsorption of metals, is determined putting the 

soil samples, previously dried at 105 °C, in an oven at 600 °C for some hours (5 to 17) 
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for the determination of the LOI. The LOI (%) can be calculated with the following 

formula (Sutherland, 1998): 

ὒὕὍ
ὡ ὡ

ὡ
 ρππ Ϸ  

Where Wd is the sample weight after drying at 105 °C and W600 the sample weight after 

combustion at 600 °C. 

The high temperature is used to ensures that the organic matter present in the soil sample 

is combusted in the oven, leaving the mineral fraction only (Bojko and Kabala, 2014).  

The distinction between soil organic matter (SOM) and soil organic carbon (SOC) should 

be highlighted. The LOI procedure indicates the fraction of SOM of which, on average, 

58% is organic carbon, 40% oxygen and 2% hydrogen. However, this representative value 

for SOC is shown to be too high according to analysis performed in the last 120 years. 

Therefore, the usual factor to convert SOC to SOM, called ñvan Bemmelen factorò, equal 

to 1.724, should be substituted by a factor equal to 1,9 that corresponds to the assumption 

that 50% of SOM is carbon (Pribyl, 2009).  

 

2.3 Leaching test 

The process by which soluble species are dissolved from a solid, e.g., soil, rock or waste, 

into a fluid by diffusion or percolation is called leaching (WSDE, 2003).  

Leaching tests are used to evaluate the leaching behavior in the environment and can be 

performed on field or at a laboratory.  

The most used field tests consist in lysimeters or pilot landfills. A lysimeter is a container, 

of variable dimensions, that is posed in the unsaturated zone to analyze the factors 

affecting the leaching, as well as percolation and evapotranspiration (WSDE, 2003). 

The leaching test performed at laboratory contemplates the contact between one or more 

samples of the studied material and a liquid that is then analyzed to identify the substances 

that are present in it and consequently likely to be released in the environment. There are 

two main types of laboratory leaching tests: single extraction/batch tests or multiple 
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extraction/flow-around/flow-through test. The first ones are called also ñstaticò tests, the 

second ones ñdynamicò (WSDE, 2003). 

In the static tests, a sample of material is mixed with a fixed amount of solution without 

renovating it, for the time required to reach equilibrium (hours to days). The leachate is 

analyzed or at the end of the test or at various times to determine the kinetics of the 

leaching (variation in concentration over time). The single extraction tests are based on 

the assumption that the equilibrium is reached by the end of the test, even if this may not 

be the actual situation. (WSDE, 2003). 

The liquid solution used in dynamic tests is instead continuously or periodically renewed. 

The time required for these tests is longer than for static ones (days to months). The 

multiple extraction leaching tests provide information about the kinetics of the release of 

chemicals from the solid matrix. The three main types of dynamic tests are: serial batch 

tests, flow-through tests and flow-around tests. In a serial batch test, the leaching fluid 

and a portion of the soil sample are mixed at a fixed L/S ratio for an established time. The 

leachate is then removed and replaced as many time as requested. In flow-through and 

flow-around tests, the leaching fluid is continuously flowing through and around the solid 

matrix respectively (WSDE, 2003). 

The results obtained from the leaching test are usually aimed at two objectives: either the 

assessment of the property of the used material or the simulation of the leaching occurring 

at the case study. Examples are the classification of hazardous waste or the assessment of 

the release of contaminants from polluted soil. 

There are different factors affecting the leaching that are connected to the leaching fluid, 

the particle size and the scenario evaluated (WSDE, 2003). 

 

2.3.1 Leaching fluid   

The fluid used to extract compounds from the solid matrix has the greatest influence on 

the leaching because the solubility of the constituents in the liquid determines their 

partition between the solid matrix and the solution. While the solubility of inorganic 

compounds is affected by pH and redox potential, in the case of organic chemicals 

polarity and partitioning coefficient are fundamental (WSDE, 2003). 
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The volume of leaching fluid can affect the results of the test, in terms of concentration 

and number of species found in the leachate. The L/S ratio expresses this relationship 

between the solid matrix and the liquid. A lower amount of less soluble compounds and 

a higher amount of more soluble ones is likely to be found in the leachate, if a small L/S 

ratio is used. A higher L/S ratio, instead, usually implies more species to be released in 

the leachate (WSDE, 2003). It is broadly acknowledged that, for example, a L/S ratio of 

2 is representative of the short-term leaching, while a L/S ratio of 10 can simulate the 

leaching in the long period.  

 

2.3.2 Soil material   

Since the soil surface exposed to the leaching fluid affects the leaching, the smaller the 

particles, the larger the contact between soil and liquid phase during the test. If the soil 

that has to be analyzed is very heterogeneous, it can result difficult to take a representative 

sample. Moreover, impurities and big particles should be removed before performing the 

test (WSDE, 2003). 

