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SUMMARY

Environmental risks are traditionally assessed aneksented in non spatial ways
although the heterogeneity of the contaminantsapdistributions, the spatial positions
and relations between receptors and stressorselhasy the spatial distribution of the
variables involved in the risk assessment, stromglyence exposure estimations and
hence risks (Marinussen and Van der Zee 1996; 12006; Korre et al. 2002; Linkov
et al. 2002; Gaines et al. 2005; Makropoulos antleBl2006). Taking into account
spatial variability is increasingly being recogridzas a further and essential step in
sound exposure and risk assessment (Loos et 86,).28ccording to the scale of the
problem to be assessed, it is possible to idetity different approaches dealing with
the spatial dimension of the risk assessment:itbespecific spatial risk assessment and
the regional risk assessment. The first approacitazos the absolute risk assessment
which is performed at local scale by the use d-sfiecific data collected through a
characterization plan. The objective of this apploa the spatial estimation of the risks
posed by some stressors (mainly contaminated sitesyler to support the allocation of
the remediation alternatives and the definitiomemhediation plans (Carlon et al., 2008;
Critto and Suter, 2009; Carlon et al 2009). At oegil scale, the risk assessment deals
with problems that affect large geographic areagreshmultiple habitats, sources,
stressors and endpoints are present and theirabpaltitionship need to be evaluated
(Hunsaker and al., 1990; Landis, 2005).

Due to the complexity of the spatial risk assesgnpeacess dealing with both, site-
specific and regional scales, GIS tods, hocspatial risk assessment methodologies
and Decision Support Systems (DSS), involving sdvexperts, stakeholders, and
authorities, are required. Moreover, technical 4carle needed in order to integrate the
wide range of decisions related to contaminated laanagement and re-use, including
environmental, technological and economic isSuéNRKNET 2002).

In the present Ph.D. thesis the developed siteHgpespatial risk assessment and
regional risk assessment methodologies are dedcrdval their applications are
presented.

As far as the site-specific risk assessment is exmrecl, the developed methodology
applies geostatistic interpolation methods for niagphe distribution of contaminants

concentration which are used in the risk charazaéon phase in order to provide a
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zoning of the site based on the risk posed by plalsubstances. Then, each identified
risk-based area can be interrogated in order teigganformation about most relevant
contaminants of concern and exposure pathways. fita¢ goal of the developed
methodology is to support the formulation of rena¢idh plans according to a stepwise
spatial allocation of remediation interventions aad on-time simulation of risk
reduction performances. The site-specific spatisk assessment methodology was
implemented in the DEcision Support sYstem for Riequalification of contaminated
sites called DESYRE and applied to the Porto Matglecase study to support the entire
remediation plans formulation process, encompashiazprd assessment, exposure
assessment, risk characterization, uncertainty sassnt and allocation of risk
reduction measures.

Concerning the regional risk assessment, an innavatethodology which integrates a
relative risk approach and spatial analysis wasld@ed in order to select sites at
regional scale where a preliminary soil investigatis required first. The regional risk
assessment methodology was validated through thicagon to the case-study of the
Upper Silesia region and was implemented within $patial decision support sYstem
for Regional risk Assessment of DEgraded land, SN, which was developed by
Consorzio Venezia Ricerche in collaboration witle tBuropean Commission JRC.
SYRIADE is intended to be an aid for national aadional authorities in the inventory
and assessment of (potentially) contaminated sites mining waste sites at regional
scale.

With reference to both, the regional risk assessmmthodology and the related DSS,
they resulted to be flexible tools which can beilgasdapted to different regional
contexts, allowing the user to introduce the regiarelevant parameters identified on
the basis of user expertise and regional data awbiy. Moreover, the GIS
functionalities, integrated with mathematical ammives, allows to take into
consideration all in once the multiplicity of soascand impacted receptors within the
regional territory and therefore to assess thesnslsed by all the contaminated sites in

the region, thus supporting the final ranking obyex



SOMMARIO

Tradizionalmente nella valutazione dei rischi pé&romo e per I'ambiente, la
distribuzione spaziale della contaminazione, lezieini spaziali tra le componenti
dell'analisi di rischio e la distribuzione spaziaelle variabili coinvolte nell’analisi non
vengono adeguatamente considerate, sebbene edsescarfo sulla valutazione
dell’'esposizione e quindi del rischio (Marinussem &/an der Zee 1996; Hope 2000;
Korre et al. 2002; Linkov et al. 2002; Gaines et 2005; Makropoulos and Butler
2006). La necessita di includere la componenteialgaall’interno delle procedure di
analisi di rischio e stata riconosciuta come urspggio fondamentale nello sviluppo di
appropriate valutazione di rischio (Loos et alQ&0

In base alla scala di analisi, si possono ideatiicdue approcci di analisi di rischio
spaziale: I'analisi di rischio spaziale sito-speeife I'analisi di rischio regionale.

Il primo approccio riguarda la stima assoluta d&thio che viene valutata a scala locale
attraverso l'utilizzo di dati sito-specifici ractiokulla base di un appropriato piano di
caratterizzazione. L'obiettivo di questo approc@&ola stima dei rischi posti da
determinati stressori (principalmente siti contaaijn al fine di supportare la
pianificazione spaziale degli interventi di bordfice la definizione di piani di
riqualificazione (Carlon et al., 2008; Critto andt&, 2009; Carlon et al 2009).

A scala regionale, I'analisi di rischio si occupgtbblemi che coinvolgono ampie aree
geografiche caratterizzate dalla presenza di udtepligita di habitats, di endpoints, di
sorgenti che rilasciano una molteplicita di streiseodalla complessita delle relazioni
spaziali che si vengono a definire tra tutte quest®ponenti. Relazioni che devono
essere opportunamente analizzate per supportarstifea del rischio regionale
(Hunsaker and al., 1990; Landis, 2005).

A causa della complessita delle procedure di ardilisschio spaziale, sia a scala sito-
specifica che a scala regionale, diventa necessdiliazare degli strumenti GIS e
sviluppare degli strumentd hoccome i Sistemi di Supporto alle Decisioni (0 DSS,
Decision Support Systems) che permettono di cogerel diversi esperti, portatori di
interesse e autorita all'interno del processo ditezione e gestione dei rischi. Questi
sistemi sono inoltre richiesti per integrare 'ampambito decisionale legato alla
gestione dei siti contaminati e il ri-utilizzo, Inse le problematiche legate agli aspetti
tecnologici ed economici (CLARINET 2002).



Nella presente tesi di dottorato & stata sviluppsita procedura di analisi di rischio
spaziale sito-specifica e una procedura per l'ahali rischio regionale. La prima
proceduta utilizza metodi di interpolazione spazigler ottenere delle mappe di
distribuzione della contaminazione al fine di supg@®@ la zonizzazione del sito sulla
base dei livelli di rischio. Successivamente, aapeia omogenea, identificata sulla base
del rischio, puo essere interrogata per fornirermfazioni relative ai contaminanti piu
rilevanti e alle vie di esposizione che piu incidaul rischio complessivo. L'obiettivo
finale della metodologia e di supportare gli esperi decisori nella formulazione dei
piani di riqualificazione, nella localizzazione gpde degli interventi di bonifica e nella
simulazione della riduzione dei rischi sulla basedperformance delle tecnologie.

La metodologia di analisi di rischio spaziale smecifica e stata implementata
all'interno di DESYRE (DEcision Support sYstem fdhe REqualification of
contaminated sites) ed applicata al sito di Portargilera (Venezia) al fine di
supportare l'intero processo di riqualificaziond ditko che comprende la valutazione
dei pericoli, la valutazione dell'esposizione, laratterizzazione del rischio e la
localizzazione spaziale degli interventi di borafic

A scala regionale é stata sviluppata una metodmlagnovativa che integra un
approccio di analisi di rischio relativo con I'aisalspaziale, per selezionare i siti dove
le attivita di caratterizzazione sono urgentemeitf@ieste. Questa metodologia e stata
validata attraverso la sua applicazione al casgiutiio della regione dell’Upper Silesia
(Polonia) ed é stata implementata all'interno dslesna SYRIADE (Spatial decision
support sYstem for Regional risk Assessment of RHEgd land) sviluppato dal
Consorzio Venezia Ricerche in collaborazione corCédntro Comune di Ricerca
(European Commission JRC) di Ispra. SYRIADE haibttivo di supportare le autorita
regionali e nazionali nella predisposizione delléntario dei siti potenzialmente
contaminati e dei siti di miniera e nella valutam®alei rischi che essi pongono.

In riferimento sia alla metodologia di analisi ésahio regionale che al relativo DSS,
essi risultano essere degli strumenti flessibik glossono essere facilmente adattati a
differenti contesti regionali, permettendo agli limgatori di inserire i parametri
rilevanti, a livello regionale, selezionati in baaka disponibilita dei dati regionali e
all'esperienza degli esperti coinvolti. Inoltre, leinzionalita GIS integrate con
metodologie matematiche permettono di valutareeropbraneamente le relazioni tra

le sorgenti e i possibili recettori al fine di sére i rischi posti da tutti i siti



potenzialmente contaminati presenti nella regiogeiadi supportare I'obiettivo finale,

ovvero la classificazione dei siti potenzialmergataminati.
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CHAPTER 1

Introduction

1.1 Background

Soil and groundwater contamination from localizedirses is a worldwide problem
which is often related to current activities, inttizd plants no longer in operation, past
industrial accidents and improper municipal andustdal waste disposals. In the
European context, earlier industrialization and rpom@nagement practices have left a
legacy of thousands of contaminated sites in Eurdpere are an estimated 3.5 million
potentially contaminated sites in the whole Unioh,which about 0.5 million are
expected to be actually contaminated and in neectrokdiation. Contaminants may
accumulate to such an extent that they hamperfwaitions, pollute groundwater and
surface water and thus threaten drinking water lsgp@and aquatic ecosystems (EC,
200643,

EEA, 2007).

To discuss the assessment and management of theesource, a Soil Thematic
Strategy has been established in 2003 (EC, 2006£006d). The strategy, guided by
the European Commission, involved the EU MembetteStaCandidate Countries,
European Institutions, Networks of Regional and dloéuthorities and a broad
community of European-wide Stakeholder Organisatiém Advisory Forum and five
Working Groups were set up in different and critiaapects of management: 1) Soll
Erosion, 2) Organic matter and biodiversity, 3) @omnation and land management, 4)
Soil monitoring systems and 5) Research, sealinfjcaoss-cutting issues (Van-Camp
et al., 2004a).

The Working Group (WG) on contamination and landhagement introduced the Risk-
Based Land Management framework. This guiding plecaunderlines three important
aspects that shall be ensured when dealing witkesasgent and management of
contaminated land: fitness for use (i.e. to ensafe use or reuse of the land, taking risk
acceptable for the people concerned); protectioth@fenvironment (i.e. to prevent or

reduce negative impact on natural surroundings #&mdconserve or enhance
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guality/quantity of resources; long-term care (ismlutions must remain appropriate in
the future) (Van-Camp et al., 2004b).

The strategy works has lead to the drafting of apBsal for a ‘Directive of the
European Parliament and of the Council establishifigamework for the protection of
soil and amending Directive, 2004/35/EC’ was présgrby the Commission on the
September 22nd, 2006 (EC, 2006c). The aim of thedive is to ensure the protection
of soil, based on the principles of preservationsoil functions, prevention of soil
degradation, mitigation of its effects, restoratafndegraded soils and integration into
other sectoral policies by establishing a commaméwork and actions. The Directive
includes the principle of Risk-Based Land Manageimexs proposed by the
contamination WG.

Among the obligations of the Directive regardingl smntamination Member States
will be required to identify the contaminated sitesheir national territory and establish
a National Remediation Strategy on the basis @manson definition and a common list
of potentially polluting activities. These plansliwbe based on the inventory of
contaminated sites, and on a sound and transppramitization of the sites to be
remediated, including timeframes, targets and atloa of resources (EC, 2006a).

The set up of an inventory of contaminated sitesoripasses three main phases: a
preliminary survey, a preliminary site investigati@and a main site investigation (EC,
2006b). In the first phase, on the basis of avilatformation, a preliminary survey
has the aim of assessing whether potentially potiuactivities have taken place and
whether contamination can be expected. As a redule preliminary survey, a site
will, in most cases, be classified as potentiaiyspected to be) contaminated or not
contaminated.

This first stage, preliminary survey, will be foled by a second stage, the preliminary
site investigations to confirm the actual preseacebsence of contaminants on the
identified potentially contaminated sites.

Based on the outcome of the preliminary site ingatibn, the sites can be identified
where the concentration levels of dangerous subssaare such that there may be
sufficient reasons to believe that they pose aifstgnt risk to human health or the
environment. On these "suspected” sites, as a $tage; full site investigations, will
have to be carried out, including a risk assessntentonclude if there is indeed a
serious risk to human health or the environmerdol|fthen the site will be classified as

contaminated sites and introduced in the inventg(y, 2006b).
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Preliminary site investigations in all the natiomalregional “suspected” sites may be
very costly. As it is not feasible to investigatk land within the EU in a short
timeframe with limited resources, attention shdwdgiven primarily to those locations
that have a high potential contamination. Oncelitef potentially contaminated sites
is available, some Member States carry out a pization of potentially contaminated
sites according to relative (or simplified) risksassment procedures to select sites
where a preliminary soil investigation is requifegt (Van-Camp et al., 2004). These
risk assessment procedures are performed at laogdes (i.e. at regional scale) and
should take into account that over a regional arepacts caused by multiple sources
are multiplied on diverse targets through differ@athways. Moreover, these risk
assessment procedures adopt a qualitative (or eamtitative) approach to the
assessment of site risks. They describe the tlmeganents of the risk assessment (i.e.
source, pathway and receptor) in term of scoreyrder to estimate relative risks,
rather than absolute estimates of health/ecologiophcts. Once the prioritization of
the potentially contaminates sites has been degd|op full site-investigation and a
site-specific risk assessment should be perfornoedtifose sites which have been
considered more risky.

According to the above considerations, the roleis assessment in the development
of the inventory of contaminated sites has a leatl @ual role: in the planning of the
preliminary site investigations phase where a indatisk assessment is required in
order to prioritize the potentially contaminatetesito be characterized first and in the
full site investigations phase where a site specifk assessment is performed in order
to assess the risks to human health and the emv@oihand to define the site-specific
clean-up levels.

Along with the emerging recognition of the relevanof spatial aspects in the
management of contaminated land, taking into adcspatial variability is increasingly
being recognized as a further and essential stgpund exposure and risk assessment
(Loos et al., 2006, Van-Camp et al., 2004, Carloal.e 2008). In literature, on the basis
of the scale of the problem to be assessed, tvierelift risk assessment approaches can
be identified which deal with the spatial dimensmwinthe problem: the regional risk
assessment and the site-specific spatial risk srssad, The first approach deals with
problems that affect large geographic areas whenéipie habitats, sources, stressors
and endpoints need to be assessed and their sedditdbnships need to be taken into

account (Hunsaker and al., 1990; Landis, 2005). dbgective of the regional risk
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assessment approach is the prioritization of tslkesrand the development of a ranking
of potentially contaminated sites in order to idigrthose potentially contaminated sites
where preliminary site investigations is requirgdtf

The second approach concerns the absolute risksmssat which is performed at local
scale by the use of site-specific data collectesbuph a investigation plan. The
objective of this approach is the spatial estinmatdthe risks posed by some stressors
(mainly contamination) in order to support the editton of the remediation alternatives
and the spatial allocation of remediation interi@mg (Carlon et al., 2008; Critto and
Suter, 2009; Carlon et al 2009).

The development and implementation of the two apagsk assessment approaches and
the presentation and discussion of the relateditseaim at supporting the decision
making process, whose main challenge is to findasable solutions by integrating
different disciplinary knowledge and different exjse and multi-actors views (Siller et
al., 2004; Kiker et al., 2005). In fact, the dearsimaking process for assessing and
managing contaminated sites is controversial afiituli because of its diverse aspects
such as economic interest, environmental restaragocial acceptance, technological
application, land planning and requires effectipatsl tools for the assessment and
management of available spatial data and informgt@atchett et al., 2008).

Moreover, when public authorities have to managapex contamination issues, tools
that facilitate their challenging task in a frameklwthat efficiently provides ideas, best
practices and searchable resources are of greafitboefechnical tools are therefore
needed in order to integrate the wide range ofsitats related to contaminated land
management and re-use, including environmentahntogical and economic issues
(CLARINET 2002).

Decision support systems (DSSs) are proven to beffantive support for any kind of
decision-making process including contaminatedgssitanagement (CLARINET 2002).
Decision Support Systems can be generally defisg¢das that can be used by decision
makers in order to have a more structured analylses problem at hand and define
possible options of intervention to solve the peobl(Jensen et al 2002; Loucks 1995,
Simonovic 1996; Salewicz and Nakayama 2003). Gamg detail, DSSs allow the
integration of different types of information, thegan include integrative
methodologies, such as cost-benefit analyses, thatluate site management
alternatives, they can also provide powerful fumadlities for analysis, visualization,

simulation and information storage that are esakmbdi complex decision processes.
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Moreover, DSSs can facilitate one of the most irtgpdraspects of contaminated sites
management, which is communication (Agostini ef 2008). Finally, when spatial
assessment needs to be taken into account in tdgsey Geographical Information
Systems (GIS) functionalities can be included ie SS thus resulting in Spatial
Decision Support System (SDSS) (Malczewski, 1999{dD et al., 2008).

To the purpose of contaminated sites managemeatctinrently available systems
address in different ways the several involveddsssupporting the human health risk
assessment procedures, providing selection of thet suitable technology to deal with
the contamination of concern, or facilitating tldentification of the best management
solution for the site requalification (CLARINET, @B). Some of them can facilitate the
achievement of a shared vision for the redeveloproénhe site of interest between
both experts and stakeholders (Pollard et al, 20@4)example, by including Multi-
Criteria Decision Analysis (MCDA) in order to allowonsideration of different
stakeholders priorities and objectives (Linkov t2804; Giove et al, 2006; Kiker et
al., 2005) and also integration of different issudkhough some specific tools for
human health risk assessment are included withm éRisting DSSs, relevant
development should be made in order to implemeetiBp support system for spatial
risk assessment both at regional and site-spestifite.

For this reasons, in order to support the risk haseentory of contaminated sites at
regional scale, a Spatial Decision Support Syste3DSS) was designed and
implemented by the EU JRC and Venice Research Ciunso The system is called
SYRIADE (Spatial decision support sYstem for RegloAssessment of DEgraded
land) and allows to rank potentially contaminatédssand mining waste sites at the
regional level; to rank risk sources hazard an@ptars vulnerability; to integrate risk
and socio-economic perspectives for the definittdnintegrated management areas.
SYRIADE is a GIS (Geographical Information Systdmased and MCDA (Multi-
criteria Decision Analysis)-based SDSS that impletmeregional and relative risk
assessments to support the ranking of potentialtiyaominated sites where investigation
activities are urgently required. It is based onrdaegrated assessment of contaminated
sites and mining waste sites, with consideratiobath physical and chemical risks, as
well as socio-economic aspects. Through its rankegylts, the system effectively

supports the inventory of (potentially) contamimbsées at regional.
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For the investigation of human health risk at specific scale, the Venice Research
Consortium and the University of Venice developedsdadtware called DESYRE
(DEcision Support sYstem for the REqualificationcohtaminated sites). DESYRE is a
GIS-based decision support system (SDSS) spetyfickdveloped to address the
integrated management and remediation of contagdnanhegasites (i.e., large
contaminated areas or impacted areas charactebyedhultiple site owners and
multiple stakeholders). The DSS covers all theed#ht aspects of the remediation
process, in a transparent and consensus-basedodauniaking approach, and defines
management options by expert elicitation and stalkleins involvement. DESYRE
provides an integrated assessment of risk and -®o@ooomic issues, including
innovative spatial and probabilistic risk assesdmaethodologies and remediation
technologies selection, that may well support thek-based approach to the
contaminated site rehabilitation.

This thesis aims at presenting the Ph.D. work edrrout by the author in the
development and application of the spatial rideasment methodologies implemented
within the two above mentioned Spatial Decision @Bup Systems. The general
objectives of the Ph.D. thesis were the developnagmt application of innovative
methodologies both for site-specific risk asses$naen for regional risk assessment
which were implemented within the spatial risk asseent module of the DESYRE
SDSS and the regional risk assessment module &YRIADE SDSS, respectively.
Specific objective of the Ph.D. thesis were:

- the definition of the state of art concerning tipatgl risk assessment both at
regional and at site-specific scale including theseasment of the
methodological similarities and diversities betwede two approaches, the
consequentiality of the implementation, the avadddbols already developed as
well as knowledge and applicative tools gaps;

- the implementation of the deterministic and prolistic spatial risk assessment
methodology included within the DESYRE's risk assesnt module;

- the application of the deterministic and probabdispatial risk assessment
methodology to a selected case study for its viaida

- the development of a regional risk assessment rdetbgy for the ranking of

potentially contaminated sites at regional scale;
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- the implementation of the developed regional risisessment methodology
within the SYRIADE SDSS;

- the application of the regional risk assessmenhatkilogy to a selected case
study for its validation.

The structure of the thesis is outlined in the nEcagraph.

1.2 Thesis structure

The present PhD thesis is composed of 7 chapters:tiheoretical chapters, two
methodological chapters, two methodologies apptinathapters and a final conclusion

chapter as reported below:

Chapter 2 - Spatial and regional risk assessmevitere the theoretical background of

site-specific and regional risk assessment appesaishdescribed.

Chapter 3 - Decision Support Systems (DSS) for renmental risk assessment -,
where the main characteristics of a DSS for comated sites are presented and the

Multi-Criteria Decision Analysis (MCDA) is brieflintroduced.

Chapter 4 - Spatial risk assessment in DESYRE- evltee results of the research
activities concerning the spatial risk assessmerdgthadology developed and
implemented in the DESYRE DSS is presented.

Chapter 5 - Regional risk assessment implement&YRIADE — where the results of
the research activities concerning the region&l assessment methodology developed
and implemented in the SYRIADE DSS is presented.

Chapter 6 — DESYRE application to Porto Marghersecstudy — where the results of

the application of the spatial risk assessment aggtlogy to the Porto Marghera case

study are reported and discussed.

18



Chapter 7 — SYRIADE application to the Poland csisely— where the results of the
application of the regional risk assessment metloggyoto the Upper Silesia (Poland)

case study are reported and discussed.

Chapter 8 -Conclusions-, where final considerationgnain findings of the work and
possible further investigations and recommendatamagresented.
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CHAPTER 2

Spatial and regional risk assessment

According to the EU Soil Thematic Strategy, Memi&tates shall be required to
identify the contaminated sites in their nationairitory and establish a National
Remediation Strategy on the basis of a common itiefinand a common list of
potentially polluting activities. The sites to enrediated will be prioritized in a sound
and transparent way, in order to reduce soil comtation and the risk it entails (EC,
2006d).

The efforts required to accomplish the identifioatand prioritization of contaminates
sites in Europe are multiple and considerable (EE#Q5a). Indeed, in order to know
whether or not a site is contaminated, soil andigdavater investigations are necessary.
However, as it is not feasible to investigate afid within the EU in a short timeframe
with limited resources, attention should be givemgrily to those locations that have a
high potential contamination. In this perspective, definition of “potentially
contaminated site” is desirable: a “potentially tzoninated site” is a “site where an
activity is or has been operated that may haveerhssil contamination” (Van-Camp et
al., 2004a). Maps, historical risky activities, tbiscal archives, local knowledge,
industrial permits and license records, administeainformation, surveys of surface
and groundwater quality and site visits may giveidations that a site in a specific
region may be contaminated.

Once the list of potentially contaminated siteswsilable, some Member States carry
out a prioritization according to relative (or sifipd) risk assessment procedures to
select sites where a preliminary soil investigatisrrequired first (Van-Camp et al.,
2004a). For those potentially contaminated siteschvtare recognised to be more
relevant in terms of potential risk for human heahd ecosystems, the following step
concerns the plan of a site-specific investigatdnch supports the development of a
site-specific risk assessment. The objective ofdite-specific risk assessment is the
identification of the areas which are in need ofiediation (Carlon et al. 2008).

Both regional risk assessment and site-specific assessment entail a very important
aspect of regional management of contaminated tanpally contaminated sites: the

spatial resolution. In fact, spatial analysis ismportant component of risk assessment
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and risk-based management for contaminated siéesulse the problems addressed are
inherently spatial (Linkov et al, 2002; Hope, 200&). chemicals in the environment
are rarely distributed in uniform concentratioretefand transport of chemicals occur
relative to time and space. Additionally, interan8 of receptors such as humans,
wildlife, and fish species within the environmemicar in biased, heterogeneous ways,
often directed by demographic or habitat prefersr(€ifford et al, 1995; Johnson et
al., 2009). Moreover, spatial understanding ofssioes, targets, impacts and ecological
processes is particularly crucial because jurigmh¢twhich conditions the management
options, rarely, if ever, coincide with biologicalbr ecologically significant spatial
units and because landscape-level processes in#ysspulation dynamics and human
impacts (Andersen et al. 2004). Finally, the spatiatribution of multiple habitats,
multiple sources, multiple stressors and multipidpoints as well as the characteristics
of the landscape, the spatial and temporal digtabuof soil and hydrogeology
characteristics, the environmental settings, theeoti and anticipated use of land and
the socio-economic situation influence the riskineste (Bien et al. 2004; Landis,
2005). To support the inclusion and evaluationhef $patial aspects of risk assessment,
geographic information systems (GIS) play an imgatrtrole in the management of
spatial data and information, in the spatial dagpmcessing and modeling and in the
spatial data and information visualization (Johnsbml., 2008, Worboys & Duckham
2004).

In relation with the advances in computer hardwaared software which intensified the
application of quantitative spatial analysis tecueis that would otherwise be
extremely tiresome and time consuming, the assedsofethe risks posed by both

natural and antrophic stressors to human and ecaldgrgets makes progressively use
of spatial information (Korre, 1999a). According tioe scale of the problem to be
assessed, it is possible to identify two differapproaches to deal with the spatial
dimension in risk assessment: the site-specifitialpask assessment and the regional
risk assessment. The first approach concerns thelwb risk assessment which is
performed at local scale by the use of site-specdata collected through a
characterization plan (US-EPA, 1998). The objecwiethis approach is the spatial
estimation of the risks posed by some stressorsnfynaontaminants) in order to

support the allocation of the remediation altenetiand the definition of remediation

plans.
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At regional scale, the risk assessment deals withlems that affect large geographic
areas including spatial relationships between mplelthabitats, sources, stressors and
endpoints (Hunsaker and al., 1990; Landis, 200%)thls approach, along with the
traditional concepts of ecological risk assessmemking models are used in order to
estimate the relative probability that some envinental negative effects, caused by
anthropological activity, can occur (Hunsaker et B89; Hunsaker et al., 1990; Suter,
1990; Graham et al., 1991; Suter, 2006; Landis\&rejers, 1997; Landis, 2005).

