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Abstract

Soil contamination remains a critical barrier to endurable land use and environmental health
worldwide. A stepwise and risk-based approach to identify, assess and manage potentially
contaminated sites across complex land uses, is presented. Unlike traditional site-specific risk
assessments, which are often limited to detailed studies of individual locations, this large-
scale approach (known as regional risk assessment - RRA) integrates diversepdata,sources -
historical or current data on anthropogenic activities - with pathways relevance’information
and receptors vulnerability to support prioritisation when dealing with a very large number of
sites. The methodology is implemented within a GIS-based frameworkwand integrate spatial
data on hazards, pathways, and receptors to produce regional-s€ale risk maps. The output
provides a relative ranking of potentially contaminated sites based on estimated risk levels,
supporting the prioritisation of sites requiring further site4gpeetifi¢'investigation or remediation.
Applied to the metropolitan area of Toulouse, the framework demonstrates its applicability
across urban and peri-urban landscapes. This methodolegy responds to emerging regulatory
requirements, such as the Soil Monitoring and Resilience Directive, and offers practical
support to strategic planning efforts aligned ‘with EU policy initiatives. By enabling more
efficient and risk-based site management, the framework contributes to the protection of
human health and the land resources.

Keywords

Soil contamination; Large scale risk assessment; Risk-based prioritization; GIS-based spatial
analysis; land use planaing.

1. Background

Soil plays a crucial réle in supporting both human life and ecosystems. A high-quality soil
contributes to food security, clean water provision, sustainable agriculture, biodiversity
consepvationand climate change mitigation (EC, 2023). However, a wide range of human
activities - dncluding industries, waste disposal in uncontrolled landfills, mining, the use of
agricultural chemicals, sewage sludge, and livestock waste, environmental accidents - has left
a legacy of potentially contaminated sites all around the world (Ramoén & Lull, 2019). Key
contaminants include polycyclic aromatic hydrocarbons (PAHs), heavy metals, persistent
organic pollutants (e.g. PCBs, dioxins), radionuclides, and pathogenic microorganisms are the
main soil contaminants causing concerns. More recently, new emerging soil contaminants,
such as nanomaterials, veterinary medicines, microplastics and surfactants, have raised
further concerns. All these substances, both the well-known and the new emerging
contaminants, may persist in soils, leading to long-term ecological degradation and spread
through air, surface water and groundwater, leading to cross-borders impacts on ecosystems
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and human health. In some cases, contaminants are taken up by plants and may
bioaccumulate in the food chain, compromising the safety of the food consumed by both
humans and animals (FAO, 2018).

The systematic identification of potentially contaminated sites, combined with risk-based
remediation decision-making, is widely recognized as a necessary step to public health and
guide sustainable land management (Bardos et al., 2018; Nathanail & Bardos, 2004). Rather
than assuming that all sites require immediate remediation, such approaches ghable
proportional and targeted actions where risks are likely to be unacceptable. European policy
has increasingly emphasized soil protection, as evidenced by various soil-focused, ipitiatives
and strategies, including the European Green Deal, the Biodiversity Strategy, and,thesnew EU
Soil Strategy. In this context, the Soil Monitoring and Resilience Directive (S§ML) highlights the
urgence to managing both point-source and diffuse contamination, withyvthesxgoal of reducing
soil pollution to non-harmful levels by 2050. The Directive (EU 2025/2360)Jon soil monitoring
and resilience was formally adopted by the European Parliament and the Council in 2025,
published in the Official Journal on 26 November 2025, and entered.into force on 16 December
2025. It represents a milestone for soil protection in the EU3Member States now have a three-
year period to transpose its provisions into national taw “and to implement risk-based
approaches for identifying, investigating, and managingyotentially contaminated sites (PCSs),
including the definition of thresholds for unaceeptable risks to human health and the
environment. This process primarily concerngygeneric or screening-level risk assessment,
which enables consistent prioritization andipreportional management actions across the EU.

The scale and complexity of this™task are considerable (Pérez et al.,, 2018). Since
comprehensive soil and groundwatehinvestigations cannot feasibly cover all EU land in a short
timeframe, especially with limiited resources, priority should be given to areas where the
likelihood of contamination - andva@Ssociated risk - is higher. In response, a new methodology
for regional risk assessment (RRA) designed to identify and rank PCSs at regional scale, has
been developed, especially for areas where detailed contamination data are lacking. The aim
is not to replacesSite-specific assessments, but rather to support them by targeting locations
that warrant further investigation.

Risk assessment methods for potentially contaminated sites have been developed by several
national enyironmental agencies (e.g., APAT, 2008; DEFRA, 2011; USEPA, 1991, 2005; Health
Canadap2010a, b). At the site-specific level, risk is often expressed as the product of a hazard
(thesintfinsic toxicity of contaminants) and exposure (their environmental concentrations and
the ‘probability that receptors - human or ecological - come into contact with contaminants
through specific pathways). These assessments typically rely on measured concentrations
and detailed exposure modelling, resulting in quantitative risk indices (Chen et al., 2022). They
provide absolute evaluations of risk and are tailored to individual receptors and land uses.

At a regional scale, however, applying these detailed methods is neither feasible nor
appropriate, given the broader scope and different data availability. In regional applications,
risk assessment often relies on simplified or generalized assumptions about exposure
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scenarios and land use, reflecting the limited availability of detailed site data at large scale.
Consequently, such assessments typically aim to compare relative risk levels across the study
area, rather than to quantify absolute risk levels. This distinction is crucial: while site-specific
assessments aim to determine whether a specific location poses an unacceptable risk, RRA
methods are designed to rank a large number of PCSs with a large range of level of risk, to
support prioritization decisions in a stepwise approach as suggested in the SML; the evaluation
of the potential risk involved in such prioritisation is much more generic than the site-specific
risk assessment that is carried out on a contaminated site. This comparative approachthas
been widely adopted in frameworks such as the Relative Risk Model (Landis & Wiegers, 1997;
Landis, 2005) and the PRA.MS methodology (EEA, 2005). Accordingly, regionalhassé€ssments
rely on simplified but robust frameworks that can guide further investigations, or policy
responses (Hunsaker et al., 1990; Landis, 2005).

Our methodology builds on those well-established methods (Pizzol et al.,;2011, EEA 20054,
EEA 2005b), that has been extensively applied in recent years (Rizzolet al., 2016, Jiang et al.,
2024, Hammond et al., 2021, Li et al., 2022) and that estimate the relative risk score of PCSs
through three components: Source-Pathway-Receptor (SsP-R)j)Within this framework, the
Source represents the potential source of contamination‘(hazard); the Pathway describes the
potential connectivity and migration of contaminants through environmental media; and the
Receptor identifies the potentially exposed targets. The,methodology produces a relative risk-
based ranking of sites to identify locations mayyrequire further site-specific investigation and
to support the efficient allocation of effortstand tesources, towards areas with the highest
potential risk. The method includes a refinement of the PRA.MS scoring system (EEA, 2005),
updated to align with the current{European CLP Regulation (EC No 1272/2008), thereby
ensuring consistency with hazard classification based on the Globally Harmonised System
(GHS). This updated hazard “eévalliation captures substance-specific behaviour across
environmental compartments (soil, water, air), enhancing the accuracy of risk estimations.

The methodology has been applied to a complex case study: the metropolitan area of
Toulouse, France, which includes 37 municipalities with diverse land uses - agricultural,
forested, industrial, commercial, and transportation corridors. This area presents a range of
environmental pressures and contamination legacies, making it a suitable testbed for
evaluating the=applicability and scalability of the methodology. The objective is to prioritize
PCSs,defined as those with historical or ongoing human activities that may have caused
poltution (Van-Camp et al., 2004). Where official datasets are incomplete, auxiliary sources
such as local knowledge, historical archives, land use records, and site inspections provide
supporting evidence.