 

2.4 Heavy metals extraction for total concentration 

The traces of heavy metals are a serious environmental issue and the determination of 

their presence in a monitored site is really important in order to evaluate if the background 

levels are exceeded. In particular, if the leaching of metals from soil is studied in 

laboratory, the total amount of chemicals must be established for the calculation of the 

solid to liquid partition coefficient (Kd).  

The most diffused methods for the determination of total heavy metals content are the 

spectroscopic techniques, but the drawback of these procedures is that the soil sample 

must be firstly converted in a liquid solution. In order to do so, sample digestion must be 

performed through a strong acid and heating up the soil samples. Heating systems that 

can be used for this purpose are sand-baths, heating plates or pressure digestion blocks. 

The adoption of microwaves, both in closed and open systems, can significantly reduce 

the time required for the process (Sastre et al., 2002). 
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The use of open systems enhances the acid evaporation, reducing the problems that might 

occur, due to the high acid concentration, during the analysis for the total metalsô content. 

On the other hand, volatile compounds, as Hg, are lost.  

A possible procedure for the extraction of heavy metals, recommended by USEPA, 

contemplates the use of nitric acid and a heating system to perform the digestion. In fact, 

nitric acid is strong enough to solubilize heavy metals present in ashes and soil with an 

SOC up to 38% (SOM around 70%). The soil sample is heated at around 130 °C for a 

couple of hours until the digestion is complete and the resulting solution can be filtered 

and then analyzed for the determination of metalsô content (Sastre et al., 2002).   
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APPENDIX 2 ï Laboratory Analysis and Leaching Test 

This appendix reports about the measurements performed in order to characterize the soil 

at the case study and the site-specific Kd for Cu, Zn, As, and Pb.  

 

1 Materials and methods 

1.1 Laboratory analysis 

The analysis on the soil samples collected at the site were performed at the KTHôs 

laboratory. After sieving at 4 mm to remove coarse material, the following analyses were 

performed: pH, moisture content and LOI, leaching test for metals and total metals 

concentrations. Part of the equipment used to perform the laboratory work are reported in 

Figure 68. 
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Figure 68: Part of the equipment used to perform the laboratory analysis. From the top-left, 

clockwise: calibrated combination electrode to determine solution pH; recipient for absorption 

of moisture of heated soil samples; high precision scale to weight soil samples; Acrodisc paper 

filters to filter the solution for total concentration of metals; plate for digestion of SOM; centrifuge 

for leaching test. 

 

1.1.1 Soil texture 

The texture was roughly estimated combining the information gathered by Sweco in the 

last report and the consistency of the solid material. Part of the soil samples was rolled to 

form a cylinder and, whenever it was not possible, the soil was proven to be coarse, i.e. 

sand/gravel.    

 

1.1.2 Soil pH determination 

For each sample, 6 g of soil were put into two plastic vessels and 15 ml of deionized water 

and 0.01 M CaCl2 were added. The vessels were closed with lid and shaken by hand for 
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30 s and let rest for 18 and half hours. The pH was measured with a calibrated combination 

electrode in the clear part of the solution. 

 

1.1.3 Loss on ignition  

The porcelain crucibles, with the soil already used for the moisture content, were put in 

oven at 600 °C for six hours. After cooling down, they were weighted with a high-

precision scale. Then, the LOI was calculated with the formula described in the 

ñBackgroundò chapter.  

 

1.1.4 Leaching test for heavy metals 

The procedure adopted in this study consisted in a two stage batch leaching test using 

0.001 M CaCl2 as solution (EU standard ISO/TS 21268-1). The first test was performed 

with a liquid-solid ratio (L/S) equal to 2; 30 g of the sieved soil and 60 ml of 0.001 M 

CaCl2 were added to an acid-washed bottle and shaked for 6 hours. Then the samples were 

centrifuged at 4000 round per minute (rpm), for 10 minutes. The supernatant was then 

removed with a pipette, the pH was measured on one part of it with a calibrated 

combination electrode. The rest of the supernatant was filtered through a filter with the 

pore size of 0.45 µm. The sample was acidified with Suprapure concentrated HNO3. The 

samples were stored in a refrigerator at 4°C until analyses with ICP-MS. . 

The second leaching test was performed with a L/S ratio of 8. The bottles, with the 30 g 

of soil used for the first test, were shaked on a shaker for 18 hours after the addition of 

240 ml of 0.001 M CaCl2. The samples were centrifuged at 4000 rpm for 10 minutes The  

supernatant was filtered through a filter with the pore size of 0.45 µm. The samples were 

acidified with Suprapure concentrated HNO3 The samples were stored in a refrigerator at 

4°C until analysis with ICP-MS.  