In the next paragraphs a detailed description efsite-specific spatial risk assessment
and the regional risk assessment is reported ergssiny some useful definitions,

methodological approaches and applications.

2.1 Site- specific spatial risk assessment

2.1.1 Definitions

Site-specific spatial risk assessmemtmethodology which combines quantitative risk

assessment procedures and spatial distributiotredsers and receptors to produce an
assessment of risks at local scale (i.e. site-Bpeassessment) which provides
geographical risk maps which preserve the significgatial dimension of the risk in
order to facilitate the understanding and the comoaition of the risks (Gay and Korre,
2006, Pistocchi and Pennington, 2006).

Source: an entity or action that releases to the enviroim@ imposes on the
environment a chemical, physical, or biologicakssor or stressors (US-EPA, 1998a).
With regard to the contaminated sites, the sourea & defined as the location if
highest soil or groundwater concentration of chesicof concern or the location
releasing the chemicals of concern (ASTM, 1998).otder to estimate the spatial
distribution of the sources and the stressors sitigover the area of concern, transport
models and interpolation methodologies such asirgigan be used (Ilsaaks and
Srivastava, 1989). As far as the contaminated aitesoncern, in order to identify the
spatial distribution of the contamination and tlere to quantify the dimensions of the
source and the volumes of contaminated medium,e&and colleagues (Korre, 1999a,;
1999b, 2002; Gay and Korre, 2006) developed a ndelbgy that combines statistical
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and geostatistical analysis tools with GIS tools tbhe quantitative and spatial
assessment of contamination sources.

Exposure pathwayghe course of a chemical of concern takes froensthurce area to

an exposed organism. It describes the mechaniswhlph an organism is exposed to a
chemical. The exposure pathway includes a souraelefse, a point of exposure, a
transport/exposure medium and an exposure routéifYA3998).

The spatial characteristics of this risk assessmemiponents are strictly dependent on
the hydro-geological and morphological charactiesstof the landscape, the
environmental behavior of the different stress@g.(contaminants, invasion of new
species, disease etc) as well as the spatiallditn of the targets. In fact, the spatial
distribution of the sources, the spatial distribntiof the hydro-geological and
morphological soil parameters, the presence ofrakfand atrophic barriers and the
spatial distribution of the climatic parametersdddoe considered within the fate and
transport models which should be spatially resoliedrder to take into account,
among other things, the relative distance betwé&ensburce and the receptors. The
latter also influences the time frame which elapbesween the release or the
development of the stressor and the impacts osuh®unding targets. With regard to
the fate and transport of contaminants in the enwrent, different model are available
(i.,e. Sesoil, AT123D, Modflow etc.) and can be ismpkented within a GIS
environmental (Bien. et al. 2004).

Finally, the exposure to the stressors strictlyeshels on the spatial distribution of the

characteristical exposure parameters and ecolosgeibility.

Receptorsfor human health risk assessment receptors aneededis persons that are o
may be affected by a release; for ecological riskeasment receptor are defined as
ecological resources that are to be protected aatstte. Because of the variety of
ecological resources that may be present, the eladithe ecological receptors relevant
to the site is an important part of the problemmolation (ASTM, 1998). Assessing
spatial risks, the spatial distribution of humard a&tological receptors as well as the
spatial distribution of the stressors, play a kel iin the definition of the risks spatial
distribution since the distance between the two mmments of the risk assessment
influences the risk estimates as well as the dpdis&ribution of the receptors exposure
parameters. The spatial risk assessment allowsmwoltaneously assess and visualize

the risks affecting different receptors characttiby their own characteristic exposure
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parameters. It has to be underlined that in théyaed works (Korre et al. 2002; Bien.
et al. 2004; Gay and Korre, 2006; Chen et al., 192#1lon et al. 2007; Morra et al.
2006; SADA; NORISC), the risk spatial distributidepends only on the contaminant

spatial distribution while the receptors type asdagiated exposure remain constant.

Exposure assessmeeiposure is defined as the contact of an orgafiemmans in the
case of health risk assessment) with a chemicphgsical agent (US-EPA, 1998a; US-
EPA, 1998b). The magnitude of exposure is deterdhinemeasuring or estimating the
amount of an agent available at the exchange bosdé.e., the lungs, gut, skin)
during a specified time period. In order to estenéjualitative or quantitative) the
magnitude of the exposure, the magnitude, frequethasation, and route of exposure
should be assessed considering past, presentuturé £xposure scenarios. Estimates
of current exposures can be based on measurementsdels of existing conditions,
those of future exposures can be based on modélsuoé conditions, and those of past
exposures can be based on measured or modeleccgastntrations or measured
chemical concentrations in tissues (US-EPA 1998b)or the other variables involved
in the risk assessment, those influencing the axpoassessment can have a spatial
distribution over the area of concern. For humaalthaisk assessment, the frequency,
duration and route of exposure depend on the laed carried out in the different areas
of the site of concern, while the magnitude of éxposure is strongly influences by the
spatial distribution of the contaminants concemdratand the actives exposure
pathways. The final objective of the exposure assest is to estimate the type and
magnitude of exposures to the chemicals of potenbacern that are present at or
migrating from a contaminated site. The resultsth& spatial exposure assessment,
reported in suitable maps, are combined with chakspecific toxicity information to

characterize potential risks.

2.1.2 Motivation of the development of the site specificspatial risk

assessment

Recent policy developments in Europe and North Acaemare moving towards
regulations which encourage a risk-based approactohtaminated land assessment
(EC, 2006d; EC, 2000). A tiered approach is apphécch initially uses simple generic
models for screening purpose and subsequentlyedessary, more complex site-
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specific models can be applied in order to deeplyestigate the environmental
phenomena (Gay and Korre, 2006). Despite the wigdiation and improvements in
risk assessment methodologies, some enhancememtstilabe made particularly
concerning the spatial assessment of the land mamééion phenomena (Gay and
Korre, 2006). In fact, site-specific risk assessim@ncedure traditionally uses a single
point value for all the variables involved in thaimation of risk caused by the assessed
stressor. This produces a single risk value wrsatepresentative of the entire analyzed
site without considering the spatial variabilitytbe involved parameters over the site.
Thus, traditionally, environmental risks have bassessed and presented in non spatial
ways although spatial dimensions in risk assessroenér different aspects which
should be considered. Moreover, many scientistsrifMasen and Van der Zee 1996;
Hope 2000; Korre et al. 2002; Linkov et al. 200ziri&s et al. 2005; Makropoulos and
Butler 2006, Carlon et al, 2008) generally acknalgke that exposure and hence risk
assessments are strongly influenced by the sppatisitions of both receptors and
stressors and by the heterogeneity of contaminatribditions and other environmental
characteristics. For all the above mentioned regstaking into account spatial
variability is increasingly being recognized asusthier and essential step in a sound
exposure and risk assessment (Loos et al., 2006)tlze site-specific spatial risk
assessment is therefore growing interest. This odellogy which combines
quantitative risk assessment procedures and spdisatibution of stressors and
receptors to produce an assessment of risks dtdoake (i.e. site-specific assessment)
can provide geographical risk maps which presdmeestgnificant spatial dimension of
the risk and support the understanding and the agmuation of the risks (Gay and
Korre, 2006, Loos et al., 2006).
In particular, site-specific spatial risk assesshntwan take into account the following
aspects:

- the stressors’ spatial distribution which can beawbby the use of spatial

interpolation methods;

- the spatial distribution of receptors and expogaemeters associated with the
current and future land use of the site and theosuading areas;

- the spatial distribution of the exposure routes cwvhidepend on the
morphological and hydrogeological characteristicéhe area of concern as well

as on the environmental behavior of the investiateessors;
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- the application of spatially-resolved fate and $@ort models.

The result of the assessment is the spatial repessn of the risk estimates and the
identification of risk-based homogeneous areasrderoto support the allocation of

remediation actions and the definition of managedrobjectives.

As far as the contaminated sites are concernedqyrédiction of the spatial distribution
of the contamination and the relative spatial pasg of receptors can strongly
influence estimates of exposure and hence of k€, 2000). In fact, stressors and
receptors are located or distributed in space afmbseire pathways are spatially
distributed resulting from the spatial propagatafrstressors (e.g. harmful substances)
(Bien et al., 2004). Moreover, very often, the @wnihation is identified in small areas
with high concentration (i.e. hot-spot: a locaktreeted area where the concentration of
one (or more) contaminant(s) is very high) and ihot appropriate to assume that the
entire population is exposed to a mean contaminatadue corresponding to the high
level concentration of the hot-spot area. In facthis context, the estimated receptor’
exposure can lead to an unrealistic estimation hef tisks (Carlon et al. 2004).
Therefore, the spatial distribution of contaminasda support the identification of areas
of the site which are characterized by differemeleof contamination and thus different
level of risk. However, in the spatial risk estimat in addition to the contaminants
spatial distribution another important issue tofédeed is the spatial estimation of the
chemical fate and transport. Traditionally, theeasment of chemical fate and transport
has been done using non-spatial multimedia modelsldped as “boxes” which
include all relevant environmental compartmentsoined in the process. In the last
decade, a great development has been observeceifield of chemical fate and
transport modeling with the diffusion of modelsitakinto account the spatial aspect of
the phenomena (Pistocchi, 2005; Pistocchi and Rgton, 2006). However,
multimedia assessment of pollutants pathways resnagirite a complex issue and the
prediction of spatial patterns of chemical concatidn is a field of growing interest
since it is still not completely understood and eleped (Pistocchi and Pennington,
2006). For this reasons, when contamination sangrkeswvailable, the definition of the
spatial distribution of the stressors is obtaingdhe use of contamination distribution
maps obtained throughout interpolation methods IR/ (inverse distances weighted)

and geostatistic (such as Kiging, Isaaks and Savas 1989) rather than using

26



chemical fate and transport modeling. Furthermtive,risk may increase or decrease
depending on a wide range of factors such as natutbe contamination, soil and
hydrogeological characteristics, environmentalisg$t current and anticipated use of
land as well as socio-economic situations (Biemlgt2004). All this factors have a
spatial distribution and can differently influertbe risks posed by contaminated sites.
Finally, the integration and assessment of thei@pasolved risk assessment variables
leads to the spatial estimation of the risks wtadh reported in maps format describing
the spatial distribution of the risks over the aoéaoncern. These maps can usefully
support the zoning of the contaminates sites acopitd risk levels which provide the
basic information for the definition of spatial grities in order to guide the selection
and spatial allocation of remediation activities(lon et al., 2007).

Since the development and improvement of spatisk @ssessment require the
collection, analysis and management of a huge atafuspatial data, they have been
allowed and enhanced by the use of GIS which peo@ddvery powerful and highly
flexible tool that increase the sophisticationtod tisk assessment methodology (Korre,
2002). GIS provide a useful tool for spatially repent geographic features and a spatial
platform to collect, organize, analyze and modedtigh data (Chen et al., 1998).
Moreover, GIS became a useful tool to help decismakers to get immediate
visualization of the results of the risk assessmetit respect to current and anticipated
future land use (Bien et al., 2006). For these amessthe site-specific spatial risk
assessment is always implemented in GIS platforinighwoften are combined with
Decision Rules which lead to the development ofiflen Support System (DSS) for
contaminated land management (Gay and Korre, 20086én et al., 1998; Carlon, 2007,
Morra ar al., 2006; Bien et al., 2004; NORISC, SADMOMIRACLE). A detailed

description of the main elements of DSS is provitkeGhapter 3.

2.1.3 Site-specific risk assessment applications and ope&ssues

Along with the emerging recognition of the relevanof spatial aspects in the
management of contaminated land, in the last feavsygome methodological proposals
have been made to include the spatial aspectsnwiiti@ site-specific risk assessment.
These methodologies are going to be presentedsrPdragraph. Historically, a major
impulse to the research in this field occurredrafte nuclear accident of Chernobyl in
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1986 for dealing with radioactive diffuse contantioa (e.g. Yatsalo et al. 1997).
Dealing with mining related problems, Korre et #&R002) coupled advanced
geostatistics and exposure assessment to desbmbsphtial distribution of human
health risk associated with ingestion of lead contated soil. A recent paper (Gay and
Korre, 2006) provided a detailed description of theme method applied to the
identification of most sensitive residential areaposed to diffuse contamination.

More specifically for local scale and soil contaamis, four software packages, HHRA-
GIS (Morra et al. 2006), HIRET (Bien et al. 200MQORISC (http://www.norisc.com/)
and SADA (http://www.tiem.utk.edu/~sada/help/) redjpvely, have been developed to
assess the spatial distribution of human healtk ftis HHRA-GIS and HIRET, the
human health risk assessment was implemented inidespread Geographical
Information System (GIS) platform to generate hurhaalth risk assessment maps as a
function of soil contamination and land uses. NORI@\etwork Oriented Risk
assessment by In situ Screening of Contaminategd)séind SADA (Spatial Analysis
and Decision Assistance) are more comprehensiveb@®d software packages that
include modules for sampling, risk assessment atetton of remediation techniques.
In HHRA-GIS the integration of the exposure anckefffinformation is performed on a
grid domain in order to generate maps of iso-degkiso-risk. SADA and HIRET are
based on the geostatistical interpolation (krigifighaks and Srivastava, 1989) of soil
contaminant concentrations, while NORISC estim#tesrisk for each sampling points
separately and then defines risk zones based condbgeometry algorithms (Okabe et
al., 1992). In all the above software packagek,maps are provided in raster format. It
should be noted that the raster format can sughertisualization of risk indicators,
while other information about the estimated riskg(e contribution of different
pathways and contaminants, or most sensitive rec®pis not retained, unless it is
separately mapped. However, none of HHRA-GIS, SADARET and NORISC
software packages supports the calculation of tl&illtion of uncertainty While
HHRA-GIS and HIRET do not provide an operationaklbetween the risk assessment
and the selection of remediation techniques, SADA IHORISC offer decision support
modules for the selection of remediation techniqu¢®w~ever, these modules can be
applied only to the peak concentrations, i.e. tere not designed for planning
remediation interventions over large sites.

Finally, DESYRE (DEcision Support sYstem for the drBlification of contaminated
sites) is a GIS-based Decision Support System (Bg&jifically developed to address
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the integrated management and remediation of congded megasites (i.e. large
contaminated areas or impacted areas charactebyedhultiple site owners and
multiple stakeholders). DESYRE was structured gitomodules integrated into a GIS
software platform: five assessment modul8sdjo-economicCharacterisation, Risk
AssessmentTechnological AssessmentResidual Risk assessmperand a Decision
module (Carlon et al., 2008). In the risk assessment neggdile DESYRE software
implements a spatial risk assessment methodologghwdilows the development of
risk spatial distribution raster maps for each &elg contaminant of concern (Carlon et
al; 2008). Subsequently, the risk distribution @ashaps are subjected to a process of
vector transformation in order to obtain a zonirighe site according to risk levels,
where each zone is identified as a vector objextedd, in DESYRE, outcomes of
spatial risk assessment (the risk zones) are this bar the selection and allocation of
remediation technologies and the creation of reat®uhi plans. In fact, the system
allows the user to assign one technology, or ancbitechnologies for each risk zone,
and successively to simulate, step by step, theeedif the technological application by
visualizing the residual risk map. The detailedcdipsion of the spatial risk assessment

methodology implemented in the DESYRE system isnteyl in Chapter 4.

In the described site-specific spatial risk assesgrapplications some open issued can
be identified. First of all, in all the describe timedologies the spatial distribution of
human health and ecological risks are estimatedudir the use of the spatial
distribution of the contaminants concentration adw not account for the spatial
distribution of the exposure and hydrogeologicatapzeters as well as for the
morphology of the area of concern. None of the rlesd site-specific spatial risk
assessment applications deal with the spatial ilolision of hydrogeological and
morphological parameters as well as the spatidriloigions of the exposure and
ecological sensitivity parameters, although them@ameters are important in the spatial
estimate of the risks.

Thus, some further research activity concerningsiteespecific spatial risk assessment
should be focused on the following topics:

development of fate and transport models which take account the spatial
distribution of the hydrogeological and morphol@jiparameters and their integration

within the spatial risk assessment;

29



development of risk assessment algorithms whicl w#h the spatial distributions of

the exposure and ecological sensitivity parameters.

Finally, it is also important to focus on cumulativisk. It is realized that human and
ecological receptors are not exposed to individsabstances in a relatively
homogeneous environment, but to toxic mixtures imederogeneous environment.
Single substances entail spatially variable envirental concentrations and variation in
the combinations of these substances only increhgespatial variability of exposure
and risk. A spatially explicit approach to cumulatiexposure assessment might
therefore generate more accurate exposure andgigkates (Loos et al., 2006).

In more recent years, the open issued listed aboweerning spatial risk assessment
have been tackled in the NoMiracle project, NOvettivbds for Integrated Risk
Assessment of CumulLative stressors in Europe funbedthe European Sixth
Framework Program. The project is aimed at devetppiovel methods and tools to
better evaluate chemical risks which include nosphtial- and receptor-oriented
approaches for assessing the integrated exposurauttiple stressors. Within the
project, the spatial issue is mainly consideretvat different levels: the estimation of
the predicted environmental concentration by the of regional fate and transport
models and the estimation of the exposure of higtegrestrial organisms to
contamination by the use of spatial exposure models
(http://nomiracle.jrc.it/default.aspx).

As far as the estimation of the predicted envirom@leconcentration is concerned, a
regional fate and transport model was developedh witie aim of providing
computationally simple evaluation of fate and tgors of chemicals through European
water, soil and atmosphere using averaged, climgitdl environmental parameters at
the monthly time step. The model is expected twigdea reasonable picture of trends
in spatial distribution of chemicals of given ongand properties across the continent.
The main use of such model is for support in pohtgking at the continental scale.
Also, if realistic emission patterns are providéa model provides a general evaluation
of the impact of a given chemical in spatially dmited terms at the continental level.
In that context, the model will be used for the piag of EU-level concentrations and
human exposure from emission. The model is NOTd&iailed assessment of the fate
and transport of chemicals in the vicinity of enoss, where local effects unaccounted

for are relevant (Pistocchi, 2005).
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Within the NOMIRACLE project in order to estimateetexposure spatial distribution,
a spatially explicit model supporting the exposwstimates of higher terrestrial
organisms to contamination, was developed takirig actcount spatial variation in
contaminant concentrations and habitat charadt=jsand food-web relations. This
model improves the understanding of complex andutative exposure situations and
can be used to more accurately assess complexeepsituations in which the spatial
positions of stressors and receptors are relelaais(et al., 2006).

In the procedure, an individual receptor moves @venulti-celled landscape, whereby
it encounters and accumulates spatially variableusnts of contamination. Movement
can either be random or governed by “rules of maamin representing a receptor-
specific way of responding to variations in thedscape. Such an approach not only
facilitates the incorporation of species-specificafjing behavior in a risk assessment
procedure, but can also be applied to accountdatia variability in the duration of
exposure or the presence of multiple contaminamtd their respective spatial
variability (Loos et al., 2006; Hope 2000, 200102D

2.2 Regional risk assessment

221 Definitions

Regional risk assessmeaims at providing a quantitative and systematic/ @

estimate and compare the impacts of environmentablgms that affect large
geographic areas (Hunsaker et al., 1990).The rabisk assessment is defined as a
risk assessment procedure which deals with spadiaécts and considers the presence
of multiple habitats, multiple sources releasingnaltiplicity of stressors impacting
multiple endpoints as well as the characteristiche landscape which affects the risk
estimates (Landis, 2005). The main characteridtib® regional risk assessment is the
complexity of the analysis caused by the presehoauttiple sources releasing multiple
stressors which can impact diverse receptors akaseby the regional scale of the
analysis which implies the assessment and integrati a huge amount of input data.
Region a spatially extended non homogeneous area whiaefined on the basis of

physical, industrial and economical characteristicd not necessarily on administrative
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boundaries. The region is not homogeneous in theesthat Smaller spatial units exist
within the region that are more homogeneous thatrdgion” (Hunsaker et al., 1990).
Furthermore, the boundaries of the region dependstle dimension of the
environmental problems to be assessed, on the t@temeas that can be directly
affected, on the physical or biological proces$eas affect the impact of the hazard, on
the spatial characteristics of the regional lanpgscand on the strategic planning and
management decisions scale (Graham et al. 199%h&inal. 2000; Gheorghe et al.,
2000; Hunsaker et al., 1990; Suter, 1990).

Source: the cause of environmental hazard which impactgelaareas (e.g acid
deposition, nonpoint source pollution, increaseabgl CQ) or alternatively, multiple
local factors which combined can create a regidwalard to a population, species or
ecosystems (Hunsaker et al., 1990). Regional emviemtal problems involve risk
sources that affect large areas, usually over pargpds of time (Hunsaker et al., 1990).
Disturbance/Hazardpollutant or activity and its disruptive influenoa the ecosystem

containing the endpoints (Hunsaker et al., 19890).9

Exposure pathwayghe course of a chemical of concern takes fromsthe&ce area to

an exposed organism. It describes the mechaniswhimh an organism is exposed to a
chemical. The exposure pathway includes a souraelefise, a point of exposure, a
transport/exposure medium and an exposure routdYASL998). In regional risk
assessment, the spatiotemporal patterns of exptsiine hazard have to be estimated
using transport models adapted to the regionaleseal well as including in the
assessment the spatial characteristics of the maglandscape and any other spatial
characteristics which can be associated with thposxe (Graham et al. 1991;
Hunsaker et al., 1990; Suter, 1990).

Endpoints:environmental entity of concern and the descrigtoguality of the entity
(Hunsaker et al., 1990). In regional risk assessmemdpoints must be regional in
scope, have emergent properties that exist at mabior landscape scale and their
observation have to be made over large areas agdilme period. To this end, remote
sensing techniques are useful tools for colleateggonal data on endpoints quality over
long periods.

Habitat: the place in which an organism lives, which isrelsterized by its physical
features or by its dominant plant types (Martinagt1990). Habitat incorporates all
aspects of physical and chemical constituents aleitiy the biotic interactions (US-

EPA, 2002). In the regional relative risk assessmethodology proposed by Landis a
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habitat is a group of receptors (Landis, 2005). 3iatial distribution of habitat changes
and availability over the region has to be invedtd because it has important
implications for population viability and regionaibdiversity (Smith et al. 2000).

Regional relative risk modela system of numerical ranks and weights factors

developed in order to combine and assess différads of risks (Landis, 2005).

Reference environmentgeographic location and temporal period for thekri
assessment (Hunsaker et al., 1990).

Exposure habitat modificationintensity of chemical and physical exposures of an

endpoints to a hazard (Hunsaker et al., 1990).

2.2.2 Motivation of the development of the regional riskassessment

The increasing number of contaminated sites presghe same region, the wide range
of different types of sources releasing a varietystvessors which can impact a
multiplicity of assessment endpoints and the preserf many environmental hazards
which impact large geographical areas (e.g. agubsiéon, non point-source pollution,
increased global C£ acid rains, ozone depletion, global climate cleanfprest
fragmentation, biodiversity loss, invasion of nepesies, etc.) require the development
of risk assessment methodologies focused on relgsmade (Suter, 1990; Hunsaker et
al., 1990; Landis, 2005; Smith et al., 2000; S&806). The aims of regional risk
assessment methodologies athe®description and estimation of the risks resglti
from regional scale pollution and physical distuncg (Hunsaker et al., 1990).
Regional risk assessment becomes important wheoypakers are called to face
problems caused by a multiplicity of sources ofdndg, widely spread over a large
area, which impact a multiplicity of endpoints efjronal interest (Graham et al., 1991).
In fact, both the Soil Thematic Strategy (EC 200&ak the recent EU Mining Directive
(2006/21/EC) (EC, 2006e) point out the need fordbeelopment of spatial risk-based
methodologies for sustainable management of contteul sites and waste mining
sites at regional scale.

In comparison with the traditional risk assessnoemicepts, regional approach includes
the spatial characteristics of the regional langecand any spatial characteristics
associated with the exposure or the effects of etkygosure in the risk assessment
(Graham et al. 1991). For the sake of exampleg#ographical distribution of soil and
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groundwater degradation is influenced by geologgography, climate, and on the uses
of the land. These factors control the specifimeuhbility to contaminants of soils and
groundwater across Europe (Van-Camp et al., 208yeover, the spatiotemporal
patterns of exposures depend on the spatial re&dtip between the hazard sources and
the endpoints and the spatially resolved fate amdpobrt pocesses. The spatial
combination of these patterns influence the spadlistribution of the risks and many
cumulative effects, which at local scale are ndatent, can be apparent at regional
scale.

In many cases, the limited economical resourcesndb always allow to plan
remediation strategies that reduces all the idedtifrisks to health, safety and
environment identified at regional scale, and theguire the development of
methodologies that rank risks in terms of their magle, rather than absolute estimates
of health/ecological impacts. The main objectivetlué approach is the selection of
those (potentially) contaminated sites which nexdtd investigated more thoroughly or
to be prioritized for the planning of remediatioctians (Long and Fischhoff, 2000).
This risk-based approach is called relative rideasment, since it provide a ranking of
the more risky sites rather than an absolue esomatf the riks they pose. A review
and analysis of the available relative risk assessrprocedures for preliminary and
simplified risk assessment of (potentially) contaated sites was published in a report
of the European Environment Agency (EEA, 2004) wh&r existing and documented
international methodologies were analyzed. Theesggd methodologies are generally
applied at the national or regional level for rankipotentially) contaminated sites on
the basis of available data in order to plan piyooif actions in terms of detailed site
investigation and, in some cases, direct remedéagdsures. All methodologies reviewed
adopt a qualitative (or semi-quantitative) approtcthe assessment of site risks. They
describe the three components of the risk assesgamdigm (i.e. source, pathway and
receptor) in term of scores, in order to estimatative risks, rather than absolute
estimates of health/ecological impacts.

The review allowed to identify and list the mostmooon parameters used in the
reviewed methodologies in order to support the kgveent of a relative risk based
methodology called PRA.MS: Preliminary Risk Assesstn Model for the
identification and assessment of problem area$&arcontamination in Europe (EEA,
2005b).



PRA.MS uses a risk assessment conceptual modethwhi based on the Source-
Pathway-Receptor (S-P-R) paradigm, where the cereid exposure routes are
Groundwater, Surface Water, Air and Direct Contact health risks, while Surface
Water and Protected Areas are considered as resepfoecological risks. The
methodology follows a ‘nested’ architecture whefi@, every exposure route, some
parameters are identified and grouped into facwwisch are grouped into indicators.
Indicators are integrated to provide a score vduevery exposure route in the human
health risk assessment, while for the ecologicak rassessment, indicators are
integrated to provide a score value for each recdfEA, 2005b).