While many existing approaches are either descriptive or inventory-based, our framework is
explicitly designed as a decision-support tool. It offers a pragmatic solution to the challenge of
prioritizing contaminated land at regional scale and alighs with EU goals for environmental
restoration and pollution prevention.

2. Methodology of large-scale risk assessment for potentially contaminated sites
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119 The proposed methodology for large-scale risk assessment (RRA) of PCSs is structured in five
120 sequential steps (Figure 1) to support prioritisation of risk identification, evaluation and
121 management in a stepwise approach. The following sections describe each step in detail.

122 2.1 Definition of the conceptual model

123 The first step of the RRA involves defining the conceptual model, by identifying:

124 (i) the potentially contamination sources (sub-step 1.1);

125 (i) the main release mechanisms and direct transport pathways (sub-step 1.2), and
126 (iii) the potential receptors which may be in contact with the released contamipants
127 (sub-step 1.3).

128 Sub-step 1.1- Identification of potentially contamination sources

129  Potentially contamination sources are identified based on the type and location of

130 anthropogenic activities with known or suspected polluting potential, ThéSe include active
131 and historical industrial sites, mining areas, waste disposal fagilities, and sites affected by
132  environmental incidents. The identification process draws@n multiple data sources,

133 including land use records, industrial permits, accident reportsyand regulatory inventories
134  such as activities listed in Annex | of Directive 2010/75/EU, Directive 2012/18/EU, and Annex
135 Il of Directive 2004/35/CE.

136 The methodology considers both ongoing and past activities, recognising that legacy

137  pollution can result in current diffuse contamination. Consistent with international guidance
138 (ASTM, 2021; USEPA, 2020; ISO, 2018)and aligned with the risk-based principles of the EU
139  Soil Monitoring and Resilience Directive (EU 2025/2360), all sites with potential

140 contamination risk are included, even if direct measurements are not yet available. This sub-
141 step supports SML Article 16 (2) thatrequires Member States to lay down rules concerning
142 the timeframe, content, form'and prioritisation of soil investigations.

143 Sub-step 1.2 —Idéntification of Transport Pathways

144 Once the sourcesof potential contamination have been identified, the next step involves the
145  environmental pathways through which contaminants may travel from the source to human
146  orecolegicalreceptors. We adopted a simplified, yet operational modelling approach

147  tailored to large-scale applications, incorporating the key environmental pathways. These
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148 inCtude leaching into groundwater, runoff into surface water, volatilisation into the air, and
149  direct contact with contaminated soil. Only the direct emission pathways are considered and
150 notthe intermediate pathways, such as deposition from air to soil/water or transfer from

151  groundwater to surface water. This choice reflects the screening-level objective of the

152  framework and the regional scale of analysis, where site-specific data are typically

153 unavailable. Contaminant mobility is influenced by soil characteristics such as porosity and
154  texture, which determine whether contaminants are retained, degraded, or mobilised. The
155  behaviour of contaminants through these pathways is partially captured in the intrinsic

156  hazard scores assigned to each source (paragraph 1.1.3.), which differentiate potential
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impacts across four transport media. Figure 2 illustrates the main transport mechanisms
considered in the methodology.

Sub-step 1.3 - Identification of Receptors
Potential receptors include:

(i) humans, that can be exposed to contaminants in soil through ingestion (inadvertent
eating), dermal exposure (skin contact) or inhalation (breathing);

(i) groundwater bodies;

(iii) surface waters;

(iv) protected natural areas, where sensitive ecological receptors are expected to be
present.

Groundwater and surface water are treated both as receptors and as. transport media.
Ecological receptors are integrated during the vulnerability analysis phasebut are not tracked
through complex contaminant transport chains (e.g., groundwatertolake systems), in order to
maintain manageability at a large scale.

2.2 Hazard analysis

The hazard analysis quantifies the potential hazard posed by each identified site, based on the
characteristics of anthropogenic activities historically 6r currently performed at the location.
Where multiple activities are present on a singlesite, their hazards are estimated individually
and then aggregated. Only the intrinsic characteristics of the PCSs are included in the hazard
analysis.

The hazard score for each PCS (8) is camiposed of the following aspects:

- the intrinsic hazard of the activity, based on the substances potentially produced and
released into the environment;

- adimension A, expfessed as the area of the PCS or estimated waste volumes;

- a duration in time T, defined as the number of years the activity was operational; we
assumed a maximup? time window of 100 years (1924 - 2024) following the reference
methodologies (Rizzol et al., 2011).

A key innovation of the methodology lies in the intrinsic hazard estimation of activities. We
used,a database developed by BRGM (2022) that correlates 345 NAF/NACE-coded activities
(Namenclature of Economic Activities, the European statistical classification of economic
activities) with 3501 hazardous substances, exploiting for each activity and substances an
emission probability. NAF codes from the French database were matched to the corresponding
NACE codes. Specifically, the French NAF classification system is structured into three
hierarchical levels of detail, all of which were available in the dataset provided by the French
Geological Survey (BRGM). The first two levels of the NAF code correspond directly to the NACE
classification system, while the third level provides a more detailed specification of the French
business context. To ensure consistency and avoid mismatches between highly detailed
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195 classifications, the conversion was performed at the second level of the NAF hierarchy,
196 corresponding to the second level of the NACE code. Although this choice introduced a
197 simplification in the hazard assessment, it remains consistent with the screening-level
198 objective of the framework.

199 The PRA.MS procedure (EEA, 2005) was adopted to assign hazard levels to each substance
200 accordingto its toxicity (Risk phrases). A given substance can be associated with more hazard
201 levels depending on the pathway/route of exposure characteristic of that chemical. Thelrisks
202 phrases used in the PRA.MS have been associated with the new Globally Harmonized, System
203 (GHS) hazard classes, ensuring compliance with current EU hazard classification (CLP
204  regulation (CE 1272/2008)). The intrinsic hazard of each activity was then calculated as the
205 sum of the products of emission probability p,, and PRA.MS hazard s€ore h, for all the
206  substances associated with that activity. Different hazard scores are assigned depending on
207 the environmental pathway, allowing the framework to partially reflect differences in
208 contaminant behavior and exposure potential. Although substange-specific physico-chemical
209 parametersare notexplicitly modelled, theirinfluence is partially reflected through the PRA.MS
210 hazard scoring system, which differentiates hazard contriblitionsyaccording to the considered
211 exposure pathway (groundwater, surface water, air, directieontact). As a result, this procedure
212  yields four pathway-specific hazard values for each activity.