 

1.1.5 Extraction with nitric acid for total metals concentration 

1 g of soil was mixed with 15 ml of Suprapure 65% HNO3. The test tubes were left open 

and heated on a plate at around 120 °C until a brown fume was seen. When the fume 



196 

 

became colorless, the test tubes were removed and the solution filtered with a Acrodisc 

paper filter and diluted with distilled water to the volume of 50 ml.  

 

1.2 Data processing 

The metals considered, and for which the concentration in soil and the site-specific Kd 

were calculated, were those found above the generic guidelines (MKM) in soil in the 

previous surveys (Appendix 4 and 5): Pb, As, Zn, and Cu. As previously explained, it was 

not possible to measure Hg concentration in soil samples due to the laboratory procedure. 

 

1.2.1 Soil pH variation 

The variation in the pH-value before and during the leaching tests was reported in the 

ñResultsò chapter to assess the effects of different L/S ratios and contact time on Kd. The 

pH trend and the variation range were used to evaluate if some metals could have changed 

chemical form. 

 

1.2.2 Calculation of metalsô total concentration in soil  

In order to estimate the metal total concentration on dry soil matter, necessary to 

determine the Kd, the concentration in the soil extract was converted using the following 

formula: 

ὅ  ὅ  πȢππρ
ὠ

ὡ πȢπρὓ ὡ
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Where: 

- Cmg/kg is the concentration of the metal on dry matter; 

- Cµg/l is the concentration obtained in the soil extract; 

- Vsolution is the volume of extract sent to the laboratory, [l]; 

- Wsoil is the weight of soil [kg]; 

- Mn is the moisture content of soil [%]. 

-  
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1.2.3 Comparison with drinking water guidelines 

The concentration of metals in the leachate, for L/S ratio 2, were compared to the drinking 

water standards in order to have a first idea of the pollution released in soil water. 

 

1.2.4 Kd determination 

The Kd for each metal was calculated using the formula: 

ὑ
ὅ

ὅ
 ὰȾὯὫ 

Where: 

- Csoil is the total concentration of metal on soil dry matter [mg/kgd.m.]; 

- Cwater is the concentration of metal in the leachate (assumed to be the same as in 

soil water). 

Since two different L/S ratios where used, the Kd was estimated both for L/S ratio 2 and 

L/S ratio 8. In addition, the Kd for a L/S ratio 10 was obtained using the concentrations 

corresponding to L/S ratio 2 and 8 with the mass balance expressed by the formula below: 

ὅ
ὅ ὠ ὅ ὠ

ὠ
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Where: 

- C10 is the concentration in the leachate at L/S ratio 10 [mg/l]; 

- V10 = V2 + V8 is the volume of leachate at L/S ratio 10 [l]; 

- C2 is the concentration in the leachate at L/S ratio 2 [mg/l]; 

- V2 is the volume of leachate at L/S ratio 2 [l]; 

- C8 is the concentration in the leachate at L/S ratio 8 [mg/l]; 

- V8 is the volume of leachate at L/S ratio 8 [l]. 

In the study, the mass of soil used for the leaching test was equal to 30 g, therefore V2 is 

60 ml, V8 240 ml and V10 300 ml. 

The Kd values obtained for each metal in the samples were compared with the 

corresponding pH and LOI in order to evaluate the influence of these two parameters on 
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the mobility of the pollutant and the consequences of different L/S ratios. The pH that 

was selected as representative of the soil sample to interpolate the data, was the one 

measured at the beginning of the laboratory analysis with distilled water.  

In order to determine the representative Kd for each metal, the harmonic mean was used, 

considering the values obtained in the analyzed soil samples: 

Ὄ
ὲ

В
ρ
ὼ

 

Where H is the harmonic mean of the real positive numbers x1, x2, é, xn. 

The harmonic mean was chosen because it enhances the lower values instead of the higher 

ones. Therefore, the obtained representative Kd is conservative (lower the Kd higher the 

leaching) and ensures more safety in the assessment of the risk (Elert, 2015).    

Adopting the most precautionary approach, the Kd corresponding to a L/S ratio 2 was 

chosen to substitute the default one in the software. In fact, considering this value means 

to assess the leaching in the short period, i.e. a greater release of pollutants in soil water. 

 

 

2 Results 

 

2.1 Soil texture 

The soil texture for the analyzed soil samples was constituted by filling material, i.e. sand 

and gravel, except in the case of the sample 1513 -1.10 M, where clay was the main 

constituent. The soil texture of the samples is reported in Table 32. 
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Table 32: Soil texture of the samples analyzed at laboratory. 