However, none of the reviewed methodologies o RA.MS itself properly addresses
the spatial relationships between the sources lamdeceptors. The development of a
regional risk assessment procedure which integrfiieselative risk approaches and
spatial analysis in order to select sites at regjiatale where a preliminary soil
investigation is required first, is one of the abjees of this thesis. To this end, the
PRA.MS procedure was further implemented in ordedldal with problems that affect
large geographic areas (regional scale), where iptaulhabitats, multiple sources,
multiple stressors and multiple endpoints are pressnd connected by spatial
relationships (Hunsaker and al., 1990; Landis, 200%e integration between the
relative risk assessment and the spatial analysegeonal scale led to the development
of a regional risk assessment methodology which mbhg used by
policymakers/decision makers when they are calbefht¢e with problems caused by a
multiplicity of sources of hazards, widely spreaceioa large area, which impact a
multiplicity of endpoints of regional interest. Aetdiled description of the developed
regional risk assessment methodology is providedhapter 5.

It has to be underlined that the development oforeaj risk assessment approaches
strongly depend on the availability of regionaladahd spatial data integration methods
(Smith, 2000; Locantore et al. 2004) and has beppated by the used of GIS tools
for spatial data management. Moreover, the majailahility of remotely sensed data
of the earth’s surface and environmental monitodaga offer enormous potential to
assess regional changes in ecosystems. Howevemutdpe amount of spatial data
necessary for the regional risk assessment enialslevelopment of Spatial Decision
Support System that can integrate remotely sensdd, dGIS tools, spatial data

integration methods, models for forecast changesasystem resiliency and predictive
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modeling for prioritization issues and managemaeatioas (Patil et al. 2001; Smith,
2000).

2.2.3 Different approaches for regional risk assessment

In order to face with the problems concerning thevelopment of regional risk
assessments two different approaches have beerlopegteand described in the
following paragraphs. The first approach develogsd Hunsaker and colleagues
(Hunsaker et al., 1989; Hunsaker et al., 1990;rSu890; Graham et al., 1991) uses the
traditional concepts of ecological risk assessne@nept that they analyse exposure and
responses over a large area (Suter, 2006). Thendexqmproach developed by Landis
and colleagues (Landis and Wiegers, 1997; Landi5p uses ranking models to
estimate the relative probability that some envinental negative effects, caused by
anthropological activity, can occur. Indeed, thé#fialilty of obtaining exposure and
effects measurements for regional scale assesshasntead to the development of
regional relative risk assessment methodologieschwhbvercomes this problem
assigning to each risk assessment component avealsk score.

In the following paragraphs these two approacheslascribed.

2.2.3.1 The regional risk assessment approach (Hunsaker at., 1989)

The regional risk approach proposed by Hunsakercaltidagues has been developed in
order to provide a quantitative and systematic wagstimate and compare the impacts
of environmental problems that affect large geohi@@areas (Hunsaker et al., 1989;
Hunsaker et al., 1990; Suter, 1990; Graham et1&91). The proposed approach
combines regional assessment methods and landscafmgy theory with an existing
framework for ecological risk assessment (Hunsakeal., 1990). While traditional
concepts and methods in risk assessment are releanly to single sites or small
geographical areas and are developed to assesffélues of single stressors (i.e. a
single industrial effluent) on a single endpoirggional risk assessment concerns the
evaluation of the impacts which occur at regionedles on population, species or

ecosystem that are widely dispersed over a reditmmeover, regional risk assessment
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can be used to evaluate the impacts of multiplalltactors which can be combined to
create a regional hazard. The regional risk assa#simcludes 5 key steps (Hunsaker et
al., 1990):
- qualitative and quantitative description of the reeuterms of the hazard (e.g.
location and emission levels for pollutants souxces
- identification and description of the referenceisument within which effects
are expected;
- selection of endpoints;
- estimation of spatiotemporal patterns of exposuse uUsing appropriate
environmental transport models or available dath an
- quantification of the relationship between exposarthe modified environment

(reference environment) and effects on biota.

Regional risk assessment has two distinct phalBesdefinition phase and the solution
phase as reported in Fig 2.1.
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Figure 2.1. Regional risk assessment is composégamflistinct phases: the definition
phase and the solution phase (Figure from Hunsetkadr, 1989).
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The two phases can be found in local risk assedsaerwell as in regional risk
assessment; nevertheless, some differences bettheertwo approaches can be
identified. Concerning the definition phase, inioagl risk assessment, the concept of
hazard is more nebulous and the interaction betwlemromponents of the definition
phase are often complex because source terms, iatalpnd reference environment are
all interdependent. Indeed, developing source texansbe difficult for regional hazards
because they often involve multiple sources thag iraboth space and time. Moreover,
in the selection of the endpoints, one must comsid¢ only ecological processes but
also pertinent social, economic and institutiorracpsses of the reference environment,
in this case at regional scale.

In the solution phase, regional assessment dififens local scale in two ways. First, the
models used in the exposure and effect assessmstth regional: local models may
have to be adapted to larger geographical region®ry different models developed.
Second, the exposure or effects assessment mustrddor uncertainty that may arise
because of spatial heterogeneity, a feature thag m@ be significant in local
assessment.

To deal with regional risk assessment, probalilispatial model can support the risk
guantification. Indeed, the regional risk approadder analysis has used Monte Carlo
techniques to quantify the risks posed by a spdisttibuted hazard by the use of
different hazard scenarios. The spatial impactthefhazards on some measurements
endpoints have been estimated by the use of Moriko Gterations of a spatial
simulation model. The spatial model has been luitirder to simulate, on each cell of
the raster map describing the spatial distributbdrthe quality of the endpoints, the
changes on the endpoints quality caused by therdhanapacts. The comparison
between the baseline endpoints quality and the lateul endpoints quality has been
made for each Monte Carlo iteration in order toedwine the fraction of the Monte
Carlo model iterations in which the endpoints measifted by more than a defined
percentage (e.g. 10% for detectable change and f@6% significant change). The
shifting percentage is estimated dividing the numddecells which have changed their
endpoints quality by the total number of cells.c8ithe endpoints quality is represented
by a qualitative attribute rather than a quantiatattribute, the shifted endpoints
measure is immediately defined. Finally, the ris&gbability is defined by dividing the
fraction of Monte Carlo iterations which have shift by more than a defined

percentage, by the total number of iterations. ddmparison of the risks posed by the
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different hazard scenarios can describe how thegghan the hazard intensity will
Impact the assessment endpoints.

2.2.3.2 The regional relative risk assessment approach (Lalis and
Wiegers, 1997)

The regional risk assessment approach developédiuis and colleagues (Landis and
Wiegers, 1997; Landis, 2005) is based on the cerslidn that, at regional scale, the
complexity of the ecosystems is much more evidemt eonsistent because of the
multiplicity of sources releasing stressors, theltiplicity of habitats where the
receptors reside and the multiplicity of endpoinklsdeed, the EcoRA methods
traditionally evaluate the interaction of three ieowmental components: stressors,
receptors and responses occurring at a singleroomaéed site. The interaction between
these three components is described throughouturesasnts of effects. However, at
regional scale, the risk assessment requires additiconsiderations concerning the
presence of multiple sources, multiple stressordtiphe receptors and a large number
of interactions which increase combinatorially withe number of environmental
components involved in the regional risk assessmisitessors are derived from
diverse sources, receptors are associated withreetyaof habitats and one impact can
lead to additional impacts”’(Landis and Wiegers, 1997). In order to expand the
traditional risk assessment to a regional risk sssent, some additional consideration
concerning the scale of the analysis, the compleithe environmental structure and
the spatial characteristics of the three envirortalecomponents are required. In the
regional risk assessment developed by Landis ariéagoes the three regional
components are analogous to the three traditiomathgonents, but the emphasis is on
location and groups of stressors, receptors andcgdf (Landis, 2005). Sincethese
grouping are usually too indistinct to obtain ovitreneasurements of exposure and
effects” which are required in the traditional risk assessima comparative approach
has been used. Indeed, the Landis and colleagupoamh for a regional risk
assessment i4d' evaluate the risk components at different laoatiin the region, rank
the importance of these locations and combine itfiamation to predict the relative
risk among these areaglLandis and Wiegers, 1997; Landis 2005). The trnedarisk
model (RRM) for regional risk assessment develomed.andis and colleagues is “
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system of numerical ranks and weightings factorsdiress the difficulties encountered
when attempting to combine different kinds of figksindis, 2005). The relative risk

approach can be summarised in the following steps:

- identification of the different sources and theitdtions in the region;
- identification of the impacted habitats and theadtions in the region;
- identification of the possible impacts and thegdbons in the region;

- ranking the importance of the different componeotsthe risk assessment

(sources, habitats and impacts);

- spatial visualisation of the different componeritshe risk assessment to verify

if they overlap;

- relative risk estimation.

The relative risk estimation is obtained throughiht integration of the importance of
the three components of the risk assessment (scamke habitat rank and impact rank)
and the interaction between them (spatial overtagpiM. Hamamé, 2002). Inde€itf,

one component does not intera@oes not overlapwith one of the other two
components, there is no riskLandis and Wiegers, 1997; Landis, 2005).

The first step for the development of the relatiigk model (RRM) for regional risk
assessment concerns the rescaling of the threeoeamental components. Instead of
focusing the attention on a specific stressor seldainto the environment, on the
receptors that live in the environment and on #eeptor responses to the stressors, the
rescaling of the risk components allow to focuglmsource releasing stressors, on the
habitats where the receptors live and on the eadbgnpacts which are a group of
receptor responses. At regional scale, sourceshahitats are more relevant than
stressors and receptors, as well as, the rangassfljje impacts are more important that
receptor responses to the stressors, also becatisthis scale, the information
concerning these groupings are easier to obtaim teaposure and effects
measurements. Moreover, in the relative risk agsess a score is assigned to each
component of the analysis in order to define itstiee importance. This approach
allows to combine and compare a variety of dislndifferent measurements (e.g.
chemical concentration and occurrence of an ineaspecies) taken with distinctly
different unit of measurement (Landis, 2005). Osegarces, habitats and impacts have
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been identified, spatially located and ranked, fiblllowing step is to subdivide the

region in sub-regions. Then, for each sub-regiorelative risk score is calculated by
integrating the scores of the three environmentld components and a risk-based
ranking of the sub-regions is provided.

Going into details, the regional risk assessmenpgsed by Landis and colleagues
(Landis, 2005) can be summarised into the followamgsteps:

- make a list of the important management goalsterégion;

- make maps representing the spatial distributiopodéntial sources and habitats
relevant to the management goals;

- break the region into sub-regions based upon a i@tin of management
goals, sources and habitats locations and pogsathevays of exposure and fate
and transport processes;

- make a general conceptual model that will be useshch sub-regions and that
links sources of stressors, habitats and endpoints;

» decide on a ranking scheme to allow the calculabbrrelative risk to the
assessment endpoints;

» calculate the relative risks;

» evaluate uncertainty and sensitivity analysis efriflative rankings;

* generate testable hypotheses for future field ambrhtory investigation to
reduce uncertainties and to confirm the risk rag&in

» test the hypotheses listed in step 8;

e communicate the results in a fashion that portréhys relative risks and

uncertainty in a response to the management goals.
The integration and further implementation of thegotdescribed regional risk

assessment approaches lead to the regional risksmsent methodology developed in
the present Ph.D thesis and described in detailed Chapter 5.
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CHAPTER 3
Decision Support Systems (DSS) for environmentalsk

assessment

3.1 DSSs definitions and objectives

Many definitions have been proposed for Decisiopgut Systems (DSSs) applied in
different management fields (Pereira and Quinta®d@2p Decision Support Systems
can be generally defined as tools that can be ligetcision makers in order to have a
more structured analysis of a problem at hand aefinel possible options of

intervention to solve the problem (Jensen et al2@@ucks 1995, Simonovic 1996;

Salewicz and Nakayama 2003, Agostini et al., 2008).a general characterization,
DSSs are computer technology solutions that canskd to support complex decision
making and problem solving. Conventional DSSs &insi components for database
management, powerful modeling functions and powediiut simple) user interface

designs. In order to carry on its functions, a geneSS is composed of the following

components (Jensen et al 2002; Loucks 1995, Simori®96; Georgakakos 2004;

Salewicz and Nakayama 2003, Agostini et al., 2008):

- database(s) and data retrieval system;

- analytical models or algorithms;

- spatial analysis, usually performed through GIS;

- graphic and visualization tools, through GraphietJsterface;

- simulation and optimisation models.

The common objective of all decision support systeatcording to Loucks (1995), is

to “provide timely information that supports hun@decision makers — at whatever level
of decision making.” However, a DSS can be alteveft used in different manners, as

an information tool, as a learning tool, as a comication tool and as a management
tool (Lahmer, 2004, Agostini et al., 2008).

In order to handle different temporal and spaté@les, the majority of DSSs include

GIS (Geographic Information System) tools. Thesecdjg DSSs are often referred to
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as Spatial Decision Support Systems (SDSSs) (Agosti al., 2008, Dietrich et al,
2004, Malczewski, 1999; Carlon et al., 2008).

Moreover, some DSSs are Web-based, in order tt resenany users as possible and
allow information integration and sharing amongfatént users. In these cases, in
addition to the abovementioned basic elements,cdmponents for user application
(such as the web server and the client browseralaceincluded (Dietrich et al, 2004,
Agostini et al., 2008).

Finally, in order to support decision makers invsaj complex environmental
problems, many DSS implement Multicriteria DecisioAnalysis (MCDA)
methodologies which offer the ability to integrataicy preferences with the judgments
of technical experts (Figueira et al., 2005; Linkewal., 2007, Giove et al., 2009).
MCDA methods enable simultaneous consideration takeholder interests and
technical evaluations, utilizing rigorous sciemtifinethods to process technical
information. MCDA is especially important in siti@is of significant uncertainty and
data scarcity, such as management and restordtioontaminated sites. In Paragraph
3.3 a brief introduction to the background of MCD#ijth particular attention to
environmental DSS, will be reported.

3.2 Decision Suppot Systems (DSSs) for contaminatedestmanagement

In the remediation and management of contaminated the integration of different
disciplines, knowledge and decision-makers poiritsiew are critical. Moreover, in
order to efficiently cope with the problem of renmamn and management of
contaminated sites many issues must be consideresitd managers and interested
parties, such as (Van-Camp et al., 2004): (potigyjtieontaminated sites prioritization,
risk estimation, reduction of risk, socio-econominpacts on the area, technical
suitability and feasibility, time and cost perspees, possible reuse options,
stakeholders’ points of view. For this reasons, ni@nagement of contaminated sites
appears to be a complex problem which is furtheeatuated by the inclusion of spatial
evaluation in the different phases of the assessienthe preliminary survey, the
(potentially) contaminated sites prioritizationke tpreliminary site investigations, the
full site investigations and the remediation plagniThis complexity derives from the
need to select and plan site investigation and deatien intervention by balancing the
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environmental concerns caused by the contaminatotih the socio-economic
constraints and benefits, the technological linotet, the social acceptance of
redevelopment alternatives and the active particpaof concerned stakeholders
(Agostini et al., 2008). The complexity of the mgement process for contaminated
sites is defined by the many assessment and maeageuwestions to be answered and
by the choice of many possible intervention aaggiton the site (Pollard et al., 2004).
Computer-based systems aid site managers and stger@arties in gathering and
integrating information, selecting and applying Istieal procedures and defining
management options (Shim et al 2002; Ascough €08I12; Jensen et al 2002). In order
to help decision makers in this critical task, Bemn Support Systems may be
proposed, due to their ability of elaborating andhleating different data sets,
presenting results in understandable formats awodiging a common platform for
consensus-based decisions.

A significant benefit that a DSS can provide to teaominated sites managers is the
possibility to have a structured analysis of thecpss, in the best case from the problem
formulation to the reuse of the site. The decigoocess can be guided by the DSS in
each or in the majority of its decisional stepspbyviding related information, suitable
tools to address problems and possible optimakisok, by encouraging discussion of
necessary tradeoffs (Agostini et al., 2008).

In fact, DSSs can guide the users in the two phakése redevelopment process (i.e.
assessment and remediation) and can provide thre@pie tools to the decisions that
are posed in each of them (Sullivan et al., 1997).

In the assessment phase, risk assessment représeigtze of the phase. A DSS may
provide a platform that supports the user in tharatterization of the environmental
situation and in the automatic calculation of riskee spatial functionalities that some
systems include can be used to visualize, for elgntipe conceptual model of the site,
the contaminants distribution, to assess the dpatdationship between the
environmental components of the risk assessments@urces, pathways and receptors)
and thus to estimate the risk extension and toripze the contaminated sites which
first need further assessment (Semenzin, 2006).

In the case of selection of sampling or remediatexhnologies, a DSS may aid the
user by offering several criteria for an accuragénition and evaluation of the effects
of the choices in terms of performances, costseahvironmental impacts and so on
(Bonano et al., 2000; Khadam and Kaluarachchi, 2803an et al., 2004). The decision
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makers are facilitated in their selection because dystem can automatically show
advantages and disadvantages of each option andpnoaide a ranking based on
decision makers preferences (Semenzin, 2006) elmassessment phase, another critical
question is the involvement of experts and stalddrsl A DSS can facilitate the
achievement of a shared vision for the redeveloproénhe site of interest between
both experts and stakeholders (Pollard et al, 2064y example, Multi-Criteria
Decision Analysis (see paragraph 3.4 for more #@taan be included into DSSs in
order to allow consideration of different stakelesklpriorities and objectives (Linkov
et al, 2004; Giove et al, 2006) and also integratibdifferent issues (Semenzin, 2006).
This last feature of the DSS allow the inclusiorerpert judgments in the integration of
available information and the stake-holders poinview in balancing environmental
concerns and socio-economic constraints for thenitieh of alternative management
options, including the prioritization of potentiktontaminated site and the analysis of
multiple redevelopment scenarios.

In general, the use of DSS can provide transparandyopenness to the process, since
all decisions can be traced back by the systemcandoe accurately justified. The use
of DSSs by management authorities may avoid thethiat decisions are taken only in
consideration of partial information or with a disesement of preferences (Pollard et
al., 2004; Giove et al., 2006; Semenzin, 2006).

However, some issues can be identified when deirgjaggnd using DSSs: difficulty in
gaining acceptability, limitations in providing thly integrated information without the
rationale behind clearly explained, need to beinanusly updated, necessity to have
reliable input data and clear assumptions (Sullietal., 1997). Moreover, as a general
feature, a DSS should create a balance betweeoothplexity needed to address the
wide range of site conditions, and easiness to(8s#ivan et al., 1997). This is not
simple to be supplied, because the system shoulbimplete and helpful but at the
same time easy-to-use, flexible in site-specifialeations, manageable in terms of data
collection and input, reliable in the correctnedsresults (Agostini et al., 2008;
Semenzin, 2006).

Finally, the general characteristics of DSS fortaomnated sites strictly depends on the
specific contaminated site process questions wheédd to be addressed. In fact, when
designing and building a DSS, the choice of fumaldies and software components
strictly depends on the management objectives ttiatsystem has (Agostini et al.,

2008; Semenzin, 2006). As a consequence, as rdportkee following paragraph, there
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is a great variety of Decision Support Systems taots developed to answer specific
guestions of the process of contaminated sites gesment.

3.3 Identification of available Decision Support System for

contaminated sites management

As mentioned above, different Decision Support &yst and tools have been designed
to answer to specific questions concerning contatath site management. In this
Paragraph, few of those Decision Support Systemsdontaminated site management
are briefly described in order to give examplestlod objectives which drive the
development of Decision Support Systems for comated site management.
DESYRE (DEcision Support sYstem for REhabilitatioh contaminated sites) is
designed particularly to manage large contaminaites. DESYRE is a GIS-based
software composed of six interconnected modules phavide site characterization,
socio-economic analysis, risk assessment beforeafted the technologies selection,
technological aspects and alternative remediattemarios development (Pizzol et al.,
2009).

The ERA-MANIA DSS was developed to support the -sfiecific phase of the
Ecological Risk Assessment (ERA) for contaminatedssin particular, it is based on
the Triad approach (Rutgers and Den Besten, 20@%re the results provided by three
Lines of Evidence (LOESs) (i.e., chemistry/bioavhilidy, ecology and ecotoxicology)
are gathered and compared to support the assesantgvaluation of the ecosystem
impairment caused by the stressor(s) of concermé¢Bein et al., 2009).

RAAS (Remedial Action Assessment System) is a datisupport system designed to
assist remediation professionals at each stagkeoinivestigation and feasibility study
process. RAAS is based on two main components: R@@pch provides descriptive
information about technologies, contaminants, gulaions) and MEPAS (which is a
human health risk model). RAAS has the objectivelémtify remedial technologies for
the specific site conditions, remediation strategpd cleanup objectives, and to
estimate the effects of applying those technologi@sttp://www.osti.gov/
bridge/servlets/purl/6263513-x0b8ug/6263513.PDF).

SADA (Spatial Analysis and Decision Assistancea isoftware that incorporates tools

from environmental assessment fields into an effegbroblem solving environment.
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The capabilities of SADA can be used independeatlycollectively to address site
specific concerns when characterizing a contamihatie, assessing risk, determining
the location of future samples, and when desigmergedial action (Purucker et al.,
2009).

The REC system includes three tools developed taluate risk reduction,
environmental merit and costs of remediation alitves. The use of the tools can be
modular, which means that the three tools may led uslependently, but the main aim
is the integration of the risk, environmental imipaied cost aspects (Nijboer, 1998).
The NORISC Decision Support System basically guidles development of a
methodology for investigating and assessing a ooniEed site, in particular, for
determining the pollution occurrence in soil aneuwrdwater, as well as the risks
involved and the potential site reuse (http://wwavisc.com/).

The Web-based WELCOME IMS (Integrated Managemerat&ly) is a step-wise
approach to establish integrated risk based managieptans for large contaminated
sites, from the initial screening to the final aéfon of the remediation scenarios and
long-term site management plan. In fact WELCOMHed# from the other systems
because it provides an operational framework witiimch different tools are proposed
for application to address specific concerns (faaneple, risk assessment or scenarios
creation), but the outputs of the different apglmas are not linked together and
elaborated by the system (http://euwelcome.nl/kimigx.php).

SMARTe (Sustainable Management Approaches and &igation Tools — electronic)
is a free, open source, web-based, decision supgystem to help revitalize
communities and restore the environment. It is prily intended to help bring
potentially contaminated land back into productiyge. It contains resources and
analysis tools for all aspects of the revitalizatgrocess from definition of future land
use and stakeholder involvement to economic arglysiinancing, market costs and
benefits, environmental issues and liability aspetttis a holistic decision analysis
system that integrates these aspects of revitaizathile facilitating communication

and discussion among all stakeholders (Vega e2@09).
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3.4 Multi-Criteria Decision Analysis (MCDA) methods

Environmental decision problem are usually charasd by an high level of
complexity. In such a context, the Multi-Criteri€sion Analysis (MCDA) represents
an important and crucial step (Munda, 1994). TheDMCconsists of one or more
procedure to assist the decision maker(s) duriegptiases of the decision process, and
taking into account possible sources of uncertaartg/or different utility functions
(Giove et al.,, 2006). Some techniques rank opti@asne identify a single optimal
alternative, some provide an incomplete rankingd athers differentiate between
acceptable and unacceptable alternatives (Kiked.e2005). Multi Criteria Decision
Analysis (MCDA) includes a large class of methodsthe evaluation and ranking or
selection of different alternatives that considaelisthe aspects of a decision problem
involving many actors (Giove et al., 2009).
A structural platform common to almost all the demn problems includes the
following items:

- the decision maker (DM). A conceptual figure, aginperson, a group of

persons or an entity in charge of finding the sedtition for the problem under

assessment;

- a setd of alternatives, in the finite casé&:= {ay ""ﬂ'm}, beside whom the DM

must chose the best solution;

- a countable family of criteria or attributes or gaeter§ & = (k. Ky},
These are aspects of the problem which the DM dersicrucial and they also
define the alternatives. Criteria can be organin&mla hierarchical structure, i.e.
a decision tree where the root is the objectivetion whose leaves are the first-
level criteria, each of them split again into setdevel criteria (sub-criteria),
and so on till the last level, whose terminal leagee the indicators (or the last
level sub-criteria) formed by the available infotioa (data or judgments);

- an objective or target function (to be optimizedgd to score, and in case rank,

alternatives, usually an aggregation function;
- the decision maker’s preferences for the diffeeyatiuation of the criteria;

- an algorithmic tool designed to optimize the ohjecfunction, considering all

the above information.

! These three words can be seen as synonyms and are used indifferently throughout this thesis.
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Typically MCDA can be subdivided in three main gmees (Vincke, 1992):
MAUT/MAVT (Multi-Attribute Utility/Value Theory), Qutranking and Interactive
methods. However, as discussed by Giove et al.6j280d reported by Linkov et al.
(2004), the applications of MCDA to environmentablgems are mainly based on
MAUT/MAVT methods, where the attribute values otkalternative are aggregated
by means of a suitable “utility” function (or “vadti function) to obtain the score of the
investigated alternatives. This approach is basedhe hypothesis of rational and
consistency decision-maker (Bridges et al., 20843, implies the existence of both the
value functions and a suitable aggregation operddany methods exist to define the
value functions (Keeney and Raiffa, 1976), butrtlascription is beyond the aim of
this thesis. Also the aggregation operator needdeocarefully selected and, as
discussed by Giove et al. (2006), the simplest amubt widely used aggregation
function in the MAUT context is the weighted avaragoperator (WA), where all the
criteria values are multiplied by a weight, i.ereml number defined by mathematical
methods (e.g. AHP; Ramanathan, 2001). Finallyoaslf decision processes, MCDA
methods can be classified as single or multiplsgerThe latter one, where a group of
experts or decision makers is involved, belongtheoGroup Decision Theory. In this
case the MCDA algorithms have to include suitaldesensus measures showing how
much the group of decision makers agree or disagbmeit the alternative ranking
(Carlsson et al., 1992).
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CHAPTER 4
Spatial risk assessment in DESYRE

The spatial risk assessment methodology develap#tei DESYRE project was described
in Carlon et al, 2008. The next paragraphs reperntethodological section of this paper.

4.1 Remediation planning of contaminated megasites

The contamination of soil and groundwater can osignificant risk for human health and
the environment and, therefore, can limit the useresuse of the site. Hence, the
remediation of contaminated sites has the doubjecbbe of reducing the human and
environmental risk to acceptable levels and allgwtime re-use and re-development of the
site. Since remediation techniques can have addnievel of effectiveness and be
dramatically expensive, risk mitigation strategieed to be shaped on spatial and temporal
priorities, identification of most sensitive recey® and selection of most suitable
technologies.