213 The adopted PRA.MS risk phrase scoring system includes mainly toxicological hazards
214  reflecting the original scope of PRA.MS, which facused on human health and general ecological
215 endpoints. The PRA.MS does not provide hazard scores for risk phrases related to physical
216  hazards (e.g., flammability or explosiVity) and some specific ecotoxic effects (e.g., toxicity to
217  soil organisms, flora, fauna, or bees) and this may result in activities being assigned zero
218 hazard despite their potential{en¥ironmental relevance. To avoid this underestimation and
219 include both environmental and*htman-health related effects in the hazard assessment, a
220 conservative fallback mappingwas defined (S1 in supplementary material). Physical hazards
221 (e.g., R1-R19, R30, R44,R47) were assigned the minimum non-zero score (10), acknowledging
222  their indirect coftributien to contamination through accidental release. Aquatic toxicity
223 classes (R50=R53), were aligned with CLP/GHS categories (EC No 1272/2008; ECHA, 2017),
224  following alprogressive scale (10-30). Specific ecotoxicity phrases (R54-R56, R57) and ozone-
225 depletingeffeets (R58-R59) were assigned intermediate scores (20), reflecting their ecological
226  signifieancg in line with ISO (2018) and recent guidance on soil and ecosystem protection
227 (EFSA,.2013). This precautionary approach ensures that activities linked exclusively to such
228 riskyphrases are not incorrectly classified as having zero intrinsic hazard, while remaining
229  consistent with the PRA.MS scoring framework.
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230 The activity-specific intrinsic hazard H, is calculated by aggregating the probability and hazard
231 of all the substances associated with it (Equation 1):

Ha,e = zpu ) hu,e

uea Equation 1
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Where:

- Hg,. istheintrinsic hazard of a specific activity a among the 345 identified in the BRGM
matrix for a specific exposure pathway e;

- py is the emission probability of substance u belonging to the set of substances
potentially released by the anthropogenic activity a;

- hye is the hazard score of substance u potentially released by the anthropogenic
activity a which is estimated from the PRA.MS procedure for each exposuregfpathway e
(EEA, 2005).

If in a PCS, more than a single activity a has occurred over time, only\the highest H, is
considered for the further calculations. The overall hazard score fHHs, for’a PCS is then
computed by weighing each activity’s intrinsic hazard, on an exposure'pathway e base, by its
duration and area:

Hs, = max (Hge Ty - As) Equation 2
aeEs
Where:
- sisthe PCS;

- aare all the activities that take place ingthe PCS s;

- Hs, isthe hazard score of the/PCS S for the exposure pathway e;

- Hg.isthe hazard of the activity a, ¥elative to the exposure pathway e, as seenin
equation 1;

- T, isthetime duratioh of\activity a in PCS s;

- A;isthe area of the PGS s.

Equation 2 providg a‘specific source hazard score for each of the four exposure pathways:
Direct contact, Air, Surface water and Groundwater. The duration of the activity is included as
a parameter,eontributing to hazard estimation, allowing partial differentiation between sites
within the samefactivity class. Longer operational periods may be associated with a higher
likelihoed of*eohtaminant release and accumulation, and may indirectly reflect historical
management practices, which were often less regulated. However, this parameter represents
only a simplified proxy and does not fully account for site-specific management conditions.

To preserve the site-specific information of each PCS while obtaining a continuous spatial
representation in GIS (Esri, 2025), for each PCS the Euclidean distance function was applied
and the related map was developed. Accordingly, a raster was generated for each PCS in which
each cell represents the distance from the PCS point. The resulting raster was then multiplied
by the hazard score (Hs.) of the PCS as a constant. The calculation was restricted to a
maximum radius of 5 km, beyond which the influence of the contamination is assumed to be
negligible. This threshold aligns with empirical findings showing that exposure estimates best
correlate with pollutant levels when considering sources within approximately 5 km (Tenailleau
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270 etal., 2024). The subsequent steps of the RRA process were then executed in GIS through an
271 automated loop for each PCS.

272

273 2.3 Pathway analysis

274 The movement of contaminants from point sources to receptors involves complex
275 environmental processes, including leaching, runoff, volatilisation, and atmospheric
276  dispersion. In this methodology, we adopt a simplified, yet operational modelling appréach
277  tailored to large-scale applications, incorporating the key environmental pathways rélevant
278 across diverse land uses, including industrial, agricultural, and urban areas.

279 The behavior of contaminants through these pathways is partially captured in“the ‘intrinsic
280 hazard scores assigned to each source (Section 2.2), which differentiate/potential impacts
281 across four transport media: groundwater, surface water, air, and direct so6il contact. In the
282  next sections, pathways specific assessments will be presented.

283 2.3.1 Groundwater Pathway

284  This pathway models contaminant transport via vertical leaching into the saturated zone.
285 Contaminants may percolate through the unsaturated soillayer and reach the aquifer, which
286 can further act as a secondary transport medium. Water and solutes could also flow through
287 the saturated zone until eventually reaching theiridischarge point, such as a spring (Lerner et
288 al., 2009).

289 The infiltration process is influenced \bysoil properties,land cover,terrain slope,
290 and precipitation patterns (USEPA, 1996). Areas with high permeability, low slope, and
291 permeable land uses (e.g. vegetateéd sutfaces) are more prone to infiltration than urban or
292 compacted soils. Conversely, st€ep slopes and low-permeability soils favor surface runoff.

293 The groundwater pathwaysscore for each raster cell is calculated as a function of three key
294  spatial parameters:

295 e Slope (derived fram a Digital Elevation Model - DEM);
296 o Soilinfiltratiobn capacity index;
297 ¢ Landstse.

298 Thesegarameters are combined according to Equation 3:
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Pg=S-IC-L Equation 3
299 Where:
300 - Pgisthe groundwater pathway score;
301 - Sisthe slope map calculated from the DEM;
302 - ICistheinfiltration capacity index map;

303 - Listhe normalised land use map.
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2.3.2 Surface Water Pathway

Surface water contamination occurs through runoff and mobilization of contaminants during
rainfall events, especially from impermeable surfaces or areas with low infiltration capacity
(Braud et al., 2017). Aflow accumulation mapis derived from the terrain model (DEM) to
simulate overland flow routes and identify zones where water (and associated contaminants)
is likely to concentrate.

GIS tools are used according to the following steps:

1. Compute flow direction from the DEM;

2. Weight the flow accumulation with mean annual precipitationto “account for
hydrological intensity;

3. Initiate flow accumulation from PCS locations, to simulate contaminafit transport from
each source towards surface water bodies by integrating the olitcomes of the previous

steps.

Equation 4 defines the surface water pathway score:
Psg = Fag Equation 4
Where:

- Psg is the map of surface water pathway fer,souree s;
- Fag is the flow accumulation map for source,s.

2.3.3 Air Pathway

The air pathway considers the patential atmospheric transport and dispersion of contaminants
from the PCS through theatmosphere via two mechanisms:

e Volatilisation@f gaseous or semi-volatile compounds;
¢ Particle-bgund transport, where contaminants adhere to airborne dust or aerosols.

This pathwayis particularly relevant for persistent contaminants that can remain in particulate
form and undergo atmospheric resuspension (Csavina et al., 2011; Prabhakar et al., 2014).
Atmospheric transport is often long-range and influenced by climatic and meteorological
conditiens {Dragovi¢ et al., 2014). We model this pathway using:

s Pathway-specific hazard score;
¢ The De Martonne Aridity Index, which integrates annual temperature and precipitation,
to refine dispersion potential (Minolfi et al., 2018; Punia, 2021).

The De Martonne Aridity Index (Al ) is evaluated in each point using meteorological data (Minolfi
et al., 2018). Other climatic factors such as temperature and precipitation, in fact, significantly
influence the paths of contaminants’ dispersal (Punia, 2021). The Al is estimated by the
following formula:

920z 1snbny Gz uo 1senb Aq 651 /12 8/cZ | Belr/wesiulc60 ] 01 /10p/[0Ie-aduBAPE/WESI/WO0 dNO"OIWSPEI. WOoJ) POPEOJUMO(]



Integrated Environmental Assessment and Management Page 10 of 40

M Equation 5
A= 7710
338 Where:
339 - Al isthe De Martonne Aridity Index;
340 - M isthe mean annual precipitation map (mm/yr);
341 - T isthe mean annual temperature map (°C).