Soil Sample Soil Texture 

Building   Surf. Filling 

Building   ï 0.2 M Filling 

1517   SURF. Filling (mainly gravel) 

1522   - 0.35 M Filling 

1522   - 0.65 M Clay 

1513   Surf. Filling 

1513   - 1.10 M Sand 

S7   Surf. Filling 

S7   - 0.5 M Sand 

S7   - 0.8 M (I) Filling 

S7   - 0.8 M (II) Filling 

1506   Surf. Filling 

1506   - 0.4 M Filling 

1506   - 0.6 M Filling 

 

2.2 Soil pH variation 

The pH values measured before and in the two steps of the leaching test are reported in 

Table 33.The variation of soil pH in each sample is reported in Figure 69. 
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Table 33: pH values before and in the two steps of the leaching test. 

Soil Sample 

Soil pH 

Distilled 

water 
0.01 M CaCl2 

After leaching 

L/S ratio 2 with 

0.001 M CaCl2 

After leaching 

L/S ratio 8 with 

0.001 M CaCl2 

Building   Surf. 6.75 6.48 6.99 6.78 

Building   ï 0.2 M 6.69 6.46 7.36 7.59 

1517   SURF. 6.6 5.47 7.37 7.09 

1522   - 0.35 M 7.91 7.04 8.04 8.08 

1522   - 0.65 M 7.79 7.18 7.64 7.8 

1513   Surf. 6.33 5.08 6.36 6.47 

1513   - 1.10 M 6.58 5.43 6.54 6.47 

S7   Surf. 6.94 6.18 7.53 6.89 

S7   - 0.5 M 6.99 5.98 6.76 6.61 

S7   - 0.8 M (I) 7.43 6.28 6.89 7.08 

S7   - 0.8 M (II) 7 5.8 7.23 6.98 

1506   Surf. 6.34 5.06 7.12 6.55 

1506   - 0.4 M 7.75 6.94 7.55 7.72 

1506   - 0.6 M 7.32 6.22 6.84 7.13 

 

 

Figure 69: Soil pH variation before and during leaching test in the analyzed samples. 
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In all the soil samples the soil pH measured using distilled water resulted higher than the 

one with 0.01 M CaCl2. The greatest variation, of 1.3, occurs in the samples 1513 Surf. 

and 1506 Surf..  

Considering the pH in the two phases of the leaching test, the solution pH was found to 

increase in half of the samples and to decrease in the remaining ones passing from L/S 

ratio 2 to L/S ratio 8. The pH variation is in general smaller than in the case of the two 

first analysis, with the maximum difference equal to 0.64 in correspondence of sample 

S7 Surf.. 

The soil pH detected in each sample reached the highest value four times when distilled 

water was used before the leaching test, in samples 1513 ï 1.10 M, S7 ï 0.8 M (I), 1506 

- 0.4 M and 1506 ï 0.6 M, five times after the leaching test with L/S ratio 2, in samples 

Building Surf., 1517 Surf., S7 Surf., S7 ï 0.8 M (II) and 1506 Surf., and four times at the 

end of the leaching test with L/S ratio 8, in samples Building ï 0.2 M, 1522 ï 0.35 M, 

1522 ï 0.65 M and 1513 Surf.. In all the soil samples the lowest pH was detected before 

the leaching test using 0.01 M CaCl2 as solution.   

 

2.3 Loss on ignition  

The LOI for the samples analyzed in laboratory is reported in Table 34. 

 

 

 

 

 

 

 

 



202 

 

Table 34: LOI of the soil samples analyzed in laboratory. 

Soil Sample LOI (%)  

Building   Surf. 8.51 

Building   ï 0.2 M 5.83 

1517   SURF. 0.50 

1522   - 0.35 M 10.71 

1522   - 0.65 M 25.21 

1513   Surf. 3.85 

1513   - 1.10 M 3.07 

S7   Surf. 1.01 

S7   - 0.5 M 5.06 

S7   - 0.8 M (I) 4.92 

S7   - 0.8 M (II) 5.56 

1506   Surf. 0.57 

1506   - 0.4 M 25.20 

1506   - 0.6 M 2.64 

Average 7.33 

 

The LOI varies significantly in the analyzed soil samples, with the lowest value of 0.5% 

found in correspondence of sample 1517 Surf. and the highest one in sample 1522 ï 0.65 

M for which the LOI reached the 25.21%.  

The fraction of SOM was found to decrease with depth in the sampling points Building 

and 1513, whilst the samples taken in the sampling points 1522, S7 and 1506 showed an 

increased LOI with depth. 