This is especially relevant in the case of contated “megasites”. The term “megasites” is
used to indicate large (Kmscale) contaminated areas or impacted areas,rikestrial
harbours, petrochemical districts and mining arelharacterized by unacceptable costs for
complete clean-up (within currently used regulatiimeframes) due to political, economic,
social or technical constraints. Megasites are ettevacterised by: having multiple owners
and stakeholders; the need for an integrated m@sled approach at a regional scale
(Wolfgang and ter Meer, 2003; Rijnaarts and Wolfpga2003; WELCOME, 2004).

The remediation of megasites requires the spat@hnmng of interventions with an
effective definition of spatial and temporal priees (remediation plans). For this purpose,
the spatial distribution of risk must be estimatedthe basis of the presence of multiple
contamination sources and the distribution of huraad ecological receptors over the
megasite. The characterisation and distributionisi over the site provides the basis for
the identification of risk hotspots and for the emtion and allocation of specific
technological interventions, in order to enhanceesgies among single interventions and

optimize the overall efficiency in risk reduction.
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Thus, alternative remediation plans should be d@pesl and discussed with stakeholders.
Alternatives should be compared on the basis ofremmental benefits (the reduction of
human health and ecological risk), economic andoseconomic benefits (following the
re-use of the site), economic costs and environah@npacts of remediation works (Carlon
et al., 2007; USEPA,1999).

In order to support the overal decision processledicated Spatial Decision Support
System (SDSS) (Malczewski, 1999) can play a mapte. rThe invoked SDSS should
support the development and comparison of altarmatmediation scenarios, where risk
mitigation is related to the technical feasibilapd costs of remediation interventions, as
well as economic and social benefits after these-af the site (Pollard et al., 2004).

4.1.1 Spatial risk assessment

The risk assessment for contaminated sites reqtheesharacterisation of the potential
adverse health effects associated with human arndoemental exposure to soil and
groundwater contaminants. It is a systematic psoaesially divided into four steps: 1)

hazard assessment, 2) exposure assessment, 3)tytoagsessment and 4) risk
characterisation (US National Research Council 3198SEPA 1989; ECB, 2003). With

reference to these four phases, the spatial résolof risk assessment leads to five main
methodological challenges:

1. in the hazard assessmetite selection of chemicals of concern (CoC) lmatake

into account concentration levels as well as theatial distribution;

2. in the exposure assessmenepresentative contaminant concentrations for the

overall site have little significance, whereas eominant's spatial distributions have
to be considered in relation to potential receptors

3. in the risk characterisatiorthe spatial distribution of risk estimations hasbe

described. This can be achieved by the extrapolaifaisk indicators that can be
mapped. These mapping methods should retain toptissible extent multiple
information about the risk, like most relevant @ninants, pathways, receptors and
effects, associated uncertainty, that can be uskeiulthe spatial planning of

remediation interventions;
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4. in the uncertainty analysighe spatial distribution of risk estimations slibbe

complemented with the spatial distribution of thecertainty, in order to identify
those areas characterised by high risk and higkrtainty values and thus requiring
a better investigation plan;

5. for the definition of remediation planshe risk spatial distribution should support

the spatial allocation of risk reduction measures.

4.1.2 The spatial risk assessment in the DESYRE SDSS

For the purpose of supporting the formulation andgarison of remediation plans for

large contaminated sites, also called megasiteéSD&S software called DESYRE was

developed (Carlon et al., 2007). In DESYRE, outceroespatial risk assessment are the
basis for the selection and allocation of remedrmtiechnologies and the creation of
remediation plans. In a final module, each remashgblan is characterised by indicators of
risk reduction, socio-economic benefits and ecoausts.

In the following paragraphs the spatial risk assesg methodology implemented in the

DESYRE SDSS is presented. The adopted technitsticts are described and discussed
in relation to the above mentioned challenges i dpatial risk assessment, with also
reference to potential alternatives and improvesdrr the sake of clarity, an example of
application in a case study located within the ®dfiarghera megasite (Venice, ltaly) is

also provided in Chapter 6.

4.2 Methods

421 Hazard assessment

The aim is the selection of a reasonably small grotl substances, out of all those
monitored at the site, which are expected to pley major contribution of risk and to
which the risk analysis application can be restdctSince megasites are characterised by a

heterogeneous contamination from both the pointviedv of spatial distribution and
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multiple typologies of contaminants (up to hundrefisontaminants measured in one site),
the selection of the contaminants of concern (CisCa necessary, but sensitive phase.
Beside the conventional selection of contaminamtseeding regulatory concentration
thresholds, when available, the most popular praeedor the further selection of CoC,
named Toxicity-Concentration screen, is based erstioring of contaminants according to
their maximum observed concentration and toxicitgperties (USEPA, 1989). In some
cases, the frequency of analytical determinatiavatihe method detection limits (M.D.L.)
is considered: e.g. exclusion of substances weafuency of determination below M.D.L.
less than 5% (USEPA, 1989).

The Toxicity-Concentration screen does not condigerspatial variability of contaminants
concentration and is suitable for the identificatmf CoC in small contaminated sites, or
portions of larger sites. Similarly, for large sitthe application of criteria based on the
frequency of determination > M.D.L. can miss snpaltions of the site (e.g. < 5% of the
overall site) with relevant contamination.

In DESYRE, the Concentration Toxicity screen waglified for application to large sites
and complemented with other criteria. The propgeededure implies the application of 3
criteria:

1. regulatory criteria: selection of contaminants extieg the regulatory
concentration threshold, when available (e.g. tteejptable concentration limits
in soil and groundwater established by the Itategulation);

2. ranking of contaminants (in soil and groundwategrjhe Concentration
Toxicity screen method applied for the maximum @mration, according to
USEPA, 1989;

3. ranking of contaminants (in soil and groundwategrjhe Concentration

Toxicity screen method applied for the mean obseoacentration.

The first criterion, i.e. the regulatory one, allbww exclude a large number of chemicals
that are not likely to pose any significant advesffect to human health and environment.
The reliability and significance of this filter depds on the derivation methods of

regulatory limits enforced in the specific regiohpwever its application is largely
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conservative and may significantly reduce the numbé substances for which
toxicological properties have to be assessed (@ifand 3).

The Concentration-Toxicity screen is applied intesia 2 and 3, with reference to the
maximum and the mean observed concentrations, aigglg. The objective is to identify
the chemicals in a particular medium that, basec¢arcentration and toxicity, are most
likely to significantly contribute to the risks fexposure scenarios involving that particular
medium (USEPA, 1989). According to the EPA methib@, proposed procedure implies
the calculation of a hazard score (HS), for eadnubal in each medium (soil and water),

following Equation 4.1 for non carcinogenic substsiand Equation 4.2 for carcinogenic

substances.

__C .
HS = T Equation 4.1
HS=C_,. Equation 4.2

where C is the contaminant representative condarat the site in the analysed medium,
Tho_cardS the Reference Dose (RfD, mg/kg-day) anrgl:Ts the Slope Factor ([mg/kg-day]
). RfD is anestimate of a daily exposure level for the humapugation, including
sensitive subpopulations, that is likely to be withan appreciable risk of deleterious
effects during a portion of a lifetin{fe) SEPA, 1989).

The Slope Factor is defined asplausible upper-bound estimate of the probabitifya
response per unit intake of a chemical over aififet It assumes for carcinogens the
absence of concentration thresholds below whicadwerse effects are expected.
Chemical-specific hazard scores (H&e summed to obtain the total hazard scorg.,{HS
for all chemicals of potential concern in a mediseparate Hg will be calculated for
carcinogenic and non carcinogenic effects (USEFP89). The ratio of H30o HS.: can be
approximately regarded as the relative contributbrthat chemical to the overall risk at
the site. Chemicals are ranked according to th&ifHE; ratio and excluded if the ratio is

less than 1% (a lower percentage can be set).



In criteria 2, the representative concentratiorthat site, in the specific medium, is the
maximum concentration. It allows the identificatioh contaminants that, due to high
concentration peaks, might pose a relevant risome portion of the site.

In criteria 3, the representative concentratiorthat site, for each medium, is the mean
concentration. It allows the identification of cantinants that might pose a relevant risk
due to their spread presence at significant conagom over the all site.

The application of criteria 2 and 3 lead to theasafe consideration of 8 ranking lists: 4 for
each criteria, of which 2 for the soil and 2 fortara distinguished for carcinogenic and non
carcinogenic substances, respectively. In practice, partial redundancy of the 8 lists

usually allow for a reduced number of chemicals.

4.2.2 Exposure assessment

The spatial distribution of the Contaminants of Genm (CoC) has been estimated by the
use of geostatistical analysis allowing the incoation of the spatial continuity into the
estimation procedure and providing uncertainty gations (Isaaks and Srivastava, 1989).
For each CoC, the geostatistical interpolation @sscleads to a spatial raster map of the
contaminant concentration. The resolution of thsteramap depends firstly upon the
kriging interpolation grid, which is defined in ardance to basic geostatistical rules
(Isaaks and Srivastava, 1989), but can be lowdrigdér pixels) at the user convenience in
order to facilitate the interpretation of the mforeover, lower resolution can speed up
the computer calculation for risk assessment, wigatarried out at pixel level. Maps are
produced for contaminants in soil and water.
Acceptable concentrations in soil and groundwatercalculated on the basis of calculated
exposure for on site human receptors. As repredentine exposure diagram in Figure 4.1,
the considered impacted media are contaminate@sdibroundwater, and exposure routes
are ingestion of soil and groundwater, inhalatibwvapours and dust from soil, inhalation
of vapours from groundwater, dermal contact witth&od groundwater.

A preliminary modelling of lateral transport of tle®ntamination in the groundwater
medium through the application of the Domenico éignaDomenico and Schwartz, 1998)
and dilution factors in the surface water has begolemented in the DESYRE system.
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This type of modelling was recognised to be overpdified in the case of large

contaminated sites, because groundwater directiarsually variable and multiple surface
water receptors can be identified. On the othedharore accurate modelling is possible
with the application of external software modelg. éModFlow-2000 (Harbaugh et al.,
2000).

Release Transport Exposure

SIS Mechanism Medium Route R
On-site Off-site
Human Superficial
L Health water
Volatilization
and . . *
- — Outdoor Air — Inhalation ——»
particulate
emissions
— Ingestion ———» *
Contaminated R .
. > Soil
Soil
L—— Dermal contact —» *
» Leaching —— Groundwater ——— Ingestion ———» *
o . *
— Volatilization » Inhalaton ————»
Ingeston ——» *
Contaminated R
» Groundwater
Groundwater
Dermal contact —— *
*
Lateral >
transport

Figure 4.1. Exposure diagram that indicates comtatiin sources, release mechanisms,
transports medium, exposure routes and receptorsidared in the DESYRE

software.
4.2.3 Risk characterization
4.2.3.1 Calculation of Risk Based Acceptable Concentrations
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The software offers default exposure parametersthoee scenarios: the residential,
recreational and industrial land use, respectivEkposure parameters can be changed by
the user in order to fit better specific conditiarighe overall site, or portions of the site.

In the DESYRE software the calculation of accemabbncentrations in the analysed
medium is based on the standard algorithms eladxbray the American Society for
Testing and Material (ASTM, 1998).

Concerning the toxicity assessment step, the DESYRfware is supplied with a
toxicological database including Reference Dose Ifgestion, Inhalation and Dermal
Contact and Slope Factor for Ingestion, Inhalateomd Dermal Contact needed to
characterise the risk. The selected toxicologiclles represent the more conservative
values found in the following database: IRIS (USERB02) and RAIS (ORNL, 2002).

The multi-pathway acceptable concentrations ingbi€ medium and in the groundwater
medium are calculated by integrating the acceptablecentrations calculated for the
different exposure routes related to the specifedionm according to Equations 4.3 and
Equation 4.4, respectively (Norwegian Pollution €@ohAuthority, 1999).

1

1 N 1 N 1 N 1 Equation 4.3
ACSng ACSﬁc ACthal Acsng—w

MACS=

where:

MACS= Multi - pathwayAcceptabléConcentraonin theSoil medium

ACS,, =Acceptable&Concentraonin theSoil mediumrelatedto thesoilingestionpathway

ACS,, =Acceptable€oncentrabn in theSoil mediumrelatedto thesoil dermalkcontactpathway

ACS,,, =Acceptablé&oncentraon in theSoil mediumrelatedto thevolatilecompoundinddust
inhalationpathway

ACS,,., =Acceptable&Concentrabnin theSoil mediumrelatedtoleachingandwateringestion
pathway

1

1 N 1 N 1 Equation 4.4
ACGan ACGV\éc A("’G'V\{nhal

MACGw=
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Where:

MACGw = Multi - pathwayAcceptableConcentrabnin Goundwater
ACGw,,, = AcceptableConcentrabn in Groundwate relatedto thewateringestionpathway
ACGw ,. = AcceptableConcentrabn in Groundwate relatedto thewaterdermalcontact

ACGw ., = AcceptableConcentraibn in Groundwate relatedto thevolatilecompoundinhalationpathway

As mentioned above, a preliminary modelling of fatéransport of the contamination in
the groundwater medium through the applicatiorhef@omenico equation (Domenico and
Schwartz, 1998) and dilution factors in the surfaeer has been already implemented in
the DESYRE system, although not yet tested. Thesefts description is beyond the scope
of this thesis.

4232 Calculation of Risk Factor

The proposed spatial risk methodology is basecherestimation of the Risk Factor (RF)
for a specific medium. RF is defined as the ratevben the measured concentration and

the acceptable concentration in that medium asesgpd in Equation 4.5.

_ ESC
MACS

Equation 4.5

Where:
RF = Risk Factor;

ESC = Estimated Soil Concentration;

MACS = Multi-pathway Acceptable Concentration inilSo
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A similar equation is used to calculate the Riskctéia for groundwater: Estimated
Groundwater Concentration (EGwC) and Multi-pathwagceptable Concentration in
Groundwater (MACGw) are used in place of ESC andQ\&A

Based on the calculation for each cell of the rasb@acentration maps, the Risk Factor can
be mapped for each contaminant. In order to oldamore concise representation of the
risk and to finalise the risk assessment resulthéoidentification of suitable remediation
interventions, the selected contaminants are divid® six categories, in accordance with
the classification proposed by Federal Remediafi@ehnologies Roundtable (FRTR,
2002): Nonhalogenated Volatile Organic Compoundslogenated Volatile Organic
Compounds, Nonhalogenated Semivolatile Organic Gomgs, Halogenated Semivolatile
Organic Compounds, Fuels, Inorganics. These categorainly depend on basic physico-
chemical properties (e.g., water solubility, vappuessure, bio-degradability) that heavily
affect suitability and performance of various rem&dn interventions. In DESYRE the
risk mapping is referred to contaminants categprmesead of individual substances. Each
category includes a number of selected CoC. Thasvalto reduce significantly the number
of risk maps and to make them more helpful forfdrenulation of remediation plans.

The Risk factor is estimated at each cell of thd.dfor each category of contaminants, the
Risk Factor can be referred either to the maximaies of RF (RFmax) or the sum of the
values (RFsum) expressed by CoCs in that categbilyselection of the maximum value is
preferred when the aim of the analysis is to idgritie risks caused by the hot spots,
whereas the sum of the values represents poteatialulative effects of multiple
contaminants within the same category. The compar the two maps (RFmax and
Rfsum) supports the distinction between the casghich the risk is mainly associated to
specific contaminants within a specific categomnirthe case in which the risk is due to
the cumulative contributions of several contamisant

With respect to the conventional characterisatibrisk in terms of Hazard Quotients and
incremental Risk (UPEPA, 1989) for non carcinogenitd carcinogenic substances,
respectively, the RF indicator has the advantagepravide a common scale for
carcinogenic and non carcinogenic contaminanteyallg the comparison and summation

of the risk posed by both of them.
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4.2.3.3 Vector transformation

Raster maps of RFmax and RFsum represent the Ispiatidbution of the risk factor, but
they do not provide a discrete zoning of the sid, anore important, they do not retain
relevant information about the risk characterigatike the identification of most relevant
contaminants, exposure pathways and impacted sgphat is complementary to spatial
features for the planning of interventions.

In DESYRE, a process of vector transformation oweres this limitation. RFmax (or
Rfsum) values are divided into five classes: RE, 1 < RF< 3, 3 < RF< 10, 10 < R
100, RF > 100, respectively. These risk factors#daswere developed in order to support
the decision maker in the evaluation and selecifahe remediation technologies required
for reaching an acceptable residual risk fact@. RF = 1). The proposed RF thresholds
values are referred to specific remediation teabgwlperformances which allow the
achievement of a residual risk factor equal to.4. ®7% for RF equal to 3; 90% for RF
equal to 10; 99% for RF equal to 100 and 100% febkRjger than 100).

Accordingly, in the vector transformation procesi$the cells, which are characterised by
the same risk factor class and are concurrentlyiadlyalinked (i.e. adjacent), identify a
homogeneous risk-based area. The transformatitimeafaster maps into vector maps leads
to the zoning of the site according to risk levabere each zone is identified as a vector
object.

The vector transformation permits to link every eqmector object) to a repository (i.e. a
table) of intermediate results of the derivationRifmax (or RFsum), such as the relative
contribution of various contaminants in the samegary and the relative contribution of
various exposure pathways. This information campdyeped up by clicking on one of the
homogeneous areas and can support the expert éoehesmprehensive understanding of
the parameters that more influence the risk assa#srasults (e.g., Figure 6.1 for the case

study).
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4.2.4 Uncertainty analysis

The DESYRE software supports the probabilisticnestion of the risk factor, which also
provides an indication of the propagation of theartainty in the input values into the risk
estimate. The probabilistic risk assessment iscbasethe Monte Carlo analysis that is a
popular statistical sampling technique for obtagnen probabilistic approximation to the
solution of a mathematical equation or model. Tteshnique is used to characterise the
uncertainty and variability in risk estimates bypeatedly sampling the probability
distributions of the risk equation inputs and usiihgse inputs to calculate a range of risk
values (USEPA, 2001). Within the DESYRE softwales Monte Carlo analysis has been
used to calculate the value of the Acceptable Qunagon in the source medium. For
every selected substance and analysed pathwaypriiéess leads to the definition of the
empirical distribution of the acceptable concemra{AC) in the considered medium. The
DESYRE software provides the possibility to introduprobability distributions for all
input variables, encompassing all the exposure,sipbychemical, toxicological and
hydrogeological parameters (e.g., Tables 6.2, &8, 6.4 respectively in the case study
application).

The parameters chosen to describe the Acceptaliee@tration distribution are the '50
and 8" percentiles. The first one is related to the @rtendency of the risk distribution,
while the %' percentile is related to the high-end of the ridistribution and is
representative of the Reasonable Maximum ExposU®EPA, 2001). The difference
between the Central Tendency Exposure (CTE) andRéesonable Maximum Exposure
(RME) gives an initial indication of the degreeuricertainty in the risk estimate.

Similarly to Equation 3 for the calculation of sMIAC, in the probabilistic risk assessment
the computation of the Multi-pathway Acceptable €emtration (MAC) in the analysed
source medium was performed by the Equations 4db 4i. Equation 4.6 is used to
calculate the 50 percentile (median) of the distribution of the Kitplathway Acceptable

Concentration (MAC), while Equation 4.7 calculatee 5" percentile. The source of the

contamination is soil.

61



MACSMEDIAN) =
1 + 1 + 1 + 1 Eq 4.6
ACSng MEDIAN AC%CMEDlAN ACthal MEDIAN ACSng_WMEmAN

where:

MACS(MEDIAN) = 50" percentileof of thedistribution of theMulti - pathwayAcceptableConcentraion (MAC)

ACS, g comn = 50" percentileof of thedistribution of theAcceptableConcentraion in thesoil medium(ACS) related
to thesoil ingestionpathway

ACS,.eomn = 50" percentileof of thedistribution of theAcceptableConcentraibn in thesoil medium(ACS) related
to thesoil dermalconctactpathway

ACS, hameomn = 50" percentileof of thedistribution of theAcceptableConcentraibn in thesoil medium(ACS) related
tothevolatile compoundanddustinhalationpatway

ACS = 50" percentileof of thedistributionof theAcceptableConcentrabn in thesoil medium(ACS) related

INg_WMEDIAN

tothewateringestionpathway

1

1 + 1 + 1 + 1 Eq 4.7
ACS”Q&h_%iIe ACS’CSth_%iIe ACthalah_%ile ACSng,Wah_%ne

MACSGth_ %ile) =

where:

MACS(5" percentilg = 5™ percentileof of thedistributionof theMulti - pathwayAcceptableConcentrabn (MAC)

ACS.o.., wie =5" percentileof of thedistributionof theAcceptableConcentrabnin thesoilmedium(ACS)related
to thesoilingestionpathway

ACS, 5, o1 = 5" Percentileof of thedistributionof theAcceptableConcentrdon in thesoil medium(ACS)related
to thesoil dermalconctacipathway

ACS, aisn wie =5 Percentileof of thedistribution of theAcceptableConcentrabnin thesoilmedium(ACS)related
tothevolatilecompoundanddustinhalationpatway

ACS. g wan s =5" percentileof of thedistributionof theAcceptableConcentrabnin thesoil medium(ACS)related

tothewateringestionpathway
The human risk is estimated by the use of thefastor that is defined as the quotient
between the estimated concentration in the sousgium and the acceptable concentration
for that medium. The median and thé"3®rcentile of the distribution of the risk factre

calculated according to Equation 4.8 and Equati®nréspectively.

62



ESC
RF(MEDIAN) =
( )= MACS(MEDIAN) Eq4.8

| ESC
RF(95th_%e) =
(O5th_e) = i ACS5th_%aie) Eq4.9

where:

RF(MEDIAN) = median of the Risk Factor;

RF(95th %ile) = 9% percentile of the distribution of the Risk Factor;

ESC = Estimated Soil Concentration;

MACS(MEDIAN) = 50" percentile of the distribution of the Multi-pathy#cceptable
Concentration (MAC) in Soil.

MACS(5th %ile) = §' percentile of the distribution of the Multi-pathyacceptable
Concentration (MAC) in Soil.

The aggregation into contaminants categories,isikemapping and vector transformation
of both RF(MEDIAN) and RF(98 percentile) are performed with analogy to the
deterministic risk assessment described withimptiegious paragraphs.

An uncertainty indicator is calculated as the défece between the 8%ercentile and the

median of the Risk Factor, as expressed in Equdtibd.

Uncertaint=RRF(95th_%e)-RF(MEDIAN Eq 4.10

where:

RF(95th_%ile) = 98 percentile of the Risk Factor distribution;
RF(MEDIAN) = median of the Risk Factor distribution
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With reference to the six contaminant categoriesgettainty indicators are calculated for
both RF,.x and REym at each cell of the grid. Analogously to RF, thetem can generate
raster and vector maps of uncertainty indicators.

The same calculation is performed to generate ik Ractor for groundwater, where
Estimated Groundwater Concentration (EGwC) and Mathway Acceptable
Concentration in Groundwater (MACGw) are used arcplof ESC and MACS.



CHAPTER 5

Regional risk assessment implemented in SYRIADE

In order to support the risk based inventory oftaoninated sites at regional scale, a
Spatial Decision Support System (SDSS) was desigmedimplemented by the EU
JRC and Venice Research Consortium. The systemalisdc SYRIADE (Spatial
decision support sYstem for Reglonal AssessmerbiBgraded land) and allows to
rank potentially contaminated sites and mining eastes at the regional level; to rank
risk sources hazard and receptors vulnerabilityintegrate risk and socio-economic
perspectives for the definition of integrated mamagnt areas. SYRIADE is a GIS
(Geographical Information System)-based and MCDA ul{Mcriteria Decision
Analysis)-based SDSS that implements regional aladive risk assessments to support
the ranking of potentially contaminated sites whakestigation activities are urgently
required. In the next paragraphs, the regional redésessment methodology
implemented in SYRIADE is described in detailed,iletits application is provided in
Chapter 7.

5.1 Regional risk assessment implemented in the SYRIADBSS

The proposed regional risk assessment methodolagybe divided into six different
steps which derive from the integration of the stgpoposed by Hunsaker and
colleagues (Hunsaker et al., 1990) with the re¢atisk model proposed by Landis and
colleagues (Landis, 2005), namely:
- definition of the regional exposure diagram;
- exposure routes risk factor estimation algorithdgdinition of the general
relative risk model and consequent relative riskadigns for the quantification
of the relationship between the sources and theptecs throughout the
integration of the sources hazard scores, pathywag(ses and receptor
vulnerability scores;
- hazard analysis: qualitative and quantitative dpson of the source in terms of
its hazard by the definition of an appropriate sapsystem;
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- vulnerability analysis: receptors vulnerabilityigsdtion throughout the
identification of suitable parameters and the dedin of an appropriate scoring
system to integrate them;

- pathway relevance analysis: identification of sgigiatterns of exposure and
assignment of appropriate pathways scores througheudentification of
suitable parameters and the definition of an appatgscoring system to
integrate them;

- regional risk estimation: estimation of the overalhtive risk posed by each
source through the integration of the risk scostgrated for all impacted
receptors in consideration of all considered pattswva

51.1 Definition of the regional exposure diagram

The first step for the implementation of the regibnsk assessment methodology is the
definition of the exposure diagram which identiftee contamination sources, the main
release mechanisms, the main potential transptntvags and exposure routes and the
receptors which can come in contact with the comtation sources. As reported in Fig
5.1, the chosen potential exposure pathways werdetiching of the contaminants of
concern through the vadose zone to the groundwéter,volatilization and wind
transport, and the migration of the contaminationtlte surface water. The main
recognized receptors were humans, surface wateundwater and protected areas.
Surface water and groundwater are equally a receptd a contamination transport

medium towards other receptors such as proteceabsar
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Exposure diagram

Sources Pathways REEEIIE
Secondary sources|
—v| Leaching I Groundwater |—
Sources —
1 [ —
—v| Volatilization/wind transport i Protected areas |,
—v| Migration to superficial water I Surface water —

Human health

Figure 5.1. Exposure diagram for regional risk sssent, illustrating selected
pathways that connect the contamination sourctéseteelevant receptors.

512 Definition of the general relative risk model

On the basis of the exposure diagram reported gurEi 5.1, the regional risk
assessment components can be identified and tregi@os used for the estimation of
the risk factors posed by the identified contamorasources can be proposed.