342  Deposition processes from air to soil are not explicitly modelled in the current framework.
343 2.3.4 Direct Contact

344  This pathway represents the potential for human exposure through direct interaction with
345 contaminated soil, particularly relevant in urban or agricultural areas where soil*access is
346 common. No intermediate transport process is considered; risk is_determined solely by
347  the spatial overlap between potential sources and human receptors.

348 Hazard propagation is modelled usinglInverse Distance "Weighting (IDW)from the
349 contamination source, with no additional environmental modifiers.

350 2.4 Vulnerability analysis

351 Receptor vulnerability to contamination from PCSsjis'defined as the susceptibility of a receptor
352 toanimposed contaminant load, determined exclusively by its intrinsic characteristics (Pizzol
353 etal.,, 2011) and independently from the sotkce hazard and potentially contamination level.
354 The methodology used to estimate the receptor vulnerability score follows the multi-step
355 procedure described in Zabeo et al€(2011) and consists of five steps:

356 1) Identification of regional receptors;

357 2) Selection of attributes relevant for assessing receptor sensitivity to contamination;
358 3) Spatial assignment offattribute values to receptors using GIS analysis;

359 4) Normalizatiop’ofjattribute values to a common scale.

360

361 Steps 2, 3 and 4¢aresvell described in Section 2.6.

362

363 The vulnerabilityfscore Vr for a receptor type ris calculated by integrating its attribute through
364 a receptor-specific vulnerability function Fv applied to each raster cell representing the
365 receptoer (Equation 6):
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Vr = Fv(Cr) Equation 6
366  Where:
367 - Vristhereceptor’s vulnerability score;
368 - Fvisthe vulnerability function;
369 - Cr are the selected receptors’ attributes.

370 The analysis considers four receptor categories:
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¢ Groundwater;

¢ Surface water;

¢ Human health;
¢ Protected areas.

The selected attributes for each receptor are listed in Table 1.
2.4.1 Groundwater Vulnerability

Groundwater vulnerability is influenced by proximity to point sources and its role imypotable
water supply. The score Vg is calculated from groundwater quality and use parameters
(Equation 7).

Vg=Q-U Equation 7

Where:

- Vg isthe groundwater vulnerability score;
- Qisthe groundwater quality parameter;
- Uisthe groundwater use parameter.

Areas where groundwater is used for drinking watersupply or irrigation receive higher scores
due to direct human and agricultural exposure risks:

2.4.2 Surface Water Vulnerability

Surface water vulnerability reflectstits eg¢ological and human use value and its hydrological
characteristics. The score Vs ig_calculated as:

Vs=0-Q-U Equation 8

Where:

Vs is the sukfage water vulnerability score;
- O isthe surface water order parameter;

- mis thestrface water quality parameter;
U is the surface water use parameter.

Watercourses used for drinking water supply, irrigation, aquaculture, or recreational purposes
receive higher scores due to the increased potential for human and ecological exposure. The
surface water order according to Strahler classification indicates the hierarchical position of a
stream within the drainage network. Lower-order streams receive higher vulnerability scores,
as contaminant concentrations are generally higher and less diluted compared to those in
higher-order streams.

2.4.3 Human Health Vulnerability
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404 Human health vulnerability is determined by the land use, the population density and the
405 percentage of vulnerable groups (e.g. children, elderly groups) according the following
406  Equation9:

Vh=L-PD-VG Equation 9
407 Where
408 - Vhis human health vulnerability;
409 - Listhe land use parameter;
410 - PDisthe population density parameter map;
411 - VG isthe percentage of vulnerable group parameter map.
412

413  Residential areas with higher density and percentage of vulnerable groups receive the highest
414  score due to human health exposure risk.

415 2.4.4 Protected Areas Vulnerability

416  Protected areas are scored according to their legal protection/status, reflecting ecological
417  sensitivity and conservation value. The score I/p is caleulated as:

Vp = PAT Equation 10
418  Where:
419 - Vpisthe protected areas vulnerability;
420 - PAT isthe protected area type parameter.
421

422  Scores for protected areas aregfassigned based on the type of protection. Areas protected at
423  state andregionallevel recgive highér scores compared to ecological areas or cultural heritage
424  monuments protected at local level.

425 2.5 Relative Regional Risk estimation

426  The spatial seurce,risk represents the combined effect of the hazard associated with each
427  PCS, the transpart through environmental pathways, and the vulnerability of receptors. This
428  step integratessthe results from paragraphs 2.2 - 2.4 into a single spatially explicit risk score.

429  Each PC&ris first evaluated independently. For each source and for each pathway, the spatial
430  sourcewisk is computed for every raster cell by combining:
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431 e The intrinsic hazard map associated to the specific pathway (from paragraph 2.2),
432 ¢ The environmental pathway score maps (from paragraph 2.3), and
433 ¢ Thereceptor vulnerability score maps (from paragraph 2.4).

434  The integration follows Equation 11:

SRSex =Hse - Pg-Vy Equation 11
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Where:

- SRs., istherisk for each source associated to a specific combination of pathway and
vulnerability.
- Hs, isthe hazard score for the PCS s spatially propagated through a specific pathway e

)

- P, isthe pathway score for the exposure pathway e (except for direct contact, which
uses the point-source hazard map directly);
-V, isthevulnerability score for the receptor under consideration.

For classification and prioritization purposes, these individual spatially distribtted values
related to specific pathways need to be aggregated to a single representative valuefor each
source. Indeed, risk values are obtained for each pathway (groundwater, surface water, direct
contact, and air), calculating both maximum and mean risk values. The final tetal risk score Rs
for each PCSis calculated as the sum of SRs max risk values, according to Equation 12:

Rs = Z SRsex Equation 12

(ex)EEP

Where:
- Rsisthe totalrisk of the PCS s;
- EP is the set of the combinations of Hazard-Pathway-Vulnerability presented in
paragraph 2.1
- SRs,x is the source risk (equation 17)

The regional comparison of point sources does not aim to merge or replace existing site-
specific conceptual models, bt ratherto provide a spatially consistent overview of potential
risks across the study area. Thisscreening-level approach enables regional prioritization,
identifying sites where site specific investigations would be most beneficial, without requiring
data sharing from individual site or access to confidential investigation reports. As such, it
complements exiSting ‘national contaminated site management frameworks by offering a
harmonized, regiahals8cale layer of analysis that can support planning, resource allocation,
and policy develepment.

2.6 Normalisation in GIS of pathway parameters and receptor attributes

Befare being able to apply any aggregation methodology, a normalization procedure should be
performed in orderto convert pathway parameters and receptor attributes into the same space
domain, which reflect their contribution to hazard propagation or vulnerability assessment.
This process ensures consistency across heterogeneous datasets by normalizing them to a
common scoring framework.

Normalization values for pathways’ parameters are listed in table S2 in supplementary
materials, while normalization values for vulnerability attributes are reported in tables S3-S6 in
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473  supplementary materials. These normalization values are taken from Zabeo et al. (2011) and
474  Minolfi et al. (2018), except for the flow accumulation and land use pathway parameters. Flow
475 accumulation parameter simulates the movement of runoff water and potentially contaminant
476  diffusion, while the land use parameter considers how permeability is conditioned by land
477  cover (areas covered by roads, and in general residential areas, are more likely to be less
478 permeable than agricultural and forest areas).