 

2.4 Leaching test 

The concentration of the toxic metals of interest at the site, i.e. Cu, Zn, As, Pb, found in 

the leachate of the two-step leaching test are reported in Table 35. 
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Table 35: Concentration of Cu, Zn, As, Pb in the leachate after the two-step leaching test at L/S 

ratio 2 and 8. 

Soil Sample Cu (µg/l) Zn (µg/l) As (µg/l) Pb (µg/l) 

L/S ratio 2 

Building   Surf. 466.48 334.81 5.96 10.68 

Building   ï 0.2 M 497.43 321.29 5.30 35.27 

1517   SURF. 24.52 110.07 1.55 14.18 

1522   - 0.35 M 13.71 51.74 1.81 1.94 

1522   - 0.65 M 37.74 76.46 0.25 3.95 

1513   Surf. 147.48 683.89 10.71 536.95 

1513   - 1.10 M 337.48 822.29 8.55 259.45 

S7   Surf. 49.01 173.00 1.29 20.91 

S7   - 0.5 M 285.56 1292.54 9.57 435.67 

S7   - 0.8 M (I) 58.65 148.87 14.56 35.65 

S7   - 0.8 M (II) 455.68 1131.57 12.58 900.89 

1506   Surf. 36.17 71.05 1.47 29.60 

1506   - 0.4 M 34.41 99.59 0.75 5.62 

1506   - 0.6 M 127.32 325.68 10.92 59.46 

L/S ratio 8 

Building   Surf. 103.29 144.01 3.79 34.77 

Building   ï 0.2 M 99.85 112.09 1.55 10.22 

1517   SURF. 13.70 49.01 0.59 5.74 

1522   - 0.35 M 27.85 81.71 2.56 9.47 

1522   - 0.65 M 27.00 56.20 0.24 13.87 

1513   Surf. 57.06 226.73 4.94 131.80 

1513   - 1.10 M 50.00 127.32 2.91 25.41 

S7   Surf. 16.72 67.25 0.21 2.13 

S7   - 0.5 M 48.66 233.32 2.68 46.38 

S7   - 0.8 M (I) 14.95 42.23 2.75 6.51 

S7   - 0.8 M (II) 63.14 187.98 2.76 91.10 

1506   Surf. 17.34 63.08 0.56 8.46 

1506   - 0.4 M 104.83 39.15 1.39 62.40 

1506   - 0.6 M 42.79 139.15 6.03 13.99 
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The concentration of metals in the leachate was found to be greater after the step with L/S 

ratio 2 than with L/S ratio 8, in most the samples. In the sample Building Surf., Pb 

concentration in the leachate was higher for a L/S ratio 8 as in sample 1522 ï 0.65 M. 

The presence of As, Cu and Pb in the leachate was more significant at L/S ratio 8 in the 

case of sample 1506 ï 0.4 M. 1522 ï 0.35 M was the only analyzed soil sample in which 

all the four toxic metals were found at higher concentrations in the leachate after the 

leaching with L/S ratio 10.  

The highest concentrations detected were 497.43 µg/l, 1131,57 µg/l, 14.56 µg/l and 

900,89 µg/l for Cu, Zn, As and Pb respectively whilst the lowest ones resulted 13.70 µg/l, 

39.15 µg/l, 0.21 µg/l and 1.94 µg/l. The greatest levels of metals in the leachate were all 

found at L/S ratio 2, while the lowest ones corresponded to a L/S ratio 8, with the 

exception of Pb. 

 

2.5 Total metalsô concentration in soil 

The concentration of Cu, Zn, As, Pb detected in the samples sent to the external lab for 

the determination of the total amount of contaminants in soil, is reported in Table 36. 
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Table 36: The concentration of Cu, Zn, As, Pb in the solution samples for total concentration of 

metals in soil. 

Soil Sample Cu (µg/l) Zn (µg/l) As (µg/l) Pb (µg/l) 

Building   Surf. 4880 7558 597 9623 

Building ï 0.2 M 4953 5778 212 7013 

1517   SURF. 147 313 7.9 61 

1522   - 0.35 M 4319 7784 271 5758 

1522   - 0.65 M 77446 18856 283 67235 

1513   Surf. 846 2091 66 2284 

1513   - 1.10 M 720 1449 102 689 

S7   Surf. 407 2116 5.9 177 

S7   - 0.5 M 1237 4591 69 1383 

S7   - 0.8 M (I) 424 774 82 347 

S7   - 0.8 M (II)  1570 2614 76 3048 

1506   Surf. 253 879 13 214 

1506   - 0.4 M 43525 7403 190 44782 

1506   - 0.6 M 421 1261 106 278 

 

The highest concentrations of Cu, Zn and Pb in the leachate, of 77 446 µg/l, 18856 µg/l 

and 67235 µg/l respectively, were all found in the sample 1522 ï 0.65 M, whilst the 

greatest presence of As, 597 µg/l, was detected in correspondence of the sample Building 

Surf.. The lowest values for Cu, Zn and Pb (147 µg/l, 313 µg/l and 61 µg/l) were all 

detected in sample 1517 Surf., the one for As corresponded to the soil sample S7 Surf. 

instead.  