The components of the general function for thenestion of the risk factor related to a
contamination source;,Sa target Tand a transport pathway k are reported in Equation
5.1:

R, = F[HS. VT, f(m.n).4,| Equation 5.1

where:

R = risk factor related to a contamination sourgea®arget Tand a transport
pathwayk;

HS = hazard score for the source S

VT; = vulnerability score for the receptoy;, T

f(my) = score of the pathwdyestimated taking into account m parameters

characterizing the pathway
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di _ vector concerning the distance and/or the doedietween the source &d the

receptor T.

Equation 5.1 is general and needs to be adaptigt tdifferent identified receptors and
the analyzed exposure pathways present in the edlapiposure diagram reported in
Figure 5.1.

With reference to the general Equation 5.1, thegration of the risk factor components
(i.e. a contamination source, & target Tand a transport pathway k) is proposed as a
product of the considered component scores, astegpim Equation 5.2:

Ry =HS * f(m.,n)*VT, Equation 5.2

where

HS = hazard score for the sourcg & described in Paragraph 5.1.3. Since more than
one activity may have operated in the same sitellsameously, HShas an open
scale even if its three composing parameters tpxacity, size and time) can be
scored only in a 0-10 scale.

VT; = vulnerability score for the receptoy, Which is estimated according to the MCDA
procedure described in Paragraph 5.1.4., can naay0r1 scale.

f(myg, n) = score of the pathway k estimated taking intooaat the m, n parameters
characterizing the pathway. The approach for ttienason of the pathway score
is obtained adapting the MCDA procedure developmdréceptor vulnerability
and described in Paragraph 5.1.5. Accordingly,taaway relevance score can

vary in a 0-1 scale.

In the cases where there is a direct contact betvlee source and the receptor (i.e
human health risk factor estimation or groundwatds factor estimation), Equation 5.2

is performed taking into account only the hazard @re vulnerability scores, since the
pathway score is posed equal to 1.

In Table 5.1 the receptors, the exposure pathwiagscomponents of the regional risk
assessment engaged in the aggregation functiongh@&ndumber of the calculation

needed for the estimation of the relative risk plosg a contamination source t8 the

potential impacted receptors are reported.
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Table 5.1. Identification of the targets, the expespathways, the components engaged in the adgredanctions and the number of the
calculation needed for the estimation of the reéatisk posed by a contamination sourcéoS3he potential impacted receptors.
(S= contamination source; GW and gw = groundwater; &W sw = surface water; HH = Human Health; PA etéuted

Area)
Relative risk| Target| Pathway| Components which Number  of  calculations Spatial aspects
(Ri) (Ty) k contribute to the needed for the estimation of
aggregation functions the regional risk
R ow GW HS VT, 1 (for each Sonly the hydro4{ In the region the hydro-geologicgal

geological homogeneous arehomogeneous areas are identified (see
it belongs to is considered) | Paragraph 5.1.4.1)
R. SW HS, VT,,,d _dist 1 (for each § only the| In the region, the homogenous surface water
homogenous surface wateelement are identified (see Paragraph 5.1.4.1)
element it belongs to isOnly the homogenous surface water elements

considered) within a defined distanced, from the
sources are considered
R HH wind HS VT 1 (for each S only 1|In the region the administrative units are
V,HH (I HH e . . L. . .
administrative unit ig identified and characterized by selected
considered) parameters
R, pa PA wind HS ,VT,,,d _dist N = number of PAs which canOnly the protected areas within a defined

be connected to the source| Yistance,d , from the sources are considered
by a distance d

R, QwPA PA gw HS ,VT,,, f(kgw),d_dir M = number of PAs which areln the region some hydro-geologigal
’ located in the same hydrphomogeneous areas are identified (see
geological homogeneous argRaragraph 5.1.4.1). Only the directipn

of the $ and are downstreainzomponent of the distance vecta , is
with respect to the;S considered (i.e. PAs are downstream with
respect to the;S

- L = number of pairs of Sand| For each Sand PA only an homogenou
HS VT, f(k).d PA which are connected bysurface water element is considered (SW
the river network (within a Only the protected areas and the sources

defined distance d from theyithin a defined distanced, from the

river) and when the BAIS| nomogenous surface water elements |are

[72)

R i, SWPA PA’ sw
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All the regional risk assessment components defimedTable 5.1 need to be
characterized by appropriate relevant attributdgesé attributes should be identified
case by case according to the context in whichrélggonal risk assessment has to be
applied and the information available in the speaigional context. The aggregation
of the identified attributes for the estimation thle target vulnerability score and
pathways score is performed by means of Multi @at®ecision Analysis (MCDA).
MCDA includes a large class of methods for the eatbn and ranking or selection of
different alternatives that considers all the atpexd a decision problem involving
many actors (Giove et al., 2009). The solution psagl in this thesis is the use of
MAVT techniques which are most suitable in caseserhalternatives and criteria
(attributes in our case) are numerical continucaisies to be aggregated in one score,
such as in the vulnerability evaluation and pattsvagore estimation. In Multi-
Attribute Utility/Value Theory (MAUT/MAVT), criteron values are first normalized
into a common numerical scale by means of a satatansformation function (or
Utility/Value Function). Then criteria are aggregghtoy a suitable aggregation operator,
a function which satisfies a set of rationalityaxs.

The aggregation operator selected for the vulnknaleivaluation and pathways score
estimation is the Choquet integral which is an aggtion function based on a non-
additive measure which tries to average the sagike to each different coalition (i.e.
subset) of criteria rather than on single critersmores (Choquet 1953; Murofushi &
Sugeno 1987). A detailed description of the MCDAtmoedology developed for the
SYRIADE project is provided in Paragraph 5.1.4.5.

In the following paragraphs the methodologies foe estimation of the regional risk
assessment components scores will be presenteddueces hazard score estimation,

targets vulnerability scores estimation and pattswalevance scores estimation).

5.1.3 Hazard analysis

According to Van-Camp and colleagues, (2004a),@€imtially contaminated site” is a
“site where an activity is or has been operatedt they have caused soil
contamination”. The aim of the hazard analysis $ejhe estimation of a hazard score
for each potentially contaminated site on the bakihe potentially polluting activities
which are or have been operated at the site. Siifile@ent industrial activities may be

present or were present in the same site now threipast, in order to estimate the total

70



contaminated site hazard, the composing activaiesild first be analyzed separately in
their hazard, and then the resulting hazards sunmaogather.
The hazard of a potential contamination activityaisite is estimated by evaluation of
three main parameters (which can be easily foundeamluated in a screening phase):
- the toxicity of the economic activities presentarsite on the basis of the
substances potentially produced;
- the size of the industrial activity which can bepeessed as production,
number of employees, area of the site or volumgsaduced waste;
- the time of operation, which defines the lengthaofonsidered activity in a
site, set to a maximum of 100 years from the presen

In the next paragraphs the three main parameterdiscussed in more details and the
approach for their final integration, which leadsthe estimation of the hazard score
associated to each contaminated site located irethen of concern, is presented.

The toxicity of the economic activities presentairsite is evaluated in relation to the
risk phrases associated to the substances thactivdy may produce and release into
soil, and the scores of these risk phrases repantade PRA.MS procedure (EEA,
2005b). The potentially released substances ardifieéel by the DoE industry profiles
(UK Environment Agency, 1995) and NORISC studied sports (NORISC).

The calculation of the toxicity score of an indigtiactivity is independent from the
site-specific parameters and can be determinetineffand assigned from the beginning
to a specific industrial activity. The process @a#oto provide a quantitative score of this
parameter in a 0-10 scale.

The substances which can be released into sotfliaiged in the categories or single
substances defined in the NORISC project, such @sal Jpetroleum hydrocarbons,
Aliphatic hydrocarbons, Polychlorinated HydrocarbonVolatile Halogenated
Hydrocarbons, Aromatic Hydrocarbons, Polyciclicraatic hydrocarbons, Inorganics,
Dioxins and furans, Pesticides, MTBE, Chlorinatedratic Hydrocarbons, Organotin
compounds, Total chlorophenols, Explosives, Phendsganolead compounds,
Cadmium, Copper, Chromium, Arsenic, Zinc, Nickel,efdury, Lead. To each
substance one or more risk phrases are associ@erdag to the information available
in the internet site:

http://www.ilo.org/public/english/protection/safevkécis/products/icsc/dtasht/riskphrs/i
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ndex.htm Equally, to each risk phrase a score is assigedrding to the PRA.MS
methodology.

In order to estimate the overall toxicity for a givindustrial activity, the following
methodology has been developed.

Let:

- n = number of categories;

- N; = number of substances belonging to the categgry 1, ..., n);

- 0jj = the PRAMS score for the substance i which isesgntative of the category j;

= Mmax. j = maxX 0f0)| ,l:IJ = 1, sy n,
! i=1...N; :

n
-M=>cu.. = thesum of the maximum scores which can beciatsd to each
=1 :

category in relation to the substances belongirtbabcategory;

-x U {0,1},j =1, ..., n, which means the presence (flatdeast 1 substance within the

category or the absence (0) of that category becaassubstance can be potentially
produced by the considered activity.

The substance i, belonging to the category j, ctarsed by the maximum risk phrase

score is chosen as representative substance catbgory j and its score is associated
to the analysed category, by default. Otherwise,user can identify the representative
substance for the considered category and theecetagk phrase score is associated to
the whole category.

The score of the overall toxicity for a given inthied activity can be obtained through

the application of Equation 5.3:

2 X

- = Equation 5.3
Toxicity=10 El"lT a

The first term is multiplied by 10 to set the vadue a 0-10 scale.

The mechanism can be equally described by a tranaf@mn function of the values of
the different toxicity scores, for which the maximus the sum of all the maximum
scores which has been assigned to all the catsgamel it is scored 10, while the other

sums are scored in an interval from 0 to 10. Is #pproach, the assumption that all the
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substances potentially produced by an activityrateased in the same way, is made.
Moreover, the approach is based on the additivfitpxicity of the different substances,
which justifies the importance given to the sumcohtributions of the toxicity of
several substances. Finally, it must be noted ith#his linear aggregation of toxicity
scores, compensability among the different indigideiements is assumed because the
scores have the meaning of trade-off ratio or swibsin rates (Munda, 2005).

For the size parameter, information on productimmber of employees, area of the
activity or volume of wastes is taken into accoudeally the production would provide
the most significant information, but when abseéné other parameters are used as its
proxy estimation.

Similarly to what was developed in Paragraph 541.4or the vulnerability score
estimation, a normalisation function is appliedhe size parameters values in order to
map values from different domain spaces into alsinogdomain space. The codomain
space used for the size score estimation is [0thQf all size parameter values are
converted into this space by using different noinadilon functions. The simplest way
to define such a function, with respect to expedgments, is the use of continuous
piecewise linear functions identified by the valuegorted in Table 5.2.

Table 5.2. Size values used in the normalisatioctfan.

Source size in terms ofSource size in terms ¢fSource size in terms of theScore
volume of stored wastesvolume of contaminatedarea extent of surface soil

soil: contamination
m° m° m’
> 300000 > 1500000 > 1500000 10
100001-300000 500001-1500000 500001 - 1500000 8.3
30001-100000 150001-500000 150001 - 500000 6.7
10001-30000 50001-150000 50001 - 150000 5.0
3001-10000 15001-50000 15001 - 50000 3.3
1001-3000 5001-15000 5001 - 15000 1.7
<1000 <5000 <5000 0.3
Source size in terms ¢fSource size in terms of Score
Number of employeesNumber of employees
for service industry for Production Industry
> 100 > 1000 10
16 - 100 101 - 1000 6.3
<15 <100 2.5
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As established in the PRA.MS procedure, the indmsatof volume of wastes,
employees and area are not used simultaneouslyatingr there is a preferential order

for their use (first volume, second area, third benof employees).

Finally, time represents the length of operatioreath activity on a site. The system
considers a maximum timeframe of analysis of 108ryé&om the present.

To be comparable to the scales of the other twarpaters, also the time is easily
reported into a 1-10 scale dividing the length pémtion of each activity on a site by
10. When site-specific data on operation time aoé awvailable, in a conservative
approach, the attributed default values is 10.

For each activity, the normalized size value, thadity value and the normalised time
value are multiplied in order to estimate the attitiazard score.

When more than one activity insists on the sanes #ie hazard scores of each activity
are summed up in order to obtain the total hazeodesfor the potentially contaminated

site as reported in Table 5.3.

By considering the fixed timeframe of 100 year® thaximum score for each activity
can be 10x10x10, which defines the worse situatidnpotential contamination
occurring when a single activity with the highexitoty and a wide dimension is
present for all the 100 years. However, since sitea more than one activity can be
present, the hazard score have an open scale.

Therefore, by applying this procedure, it is poesiio identify the group of sites that
have the highest scores of hazard, thus identifinoge sites that are surely much more

hazardous than the others.

514 Vulnerability analysis

The term ‘vulnerability of groundwater to contantioa’ was introduced by Jean
Margat in the late 1960s (Vrba and Zaporozec, 1994g concept is based on the
assumption that the soil-rock groundwater systery pravide a degree of protection
against contamination of groundwater by ‘self-goafion’ or ‘natural attenuation’

(Zaporozec, 2001). This definition recognizes ttie vulnerability depends on the

characteristics of the site and that differing saild hydrogeological conditions will
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give differing levels of vulnerability and affordfférent degrees of protection. It is also
important to note that this concept is indepenadémhe nature of the pollutant (Worrall,
2005).

The DRASTIC method developed by Aller et al. (1985pne of the most widely used
methods to assess intrinsic groundwater vulnetghiti contamination (Banton and
Villeneuve, 1989; Evans and Mayers, 1990; Navul986; Rupert, 2001; Al-Adamat et
al., 2003; Babiker et al., 2005). The DRASTIC methas developed by the US EPA
to be a standardized system for evaluating groutetwailnerability to pollution (Aller
et al., 1985). DRASTIC can be used to set prigitier areas where groundwater
monitoring activities can be carried out. DRASTIKC riamed in consideration of the
seven factors considered in the method: Depth tenvaet Recharge, Aquifer media,
Soil media, Topography, Impact of vadose zone meatd hydraulic Conductivity of
the aquifer (Aller et al., 1985).

Although different stand-alone approaches are ablEl for the estimation of
groundwater vulnerability to contaminated siteg, same cannot be stated for the other
identified regional targets. However, different verlability assessment methodologies
were developed for human and/or ecological receptar order to support the
assessment of relative risks posed by contamirsatesl at regional scales (EEA, 2004).
A review and analysis of the available relativek riassessment procedures for
preliminary and simplified risk assessment of (pttdly) contaminated sites was
published in a report of the European Environmegecy (EEA, 2004) where 27
existing and documented international methodologiese analyzed. The reviewed
methodologies are generally applied at the natiamalregional level for ranking
(potentially) contaminated sites on the basis @iilable data in order to plan priority of
actions in terms of detailed site investigation ,aimd some cases, direct remedial
measures. All methodologies have a similar apprdachthe estimation, in terms of
scores, of the sensitivity of the identified regibrreceptors to the potentially
contaminated sites. The review allowed to identi#gd list the most common
parameters used, in the reviewed methodologiesthirestimation of the receptors
vulnerability to potentially contaminated sites @&E2005a). This list was the starting
point for the identification of the receptor parders to be used in the vulnerability
methodology proposed in this paper. Neverthelégsspatial evolution of the analyzed
receptor vulnerability estimation is one of the masues tackled in the present work.

In fact, along with the emerging recognition of tleéevance of spatial aspects in the
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management of contaminated sites, the need toimdeaccount spatial variability is
increasingly being recognized as a further andrgsdestep in sound vulnerability,
exposure and risk assessments (Loos et al., 20060amp et al., 2004b, Carlon et al.,
2008). Indeed, environmental problems are tradiigrassessed and presented in non
spatial ways although the heterogeneity of theiapalistribution of the variables
involved in the vulnerability and risk assessmerdrgyly influence receptor sensitivity
analysis, exposure estimations and hence risksiiMssen and Van der Zee 1996;
Hope 2000; Korre et al. 2002; Linkov et al. 200ziri&s et al. 2005; Makropoulos and
Butler 2006; Sundaram, 2008).

The proposed vulnerability assessment methodologytife estimation of receptors
sensitivity to contaminated sites at regional scadémls with both spatial entities
relationships and entities properties which aregrdated by the use of multi criteria
decisional methods. The methodology can be divided5 different steps, namely:
1. identification of the regional scale receptors;
2. identification of the attributes relevant for thetimation of the receptor
vulnerability to contaminated sites;
3. spatial attribution of the identified vulnerabiligftribute values;
4. normalisation of the vulnerability attribute values
5. aggregation of the vulnerability attribute values arder to estimate the
receptor vulnerability through the use of MCDA nwtblogies.
In the following paragraphs the whole methodologpiliesented by explaining in detail

each of the five steps presented above.

5.14.1 Identification of the regional scale receptors

As reported in Figure 5.1, the selected receptmihtaminated sites at regional scale
are humans, surface water, groundwater and proteceas. For each receptor a spatial
entity has been defined. As far as humans are coede appropriate administrative
units (municipality, district, province) can be dsewhile for surface water and
groundwater effective homogeneous surface watemeries and hydro-geological
homogeneous areas need to be identified, resphctive

In the proposed methodology, the identificatiothomogeneous surface water elements

is made through the use of a suitable catchmeih¢ $&eel within the hierarchical river
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network as defined at the European level (JRC, pQIi’'the segment rivers belonging
to the identified catchment scale level composéngles homogeneous surface water
element. On the other hand, the hydro-geologiceldgeneous areas can be defined as
aquifers which are not hydraulically linked togetkidubbert, 1940). Finally, protected
areas spatial entities can be identified by theeexgr decision maker according to the
geographical extension and distribution of the geted areas of concern.

5.1.4.2 Identification of the attributes relevant for the estimation of the
receptor vulnerability to contaminated sites

For each identified regional receptor, a list ofgmaeters (corresponding to attributes in
MCDA) relevant for the estimation of receptor vulalgility to contaminated sites have
to be selected, according to the selection critarid suggestions provided by EEA
(2004 and 2005 a and b) and Landis (2005). Thenpetexs selection needs to be
adapted to the different case studies taking intmant the data available for the region
under analysis. The list of parameters selectedhercase study area are reported in

Table 7.2 and discussed in Chapter 7.

5.1.4.3 Spatial aggregation of the identified vulnerabilityattribute values

Once the regional targets are identified and tlpe@s relevant for the estimation of
their vulnerability to contaminated sites are sddcit is then necessary to attribute all
the selected vulnerability attribute values to theatial entities representing the
identified targets, since not all vulnerability eeant attributes are aspects directly
characterizing only the target entity (TE) of comgebut rather are aspects of the
surrounding and embedding land.

GIS spatial aggregation techniques are suitablés ttm support the collection and
assignment of these attributes to the TE (Worboyu&kham, 2004). For the proposed
methodology, a suitable software application witAncGIS9.2 was developed in order
to perform the following spatial aggregations: miom, maximum, average, sum,

widest area, density and area based weighted aerag
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An example of widest area application is reportedrigure 5.2, where the objective of
the aggregation function is to assign to the Tk, ghoundwater quality class value

belonging to the widest intersecting area.

Groundwater quality spatial agregation

=

Groundwater quality
N BRA
N BR
la
b
lla
b
]

Figure 5.2: Groundwater quality class attributiog means of the widest area
aggregation function. The left side shows the Ilagentaining the
groundwater quality classes, while on the right dihe homogeneous
groundwater area (i.e. TE) is identified. Qualitgsses codes are reported
in Table 1.

The attributes values attribution should be perfmfor each of the relevant
parameters identified for the estimation of theioegl targets’ vulnerability, selecting
the most suitable aggregation function betweenetmesntioned above.

5.14.4 Normalization of the vulnerability parameters value

The result of the attributes values attributionpste that every TE contains in its
attributes set all the attributes values which Wwél aggregated in order to estimate the
vulnerability score for each TE. However, beforengeable to aggregate the attributes
values, a normalization procedure should be perdrin order to convert all attributes
into the same domain space.

Normalization consists in the application of a dedl function in order to map values
from different domain spaces into a single codonsaisice. The codomain space used in
the proposed approach is [0,1], thus all TES' latke values are converted into this
space by using normalization functions shaped aaogrto attributes’ relevance in

vulnerability evaluation.
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The normalization of a finite number of discretdues as well as of a set of labeled
classes (e.g. OLD, MID AGE, YUNG) is as simple las attribution of a score in [0,1]
for each domain value. While the normalization dadrgmeters characterized by
continuous, possibly infinite, values is concerneith the definition of a scoring
function. The simplest way to define such a funttiwith respect of expert judgments,
is the use of continuous piecewise linear functisf®se points of segmentation are
defined by the experts. Within the proposed methalg such attribution is guided by
normalization tables, as reported in Table 1. Thedected classes and their
corresponding scores have been set by the expéitgytinto account PRA.MS (EEA,
2005b) suggestions when possible. In Figure 5.3& 3im population density and
typology normalization functions are derived ac@ogdto the normalization scores
reported in Table 1. In the former case (Fig 5&ahonotonic ascendant quasi linear
function is used because Human Health’'s vulnetgbilicreases with population
density; in the latter case (Fig 5.3b) the functibasides also being monotonic, has a
descendent tendency, this because Surface Watdrigrability decreases as Surface

Water’s flow rate increases.
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Table 5.2: Normalization function class values

Human health

present

Spatial
Parameter aggregation Class Description Score
function
X >= 2000 people/km2 High density 1
Population - -
density (P.D.) - 1000 people/km2 Medium density 0,6)
yiFD. 250 people/km2 Low density 0,2
Residential Urban fabric 1
Agricultural /Livestock Agricultural areas 0,8]
Green urban areas and sport and leisure
Park/School - 0,6)
Land use (L.U.) - facilities
Forest Forest 0,4
Industrial/Commercial Industrial or commercial units 0,2
Isolated area Isolated area 0|
Percentage of 240 High L
& 3240 Medium-high 0,7
vulnerable - -
22-31 Medium 0,5
groups (%V.G.)
<22 Low 0,3
Ground water
Spatial
Parameter aggregation Class Description Score
function
. degree of isolation less than 15 m thick
a—low orlacking N . | 1
till or 5thick clay in a overburden
Degree of degree of isolation between 15 m to 50
isolation from widest area |b—mid m thick till or between 5to 10 m thick 0,5
soil surface (Iso.) clayin a overburden
degree of isolation more than 50 m thick
c—high till or more than 10 m thick clay in a 0
overburden
1 one layer 0
Number of water 2 two layers 0,25
bearing layers widestarea |3 three layers 0,5
(B.L.) 4 four layers 0,75
>5 more than five layers 1]
the main groundwater horizon do not
BRA ) . ) 1
exist/lack of information
BR the main groundwater horizon do not o
exist
|a water quality good and stable, do not 1
require conditioning
water quality good, but can be unstable
Ib because of insufficient isolation layer, 0,75
water do not require conditioning
water quality moderate, water require
simple sanitation, (according to
a procedures used in standard water 05
conditioning station in water supply !
. systems: removal of iron, manganese,
Quality class . . -
widest area aeration), the quality is stable
(Qua.)
water quality moderate, water require
simple sanitation (according to
procedures used in standard water
b conditioning stations in water supply 0.25
systems: removal of iron, manganese, !
aeration), the quality is potentially
unstable because of insufficient
isolation layer
water quality bad, water require
complicated sanitation (according to
1l procedures beyond those used in the 0
standard station of water conditioningin
the water supply system)
Municipal use 1
Private well use not specified 0,9
more —
. Irrigation food, vegetables 0,85]
conservative
value Other use not specified |Golf, parks, no food, vegetables, etc. 0,55
Use class (Use) X
(maximum =
normalised Industrial use 0,3]
o Non used 0,1]
No groundwater body o
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Protected areas

Spatial
Parameter aggregation Class Description Score
function
State Protected areas at state level
Region Protected areas at regional level 0,8
Sites identified by Natura 2000 database
Natura 2000 ) ) ) 0,6
notincluded in the first two classes
Protection Ecological areas Ecological area protected at local level 0,5
typology (Typ. Biogenic natural monuments protected
ypology (Typ.) Biogenic monuments 8 P 0,4]
atlocal level
. . Abiogenic natural monuments protected
Abiogenic monuments 0,3
at local level
X Cultural heritage monuments protected
Cultural heritage 0,2
at local level
>= 2000000 m2 Huge extension 1
1500000 m2 Large extension 0,83
Extension (Ext.) - 500000 m2 Medium extension 0,67
50000 m2 Small extension 0,3]
5000 m2 Tiny extension 0,03]
Surface water
Spatial
Parameter aggregation Class Description Score
function
point on the stream, water body or its
part, where was determined that the
water meets drinking water standards,
Water I class (1) food industry needs or other industries 1
requiring drinking water quality and the
quality for living conditions of
Salmonidae species
point on the stream, water body or its
part where it was determined that the
water is usable for living conditions for
Water Il class (1) L ) 0,6
farming fish other than Salmonidae
species, husbandry use, bathin
Quality class X pA , v . . g
(Qua,) widest area activities and recreational activities.
’ point on the stream, water body or its
part, where it was determined, that the
water is usable for industry purposes
Water Ill class (Ill) except for the industries requiring 0,3]
drinking water quality, watering
purposes in agriculture and horticulture
purposes.
point on the stream, water body or its
part, where was determined that the
Water non class (N) water is not usable in any of the use (v
categories because of its above limits
contamination.
0 Small to moderate stream 1
more
. 10 Moderate to large stream 0,8]
conservative -
Typology (Typ.) value 30 Large stream or river 0,6
surface water ) Large river, coastal tidal waters, shallow
(maximum 100 0,5
flow rate (m3/s) . ocean zone, great lake
normalised =
- 1000 Very large river, moderate ocean zone 0,3]
>= 2000 Extreamely large river, ocean zone 0
Potable 1]
Recreational
. . . 0,8]
more (Swimming/Bathing)
conservative |Piscicolture 075
value (salmonid/Shellfish) !
Use class (Use) ) ——
(maximum |lIrrigation (Food crop) 0,65
normalised |Piscicolture (Cyprinid) 0,6
value) Irrigation (No food crop) 0,55
Industrial/Other 0,3]
Non used 0,2]
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Figure 5.3: Normalization function examples appliethe case study.

5.1.4.5 Aggregation of the vulnerability parameters valuesnto the
receptor vulnerability score, through the use of MMA methodologies

After applying the normalization functions, vulneily estimation can be performed

as follows. Given a TEZ with attributes set4A composed byn attributes,
A={a,,..,a,}, vulnerability is evaluated by applying a scoredion s: 4 — [0,1]

to the different alternatives. Vulnerability to ¢aminated sites is not a linear function,
therefore experts knowledge about synergic and neaht interactions between
attributes need to be embedded in the functionadeamt consistent with their thoughts.
MCDA methods based on non additive measures aeestalfllfill these requirements.
As a drawback, they require many more parametars ¢tther methods but they can be
used to approach many cumbersome problems.