479 Inthe GIS environment, the pathway parameters and vulnerability attributes spatial datasets
480 need to be normalized using the reclassification function. Categorical datasets (e.g#land use)
481 are assigned normalized values directly based on discrete classification (e.g. agricultural or
482 residential areas). To each point of raster maps of continuous data (e.g. slopg).arevassigned
483 normalized values based on range values. The resulting normalized raster fnapssserve as
484  standardized inputs for subsequent spatial analyses, including pathway modeilling

485  (paragraph 2.3) and receptor vulnerability estimation (paragraph 2.4). By harmonizing all

486  spatialinputs in this manner, the methodology enables the integration,of environmental (e.g.
487  groundwater and surface water resources) and social factors (e.g. pefcentage of vulnerable
488  groups and cultural heritage protected areas) into a unified GlS-based risk assessment

489  framework.

490 2.6.1 Model Builder in GIS

491 The entire methodology was developed and implemented using the Model Builder tool in
492  ArcGIS. Model Builder is a visual programming environment that allows the creation of
493  workflows by combining geoprocessingitools, datasets, and logical operators in a graphical
494  interface. This approach ensures tragpsparency and reproducibility of the analysis, as each
495  processing step is explicitly repgeSented and can be inspected.

496  One of the main advantages of,using Model Builder is its flexibility. The workflow designed for
497  this study can be easily replicated in other geographical contexts: by simply replacing the input
498 datasets (e.g., land eover, meteorological data, population density), the model automatically
499 updates the subsequent analyses without requiring substantial modifications to the workflow.

500 This makes thesmethodology adaptable, transferable, and accessible also to users who may
501 not have advanced programming skills, but who are familiar with the principles of GIS-based
502 geoprocessing.
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503 3. Case study application
504 3.1 Study area

505 The selected study area is the Toulouse Métropole ITA, situated in the Haute-Garonne
506 department, in the Occitanie region of southwestern France. Covering an area of
507 approximately 465 square kilometers, the metropolitan region comprises 37 municipalities,
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including the city of Toulouse, which serves as its administrative and economic center. With a
population exceeding 800,000, Toulouse Métropole is the fourth largest region and one of the
fastest-growing urban areas in France, driven by its position as a leading hub for the aerospace
industry, technology sectors, and higher education institutions, such as the University of
Toulouse (INSEE, 2023).

The land use within the metropolitan area is highly diverse, combining dense urban zones,
industrial areas, and peri-urban agricultural lands. Since the late 1970s, in fact, ToulOuse's
urban fabric expanded rapidly into rural areas, creating a vast metropolitan region (Davernoy,
2018). This variety of land use contributes to a complex contamination profile and iatroduces
different contamination risks, from industrial emissions and waste disposal to%agricultural
runoff and urban sprawl. The presence of pollutants is often exacerbated by legacy
contamination from past industrial practices, which can persist in ughan soils long after the
cessation of harmful activities (Pouyat et al., 2015).

The region's geological composition includes alluvial plains along,the Garonne River, which
pose specific risks for contaminant transport due to their high permeability. Toulouse
experiences a temperate oceanic climate with Mediterranean influences, characterized by
mild winters and warm summers. The region receives an average annual rainfall of
approximately 600-700 mm, with precipitation patterns,that could influence the leaching and
migration of soil contaminants (Météo-France;2023).

Given its industrial history, rapid urbanizationj\and agricultural practices, Toulouse Métropole
presents a complex and dynamic environment for soil risk assessment. Studies have shown
that urban agriculture, while bep€ficiakfor food security, can pose risks if soil contamination is
not adequately managed (Moskal & Berthrong, 2018). The need for a multi-faceted approach
to soil contamination risksd@ssessment in Toulouse is underscored by the complex interplay of
urban development, efiVironmental health, and community well-being (Cheng et al., 2021).
This makes itanideal éaSe study for evaluating contamination pathways, identifying vulnerable
receptors, and developing targeted risk management strategies to support sustainable urban
planning angpubligiealth protection.

A key gonsideration in interpreting the results is how representative the Toulouse case is of
other ‘European urban areas. The selected test area encompasses a heterogeneous
landSeape, including a major urban center, peri-urban and industrial zones, and surrounding
agricultural and natural environments. This diversity mirrors the spatial and functional
complexity found in many European metropolitan regions, where legacy industrial activities
coexist with expanding residential and agricultural land uses. Therefore, while local
characteristics may influence specific results, the overall configuration of Toulouse provides a
relevant and transferable setting for testing the large-scale applicability of the proposed risk
assessment framework.

3.2 Hazard analysis
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546  For this study, we used the French BASIAS database, which is the national repository for
547 regional historical inventories of industrial sites and activities, managed by BRGM. It includes
548 activities considered potentially capable of generating soil or groundwater contamination,
549 although inclusion in the database does not imply the actual presence of contamination.

550 The original BASIAS dataset contained 3943 PCSs in the Toulouse metropolitan area, both
551 active and inactive, based on historical inventories. Older archival documents are often
552 incomplete, imprecise, or lacking exploitable address information, preventing reliablegpatial
553  positioning of some sites. Consequently, sites lacking reliable geolocation informatign were
554  excluded from the GIS-based spatial analysis, since spatial positioning is required tefevaluate
555  S-P-Rinteractions. While this reduces the completeness of the inventory, it dees net affect the
556 relative prioritisation of the analysed sites, since the methodology is\designed to rank
557 individual PCSs rather than assess potentially contaminated aréas. The absence of
558 geolocation data for part of the BASIAS database is mainly related totthe historical nature of
559 the inventory and is not related to specific categories or activitiessFherefore, no systematic
560 underrepresentation of activity types was identified within the analysed dataset. The final
561 working database included 2128 sites, a number deemed ‘sufficient for robust testing of the
562  proposed methodology.

563 Each PCS is classified according to the French WAFswcode. These were converted into the
564  corresponding European NACE codes, which were then matched with the activities—pollutants
565 matrix. Hazard scores were calculated exclusiveély on the basis of the intrinsic hazard of
566  activities (H,,), which reflects the substances potentially produced and released into the
567 environment according to their NACEYclassification. Information on site dimension or
568 operational duration was not ineludedidtie to data limitations in the BASIAS database.

569 3.3 Pathway analysis

570 The Corine Land Covergthe Digital Elevation Model (DEM) and the Infiltration Capacity index
571 (ICl) maps weregused for groundwater and surface water pathway analysis. The Corine Land
572  Cover map ipeluded,20 classes that were aggregated to fit in the land use classes reported in
573 the supplementary material (S2).

574  The slope raster derived from the DEM was generated using the Slope tool in GIS with the
575 PEREENT_RISE option, in order to express the elevation change as a percentage and to assign
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576 thecorresponding normalisation values. The Digital Elevation Model was also used to generate
577 the Flow Accumulation map, required for the computation of the surface water pathway. The
578 model accounts for the actual amount of water accumulated during precipitation events.
579  Moreover, by integrating the geolocation of PCSs into the Flow Direction analysis, it was
580 possible to identify the potential pathways and locations of contaminants transported by
581 surface water runoff from these sites.
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The Infiltration Capacity Index was calculated based on 277 geotechnical surveys conducted
in the Toulouse area (BRGM, 2022). Four values were found in the studied area corresponding
to very favourable, favourable, not very favourable and not favourable areas to infiltration. In
accordance with the normalisation classes proposed in the supplementary material (S2), the
normalisation values 1, 0.5, 0.2, and 0 were assighed to those areas, respectively.

Meteorological data (temperature and precipitation), obtained from the open dataset of
Toulouse Métropole (Toulouse Métropole, 2025), were used both for the calculationfof,the
Aridity Index (Al) and as input weights in the Flow Accumulation analysis. The Al wasfoundto
be less than 25in all the area, giving the highest normalisation value throughout the whole area
for the Air pathway.