The corresponding total concentration of the four metals on soil dry matter is reported in 

Table 37. 
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Table 37: The total concentration of Cu, Zn, As, Pb in the soil samples expressed in terms of 

mg/kg of dry matter. 

Soil Sample Cu (mg/kgd.m.) Zn (mg/kgd.m.) As (mg/kgd.m.) Pb (mg/kgd.m.) 

Building   Surf. 248 384 30 489 

Building ï 0.2 M 250 292 11 354 

1517   SURF. 8.1 17 0.43 3.37 

1522   - 0.35 M 246 444 15 328 

1522   - 0.65 M 5134 1250 19 4457 

1513   Surf. 48 119 3.7 130 

1513   - 1.10 M 43 86 6.1 41 

S7   Surf. 22 115 0.3 10 

S7   - 0.5 M 70 259 3.9 78 

S7   - 0.8 M (I) 23 42 4.5 19 

S7   - 0.8 M (II)  88 146 4.2 170 

1506   Surf. 13 46 0.71 11 

1506   - 0.4 M 2833 482 12 2915 

1506   - 0.6 M 26 77 6.5 17 

 

The highest calculated toxic metalsô concentrations on soil dry matter, i.e. 5134 mg/kg, 

1250 mg/kg, 19 mg/kg and 4457 mg/kg for Cu, Zn, As and Pb respectively, corresponded 

to the sample 1522 ï 0.65 M. The lowest concentrations calculated for Cu, Zn and Pb (8,1 

mg/kg, 17 mg/kg and 3,37 mg/kg) were found in correspondence to the same soil sample, 

i.e. 1517 Surf., with only As for which the lowest level of pollution was determined in 

sample S7 Surf as it happened considering the concentration in the solution reported in 

the previous table. 

 

2.6 Comparison with drinking water guidelines 

The comparison between the concentration of the metals considered in the analysis that 

was detected in the leachate, at L/S ratio 2, and the drinking water standard is shown in 

Table 38, where the values in red are those above the guideline. 
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Table 38: Comparison between the concentration of Cu, Zn, As, Pb in the leachate at L/S ratio 2 

and the drinking water guideline. The concentrations above the guideline are reported in red. 

Soil Sample Cu (µg/l) Zn (µg/l) As (µg/l) Pb (µg/l) 

Drinking water 

guideline 
2000 1000 10 10 

L/S ratio 2 

Building   Surf. 466.48 334.81 5.96 10.68 

Building   ï 0.2 M 497.43 321.29 5.30 35.27 

1517   SURF. 24.52 110.07 1.55 14.18 

1522   - 0.35 M 13.71 51.74 1.81 1.94 

1522   - 0.65 M 37.74 76.46 0.25 3.95 

1513   Surf. 147.48 683.89 10.71 536.95 

1513   - 1.10 M 337.48 822.29 8.55 259.45 

S7   Surf. 49.01 173.00 1.29 20.91 

S7   - 0.5 M 285.56 1292.54 9.57 435.67 

S7   - 0.8 M (I) 58.65 148.87 14.56 35.65 

S7   - 0.8 M (II)  455.68 1131.57 12.58 900.89 

1506   Surf. 36.17 71.05 1.47 29.60 

1506   - 0.4 M 34.41 99.59 0.75 5.62 

1506   - 0.6 M 127.32 325.68 10.92 59.46 

 

The drinking water guidelines were exceeded twice for Zn, four times for As and twenty 

times for Pb, whilst the levels of Cu resulted always below the guideline limit. 

 

2.7 Comparison with generic KM and MKM guidelines 

In Table 39 are reported the Swedish soil generic guidelines for Cu, Zn, As and Pb, both 

for KM and MKM scenarios, to compare them to the concentrations calculated in the 

analyzed samples. 
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Table 39: Comparison between the concentration of Cu, Zn, As and Pb detected in the analyzed 

soil samples and the generic guidelines for KM and MKM scenarios. The cells with 

concentrations above the KM guideline are reported in yellow, whilst those exceeding both KM 

and MKM are colored in red.  

Soil Sample 
Cu 

(mg/kgd.m.) 

Zn 

(mg/kgd.m.) 

As 

(mg/kgd.m.) 

Pb 

(mg/kgd.m.) 