Accordingly, a measure defined on a §es a set function assigning a value to each
element of the power set §f Measures can be used in aggregation functioasdign a

weight to each possible coalition of criteria. Aatibon of criteria represents a subset of
criteria being “high” at the same time: e.g., ininarability assessment criteria are
considered “high” when they strongly increase thwerall vulnerability score. The
importance of a coalition can be greater, equaless than the sum of the importance
(weights) of each criterion included in the coaliti This way non additive measures are
able to deal with synergic and adversarial intéoast among criteria. Within the

proposed methodology, for the purposes of vulnétgbio contaminated sites
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evaluation, non additive nhon monotonic measureg\applied. A measuma on the set

N, am: P(N) — [0,1], is defined as non additive monotonic wh#is, T = N and the

following conditions are met:

s m(@)=0
« ¥YS.TCN:SCT = m(5)<m(T)

e m(N)=1

The first and the third conditions are intuitivertder conditions, while the second one is
a monotonicity constraint, that intuitively statémt when more (benefit) criteria are
satisfied, the global satisfaction cannot decrease.

A non additive measure is classified as:

e additive if: m(SUT)=m(5)+m(T), SNT=0@
* sub-additive if: m(SUT)<m(5)+m(T), SNT=0@

e super-additive if: m(SUT)=m(5)+m(T), SNT=0@

A sub-additive measure models a redundant effebtlewa super-additive models a
synergic effect and an additive measure degeneratethe WA case.
As stated before, the proposed approach conceengsin of non monotonic measures,

this means that only tha(@) = 0 constraint still holds. It still holds, since theill

option (no cost and no benefit) is the border betwacceptable (with measure greater
than zero) and not acceptable alternatives (witlyatiee measures), so it is
characterized by an indifferent judgement.

Since not limited to monotonic measures, the metkddters from the common
approach, and also very few literature exists enftbld of non monotonic measures (De
Waegenaere & Wakker, 2001; Murofushi & Sugeno, 192#rdin & Giove, 2008]. By
removing the monotonicity constraint, in the link principle, a decision maker can
model a criterion that is neither a benefit noratcbut whose nature (benefit or cost)
depends on the coalition to which it belongs. Ituldobe then possible to give two
different interpretations to monotonicity violatgn

» there is a partial irrationality or uncertaintytbé user/decision maker;
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» there are conflicting or synergic effects amongatigbutes.

Within the proposed methodology, measures museliaatl by environmental experts.
This definition consists in the choice of a scoetated to each possible coalition of
criteria. The most simple and used method to perfeuch process and elicit experts’
thoughts is the use of ad-hoc questionnaires téllbd in. In the presented approach
such questionnaires have been used in the shap@mple tables to fulfill: indeed, tables
are the basic type of questionnaires which can de un measures definition. The
proposed questionnaires are reported in Tablen/tBe case study application section:
each row of the questionnaire’s tables represeniifferent criteria’ situation, where a
value of 1 should be interpreted by the experthassituation when the criteria values
are in their highest class (i.e. maximum influerrcéhe vulnerability estimation) and a
value of 0 as the situation when criteria are girtltowest class (i.e. minimum influence
in the vulnerability estimation). Score values srteger numbers in the [0,100] closed
set, given by the expert to the presented diffecembinations of highest presence or
absence of the considered criteria.

Once the measures to be used are defined, an agjigredunction parameterized on
this measure should be used. The developed MCDAegggon function mimics the
behavior of WA in linear environments by using @leoquet integral which can be seen
as a non linear version of WA. It is a very geneaérator that can also mimic other
aggregation operators such as minimum, maximum, QBYA

The Choquet integral is defined as follows (Chogu@63):

Let u be a measure o, whose elements are denotgg, ..., x, here. The discrete
Choquet integral of a functigft X — R* with respect tq is defined by
C.(f) = Z (f[-"f-:a) - f[xu:s—ﬂ))ﬂﬂﬂu:a]

i=1

Where ., indicates that the indices have been permuted dat t

0= flx) = = flxm), Ay = {&() s X} ANdf(x)) = 0.



In the presented case tfidunction is set to be the Identity function subhtif (x) = x,
therefore the results of the Choquet integral arectly related only to the measuge
and the values iX.

The idea underlying the Choquet integral is th#fed@nt coalitions can be present, each
with a different amount, in the same scenario drad the scenario’s score is obtained
by weighting the coalitions’ related scores by thehount (see Murofushi & Sugeno,

1989, for a complete example).

515 Pathway relevance analysis and sources-targets réanship
assessment

According to Figure 5.1 and Table 5.1, the ideatifregional receptors can be reached
by the contamination through a direct contact wtite contaminated sites and/or they
can be impacted by contaminated surface water amahdwater. In the first case no
further pathway analysis needs to be performecegine only requirement, which needs
to be verified is the spatial overlapping betweenrses and receptors. In the second
case, the pathway analysis can be split in twcesp#re pathway relevance analysis and
the sources-targets relationships assessment.
The methodological approach for the estimation led pathway relevance score is
similar to the one developed for the receptor wahgity estimation reported in
Paragraph 5.1.4. The pathway relevance estimatinrbe defined as the analysis of the
intrinsic characteristics of the pathway which cohthe transport of a chemical of
concern from the potentially contaminated sitesato exposed target. The analysis
entails the following steps:

- identification of the regional pathways;

- identification of the parameters (called attributesMCDA) relevant for the

estimation of the pathway relevance;

- spatial attribution of the identified pathway pasder values;

- normalisation of the pathway parameter values;

- aggregation of the pathway parameter values inramestimate the pathway

score through the use of MCDA methodologies.

According to Figure 1, in the proposed RegionalkRfssessment, the identified
regional pathways are of three types:

85



0 wind,

o surface water,;

o0 groundwater.
Similarly to what is defined in Paragraph 5.1.4. hee vulnerability score estimation,
for each identified pathway a spatial entity neegdbe defined. In the case of the wind
pathway, the potential impacted receptors are theseptors located within a buffer of
radius d around each source. A default value ofdkeis can be assigned, but the user
of the DSS can change the predefined value. Theissplatial entity representing the
wind pathway is the buffer area around the poténtt@ntaminated sites.

As far as groundwater and surface water are coadethe homogeneous surface water
elements and hydro-geological homogeneous areattifidd in the vulnerability
assessment can be used as spatial entities falefim@tion of the surface water and
groundwater pathway scores. As described in PgragBal.4., the identification of
homogeneous surface water elements is made thithieghse of a suitable catchment
scale level within the hierarchical river network defined at the European level (JRC,
2007): all the river segments belonging to the idied catchment scale level compose
a single homogeneous surface water element. Oothie hand, the hydro-geological
homogeneous areas can be defined as aquifers veneemot hydraulically linked
together (Hubbert, 1940). Hydrogeological expensutd identify the hydrogeological
homogeneous areas which are present in the regideruanalysis and develop the
relative GIS map.

For each identified regional pathway, a list ofgmaeters (called attributes in MCDA)
relevant for the estimation of the importance @& gathway to contaminated sites were
selected according to EEA (2004 and 2005) and Isaf&fl05). The selected parameters
need to be adapted to the different case studpdakio account the data available for
the region under analysis. The methodologicalyhefgpatial attribution, normalisation
and MDCA aggregation steps are explained in Papagsal .4.5.

Once the pathway relevance estimation is complétediollowing assessment concerns
the identification of the receptors reached by tomtamination through the three
identified regional pathways. In the wind pathwagessment, the targets reached by
the contaminated sites are those included withen bbffer of radius d around each

source.
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The identification of the receptors reached by ¢batamination through the surface
water pathway is a critical aspect that requirescgig spatial management. As
explained in Table 5.1, every source can have gadinto near protected areas, only if
both of them are included in a buffer area arourariver and if the protected area is
downstream with respect to the source. The systgatiadly assesses this relation,
thanks to GIS functionalities. First of all, a brrffarea is defined for every river in the
region. For each source and protected area onlgivberelated to the catchment where
the source or the protected area is located ismtake account, among all the rivers
buffers where the source or the protected aredeancluded.
Then, in order to identify all the source-receqiairs (i.e. all the downstream protected
areas impacted by each source), a surface watgrnéawork has to be built. To this
end, the set of polylines representing the rivgmnsents oriented according to the flow
direction (identified during a vectorialisation pess) have to be appropriately linked
by a tool, called Rivers Graph, specifically deysd during the project and
implemented in ArcGIS.
According to the “Rivers Graph” tool capabilitiesach source-downstream receptor
pair is identified and saved in a table used to@age to each identified source-receptor
pathway the appropriate value of the surface waaéinway relevance. In fact, since the
path which links the source with the receptors glthe river can include more than one
homogeneous surface water element, a suitableceuvater pathway relevance score
should be assigned to the whole path. The seledfothe surface water pathway
relevance score can be made according to one ébltbe/ing approaches:

- the pathway relevance value belonging to the langesr segment is taken as

representative value of the whole river pathway;
- the more conservative pathway relevance valuekentas representative of the
whole river pathway, in a cautionary approach;
- an averaged value of the pathway relevance valueghted by the length of

the related river segments within the whole rivathgvay, is considered.

Finally, according to Table 1, the identificatiori the receptors reached by the
contamination through the groundwater pathway iopmed selecting the receptors
which are located in the same hydro-geological lgeneous area of the generic contaminated

site $ and are downstream with respect to I8 order to estimate the groundwater flow
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direction, the map of the spatial distribution &k tgroundwater table levels needs to be

developed.

516 Regional risk estimation

Once the risk factor iR, posed by each source f8r each pathway and potentially

impacted receptor is estimated according to theqalore described in Paragraph 5.1.2,
the regional relative risk posed by the sources $alculated through the integration of
the risk factors estimated for all the impactecepors (i.e. all the risk factors reported
in Table 5.1 for an analyzed sourcevidth respect to the active pathways). To this
purpose, for each contamination source, the sutheofisk factors calculated for each

affected receptor is performed, to obtain the valfi¢he regional risk of each source

(RS), as in Equation 5.4:

RS = zjk Ry Equation 5.4

where:

Ri = the risk factor related to a contamination socea target Tand a pathway k, as
calculated in Equation 5.2.

The user, who can visualize separately the diffeesposure pathways that contribute
to the regional risk of each source, can compagsetttontributions, in order to verify
which one affects more the regional risk score.

Equally, at the end of the assessment, the calcnlat the regional risk score for each
source allows the final straightforward rankingpattentially contaminated sites in the
region.

Finally, the information concerning risk factorsdamregional risk scores are provided to
the user in separate information tables and GISsmap order to facilitate their
interpretation and comparison. In order to suppuetnational and regional authorities
in the evaluation of the administrative unites mafiected by potentially contaminate
sites, also a NUTS regional relative risk calcalatis proposed as the sum of all
regional risk scores estimated for all the potdigtieontaminated sites located in each
different NUTS.
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CHAPTER 6
DESYRE application to Porto Marghera case study

The application of the spatial risk assessment ouetlogy developed in the DESYRE
project was described in Carlon et al, 2008. Thet paragraphs report the case-study
section of this paper.

6.1 General conceptual model of the site and input datdescription

The DESYRE software was tested on a 450 hectalemaa of a contaminated megasite of
national interest, located in Porto Marghera andi&ang the Venice lagoon (ltaly). The
megasite’s total land surface covers approx 200flanes and is occupied by industrial
enterprises, commercial port areas, communicato@ug, railways, services and lagoon
canals. According to the national regulation, arith the objective of developing a Master
Plan for the remediation of the whole area, a prielary characterisation of the megasite
was performed based on a regular sampling gridD6friieters. The soil showed a complex
and spread contamination, mainly represented by $Adtnines, halogenated organic
compounds including dioxins, and metals (such as @@, Pb, Zn) (Municipality of
Venice, 2003).

Due to the wide extension of the impacted area thedpresence of several classes of
pollutants, in the short-medium time frame (nexty2ars) the overall remediation of the
site would be not feasible, and spatial priorif@sremediation had to be defined at the site
based on the potential risk for human health.

To cope with this objective, the DESYRE softwaresvegplied and the results were fed
into the definition of a preliminary Master Plarr the remediation of the site. The results
are described in the following paragraphs and aonttee conceptual model formulation,
selection of contaminants of concern, exposure dogicological values, risk

characterisation and allocation of remediation nedbgies, respectively.
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The general conceptual model of the Porto Marglsta consisted of three models
representing the hydrogeology, contamination arngbsure, respectively (Municipality of
Venice, 2003).

As far as the hydrogeology model, the site is plameer a coastal multiple aquifer system
in contact with the lagoon surface water. A waslbed about 4 meters thick, including red
bauxitic mud and/or black organic sludge, is lodaia a first impermeable layer consisting
of Holocene deposits of lagoon mud flats (so caledene) and consolidated silt clay
(called caranto). In between this first impermedblger and a bottom clayey Pleistocene
sediment (i.e. a second impermeable layer), a senfined aquifer exists (Figure 2 in
Critto et al., 2006).

As far as the contamination is concerned, in the goil (i.e. the filling material layer)
several classes of pollutants were found: aminBgrabenzenes, chloronitrobenzenes,
chlorophenols, dioxins (PCDDs/Fs), aliphatic hydmbons, polynuclear aromatic
hydrocarbons (PAHs), metals, metalloids and inaanions (Municipality of Venice,
2003). Metals and metalloids showed the highesteamation levels and the widest spread
of contamination. The analyzed soil samples disgalayigh concentrations of arsenic (hot
spots of 900 mg/Kg d.w.), chromium (hot spots 0d@2ng/Kg d.w.), cadmium (hot spots
of 900 mg/Kg d.w.), copper (hot spots of 3000 mgiKw.), mercury (hot spots of 130
mg/Kg d.w) and lead (hots spots of 26000 mg/Kg)erehhot spot is defined as a local,
restricted area where the concentration of onan@re) contaminant(s) is especially high,
i.e. under common exposure conditions it is likelyead to a relevant risk to human health
or other receptors (Carlon et al., 2004). The ased\yof the semi-confined aquifer showed a
widespread contamination similar to soil, mainlynebre soluble contaminants, likely due
to soil leaching processes. For reasons of sintplithis demonstration case study will only
address soil contaminants. Notwithstanding, leaglohsoil contaminants to groundwater
and groundwater human consumption will be constl@® potential pathway of human

exposure to soil contaminants.
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As far the exposure conceptual model, the diagmarigure 6.1 represents the exposure
pathways considered in the risk assessment. Itbeanoted that humans on site and the
Venice Lagoon were the considered receptors. @dfrgiceptors exposed by consumption
of contaminated groundwater were not consideredalme the groundwater flow is
directed towards the lagoon water body. For thee satksimplicity, the exposure of the
lagoon water through contact with contaminated gdowater was not included in the
presented case study. The complex relation bettyeetwo water bodies, which is affected
by sea tidal effects, has been already investighyethe authors (Critto et al., 2004) and
could not been simulated by the modelling providgdhe DESYRE system. Accordingly,
its description is beyond the scope of this thesis.

SR Release Transport Exposure Beiiios
Mechanism Medium Route P
On-site Off-site
Human | Superficial
e Health water
Volatilization
and . . *
. — Outdoor Air — Inhalaton ——»
particulate
emissions
» Ingestion > *
Contaminated R .
. > Soil
Soil
— Dermal contact — *
— Leaching — Groundwater — > Ingestion ——— *

Figure 6.1. The exposure conceptual model for trtoRMMlarghera case study.

6.1.1 Selection of the substances of concern

Based on the risk scoring system described in tle¢hods section, 18 Chemicals of
Concern (CoC) were selected out of 325 analysednidads. They include inorganic
substances and Non Halogenated Semi-Volatile Ocg&arbons (NH-SVOCSs) (Table
6.1). It is notable that halogenated semi volatibmtaminants (H-SVOCs) and volatile
contaminants (VOCs) in general did not show sigaiit risk contributions in soil.

However, it should be borne in mind that this dest@tion case study is limited to the soll
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impacted media, whereas the assessment of thedywatgr contamination would lead into
consideration a series of more soluble substanegsarticular chlorinated hydrocarbons,

that are not present in soil at significant concaran.

Table 6.1.The contaminants of concerns (CoC) sadeatcording to the Concentration-
Toxicity screen method (USEPA, 1989) and dividedthe following two
categories: Inorganics and Nonhalogenated Semilol@rganic Compounds
(NH-SVOC), (FRTR, 2002). For each substance, thaa¥® between the
hazard score (HS) and the total hazard score ({(hl$or carcinogenic and non
carcinogenic properties have been reported bothsidenng the case of
maximum concentration and mean concentration in soi

Max Concentration Mean Concentration Categdry
Subsatances %R/ HSot | %0HSho_cardHSiot | %HSardHS0r | %HS 0 cardHSeor
Arsenic 17.7 36.3 3.2 Inorganics
Cadmium 2.2 41.1 15 5.2 Inorganick
Chromium 63.0 60.3 Inorganics
Manganese 441 83.6 Inorganics
Mercury 5.0 Inorganics
Lead 0.9 Inorganics
Copper 1.8 Inorganics
Vanadium 2.5 2.1 Inorganics
Zinc 8.9 Inorganics
Benzo(a)anthracene 1.3 NH-SVOC
Benzo(a)pyrene 13.5 1.0 NH-SVOC
Benzo(b)fluorantene 0.9 NH-SVOC
Dibenzo(a,h)anthraceng 0.6 NH-SVOC
%HS_cumulative 99.2 99.3 99.1 99.1
6.1.2 Exposure and toxicological values

Selected CoC were mapped by means of geostatisttegbolation methods on the basis of
a 25 meters grid (estimation at each node of thk ghich gives a raster map with a 25 m

resolution). The contaminants spatial distributiegaps are not reported in this paper.
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Due to the well established vocation of the Portardera area to host infrastructures and
industrial facilities, the exposure assessmentpegformed for the industrial use scenario.

The corresponding exposure parameters are reparieable 6.2.
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Table 6.2. Exposure parameters: from left to righe, columns report the parameter acronym, thenpetex definition, the unity
of measure, the parameter representative valueingbd deterministic exposure modelling, the tgbpelistribution
considered in the probabilistic approach, the patars statistics describing the distribution.

. . Representative L . . . Standard
Parameter Description Unity of measure Distribution Minimum Maximum Media L
value Deviation
EF Exposure Frequency (daysl/year) 2.50E+02 Uniform| 2.00E+02 3.00E+02
ED Exposure Duration (year) 2.50E+01 Uniform 2.40E+ 3.60E+01
BW Body Weight kg 7.00E+01 Log-Normal 4.26E+Q0 95E-01
CRing-s Soil ingestion rate (mg/day) 5.00E+01 Uniform 3.60E 1.00E+02
Defined averaging time for carcinogeni )
ATc (years) 7.00E+01 Uniform 7.00E+01 8.00E+01
substances
Defined averaging time for non- )
ATne . . (years) 2.50E+01 Uniform 2.40E+01 3.60E+01
carcinogenic substances (= ED)
SA Exposed Skin Surface area cm2 3.16E+03 Log-Norma 8.63E+00 1.81E-01
AF Soil to skin adherence factor mg/cm2 1.00E+00 ifdym 1.00E+00 2.80E+00
Inhalation rate for volatile substances and
CRinhal . L . (m3/day) 2.00E+01 Log-Normal 1.77E+00 5.20E-01
particulate emissions from soil
CRing-w Water ingestion rate (I/day) 1.00E+00 Log-Norma} 1.87E-01 5.00E-01
TRe Acceptable risk for carcinogenic substanges - 1.00E-06 Constant
Acceptable risk for non-carcinogenic
TRnc - 1.00E+00 Constant
substances
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The toxicological assessment was carried out onhbgs of the most conservative
toxicological values from the IRIS (USEPA, 2002dRAIS (ORNL, 2002) databases.

For the sake of demonstration of input parameteeschemical-physical and toxicological
parameters of one of the selected CoC (Benzo(a)pyrare reported in Table 6.3 and
Table 6.4, respectively. Similarly to Table 6.2,bla6.3 and 6.4 report both the values

used in the deterministic approach and those appliéhe probabilistic approach.
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Table 6.3. Chemical-physical parameters for Benpg(ane: the values used for the deterministic @ggn are reported under
the column “Representative values”, while the pholitg distributions considered for the probabilisapproach
described by their statistics are reported under ablumns “Distribution”, “Minimum”, “Maximum”, “Mean”,
“Standard Deviation” and “Mode”.

- Unity of | Representativq - . . Standard
Substance Parameter Description Distribution| Minimum | Maximum Media o Mode
measure values Deviation
(cm3-
H Henry's law constant | H20/cm3 -|  4.60E-05 Uniform 3.70E-05| 5.56E-0%
air)
) Soil-water sorption Log-
kq soil . (I/kg) 1.02E+04 1.16E+01| 1.01E+0(Q
coefficient Normal
Diffusion coefficient in )
pwat . (cm2/s) 9.00E-06 Triangulay  7.20E-06  1.08E-05 006
water
Benzo(a)pyrene
) Diffusion coefficient in )
D" ] (cm2/s) 4.30E-02 Triangulay  3.44E-0R  5.16E-02 0E:82
air
Relative adsorption
DA factor for soil dermal - 1.00E-02 Triangula 1.10E-01 1.50E-01 3.00E+00 .30E-01
contact
Gastro Intestinal
ABSing.s ) - 1.00E+00 Constant
absorption factor
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Table 6.4. Toxicological parameters for Benzo(agpgr: the values used for the deterministic appreaelreported under the
column “Representative values”, while the prob#pildistributions considered for the probabilistippeoach

described by their statistics are reported under dblumns “Distribution”, “Minimum”, “Maximum”, “Mean”,
“Standard Deviation” and “Mode”.

_ . Representative - - .
Substance Parameter Description | Unity of measure I Distribution Minimum Maximum
values
Oral reference
RfD,
dose
. [mg/(kgday)]
Inhalation
RfDishal
reference dose
Dermal
RfD4
Benzo(a)pyrene reference dose
Oral slope
SK 7.3 0.73 73
factor N
. [mg/(kgday)] .
Inhalation slopeg Uniform
SFlnhaI 3.1 0.31 31
factor
Dermal slope
SK 235 2.35 235
factor
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6.2 Risk characterisation

The human health risk assessment has been estilmatibe use of both the deterministic and the

probabilistic methods.

6.2.1 Deterministic risk assessment

The Multi-pathway Acceptable Concentrations in SOMMACS, were calculated, for all the
considered substances, according to Equation 43rgported in Table 6.5 with the acceptable
concentrations in soil calculated for specific exyo@ routes (ingestion of soil, inhalation of vikat
substances and particulate, dermal contact with awil ingestion of water contaminated by

leaching of contaminants from soil).

Table 6.5. Estimated acceptable concentrationsilrfa the considered exposure routes (ingestion
of soil (ACS_IS), dermal contact with soil (ACS_D)XSnhalation of volatile
substances and particulate (ACS_IVS) and ingesifocontaminated groundwater by
leaching of contaminants from soil (ACS_IGW)) ark tMulti-pathway Acceptable
concentration in Soil (MACS). The acronyms C, NCda@NC are referred to
Carcinogenic, Non Carcinogenic and both Carcinageni Non Carcinogenic
contaminant toxicological effects respectively.

CATEGORY| CONTAMINANT TOXICITY | ACS_IS| ACS_DCS| ACS_IVS] ACS_IGW MACS
mg/kgs mMg/Kas mMg/Kas mg/kas mMg/Kas

NH_SVOCs| Benzo(a)anthracene C 7,84E40@B,85E+00 5,64E+01 3,80E+01 2,32E+(0
Benzo(a)pyrene C 7,84E-Q1 3,85E-01 6,26E+00 9,73E+0 2,42E-01
Benzo(b)fluorantene C 7,84E+(03,85E+00 [ 6,30E+01 1,17E+02 2,43E+Q0
Dibenzo(a,h)anthracenje C 7,84E-01| 3,85E-01 6,37E+00 3,62E+01 2,47E-01
Inorganics Arsenic CNC | 3,82E+0p 2,47E+01 | 3,98E-01| 9,29E-0]  2,57E-0
Cadmium CNC 1,02E+0B 1,62E+02 3,26E+00 9,34E+01 3,08E+Q0
Chromium CNC 7,84E+0p 3,10E+02 4,74E-01 1,83E+01 4,61E-01
Manganese NC 9,40E+(45,95E+04 1,02E+02 7,45E+03 1,00E+Q2
Mercury NC 6,13E+02 6,79E+02 1,50E+02 3,95E+01 2,85E+(Q1
Lead NC 7,15E+03 1,13E+05 2,49E+04 7,83E+03 3,16E+(3
Copper NC 1,02E+0p 1,62E+07 | 3,55E+06| 5,32E+0%  3,12E+(Q5
Vanadium NC 1,43E+04 2,26E+03 4,97E+04 1,74E+04 1,70E+(Q3
Zinc NC 7,15E+03 1,94E+06 2,13E+06 4,64E+04 4,13E+(4

The ratio between the acceptable concentrationadnsérved concentration (Equation 4.5) was

calculated at each cell of the CoCs concentratiapanwhich resulted in risk factor maps for every
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selected CoC. Based on the selection at each tdileomaximum value (RFmax) or the sum of

values (RFsum) of Risk Factors, RFmax and RFsumsrm@peach contaminant categories were
generated, respectively.

Based on the classification of the Risk Factor iiiMe classes, raster maps were transformed into

vector maps.

The resulting Risk Factors vector maps for NH_SV@@d inorganics are reported in Figure 6.1
and 6.2.
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Figure 6.1 DESYRE software interface reporting ¥lkeetor map of the the Maximum Risk Factor
(RFmax) for the NH_SVOCs category. The table at hbtom shows the different
information that can be obtained by clicking on tteetor sub-areas of the risk factor
map.

Among the advantages of vector maps it is the pogito retrieve a more comprehensive

characterization of the risk factor values; simply clicking on the vector objects, the user of
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DESYRE can visualize the associated tables with dabut surface, contaminants concentration

and contribution of various pathways to the ovezapposure, as reported in Figure 6.1.

In Figure 3 the yellow zones indicate the highestximum risk factor (RFmax) (10<RF<100)
observed at the site. The most of the site show fastors slightly higher than acceptability
(3<RF<10). Two blue zones South and North of the show Risk Factors within the acceptable
range (RF<1) surrounded by a buffer zone with Rghtlly exceeding the limit (1<RF<3). For the
sake of example, Table 6.6 reports the informatiwat can be recalled by clicking on the green
zone. According to the results in the Table 6.@, dimly contaminant posing a significant risk is
Benzo(a)pyrene. However, also in the case of Bepg(ene the estimated risk factor exceed the
acceptable risk factor (1) by a factor of 3, whishnot a result of real concern due to the very
conservative nature of the screening risk assedsmen

As expected for low volatile substances, the mektvant exposure route appears to be the Soil
Dermal Contact route (60.2% contribution to theralleexposure) followed by the Soil Ingestion

route (29.6% contribution).