3.4 Vulnerability analysis

The dataset of groundwater abstraction points for drinking, agri¢ultural,”and industrial uses,
provided by BRGM, was used for groundwater vulnerability analysis. The shapefile from the
SANDRE Atlas Catalogue, which contains information on groundwater bodies was also used
for this purpose. We focused on the shallowest aquifeks, ré€lassifying the different areas
according to the abstraction points located within them. Where multiple points were present,
the highest value was retained. Areas lacking information on aquifers as well as those where
no abstraction points were identified withintan aguifer, were conservatively assigned the
normalisation value corresponding to potalite water use.

The surface water vulnerability analysis includes two parameters. As the surface water order
parameter was not available fosthe ‘¢ase study area, we used a shapefile from the SANDRE
Atlas Catalogue containing inferptation on the width of different sections of the river network.
According to Horton-Strahtler lawsythe stream order is directly related to discharge, depth, and
width. We therefore assigned the following normalisation values based on river width:

o 0-15 m: value 1 (as a precautionary measure)
. 15-50,m: valug’0.5

o >50m: value 0.3

. NC: vatee 0.8

F@mthe surface water use parameter, shapefiles containing abstraction points for drinking
water and agricultural use were downloaded from the Systeéme d’Information sur UEau du
bassin Adour-Garonne of the Agence de UEau Adour-Garonne. Since the precise location of the
abstraction points is not provided (in accordance with Vigipirate security regulations, which
place them at the center of the municipality), a 100 m buffer was created around the river
network to include most of the points. Those located further away, and therefore too imprecise,
were not considered in subsequent analyses. We used Thiessen polygons to assign
vulnerability scores to river segments, based on the use of the abstraction points falling within
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618 each segment. Where two points with different uses falls within the same polygon, the most
619 conservative score was retained.

620 For the human health vulnerability analysis, we again used the Corine Land Cover map,
621 together with the IRIS database provided by BRGM. The IRIS database (“Ilots Regroupés pour
622 lUInformation Statistique”) is the smallest census unit defined by INSEE (2023) and contains
623 detailed demographic information at the sub-municipal level. It provides data on population
624  density for each area as well as information on vulnerable groups, which in our afnalysis
625 included children aged 0-15 and elderly people over 75 years.

626 For the protected areas vulnerability analysis, we used three different datasets: National
627 Nature Reserves (normalisation value 1; Muséum national d’Histoire naturé€lle{MNHN], 2024),
628 Regional Nature Reserves (normalisation value 0.8; Région Occitanigr2024), and Sensitive
629  Natural Areas (ENS, local ecological sensitive areas) (normalisationwalue 0.5; Observatoire
630 Régional de 'Environnement Occitanie [OREO]/ OpenlG, 2022).fThese datasets were merged
631 into a single raster, and each category was assigned the corresponding normalisation value in
632 orderto generate the final protected areas receptor map.

633 3.5 Total risk

634  The resulting risk maps extend over a defined area, depending on the pathways and receptors
635 considered. For classification and prioritization purposes, these spatially distributed values
636 need to be aggregated to a single representative value for each PCS. For each pathway
637 (groundwater, surface water, direct’contact, and air), both maximum and mean risk values
638  were calculated. When aggregating the pathways to obtain the total risk, we used the maximum
639 values, as they provide a moreyconservative representation of the overall exposure potential
640 across the affected area.

641 4. Results and Discussion

642 The Regional Risk'Asséssment was applied to 2128 PCSs in Toulouse area, for which pathway-
643 receptorspecificirisks, as well as totalrisk, were calculated. The resulting total risk values span
644  over thy€€ orders of magnitude, ranging from very low contributions (<102?) to high-potential risk
645 exceeding 105, highlighting a strong heterogeneity in the potential impact on environment and
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646  human health related to ongoing and past activities.

647 The distribution of total risk (Fig. 3) is strongly right-skewed. The median value of total risk is
648  1.96x104 with an interquartile range between 1.26x104 (25th percentile) and 4.00x10* (75th
649 percentile). The upper tail is characterized by substantially higher values, with the 95th
650 percentile reaching 8.75x10%, and extreme values reaching 1.3x10°, indicating that a relatively
651 limited subset of PCSs drives the highest fraction of the cumulative regional risk. This pattern
652  supports the relevance of the risk-based prioritization approach as a screening-level of a
653 regional scale assessment.
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To better understand how exposure pathways contribute across the risk spectrum, PCSs were
grouped into quartiles of totalrisk, and the relative contribution of each pathway was evaluated
using maximum-risk metrics (Fig. 4). Groundwater consistently represents the dominant
pathway in all classes, contributing on average about 38% of the summed pathway-specific
risk. Direct contact pathways affecting human health (i.e., soil ingestion and dermal contact)
represents the second most relevant pathway (approximately 24-28%), followed by the
contribution of particulate air exposure, mainly due to inhalation of outdoor air contaminants
affecting human health (~20%). Surface water contributes a smaller share, but increasing from
the lowest to higher risk classes (from about 12% to nearly 18%).

The consistently high contribution of the groundwater pathway across all risksclasses reflects
the high permeability of regional soils, and low slopes which enhances vérticalseontaminant
migration. Under these hydrogeological conditions, groundwater acts @s an efficient transport
pathway even for sites with moderate hazard. The relative stability of the groundwater
contribution across quartiles suggests that hydrogeological vulnerahility exerts a structural
control onrisk distribution, while variations in total risk betweeh,classes are mainly influenced
by differences in hazard intensity and the combined effecthof additional exposure pathways
and receptors.

To better understand the relative role of sources compared with exposure processes, the
correlation between the aggregated hazard scares and the total risk was analysed across
sites by using R software (R Core Team, 2026)~Iheresulting trend, shown in Figure 5a,
presents a generally linear relationship, with higher hazard sites exhibiting a great variability in
total risk. Residual analysis indicatés that this variability is approximately proportional to the
hazard level (Fig. 5b).

The absence of informatien‘en site dimension and duration in the Toulouse case study
introduces uncertainty/ifjthe hazard estimation, as those factors are relevant in influencing
the potential magnitude’of contaminant release. Their exclusion prevents differentiation
between sites that share similar activity types but significantly differ in spatial extension
and/or operationaliddration. This may lead to overestimation of hazard for smaller sites and
underestimationfor larger ones, leading to homogenisation of hazard scores within the same
activity class. This exclusion, interestingly point out that, when stratifying by NACE macro-
sector eedes, the slopes of the regression lines differ, suggesting that the proportionality
between hazard and risk varies by industrial sector. According to Figure 5a, industrial
manufacturing activities (NACE section C) show the highest average and maximum total risk
values, and account for a large share of the high-risk tail of the distribution. Sites associated
with water and waste management (section E) also exhibit elevated average risk levels,
consistent with their intrinsic link to contaminant handling, storage, and disposal. In contrast,
commercial and service-related activities (e.g., sections G and S) display lower average risk
values, although some individual sites still reach moderate-to-high risk levels, underlining the
importance of not excluding these sectors a priori from regional screening exercises. This
pattern may reflect the spatial clustering of different NACE-coded activities: some sectors
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694 tendto be located within or close to densely urbanized areas where environmental
695 connectivity and exposure pathways amplify risk, whereas others are situated in locations
696 where these factors are less influential.

697 Moreover, these findings suggest that the overall risk is driven by effective exposure pathways
698 and environmental connectivity rather than solely by source characteristics and hazard. In
699 otherwords, while hazard is a key driver of total risk, elevated regional risk emerges primarily
700  where high source hazard coincides with favourable transport of contaminants and

701 receptors’ exposure conditions. Overall, the NACE-based analysis (Figs. 5a and 5bfab. 2)
702  confirms that sectoral information can be effectively used as a proxy for hazard potential

703  withinregional-scale risk frameworks and can support the prioritization of inspectien and
704  detailed investigation campaignhs. Our model has focus on regional risks. Howewver, PCSs with
705  high sum of hazards and relatively low total regional risk may have rem@arkabledocal risk for
706  soil health.