KM guideline 80 250 10 50 

MKM guidelines 200 500 25 400 

Building   Surf. 248 384 30 489 

Building ï 0.2 M 250 292 11 354 

1517   Surf. 8.1 17 0.43 3.37 

1522   - 0.35 M 246 444 15 328 

1522   - 0.65 M 5134 1250 19 4457 

1513   Surf. 48 119 3.7 130 

1513   - 1.10 M 43 86 6.1 41 

S7   Surf. 22 115 0.3 10 

S7   - 0.5 M 70 259 3.9 78 

S7   - 0.8 M (I) 23 42 4.5 19 

S7   - 0.8 M (II)  88 146 4.2 170 

1506   Surf. 13 46 0.71 11 

1506   - 0.4 M 2833 482 12 2915 

1506   - 0.6 M 26 77 6.5 17 

 

Pb was the toxic metal that was found in concentrations above the generic guidelines most 

of the times, but in 5 samples out of 8 only the KM guideline was exceeded. Cu, with five 

samples in which concentration was greater than the MKM standard, resulted as the metal 

that could pose significant harm considering both land uses. The samples Building Surf., 

Building ï 0.2 M, 1522 ï 0.35 M, 1522 ï 0.65 M and 1506 ï 0.4 M presented 

concentrations of Cu, Zn, As and Pb above either or both KM and MKM guidelines. The 

soil sample 1522 ï 0.65 M, in particular, presented concentration of Cu, Zn and Pb above 

MKM standards, of 5134 mg/kg (25 times the MKM guidelines), 1250 mg/kg (more than 

twice the MKM guideline) and 4457 mg/kg (more than 10 times the MKM guideline) 

respectively, and could thus be pointed as the most hazardous one. The generic guidelines 
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for KM and MKM scenarios were not exceeded in samples 1517 Surf., 1513  Surf., 1513 

ï 1.10 M, S7 Surf., S7 ï 0.8 M (I), 1506 Surf and 1506 ï 0.6 M. 

 

2.8 Kd determination 

The concentration of Cu, Zn, As, Pb in the leachate of a leaching test with a L/S ratio 10, 

calculated using the values reported in Table 38, are reported in Table 40. 

Table 40: The derived concentrations of Cu, Zn, As, Pb in the leachate of a leaching test at L/S 

ratio 10. 

Soil Sample Cu (µg/l) Zn (µg/l) As (µg/l) Pb (µg/l) 

Building   Surf. 175.93 182.17 4.23 29.95 

Building ï 0.2 M 179.36 153.93 2.30 15.23 

1517   SURF. 15.86 61.22 0.78 7.42 

1522   - 0.35 M 25.02 75.72 2.41 7.96 

1522   - 0.65 M 29.15 60.25 0.24 11.88 

1513   Surf. 75.14 318.17 6.10 212.83 

1513   - 1.10 M 107.49 266.32 4.04 72.22 

S7   Surf. 23.18 88.40 0.43 5.89 

S7   - 0.5 M 96.04 445.17 4.06 124.24 

S7   - 0.8 M (I) 23.69 63.56 5.11 12.33 

S7   - 0.8 M (II)  141.64 376.70 4.72 253.06 

1506   Surf. 21.10 64.68 0.74 12.69 

1506   - 0.4 M 90.75 51.24 1.26 51.04 

1506   - 0.6 M 59.70 176.46 7.01 23.08 

 

The highest metalsô concentrations for the derived L/S ratio 10 were found in 

correspondence of four different samples. In sample Building ï 0.2 M Cu concentration 

resulted 179.36 µg/l, while the highest level of Zn, 445.17 µg/l, corresponded to sample 

S7 ï 0.5 M. The soil samples 1506 ï 0.6 M and S7 ï 0.8 M (II) were those for which the 

maximum concentrations of As and Pb were calculated, i.e. 7.01 µg/l and 253.06 µg/l.  

The lowest concentrations of As and Pb, 0.43 µg/l and 5.89 µg/l respectively, both 

corresponded to sample S7 Surf.. In the case of Cu the smallest amount, of 15.86 µg/l, 
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was associated to sample 1517 Surf., whilst for Zn sample 1506 ï 0.4 M was the one with 

the lowest concentration of metal, equal to 51.24 µg/l. 

The Kd values for the considered metals in the soil samples are reported in Table 41 and 

the trend for the three L/S ratios is shown in Figure 70 to Figure 73.  

Table 41: Kd values for Cu, Zn, As, Pb at L/S 2, 8 and 10. 