Table 6.6. Risk characterization of the “green”@¢8<RF<10) for NH-VOCs (Figure 6.1) in terms
of total surface, concentration in soil (minimumaximum, mean standard deviation),
Risk factor (minimum, maximum, mean standard déesmigf percentage contributes of
different exposure pathways [Soil Ingestion (Ing_®)ermal Contact with Soaoll
(Dermal_C_S), Inhalation of volatile substances @adticulate emission from soill
(Inhal_S) and Ingestion of contaminated groundwhsesoil percolation (Ing_Gw)] to
the overall exposure.

Surface Concentration in soil Risk Factor
m° mg/kgss| mg/kgsy mg/kgss  mg/kgps
NH-SVOC min max mean StD mifp mgx megn  9tD
Benzo(a)anthracene 3125 0.6 0.6 0.6 0 D.3 D.3 .3 0
Benzo(a)pyrene 3125 0.7 0.7 0.7 0 3.0 3.0 3J0 0
Benzo(b)fluorantene 3125 0.1 0.1 0.1 0 D D Q 0
Dibenzo(a,h)anthracene 3125 0.6 0.6 0.6 0 0 0 D 0

Exposure routes contribution to the overall expe

pur

Ing_S

29.6%

Dermal_C_S

60.2%

Inhal_S

4.1%

Ing_Gw

6.1%
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Compared to NH-SVOCs, the inorganic chemicals apfmehe an higher priority at the site, since

the vector risk factor map (Figure 6.2) shows aespmtead Risk Factor higher than 100 (red zone).

1,000 Meters

Figure 6.2. Vector map of the Maximum Risk Fact®Ffhax) for the Inorganics category.
RF <1, blue color; 1 < RE 3, cyan color; 3 < RE 10, green color; 10 < R& 100,
yellow color; RF > 100, red color.

Further information on the red zone is reportedable 6.7.
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Table 6.7. Risk characterization of the “red” zqmr@00) for inorganics (Figure 6.2) in terms of
total surface, concentration in soil (minimum, nmaxm, mean standard deviation),
Risk factor (minimum, maximum, mean standard déesmigf percentage contributes of
different exposure pathways [Soil Ingestion (Ing_®)ermal Contact with Soaoll
(Dermal_C_S), Inhalation of volatile substances @adticulate emission from soill
(Inhal_S) and Ingestion of contaminated groundwhsesoil percolation (Ing_Gw)] to
the overall exposure.

Surface Concentration in soil Risk Factor
m’ mg/kgss mg/kgsy mg/kggs  mg/kgps
Inorganics min max mean StD min ma megn Stp
Arsenic 4095630 8.2E+00 3.5E+0J2 5.7E+pl1 3.6E401 E802| 1.4E+03| 2.2E+02| 1.4E+02

Cadmium 4095630 3.0E-01 3.7E+Q2 2.5E+01 4.7E{01 -0DE1.2E+02 8.0E+00| 1.5E+01

Chromium 4095630 1.5E+01] 5.1E+(J2 9.0E+01 8.2E101 E®)2]| 1.1E+03| 2.0E+02| 1.8E+02

Manganese 4095630 1.9E+0 1.5EH03 6.7E+02 4.1H+0Q2E+00| 1.3E+01| 6.7E+00( 4.1E+00

LA

Mercury 4095630 2.0E-01 1.2E+0 7.7E+p0 1.0E+401 E6OD| 4.9E+00| 3.0E-01| 4.0E-0

Lead 4095630 2.7E+01 7.6E+( 42E+D2 6.4E402 O0.0F£04E+00| 1.0E-01| 2.0E-01

Vanadium 4095630 1.3E+01 5.3E+( 7.4EH01 5.3E+0I10E40D0| 3.0E-01| 4.0E-02 3.0E-O

LA

“
3
Copper 4095630 1.5E+01 7.2E+02 1.3EH02 9.6E1+01 @OK®H.0E+00| 0.0E+00| 0.0E+00
2
n

LA

Zinc 4095630 1.9E+01 1.6E+0 1.5E+(|)3 2.0E+IO3 0.05+8.0E-01| 3.0E-0Z 4.0E-0

Exposure routes contribution to the ovefall

exposure
Ing_S 3.5%
Dermal_C_S 0.6%
Inhal_S 80.4%
Ing_Gw 15.5%

According to Table 6.7, arsenic and chromium botbeed the acceptable risk factor (1) by two
orders of magnitude (RF>100). Cadmium shows maxirRisk Factor higher than 100 but lower
mean values, indicating isolated hotspots with highcentrations. Manganese, mercury and lead
have maximum risk factor values higher than 1, gvkibpper vanadium and zinc have acceptable
risk factor values in all the selected area. Ferlttorganics category the exposure routes that more
contribute to the multi-pathway Risk Factor is ildti@n of volatile substances and particulate
emission from soil (80%). It should be noted thats all these contaminants, with the exception of
the mercury, are considered to be non volatile,itinralation exposure route only represent the

inhalation of soil suspended particulate.
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6.2.2 Probabilistic risk estimation

In the probabilistic approach, the Multi-pathwaycaptable Concentrations in Soil, MACSs, were
calculated in the form of 80percentile (P50) and™Spercentile (P5) according to Equation 4.6 and
4.7. For each CoC, the probabilistic approach gaadrtwo series of Risk Factor (RF) maps, the
P50 and P95 RF maps, according to Equation 4.8 &hdespectively.

The P50 and P95 RF maps for NH-SVOCs in the cas#ysire reported in Figure 6.3, where
maximum RF values within the category were congiddin alternative the sum of RF for each
chemical within the category could be consider@tie DESYRE software allows the user to define
probability distribution inputs for anyone of tharpmeters. In the case study, all input parameters

were defined in terms of probability distributias it is reported in Tables 6.2, 6.3, and 6.4.

1,000  Meters
M-

a) Vector Map of the 30 percentile of the b) Vector Map of the 95 percentile of the
Maximum Risk Factor (RFmax) Maximum Risk Factor (RFmax)

Figure 6.3. Vector Maps of the t‘3(I)ercentile (Figure a) and '@@ercentile (Figure b) of the
Maximum Risk Factor (RFmax) posed by NH_SVOCs saibntaminants.
RF <1, blue color; 1 < RE 3, cyan color; 3 < RE 10, green color; 10 < R& 100,
yellow color; RF > 100, red color.

Analogously to the deterministic output maps, DE&Yd&lows to interrogate the 50PC and 95PC
maps for the CoCs concentration, RF statisticscamdribution of exposure pathways.

The comparison of PC50 and PC95 maps providesdicaiior of the uncertainty associated to RF
estimates. Since PC95 shows RF estimates higheld@for the main part of the site, the decision
maker should be aware of the very preliminary lexfelhe characterization of the site and of the
over conservatism of risk estimation thereof. Meexo a rule of thumb is that higher the

uncertainty estimation of the final outcome more thput parameters for which uncertainty is
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considered, and in particular if uncertainty asated to toxicological parameters is included, as it
was made in the case study. In the scope of guiflirter investigations at the site, a limited
number of parameters can be treated in probabilgtiys based on their sensitivity to risk outputs
(Nadal et al., 2001) and the actual susceptibitily be further investigated to reduce their
uncertainty. For many parameters, out of which tthecological values, further analyses can be
technically or economically not viable in the scafiehe remediation of the site, and for this reaso
they are usually defined by "conventional” valuesnimonly accepted as representative and
reasonably conservative of general cases). Outeofriput parameters, the concentration estimates
of contaminants in soil are usually associated riel@vant uncertainty due to their spatial variapil
and limited sampling. Indicators of the uncertainfyconcentration estimates can be derived from
geostatistic interpolation methods, and in paréicthe sequential simulation method (Leonte and
Schofield, 1996; Carlon et al., 2000; Gay and Ko#®@06). It should be borne in mind that the
uncertainty of interpolation estimates dependshenspatial correlation of the predicted point with
the sampling point, (Isaaks and Srivastava, 1988) in the case of regular grid sampling the
uncertainty is expected to be approx. constantsactbe site and increasing at the edge of the
sampled area. For this reason, the uncertaintyysisabf interpolation estimates can be a useful
support to the planning of further investigationghe case of irregular sampling, while it does not
provide valuable information in case of regular png. Since in the case study the soil sampling
was performed according to a regular squared ghiel,uncertainty associated to concentration

estimates was not considered.
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CHAPTER 7
SYRIADE application to the Poland case study

The SDSS has been tested on a sub-area of the Spesia region in Poland which was selected
since it is an acknowledged hot spot area in timesth of environmental impacts from multi-source
environmental contaminants from industrial actesti Moreover, the massive potential occurrence
in the area of contaminated sites, and the presginakthe identified regional targets (i.e. hurean
protected areas, surface water and groundwatere nodthis area an appropriate application
example for the proposed regional risk assessmetitadology and its thorough evaluation.

The sub set of data used for the application wasyealated from the real geodatabase collecting
all the spatially resolved relevant available imiation of the region of concern which was
developed by GIS experts from IETU (The Polishitost for Ecology of Industrial Areas) in
ArcGIS 9.2., using also data provided by the Pol&#ological Institute (PGI). Moreover, the
massive potential occurrence in the area of comatad sites, and the presence of all the identified
regional targets (e.g. humans, protected areassan@n) made of this area an appropriate
application example for the proposed regional rssessment methodology and its thorough
evaluation.

The application of the developed regional risk assent methodology follows the methodological
approach presented in Chapter 5 and is dividedbtlmving steps:

- hazard analysis;

- vulnerability analysis;

- pathway analysis;

- risk factor estimation

- overall risk estimation (direct contact risk andiomal risk);

- NUTS regional risk estimation.

7.1 Hazard analysis

The 10 potentially contaminated sites identifiedthie area of interest (within the Polish region)
characterized by the related potentially pollutaagivities, the time of operation and the areahef t
site, are reported in Table 7.1. The related prodo@ctivities are 13, meaning that more than one

potentially polluting activity may have operatedla same site. The evaluation of the NACE code
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shows that the potentially polluting activities i) to the following economic sectors: Extraction
of crude petroleum and natural gas (60), Manufactaf fabricated metal products, except
machinery and equipment (25), Manufacture of chalmiand chemical products (20), Manufacture
of basic pharmaceutical products and pharmaceupogparations (21), Manufacture of basic
metals (24) and Crop and animal production, hurding related service activities (1).

Due to the available data about the sites in thginal Polish dataset, the size parameter was
calculated in this application by taking into calesiation the area of the site.

The hazard of the potentially contaminated sitdsene different potentially polluting activities are
or have been present is estimated in dependendbetadhree main parameters described in
Paragraph 5.1.3: toxicity, size and time.

Following the application procedure, described amagraph Paragraph 5.1.3 each hazard parameter
value was normalized as continuous parameter agwl tte aggregation function was applied in
order to estimate the hazard score for each actikibr each site characterized by more than one
activity the hazard site score was obtained by simgmach activity score.

The input data used for the hazard estimation bedimal hazard score are reported in Table 7.1 for
each site considered in the case study applicafitve spatial distribution of the potentially

contaminated sites and their hazard score aretespior Figure 7.1.
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Table 7.1. Input data used for the hazard scomnaton and final hazard score. Sites are divideseld on the administrative unit in which they are
located. When site-specific data on operation tmgenot available (NA), the attributed default waisi 10. (AUC (Administrative Unite
Code), SITE ID and Activities ID = case-study apation codes; NACE = Code number, according tcctassification introduced by

Council Regulation 3037/90/EEC; HRP = Hazard Ramlkosition).

—_— Number of contaminants Year of Year of . Size . Hazard Hazard HRP
SITE | Activities . . - . . Time Size |score for
NACE | categories per Risk phrases | Toxicity | starting ending (area) . of the
AUC ID ID L L norm 2 norm single .
scores activities | activities (m?) 2 site
activity
5110(15|20|25|30|35(40
HH1 S01 101 60.24 2162 6 6,7 NA NA 10,0 6493 0,5 34,2 34,2 8
S02 102 20.51 116]|4 4 6,2 NA NA 10,0 | 141253 4,9 299,1 299,1 2
HH2 | SO03 103 60.00 2162 6 6,7 NA NA 10,0| 50245 3,3 221,8 221,8| 4
S04 104 24,50 113]|4 6 6,2 1945 2006 6,1 7455 0,6 24,1 24,5 9
S05 105 21,00 2161|4 7 8,1 NA NA 10,0 46071 3,1 252,2 252,2 3
S06 106 1,20 3 1,0 NA NA 10,0| 30237 2,4 24,6 1855| 5
107 60,00 2162 6 6,7 NA NA 10,0| 30237 2,4 160,9
S07 108 20,00 116]|4 4 6,2 NA NA 10,0 11814 1,3 77,3 77,3 7
HH3 109 | 2523 1]4]4 7 71| 1960 2006 as| OO 78| 2213
so8 | 110 | 2522 1]4]4 7 71| 1871 2006 | 100 ORI 78| o s533| 13611 1
111 | 2521 1 4 7 71| 1871 2006 | 100 ORI 78| 5533
HH4 S09 112 60.24 2162 6 6,7 NA NA 10,0 15092 1,7 114,4 114,4 6
S10 113 60,00 216|2 6 6,7 NA NA 10,0 4876 0,3 19,6 19,6| 10
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7
—_a/
S B
7
(7]
i
T
I
N
N
[~~~

Legend

Hazard scores classes
I 0 - 200

201 - 400

401 - 600 “‘7

w2

601 - 800 Y‘p?
I 501- 1000 s
- >1000 Meters
[ Administrative units (NUTs) 0 1,400 2,800 5,600

Figure 7.1. Results of the hazard analysis of pi@ty contaminated sites applied to the selected
case study.

As reported in Table 7.1 the higher toxicity valweere estimated for the sites S05 (Tox = 8.1) and
S08 (Tox = 7.1). These sites are characterisechéyhighest number of contaminants categories
(n=7) with the highest Risk Phrases Scores (FR8)=aAd a considerable number of contaminants
categories in the other risk phrases classes. Henvewnsidering also the size and time criteria the
final ranking position gives the first place to S@8ore = 1361,1). This high hazard score is due to
the presence of three industrial activities on saene site which are all characterized by high
toxicity values, high size values and high timeuesl S02 (score = 299,1) gains the second hazard
ranking position even if the hazard score valuenigch lower than S08 and more similar to the
other sites hazard scores as reported in Figurdryfact, most of the sites are in the second tihza

scores class (scores between 200 and 400) or Inwlee hazard scores class (score below 200).
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7.2 Vulnerability analysis

According to the regional vulnerability methodolodgscribed in Paragraph 5.1.4 the first step of
the vulnerability assessment is the regional taidgtification. In the selected area all identfie
regional targets, namely Human Health (HH), Surf&¢eter (SW), Groundwater (GW), and
Protected Areas (PA), were present and assessedteqigred by the application, a preliminary
analysis was performed on available dataset in rotdebe respondent to the application
requirements. Specifically, the surface water lay®ere subjected to the spatial identification of
homogenous surface water elements while the groatedwayers were subjected to the spatial
identification of hydrogeological homogenous areas.

The identification of the homogeneous surface watements was made through the use of the
Watershed with Strahler Order 1 (WSO1) within therdrchical river network defined at the
European level (JRC, 2007): all the segment ris®ienging to the WSO1 catchment scale level
compose a single homogeneous surface water element.

In order to define the hydro-geological homogenatsas, the Watershed with Strahler Order 3
(WSO03) (JRC, 2007) was used. The WSO3 catchmentadasies and the related rivers spatial
distribution were both used for the definition béthydro-geological homogenous areas boundaries
according to the approach explained in the workdabbert (Hubbert, 1940). As far as Human
Health and Protected Areas are concerned, the NUNdnenclature of Territorial Units for
Statistics) spatial extends and the protected asbapes were used as spatial features for the
vulnerability assessment. The spatial extent ofi¢axget is show in Figure 7.2.

For each regional target the list of vulnerabilitgievant parameters (attributes for MCDA)
collected in step 2 was adapted to the case studgrding to the available information and
reported, with related description and classes usdtie assessment, in Table 7.2. The selected
parameters represent meaningful characteristicshefregional receptors which influence the
receptors vulnerability to contamination. For ex#&spin the case of human health vulnerability
assessment, the percentage of vulnerable groupssesyis the population percentage composed of
children (< 14 years old) and elderly persons (olti@n 65) which result to be more strongly
affected by the presence of contamination. Theekegf isolation parameter for the ground water
vulnerability assessment represents the intrinsiicpgoperty which influences the capacity of the
contamination to reach the groundwater level, whiie typology parameter (surface water flow
rate) expresses the surface water dilution capézitpntamination.

For both groundwater and surface water assessrienguality class and the use class give an
indication of the importance of the water resouré@s human activities. For each identified
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vulnerability attribute the related values werelextied and the spatial attributions were performed
(step 3 in Chapter 5). As reported in the secoridneo of Table 7.2, for most of the parameters the
spatial aggregation function used for the paramsetatues spatial attribution is the widest area
function. For the remaining parameters the consee/aalues were selected through the use of the
maximum value function applied to the normalizetliga.
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Table 7.2. List of targets vulnerability relevamtrgameters with related description and classes used

in the case study.

present

Human health Protected areas
Spatial Spatial
Parameter aggregation Class Description Score Parameter aggregation Class Description Score
function function
Population >= 2000 people/km2__|High density 1 State Protected areas at state level 1]
. - 1000 people/km2 Medium density 0,6) Protected areas at regional
density (P.D. Regi: 0,8
v ( ) 250 people/km2 Low density 0,2| eglon level
Residential Urban fabric 1 Sites identified by Natura 2000
Agricultural/Livestock |Agricultural areas 0,8] Natura 2000 database notincluded in the 0,6
Green urba d t first two classes
Park/School . " ar.e.a.s and spor 0,6 . -
Land use (L.U.) - and leisure facilities Protection . Ecological area protected at
Ecological areas 0,5
Forest Forest 0,4} typology - local level
Industrial/Commercial |Industrial or commercial units 0,2 (Typ.) . . Biogenic natural monuments
Biogenic monuments 0,4
Isolated area Isolated area 0| protected at local level
Percentage of >40 ngh_ - £ . . Abiogenic natural monuments
vulnerable 32-40 Medium-high 0,7| Abiogenic monuments 0,3
- - protected at local level
groups 22-31 Medium 0,5|
%V.G. <22 . Cultural heritage monuments
(% ) Low 03 Cultural heritage s 0,2]
protected at local level
Ground water =
" >= 2000000 m2 Huge extension 1
Spatial "
Parameter aggregation Class Description Score Extension LI Large extension o8
gfincgtion P (Ext) - 500000 m2 Medium extension 0,67
" Freolotion less than 18 : 50000 m2 Small extension 0,3]
. egr.eeo. isofa |o.n €58 .an 5000 m2 Tiny extension 0,03
a—low orlacking m thick till or 5 thick clayina 1
overburden Surface water
Degree of degree of isolation between Spatial
isolation from| _ 15 m to 50 m thick till or Parameter | aggregation Class Description Score
. widest area |b—mid . . 0,5] "
soil surface between 5 to 10 m thick clay in function
(Is0) 2 overburd.en - point on the stream, water
degree of isolation more than .
high S0m thicktill than 10 o body or its part, where was
c=hig m. c I. ormore than determined that the water
m thick clay in a overburden .
| meets drinking water
berof 4 onclldyel 0 Water | class (1) standards, food industry needs 1
Number&? - 2 two layers 025 or otherindustries requiring
v:ater earing | widestarea |3 ;hree| layers 0,5 drinking water quality and the
BB 2 SUTEVES 0.75 quality for living conditions of
>5 more than five layers 1] . .
Salmonidae species
the main groundwater horizon
BRA do not exist/lack of 1 point on the stream, water
information body or its part where it was
BR the main groundwater horizon o determined that the water is
do not exist usable for living conditions for
] Water Il class (I1) farming fish other than 0,6}
\a waterquallt_ygood ;-?n.d s_table, 1 salmonidae species,
do not require conditioning Quality class widest area husbandry use, bathing
water quality good, but can be (Qua.) activities and recreational
unstable because of activities.
Ib insufficient isolation layer, 0,75 point on the stream, water
water do not require body orits part, where it was
conditioning determined, that the water is
water quality moderate, water usable for industry purposes
require simple sanitation, Water Ill class (I11) except for the industries 0,3]
(according to procedures used requiring drinking water
I in standard water conditioning 05 quality, watering purposes in
a station in water supply ! agriculture and horticulture
Quality class . systems: removal of iron, purposes.
widest area . -
(Qua.) manganese, aeration), the point on the stream, water
quality is stable body orits part, where was
i determined that the water is
water quality moderate, water Water non class (N) c 0
require simple sanitation not usable in any of the use
(according to procedures used categories because of its
in standard water conditioning above limits contamination.
b stations in water supply 0.25 0 Small to moderate stream 1
systems: removal of iron, ' 10 Moderate to large stream 0,8]
manganese, aeration), the Tyoolo more 30 Large stream or river 0,6
quality is potentially unstable i? )gy conservative Large river, coastal tidal
because of insufficient D value 100 waters, shallow ocean zone, 0,5]
surface water .
isolation layer flow rate (maximum great lake
i normalised Very large river, moderate
wate.r quality l_)ad, water_ ) (m3/s) 1000 ry larg 03
require complicated sanitation value) ocean zone
i Exti lyl iver,
(according to procer:iures 5= 2000 xtreamely large river, ocean o
" beyond those used in the 0| zone
standard station of water Potable 1
conditioning in the water Recreational 08
supply system) more (Swimming/Bathing) !
Municipal use 1 . Piscicolture
N o conservative . . 0,75
Private well use not specified 0,9 value (salmonid/Shellfish)
more - N
A——— Irrigation food, vegetables 0,85} Use class (Use) (maximum Irrigation (Food crop) 0,65
... .|Golf, parks, no food, X Piscicolture (Cyprinid) 0,6}
value Other use not specified 0,55 normalised —
Use class (Use) . vegetables, etc. Irrigation (No food
(maximum A value) 0,55
normalised Industrial use 0,3 crop)
lue) Non used 0,1} Industrial/Other 0,3|
value
No groundwater body 0 Non used 0,2]

111



According to the proposed methodology, tiestep concerns the normalisation of the vulnergbili
attribute values. Normalization functions were parfed applying the values reported in Table 7.2,
and normalization results can be found in Table(i7e4, columns whose names contain the “norm.”
postfix) together with their generating originalles. In a precautionary approach the normalized
values corresponding to missing original valuesensst equal to 1.

In the 8" and final step, normalized values are used astidata to be aggregated into the final
vulnerability score by Choquet integral applicatidime non monotonic measures used as Choquet
integral parameters are reported in Table 7.3héncase study application, two experts from IETU
(The Polish Institute for Ecology of Industrial A acted as one environmental expert during the
MCDA questionnaires filling. It should be noted tlasome cases monotonicity has been violated
(highlighted rows): this means that some adversphianomena between attributes are present. By
examining the questionnaires in can be noted tbatescriteria have been considered more
important than others. In particular such prevadeaotimportance of few criteria among others is
the cause of the non monotonic behavior of scdress. happens, for example, in the Human Health
table where the percentage of vulnerable groupterion results to be the most important
parameter.

After attributes aggregation, final vulnerabilityasses were obtained for each of the four different
targets and reported in Table 7.4; while in Figdrd the related vulnerability score maps are
showed.

Table 7.3. Non monotonic measures questionnaillesl in by the expert who has to evaluate the
different combinations where the parameters main ltlee highest class (1= best value)
or in the lowest class (0= worse value). The aited scores are in the 0-100 range.

Human health Protected area Ground water Surface water
P.D. | L.U. | %V.G.|[ Score Typ. | Ext. || Score Iso. | B.L. | Qua.| Use (| Score Qua. | Typ. | Use || Score
0 0 0 0 0 0 80 5 0 0 0 0
0 0 1 85 0 1 80 45 0 0 1 30
0 1 0 40 1 0 100 15 0 1 0 50
1 0 0 50 1 1 100 5 1 0 0 10
0 1 1 90 65 0 1 1 90
1 0 1 95 50 1 0 1 40
1 1 0 60 25 1 1 0 70
1 1 1 100 95 1 1 1 100

10
70
55
30
100
75
60
80

o S R EI R EY S IS S S
Rrlr|r|lolr]lrlolr]|olr]le]lolr|olo]e
Rrlr|lolr|r]lol~]|~|ololr]lo]lol+]|o]o
Rrlo|r|r|r]lolololr]|rlr]lolololr]e
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Table 7.4. Vulnerability scores estimations trotigh integration of the normalised attributes values
by means of the Choquet integral.