707  Asafurtherimplementation, soil health can be considered as;an additional, separate

708 receptorin the RRA methodology, and described using indigators,related to key soil functions
709 in line with the SML, such as pH, Soil Organic Carbon contentt€xture and soil structure, land
710  use, conductivity (water infiltration potential), biological a€tivity. In line with the framework, if
711 a high hazard PCS is located near to a high-quality;Seil health area, this area should be

712  prioritised for investigation and remediation, since the impairment of high-quality soil health
713  and associated soil functions should be av@ided. Similarly, the inclusion of indicators such as
714  ecological connectivity and landscape fragmemgtation to better represent ecosystem

715  resilience could enhance the ecologicaltealism of future developments of the proposed

716  framework, although these metriCs are increasingly incorporated in regional ecological risk
717  frameworks but still not commopnly integrated into regional screening methodologies for

718  PCSs.

719  An additional relevant development of the proposed framework may concern its potential
720 integration with” dynamic monitoring and resilience strategies, both supporting the
721 identificatiopsandtracking of PCSs over time and including modelling of future environmental
722  scenarios. |In relation to climate change, changes in precipitation patterns and increasing
723 frequefcy of extreme events may significantly influence contaminant mobility, leaching
724  processes,and transport pathways. Integrating such factors would enhance the capacity of
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725  the framework to support forward-looking risk assessment and improve its relevance for long-
726  term environmental planning and management.

727

728 Because of the high density of PCSs, spatial results are presented as a risk heatmap in GIS,
729  derived from point-based risk values and representing the spatial concentration of cumulative
730 risk rather than discrete, classified polygons. Individual point risks are spatially aggregated,
731  such that areas of higher intensity indicate locations where elevated risk values are more
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densely clustered within a defined neighbourhood. The resulting surface reflects relative risk
intensity, not absolute risk at specific locations. The map in Figure 6b highlights pronounced
risk hotspots in the central and eastern portions of the metropolitan area, where high PCS
density, historical industrial activities, residential areas, and the presence of major surface
water bodies and most vulnerable groundwater bodies coincide.

Peripheral and more rural sectors display a more diffuse and generally lower risk signal, with
isolated local hotspots associated with specific industrial or infrastructural installatiopSN his
spatial configuration confirms that urban-industrial corridors act as focal areas of géifaulative
environmental pressure, and that RRA outputs can support spatial planning and targeted land
management policies.

To provide a preliminary qualitative consistency check, the resulting prioritisation was
compared with sites included in the BASOL database, the French natignal inventory of known
polluted or potentially polluted sites, including 3700 sites that nged_monitoring or
remediation actions. Within the Toulouse study area, 36 BASOL sitesivere identified, of which
14 could be reliably matched with the analysed inventory. Amongithe matched BASOL sites,
four fall within the 90th percentile of the total risk distribution. These sites were subject to
simplified or detailed risk assessments, long-term groundwater monitoring, remediation
measures, up to land-use and groundwater use restrietions due to confirmed soil and
groundwater contamination. Notably, one of these sites was classified as “Class 1” under the
French simplified risk assessment procedure€«ESR), indicating the need for priority
management actions due to cadmium.and chromium contamination in soils beneath the
industrial facility and identifying sufface waters (Garonne River used for drinking water
supply) and groundwater as poténtial reCeptors. Although elevated groundwater vulnerability
was consistently identified by out framework, surface waters were not highlighted as
particularly vulnerable re€eptors for this site, suggesting that the surface water pathway
modelling may represéntione of the main limitations of the current application.

Among the sitesfrapked between the 50th and the 90th percentile of the total risk distribution,
three were classified/as “Class 2” (“sites requiring monitoring and/or land-use restrictions”)
according to.the French ESR. Investigations performed on the sites identified anomalous
concentrations of contaminants in soils, groundwater, and in some cases surrounding
residentialdareas affected by contaminant plumes. In particular, for the site where residential
areas were affected by the contaminant plume, direct contact represented the highest
contributing pathway in the total risk calculation, supporting the consistency of the proposed
framework with the identified exposure scenario. Subsequent management and remediation
measures were strongly influenced by the planned future land use, which in several cases
included residential redevelopment and even sensitive land uses such as schools.

Interestingly, the only matched BASOL site ranked below the median risk value had
undergone a quantitative human health risk assessment. No unacceptable risks were
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770 identified for either workers or downgradient residents, indicating good alignement between
771 its lower relative risk ranking and the limited health concerns identified at the site.

772  The comparison with BASOL sites does not constitute a formal validation of contamination
773 levels or quantitative risk, as BASOL includes sites already identified by environmental

774  authorities as requiring monitoring or remediation actions. However, the overlap between
775 medium-to-high risk scores and sites classified ad Class 1 and Class 2 under the French ESR
776  supports the consistency and practical relevance of the proposed prioritisation framewotk as
777  supportin the identification of sites requiring further investigation, monitoring or rept@diation,
778  while also confirming the importance of integrating RRA results with preliminary,site

779 investigations and land-use management strategies.

780 Advantages and limits

781 The proposed methodology supports the implementation of the SML, whieh requires Member
782  States to establish harmonised soil monitoring systems and apply ja risk-based, stepwise
783  approach (Articles 12 and 43b). While the Directive does,_not'mandate the collection of all
784  possible anthropogenic or historical data, it emphasisesi\thé need for harmonised soil
785 indicators, contamination screening, and prioritiSation tools to guide subsequent
786  investigations. The proposed RRA framework directly “contributes to these objectives by
787  providing a consistent and scalable screeningzlevelimethodology for identifying areas at risk.

788  Specifically, the methodologies support the,Stepwise risk assessment approach promoted in
789  Article 43b of the SML, which requires a struetured transition from broad-scale preliminary
790 screening to more detailed investigations only when necessary. In this context, the
791 methodology provides an effective basis for identifying areas or potential point sources that
792 may warrant further investigatiop, thus optimizing resource allocation and avoiding
793  unnecessary site-specific’assessments when risk levels are low.

794  Theregional-scale application would allow Member States and competent authorities to:

795 e prioritise investigation steps within a legally compliant tiered framework;

796 * antiCipate tfémediation needs or preventive land management measures under Article
797  43b;

798 ¢ facilitate strategic planning and policy decision-making at regional or national level.
799
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800 Themmethodology, particularly the GIS application, could still need further refinementto ensure
801 accuracy across different contexts. The main challenge lies in the availability and consistency
802 of data, particularly when dealing with large-scale analyses. The approach may need to be
803 adapted case by case depending on the type and quality of the data available. For this reason,
804  even with our model available, it is essential that a GIS expert carry out the implementation. It
805 is crucial to understand the nature of the input datasets and to verify the coherence of the
806  obtained results.
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A relevant issue in the application of the hazard assessment step to the Toulouse case study
was the lack of data on site-specific attributes, such as operational duration and site area,
which were originally included in the hazard assessment and therefore had to be excluded from
the analysis. This limitation reduces the discriminatory power of the application study, which
cannot distinguish between sites within the same NACE code despite substantial differences
in site extent or operational duration and represents a source of uncertainty in the final hazard
scores and risks estimations.

In the Supplementary material, Table S7 has been added to describe all the elementshof
uncertainty in the Toulouse case study.