Soil Sample 
K d (l/kg) 

Cu Zn As Pb 

L/S ratio 2 

Building   Surf. 531 1147 5092 45774 

Building ï 0.2 M 502 907 2014 10031 

1517   SURF. 330 157 280 238 

1522   - 0.35 M 17960 8574 8523 169069 

1522   - 0.65 M 136030 16346 74438 1128004 

1513   Surf. 327 174 350 243 

1513   - 1.10 M 127 105 711 158 

S7   Surf. 453 667 248 461 

S7   - 0.5 M 244 200 406 179 

S7   - 0.8 M (I) 392 282 307 528 

S7   - 0.8 M (II)  192 129 336 189 

1506   Surf. 369 652 484 380 

1506   - 0.4 M 82324 4839 16390 518842 

1506   - 0.6 M 201 236 592 285 

L/S ratio 8 

Building   Surf. 2400 2665 7996 14056 

Building ï 0.2 M 2503 2601 6896 34613 

1517   SURF. 591 352 738 588 

1522   - 0.35 M 8838 5429 6025 34660 

1522   - 0.65 M 190120 22241 78160 321415 

1513   Surf. 845 526 759 988 

1513   - 1.10 M 855 675 2091 1609 

S7   Surf. 1327 1715 1532 4526 

S7   - 0.5 M 1433 1110 1451 1682 

S7   - 0.8 M (I) 1538 992 1623 2893 
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Table 41: Kd values for Cu, Zn, As, Pb at L/S 2, 8 and 10. 

Soil Sample 
K d (l/kg) 

Cu Zn As Pb 

L/S ratio 8 

S7   - 0.8 M (II)  1386 775 1530 1865 

1506   Surf. 769 735 1263 1331 

1506   - 0.4 M 27025 12309 8910 46714 

1506   - 0.6 M 599 552 1073 1212 

L/S ratio 10 

Building   Surf. 1409 2107 7177 16318 

Building ï 0.2 M 1393 1894 4645 23229 

1517   SURF. 510 282 556 454 

1522   - 0.35 M 9837 5859 6400 41213 

1522   - 0.65 M 176114 20745 77387 375052 

1513   Surf. 642 375 615 612 

1513   - 1.10 M 398 323 1506 566 

S7   Surf. 957 1305 753 1639 

S7   - 0.5 M 726 582 958 628 

S7   - 0.8 M (I) 970 659 873 1526 

S7   - 0.8 M (II)  618 387 894 671 

1506   Surf. 632 717 956 887 

1506   - 0.4 M 31219 9405 9805 57107 

1506   - 0.6 M 429 435 923 734 
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Figure 70: Trend of Kd values for Cu at L/S 2, 8 and 10. 

 

Figure 71: Trend of Kd values for Zn at L/S 2, 8 and 10. 
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Figure 72: Trend of Kd values for As at L/S 2, 8 and 10. 

 

Figure 73: Trend of Kd values for Pb at L/S 2, 8 and 10. 
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In the case of Cu, most of the samples showed the highest Kd at L/S ratio 8 and the lowest 

ones at L/S ratio 2. The only exceptions were samples 1522 ï 0.35 M and 1506 ï 0.4 M 

in which the opposite occurred. The same happened for Zn, with the Kd corresponding to 

a L/S ratio 8 resulting the greatest in all the samples excluding sample 1522 ï 0.35 M. 

The Kd values for As reached the highest values at L/S ratio 8 in most the samples as well 

with only samples 1522 ï 0.35 M and 1506 ï 0.4 M showing a higher Kd at L/S ratio 2. 

Pb was the only analyzed metal that had four soil samples in which the calculated Kd 

resulted higher at L/S ratio 2 than at L/S ratio 8, i.e. Building Surf., 1522 ï 0.35 M, 1522 

ï 0.65 M and 1506 ï 0.4 M. For all the metals, the Kd associated to a L/S ratio 10 was 

always between the values at L/S ratio 2 and 8. 

The representative Kd of each metal calculated using the harmonic mean, at L/S ratio 2 

and 10 are reported in Table 42. 

Table 42: Representative Kd values for Cu, Zn, As, Pb at L/S 2 and 10. 

Soil Sample 
Representative Kd (l/kg) 

Cu Zn As Pb 

L/S ratio 2 353 294 556 390 

L/S ratio 10 844 669 1220 1112 

Final value 353 294 556 390 

 

2.9 Kd and soil pH 

The correlation between soil pH and Kd of Cu, Zn, As and Pb is shown in Figure 74 to 

Figure 77. In the case of Pb, the highest Kd, found in correspondence of sample 1522 ï 

0.65 M at L/S ratio 2, was excluded from the graph in order to make the trend more 

visible. 
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Figure 74: Variation in Kd values for Cu with pH at L/S 2 and 10. 

 

Figure 75: Variation in Kd values for Zn with pH at L/S 2 and 10. 
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Figure 76: Variation in Kd values for As with pH at L/S 2 and 10. 

 

Figure 77: Variation in Kd values for Pb with pH at L/S 2 and 10. 
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