Human health
. . Percentage of | Percentage of
. . Population density -

ID Population density norm. Land use Land use norm. vulnerable vulnerable |Vulnerability

groups groups norm.
HHO1 1607| 0,84|residential area 1,00 29% 0,44} 0,74
HHO2 1607 0,84)residential area 1,00 29% 0,44 0,74
HHO3 1607 0,84|residential area 1,00 26% 0,38 0,72
HHO4 382] 0,27|agricultural area 0,80 28% 0,42 0,56

Protected areas
Protection typology

ID Protection typology norm. Extension Etension norm. | Vulnerability
PAO1 Cultural heritage 0,20 380 0,00 0,20
PAO2 Cultural heritage 0,20 380 0,00 0,20
PAO3 Cultural heritage 0,20 380 0,00 0,20
PAO4 Cultural heritage 0,20 380 0,00 0,20
PAO5 Cultural heritage 0,20 380 0,00 0,20
PAO6 Cultural heritage 0,20 380 0,00 0,20
PAO7 Cultural heritage 0,20 380 0,00 0,20
PAO8 Cultural heritage 0,20 380 0,00 0,20
PAO9 Cultural heritage 0,20 380 0,00 0,20
PA10 Cultural heritage 0,20 380 0,00 0,20
PA11 Cultural heritage 0,20 380 0,00 0,20
PA12 Cultural heritage 0,20 380 0,00 0,20
PA13 Cultural heritage 0,20 380 0,00 0,20
PA14 Biogenic monuments 0,40 380 0,00 0,40
PA15 Biogenic monuments 0,40 380 0,00 0,40
PA16 Biogenic monuments 0,40 380 0,00 0,40
PA17 Biogenic monuments 0,40 380 0,00 0,40
PA18 Biogenic monuments 0,40 380 0,00 0,40
PA19 Biogenic monuments 0,40 185847 0,41 0,41

Ground water
. . Degree of isolation Number of .
Degree of isolation X Number of water . . Quality class Use class -
1D ) from soil surface ) water bearing Quality class Use class Vulnerability
from soil surface bearing layers norm. norm.
norm. layers norm.
GWO01 C 0,00] 1 0,00{BR 0,00 1,00 0,45|
GWO02 a 1,00} 3 0,50|BR 0,00 1,00 0,85
GWO03 a 1,00} 2 0,25|BR 0,00{p 0,30 0,69
GWO04 b 0,50 2 0,251l b 0,25|p 0,30] 0,38
GWO05 b 0,50] 3 0,50}I b 0,25|p 0,30 0,35
GWO06 b 0,50 3 0,50{1 b 0,25[k 1,00 0,61
GWO07 a 1,00} 2 0,251l b 0,25[k 1,00 0,91]
GWO08 a 1,00} 3 0,50{I b 0,25[k 1,00 0,86
GWO09 b 0,50) 3 0,50{BR 0,00 1,00 0,60
Surface water

ID Quality class Quality class norm. Typology Typology norm. Use class Use class norm. |Vulnerability
SWo01 N 0,00 0,11 1,00|R 0,80 0,66
SW02 N 0,00] 0,13 1,00 1,00 0,70
SWo03 N 0,00] 0,06 1,00 1,00 0,70
SWo04 N 0,00] 1,001 0,30 0,56
SWO05 N 0,00] 1,00 1,00 0,70
SWO06 N 0,00] 0,04 1,00 1,00 0,70
SWo07 N 0,00] 1,00|NFI 0,55 0,61]
SWO08 N 0,00] 1,03 0,98 1,00 0,69
SWO09 N 0,00] 1,00 1,00 0,70
SW10 N 0,00] 1,00 1,00 0,70
SW11 N 0,00] 1,00 1,00 0,70
SW12 N 0,00] 1,42 1,00 1,00 0,68
SW13 N 0,00] 1,001 0,30 0,56|
SW14 N 0,00] 0,84 0,98 1,00 0,69|
swis N 0,00 1,00 1,00 0,70
SW16 N 0,00] 1,001 0,30 0,56|
SW17 N 0,00] 1,00]! 0,30 0,56
SW18 N 0,00] 1,00 1,00 0,70
SW19 N 0,00] 1,00 1,00 0,70
SW20 N 0,00] 1,00|NFI 0,55 0,61
SW21 N 0,00] 1,00 1,00 0,70
SW22 Il 0,30 1,00 1,00 0,79
SW23 N 0,00] 1,00 1,00 0,70
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Figure 7.2: Vulnerability to contaminated sites resomaps: a) Groundwater homogeneous areas
vulnerability scores, b) NUTS vulnerability scorey, Protected Areas vulnerability
scores and d) homogenous Surface Water elememtsrability scores. Protected areas
were represented in the geodatabase by point ésatuith small extensions, which

were widened by the application of a buffer onlyvisualization purpose.

As far as groundwater is concerned, a wide are@septing 2 different groundwater homogeneous

areas of higher vulnerability is located on thentigide of map (a) in Figure 7.2, while the central

area of the same map identifies two groundwaterdgameous areas where the vulnerability to

contamination is lower. In the case of Human Hegig 7.2b) the most vulnerable NUTs are those

with high population density, higher percentagevafnerable groups and characterized by a

residential land use. On the other hand the agurallarea with low population density received a

lower vulnerability score.

As far as protected areas are concerned (Fig 7tle)yulnerability score identified three main

priority levels: the most vulnerable protected asethe bigger biogenic monument (i.e., PA19); the

second priority level is represented by others é&ndg monuments; while the lower priority level is

represented by cultural heritage monuments, sihey fare supposed to be less sensitive to

contamination occurrence. Moreover, it has to béedimed that all the selected protected areas,
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with only one exception, have the same extensiocesihey were represented in the geodatabase by
point features.

Finally, the surface water vulnerability assessmmntiences a quite homogeneous vulnerability
scores distribution with a central area where thénerability is lower (Fig 7.2d). This
homogeneous vulnerability distribution is causedhsy case study dataset in which some original
values were missing and for which, in a precautipregpproach, the corresponding normalized
values were set equal to 1, producing the highkrerability scores.

7.3 Pathway analysis

According to Paragraph 5.1.5, three regional paylswae. groundwater, surface water and wind

pathway) were identified, linking the potentiallprdaminated sites with the protected areas. For
these pathways, a relevance pathways analysis erésrped in order to estimate the associated
scores. The first step of the relevance pathwaydysis is the identification of the parameters

(called attributes in MCDA) relevant for the estiina of the pathway relevance. Then the spatial
attribution of the identified pathway parameter wesl was performed applying the spatial

aggregation functions described in Paragraph 81@nce each identified pathway spatial entity
(i.e. surface water homogeneous elements and gnated homogeneous areas) had its own
pathway parameter value for each identified paramed normalisation function was applied

according to the methodological explanation regbiteParagraph 5.1.4.4. The identified pathway
parameters, the spatial aggregation function aachtinmalisation function class values are reported
in Table 7.5.
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Table 7.5. Identified pathway parameters, spatgr@gation function used for each parameter and
normalization function class values.

Groundwater
Spatial
Parameter aggregation Class Description Score
function
a— low or lackin degree of isolation less than 15 m thick 1
9 till or 5 thick clay in a overburden
Degree of degree of isolation between 15 m to|50
isolation from soil widest b — mid m thick till or between 5 to 10 m thigk 0,5
surface (Dol) clay in a overburden

degree of isolation more than 50 |m
¢ — high thick till or more than 10 m thick clay 0
in a overburden

1 0
Number of the 2 0,25
water bearing widest 3 0,5
layers (NoWBL) 4 0,75
>5 1
> = 1500 high 1
750 medium-high |
Trasmissivity (T) area based |350 medium 0,7p
(cm/s) weighted average 150 low - medium 0,5
50 low 0,25
0 0
Surface water
Parameter Class Description Score
0 1
10 Small to moderate stream 0,8
30 Moderate to large stream 0,6
Typology (Typ.) | more conservative, qq Large stream or river 05

surface water flow value (maximum : :
rate (m3/s) normalized value 1000 Large river, coastal tidal wate 03
shallow ocean zone, great lake '

>= 2000 Very large river, moderate ocean zo 0

Finally, in the ' step, normalized values are used as input date ggregated into the relevance
pathway score through the Choquet integral apptinatParagraph 5.1.4.5). The Choquet integral
requires the definition of monotonic measures, Whdan be elicited by experts through the use of
an ad-hoc questionnaire, as the one reported ifeTab for the groundwater pathway. As far as the

surface water pathway is concerned, only one pamme used for the definition of the
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homogeneous surface water element relevance: tiiaceuwater typology, which normalized
represent the homogeneous surface water elementarele score. Thus no questionnaire was
developed for this pathway. The surface water payhielevance score is reported in Table 7.7. It
has to be underlined that the path which links sharce with the receptor along the river can
include more than one homogeneous surface watereele thus a suitable surface water pathway
relevance score should be assigned to the whathe pat

Finally, the wind pathway relevance analysis watspgsformed, since all the targets located inside
the buffer of radius d are considered to be imghatethe same way and the pathway relevance
score was considered to be equal to 1. Moreoverd wathway implementation could consider the
distance between sources and receptors. Accordintheé above considerations, the Choquet
integral was applied only to the groundwater pathaad the related questionnaire is reported in
Table 7.6.

Table 7.6. Non monotonic measures questionnairestifie Groundwater pathway. An expert
evaluated the score for each coalition of the goesaire, where parameters may be in
the highest class (1= highest pathway relevanceln dhe lowest class (0= lowest
pathway relevance). The assigned score can vaweket O and 100, where 100 is
assigned to identify the maximum pathway relevaarod O the minimum.

Ground water pathway
NoWBL T | Score
0 0

O
=]

50

0

60

59

100

45

R lo|lk|kr|lo|lo|r]|o
Pk |lokr|lo|r o
R |k |O|F- |00 |0

90

Table 7.6 reports the Groundwater pathway measagsedoon the possible coalitions of Degree of
isolation from soil surface (Dol), Number of theteabearing layers (NoWBL) and Trasmissivity
(T). This means to create a map between the poetepfsthe set of selected attributes (Dol,
NoWBL and T) and the corresponding scores. Theesponding scores were obtained asking to
the Polish environmental expert from IETU to fillthe questionnaire reported in Table 7.6.

In general, the main characteristic of non monaanieasures is that each attribute taken into
account may be a benefit in some coalitions andstio others. This kind of measures is therefore

suitable to represent both synergic and adversaiaiions between attributes.
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By examining Table 7.6, it can be stressed out Thaliays an important role inside the measure. In
fact, its presence alone influences 60% of theceftm the groundwater pathway. Moreover, T
supported by Dol gives the maximum effect on theugdwater pathway (100%).

The final pathway relevance scores estimated bynmeh the Choquet integral are reported in

Table 7.7.
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Table 7.7. Groundwater and surface water pathwalgsance scores.

Groundwater
Degree of IZ_)egre_e of Number
isolation |solat|or_1 Number o_f of water | Trasmissivity Pathway
ID . from soil water bearing | bearing | Trasmissivity relevance
7o sl surface layers layers norm. score
surface
norm. norm.
GWpO01fc 0,00 1 0,00 194 0,56 0,33
GWp02| a 1,00 3 0,50 299 0,69 0,79
GWp03|a 1,00 2 0,25 409 0,79 0,87
GWpO04{ b 0,50 2 0,25 256 0,63 0,55
GWpO05( b 0,50 3 0,50 54 0,26 0,37
GWp06| b 0,50 3 0,50 124 0,43 0,43
GWp07|a 1,00 2 0,25 405 0,78 0,87
GWp08| a 1,00 3 0,50 314 0,71 0,80
GWp09| b 0,50 3 0,50 385 0,77 0,61
Surface water
Typolo
ID Typology }:%rm?y

SWp01 0,11 1,00
SWp02 0,13 1,00
SWp03 0,06 1,00
SWp04 1,00
SWp05 1,00
SWp06 0,04 1,00
SWp07 1,00
SWp08 1,03 0,98
SWp09 1,00
SWp10 1,00
SWp11 1,00
SWp12 1,42 1,00
SWp13 1,00
SWp14 0,84 0,98
SWp15 1,00
SWp16 1,00
SWp17 1,00
SWp18 1,00
SWp19 1,00
SWp20 1,00
SWp21 1,00
SWp22 1,00
SWp23 1,00
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Once the groundwater pathway score was estimagtedptors reached by the contamination were
identified. To this end, the following spatial aysit were implemented:

identification of the sources and receptors whiah ih the same hydrogeological homogenous
areas;

attribution of the information concerning the grdwater table level to all sources and receptors;
for each source, identification of all the receptofprotected areas) falling in the same
hydrogeological homogenous area and, at the sane biaving a groundwater table level equal or

lower than the one associated to the source.

The sources-receptor pairs for groundwater arerteghan Table 7.8.

As far as the surface water is concerned, oncéndimeogeneous surface water element relevance
scores are estimated, the following step is thentifieation of the receptors reached by the
contamination. To this end the following spatiadlyses were implemented:
- the estimation of a buffer of 500 meters aroundrivers;
- the identification of the sources and the receptgdrieh fall within the buffers;
- the construction of a river graph which links dietsurface water elements in order to
identify the river flow direction;
- the association of the sources and the receptdretaver graph in order to identify all the
possible existing links between the sources andebeptors;
- the estimation of the surface water pathway relegathrough the integration of the scores
associated to each homogenous surface water el@m@miosing the pathway selecting the
most conservative value (i.e. the higher).

The sources-receptor pairs for surface water grerted in Table 7.8.
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Table 7.8. Regional risk assessment results. Téyeaplumns contain the risk factors of each sowiitie respect to suitable pathways and impacted

receptors, in consideration of source hazard, paghscore and receptors vulnerability (Si= contatmmasource; GW and gw =
groundwater; SW and sw = surface water; HH = Hutdanlth; PA = Protected Area, NUTS = Nomenclaturd efritorial Units for
Statistics and RRP = Risk Ranking Position). Theéenined column contains the estimated risk factorghe direct contact pathways
(Human Health, Ground water and Surface water)btte column contains the regional relative ris@rscof each source as sum of all
the estimated risk factors, while the last colurontains the NUTS relative risk as a sum of all tbgional relative risk scores of the
sites located in the analyzed NUTS.

ID of Regional RRP
PA ID of PA- ID of PA- - .
SITE HE D ow | SW lsw | SW I PA Tyunp | Pa | SW | sw: | pa | CW | gw: | lelative ) Regional NUTS
NUTs risk risk risk |reached . pathway . pathway, . risk relative .
ID ID ID risk reached risk reached risk . . risk
factor factor factor by ID ID (direct risk
factor | by SW factor | by GW factor
WIND contact)
S01| HH1 | 25.3 | GWO0g 20.9 46.2 46.2 8 46.2
S02 221.3 | GWO5 104.7 PA9 | 598 E’ﬁg gwos | 443 | 326.0 | 4301 | °
HH2 PAS PAOS PA4 4 111152
S03 164.1 | GW0g 135.3 | SW0Z 110.9 88.7 sw02 88.7 PA5 gw06 57.2 410.3 | 645.0 '
PAG6 PAO6 PAG —
S04 18.1 | GW0g§ 14.9 PA4 4.9 PA4 gw06 2.1 33.1 40.1 9
PA16 PA16 PA17 2
S05 181.6 | GW04 95.8 | SW14 123.6 | PA17 | 302.6 | PA17 swl4 | 296.6 | PA18 gw4 166.4 401.0 | 1166.7
PA18 PA18 PA16
3
Gwo4 gﬁ(l)g swil3 PAL6
S06 133.6 135.4 | SW13 103.9| PA19| 76.1 PAL7 swl0 | 259.7 | PA17 gw4 122.4 372.9 | 831.0
GWO05 PAL8 swl4 PA18
HH3 9808.8
S07 55.7 | GW03 53.3 109.0 109.0 7
PA10 1
|| e o
S08 980.0 | GWO03 939.2 | SW1q 762.2 PAL4 2735.8| PAl1l swl6 | 1088.9 PAld' gw3 1196.0| 2681.4| 7702.1
PAO02 PA15 PA19;
PA19
GWo08 231.1 6
S09 HH4 64.1 GW09 167.0 PA12 | 229 ] 254.0 286.7
S10 11.0 | GWO07 17.8 PA13 3.9 28.8 32.7 10
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7.4

Relative risk analysis

The final analysis of the relative regional risls@ssment of potentially contaminated sites included

four main steps:

calculation of the risk factors of each source wébpect to suitable pathways and impacted
receptors, in consideration of source hazard, paghscore and receptors vulnerability as
described in Paragraph 5.1.2;

calculation of the relative risk score of each seuas sum of all the estimated risk factors
for all the direct contact pathways (Human Heaf@tpund water and Surface water)as
described in Paragraph 5.1.6;

calculation of the relative risk score of each sewuas sum of all the estimated risk factors all
the analysed pathways (Human Health, Ground w&erface water, Protected areas
reached by the wind pathway, Protected Areas reablgethe surface water pathway and
Protected Areas reached by the groundwater pathway)

calculation of the relative risk score for each N8Jas the sum of the regional relative risk

scores estimated for each site located in the aedI}NUTS.

The relative regional risk analysis results areortgal in Table 7.8, while the related risk factor

maps are reported in Figures 7.3 to 7.10.

The regional risk assessment results are repamntd@ble 7.8, where the grey columns contain the

risk factors of each source with respect to suitaphthways and impacted receptors, in

consideration of source hazard, pathway score ereptors vulnerability. The f&olumn contains

the estimated risk factors for the direct contathprays (Human Health, Ground water and Surface

water), the 1 column contains the regional relative risk scofeach source as sum of all the

estimated risk factors, while the last column corgadhe NUTS relative risk as a sum of all the

regional relative risk scores of the sites locatetthe same NUTS.
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Figures 7.3 to 7.8 report the results of the rig&tdr estimation for each potentially
contaminated site, in consideration of the spatéhtionships between potentially
contaminated sites and the identified regional paws. For all the analysed receptors,
S08 results to be the first ranked potentially aaomnnated sites in terms of relative risk
factor. Its relative risk factor scores ranges fribia yellow class in the case of surface
water receptor, to magenta class in the case degsul area receptors impacted
through the wind pathway, the groundwater pathway tihe surface water pathway.
The high relative risk factor scores for S08 arentyainfluenced by the high hazard
score (1361,1) and by the fact that SO8 impactsgonad) receptors (H3, GWO03 and
SW16) with medium -high vulnerability scores, arah@come in contact with different
PAs (13 on the whole). The other potentially conteated sites fall in the lower risk
factor class, with the exception of SO5 and SO&tvffall into the cyan class. For S05, 3
protected areas (PA16, PA17 and PA18) are impatiedigh the wind pathway, the
surface water pathway and the groundwater pathtawever, in the first two cases,
the pathway scores are high (1 for the wind patharay 0,94 for surface water pathway
(sw14) while for the groundwater pathway the pathweore is lower (0,55 for gw04).
In the case of S06 the highest risk factor is et for the protected areas reached by
the surface water pathway: in fact, 4 protectecsu@e potentially impacted (PAO3,
PA16, PA17 and PA18) by way of the integration wfl8, swl3 and swl4 river
elements, and the selection of the most conseesatalue between the estimated
surface water pathway scores (i.e. 1).

In the regional relative risk estimation, Equatta was applied in order to provide two
different results. The first result concerns thekiag of the analysed sites through the
integration of the relative risk factors for theatdit contact pathways (Human Health,
Ground water and Surface water) while the secosdltreoncerns the ranking of the
analysed sites through the integration of the ingdatisk factors for all the analysed
pathways (Human Health, Ground water, Surface w&tetected areas reached by the
wind pathway, Protected Areas reached by the sairveater pathway and Protected
Areas reached by the groundwater pathway).

The direct contact pathways relative risk factoesufts are reported in Table 7.8
(column 18') and Figure 7.9, while the regional risk factesults are reported in Table
7.8 (column 1%) and Figure 7.10.



Direct contact risk factor classes map
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Figure 7.9. Results of the direct contact risk daatalculation applied to the Upper
Silesia region. Scores closer or higher than 1@e@tify sites of higher
risk factor.
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Regional risk classes map
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Figure 7.10. Results of the regional relative resitculation applied to the Upper
Silesia region. Scores closer or higher than 1@e@tify sites of higher
risk factor.

According to the direct contact risk factor estimas (Fig 7.9 and Tab 7.8), the most
risky potentially contaminated site is S08, whialls in the magenta class (risk factor
higher than 1000) and is followed by S03 and SOkhvifell in the green class (risk
factor between 400 and 600). The high direct cdntes& factor score for S08 is
influenced by the very high hazard score (1364 by the fact that SO8 can reach H3,
GW3 and SW16 which are characterised by medium ‘iggherability scores. S03 and
S05 gained the™and the % position in the hazard ranking, and they reached a
human health, groundwater and surface water rexept@racterised by medium-high
vulnerability, with the exception of SO5 which read GWO04 with a low vulnerability
score. This influenced also the direct contactlframking where S03 gained a higher
position than S05 though it has a lower hazardesddoreover, in comparison with S02
which was in the second hazard ranking positior &0 S05 reached all the direct
contact receptors (Human Health, Surface water@maindwater) while S02 did not

impact any surface water receptor, thus reachiogvar direct contact ranking position.

As far as the regional risk is concerned (Fig 7.1%08 is still the most risky site

followed by S05 and S06 which gained a very higbiamal risk factor since they
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impact all the identified regional receptors throwall the identified pathways. These
sites are followed by S03, which falls in an intediate class (yellow class, risk factor
between 600 and 800). Thus the sites which gainédglaer regional risk ranking
position are those which are characterized by Higect contact score (S08, S03, S05,
S06) and at the same time can reach a high nunild@rotected areas through all the
analyzed pathways.

Finally, for each NUTS, a comprehensive regionsk factor was calculated summing
up all regional risk factors estimated for all fhetentially contaminated sites located in

the analyzed NUTS, as reported in Figure 7.11.

NUTS regional risk classes map
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Figure 7.11 — Results of the NUTS regional relatiisk calculation applied to the
Upper Silesia region in the form of relative rislasses map. Scores are
divided in three classes (low, medium, high) dedifey the 33 (287), 66
(1115) and 100 (9809) percentiles of the NUTS negjioisk scores.

The analysis of Figure 7.11 shows that NUTS HH®\&smost risky administrative unit
(NUTS regional risk score higher than 1115) sintecdntains a high number of
potentially contaminated sites (four), most of whigained high regional risk factor
scores (S08, S06, S05). NUTS HH3 is followed by MUMH2, which contains 3
potentially contaminated sites and falls in theeintediate class (yellow class with
regional risk factor score between 287 and 111%)1tnd HH4 result in the lower

regional risk class characterized by very low ragiorisk scores (lower than 287).
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CHAPTER 8
Conclusions

This thesis was triggered by the emerging recagmitif the relevance of spatial aspects
in the development of sound exposure and risk ass® methodologies for
contaminated land management which need to berataywithin GIS-based support
systems.

According to the state of the art in risk assesgmesk assessment has a dual role in the
management of contaminated: in the planning optieéiminary site investigation phase
where a relative risk assessment is required irerotd prioritize the potentially
contaminates sites to be characterized first artdarfull site investigation phase where
a site specific risk assessment is performed ierota assess the risks to human health
and the environment and to define the site-speci@éan-up levels.

Both the two approaches have to increasingly take account spatial aspects. In
literature, on the basis of the scale of the pmobte be assessed, two different risk
assessment approaches can be identified whichwddalhe spatial dimension of the
problem: the regional risk assessment and thespiteific spatial risk assessment.

The present Ph.D thesis presents the work donél thhé lack of methodologies and
tools for the spatial assessment and managemeamntdminated sites both at regional
and at site-specific scale. As far as the regimtale is concerned, a regional risk
assessment methodology for the ranking of potépt@intaminated sites at regional
scale which was developed, applied to a selecteel staidy and implemented within the
SYRIADE SDSS (Spatial Decision Support System). gite-specific scale a
deterministic and probabilistic spatial risk assemst methodology included within the
DESYRE'’s risk assessment module was implemented amulied to the Porto
Marghera case-study.

Going into details, the developed regional risk easment methodology was
implemented in a system called SYRIADE, Spatial iglen support sYstem for
Regional risk Assessment of DEgraded land, whicts waveloped by Consorzio
Venezia Ricerche in collaboration with the EC J&tesearch Center (JRC).

The proposed direct contact risk factor calculatemmd the regional relative risk
calculation strongly support the national and regloauthorities in the ranking of
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potentially contaminated sites for priority of irstigation, when no information on
characterization and risk by site-specific methodads is available.

The regional risk assessment methodology and theltimy SDSS are flexible tools
which can be easily adapted to different regionahtexts, allowing the user to
introduce the regional relevant parameters ideatibn the basis of user expertise and
regional data availability. In fact, the applicatido the Polish case-study was
instrumental in order to test the difficulty of dadvailability for this type of analysis,
but also to prove the adaptability of the methodglan using the data actually at
disposal of the users (e.g. the use of the aréaedPolish potentially contaminated sites
as the size representative parameter for the estimef the hazard).

Moreover, the MCDA embedded in the methodology suig the effective integration
of the expert judgment. In fact, experts can exprbeir preferences and expertise
filling in few questionnaires which enable the esmdlon and integration of the
identified risk components relevant parameterss tallowing the estimation of the
receptors vulnerability and pathway relevance scddne of the most original aspects
of the proposed risk analysis, and also the masfulifor decision support, is the spatial
feature, which is critical for regional assessmeatsl which was here effectively
resolved within the GIS environment. GIS functiotes$ allowed to spatially link the
three essential elements of the risk analysis (®yrathway, receptor) and most of all,
to consider all the possible combinations of thiasee elements within the considered
space.

In particular, the vulnerability methodology applion to the selected case study
proved to be reliable and consistent with the emritental experts expected results.
The regional targets and their relevant attributesre identified and spatially
characterized. The application of MCDA methodolsgalows to take into account
both relations between criteria and expert’s judgi®i@nd the Choquet integral allows
to parameterize non monotonic measures definetidgxperts involved in the project
Thus, also the developed vulnerability assessmesitlts to be a valuable tool for
decision makers facing regional issues.

Nevertheless, some improvements may be identiBadedl. Among them, a sensitivity
analysis would certainly allow to evaluate the uefice of the different factors in the
overall risk assessment result. Moreover, a metloggdfor a differentiated weighting
of the different factors that compose the regionsk score is another interesting

evolution of this procedure.
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As far as the site-specific risk assessment is emecl, with reference to the five
challenges identified for the site-specific spatisk assessment presented in Chapter 4,
the developed methodology proposed the followinigitsms oriented to support the
formulation of remediation plans for contaminatedd. In the hazard assessment phase,
the developed methodology supports the selectioBaff with consideration of both
their average concentration and peak concentratiogshot spots. In the exposure
assessment phase, it applies geostatistic inteéipolanethods for mapping the
distribution of contaminants concentration whicle assed in the risk characterization
phase in order to provide a zoning of the site thase the risk posed by multiple
substances. Each identified risk-based area camtbaogated in order to provide
information about most relevant CoCs and exposathvpays. The developed site-
specific risk assessment methodology also suppertihcertainty analysis, through the
application of the Monte Carlo probabilistic calatibn of the risk and the generation of
maps representing the uncertainty associated to Ristor estimates. The final goal of
the developed methodology is to support the fortmraof remediation plans according
to a stepwise spatial allocation of remediatioernéntions and an on-time simulation
of risk reduction performances.

Moreover, the implementation of this methodologysvially supported by an easy-to-
use software developed in the popular ArcGIS ES&iggaphical information system
platform. This risk based GIS software is a parhef original Decision Support System
(DSS) named DESYRE. The resulting SDSS was desigmeipport the risk based
remediation of megasites.

It has to be underlined that the current versiothefDESYRE software does not allow
to include the spatial variability of input valuesich as hydrogeological parameters or
land use related exposure parameters that hedtdgt ahe risk estimation. However,
the same methodological framework can be combin#d @IS tools capable to include
maps of most sensitive input parameters in theutaion of the spatial distribution of
the Maximum Acceptable Concentrations over the site

As a final remark it should be underlined that etieough decision support methods
and tools are widely described in literature, thpnactical use for supporting
contaminated land management is not evident (Cagtoal. 2007). This can be the
consequence of the site specific complexity of aombation problems and the absence
of reliable data which lead to assessment resuitshnare affected by high uncertainty,

often not adequately estimated and communicated.
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