Conclusions

The proposed approach aims to bridge the gap between desk-based, inventories and site-
specific investigations, thus it provides a consistent, information;b@sed and spatially explicit
tool for large-scale screening of potentially contaminating activiti€s, supporting consistent
prioritization across regions. In this sense, the methodelogy. complements existing national
frameworks by offering a harmonized approach for largesSeale comparison and prioritization
across regions and Member States.

The wide variability in total risk values demonstrates the usefulness of RRA as a screening and
prioritization tool. Rather than treating alllRCSs ‘as equally urgent, the method highlights a
subset of sites that mostly contribute to regional risk. The resulting risk scores should be
interpreted as relative prioritisationdndicators acting as a guiding filter for further site-specific
analysis, and not as risk assessment ind€xes in the strict sense.

Such information can guidefthe selegction of sites for detailed, site-specific risk assessment.
The Regional Risk Assessment,does not replace site-specific assessments indeed, but
provides a transparefit, spatially explicit pre-screening tool that can improve the efficiency of
regional land mamagement and the consistency of monitoring resources usage. This is
particularly usefulfin gbntexts where measured environmental concentrations are often
lacking or incomplete and where resources for land management and remediation are low.

Akey strength of the proposed RRA framework lies in its ability to combine sector-based hazard
indicatorss(updated with more recent NACE codes and CLP regulation) with simplified but
spatially distributed pathway models and receptor characteristics. This enables the inclusion
of @ large number of PCSs, even in case of lacking data; the evaluation of potential
contaminants transfers in the environment; and the potential impact on receptors, both
human and environmental.

The results should be interpreted as relative indicators of priority and not as absolute measures
of risk. Risk estimates are, in fact, based on proxy indicators of contamination potential and
not on measured concentrations. Moreover, the pathway modeling relies on regional-scale
and simplified environmental data, which may not capture local heterogeneities.
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845 Despite these approximations, the approach is highly transferable to all regions where PCS
846  inventories are available. By linking PCS data with spatially explicit pathway modeling,
847  authorities can move from purely inventory-based approaches toward risk-informed regional
848 planning, in line with the required management actions to Member States, following the SML
849  principles of sustainable land management and environmental health.

850 Transition to Part I

851 The methodological framework presented in this study for the regional prioritization of PGSs
852 represents one component of a broader and flexible approach to soil risk assessfnept at the
853 territorial scale. The same conceptual and methodological structure was adapted to, assess
854  diffuse soil contamination, in line with the risk-based management principles promoted by the
855  Soil Monitoring and Resilience Directive (EU 2025/2360).

856  While the present article focuses on point-source related pressures andsthe screening-level
857  prioritization of individual sites for further investigation, the companion study (Part Il) applies
858 the same regional risk assessment logic to spatially distributed contamination that cannot
859 directly attributed to discrete sources. While the presentmanusgript relies on data about PCSs
860 for hazard estimation, the complementary Part Il studyreties on soil geochemical data, using
861 measured soil concentrations and spatial interpelationsmethods to identify contamination
862 hotspots and addressing the potential impact@n regeptors of diffuse contamination.

863 Thetwo approaches can be used either complementarily orindependently, depending on data
864 availability and management objeetives. The Potentially Contaminated Sites-oriented
865 frameworkis particularly suited to guiding selection of sites for site-specific investigations and
866 regulatory actions targeting( industrial or legacy sources. Conversely, the diffuse
867 contamination framework i§ better@aligned with spatial planning, land-use management, and
868 the identification of broadertterritorial priorities. Together, they form an integrated, flexible
869  toolkit for supportingtisk-informed soil management at the regional scale.

870

871
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Figure1. Structure of the Regional Risk Assessment methodology for the prioritisation of potentially
contaminated sites and related assessment steps.

Alt text: Flowchart illustrating the regional GIS-based risk assessment framework for prioritising potentially
contaminated sites. The diagram shows the sequential assessment of hazard, pathways, and receptors,
followed by the integration of these components into pathway-specific and total relative risk scores used to
produce regional risk maps.

Figure 1. Exposure diagram for regional risk assessment, with the selected pathways linking the contamination
sources to the relevant receptors.

Alt text: Conceptual exposure diagram showing the relationships between contamination sources, exposure
pathways, and receptors considered in the regional risk assessment. The potentially contaminateds§ites are
connected to human and environmental receptors through direct contact, groundwater, surfacewatef, and air
transport pathways.

Figure 3: Total PCSs risk distribution. Abbreviations: Potentially Contaminated Sites (PCSs):

Alt text: Histogram of total relative risk scores for 2128 potentially contaminated sitesy Most sites have low to
moderate risk scores, while a smaller number form a long right tail of higher-risk sites. Vertical dashed lines
mark the first quartile, median, third quartile, and the 90th and 95th percentile thresholds.

Figure 4: Relative pathways contribution to total risk across 4 quartiles. ABbreviations: Direct Contact (DC),
Groundwater (GW), Surface Water (SW).

Alt text: Grouped bar chart comparing the mean percentage contribution of four exposure pathways—direct
contact, groundwater, air, and surface water—to the totalyrisk'across the four risk quartiles. Groundwater is the
dominant contributor in all quartiles, with a relativeljpstable‘eontribution of about 38%. Direct contact
contributes more in the lower-risk quartiles and decreases slightly with increasing risk, whereas the contribution
of surface water increases in the higher-risk. gtastiles. Air contribution remains relatively constant across all
quartiles.

Figure 5a: Potentially Contaminated Sités aggregated hazard scores and total risk trend, clustered by NACE-
code. Abbreviations: StatisticaliClassification of Economic Activities in the European Community (NACE); A:
Agriculture, forestry and fishing; B: Mining and quarrying; C: Manufacturing; D: Electricity, gas, steam and air
conditioning supply; E: WatersSupply; sewerage, waste management and remediation activities; G: Retail trade;
repair of motor vehiclés andmotorcycles; H: Transportation and storage; S: Other service activities; V: Storage
and disposal activitiesgincluding storage of chemicals, coal, flammable liquids, mining residues, dredged
sediments, and’'gas (BRGM/BASIAS classification).

Alt text:Scatter plot showing the relationship between aggregated hazard scores and total relative risk for
potentially contaminated sites, grouped by NACE activity sector. Each point represents one site, and coloured
regression lines illustrate the trend for each sector. Total risk generally increases with increasing hazard scores,
althatigh'the strength of the relationship varies among activity sectors.

Figure 5b: Residual analysis. Abbreviations: Statistical Classification of Economic Activities in the European
Community (NACE); A: Agriculture, forestry and fishing; B: Mining and quarrying; C: Manufacturing; D: Electricity,
gas, steam and air conditioning supply; E: Water supply; sewerage, waste management and remediation
activities; G: Retail trade; repair of motor vehicles and motorcycles; H: Transportation and storage; S: Other
service activities; V: Storage and disposal activities, including storage of chemicals, coal, flammable liquids,
mining residues, dredged sediments, and gas (BRGM/BASIAS classification).
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913 Alt text: Scatter plot of residuals against aggregated hazard scores for potentially contaminated sites, grouped by
914 NACE activity sector. Residuals are distributed around zero across the range of hazard scores, with greater

915 variability at higher hazard values. The figure illustrates that total risk is influenced not only by hazard scores but
916 also by pathway and receptor characteristics included in the regional risk assessment.

917 Figure 6a: Total risk for 2128 PCSs in Toulouse metropole.

918 Alt text: Map of the Toulouse Metropolitan Area displaying the spatial distribution of total relative risk for 2,128
919 potentially contaminated sites. Colours represent increasing relative risk, highlighting clusters of higher-riSk
920  sites within the study area.

921 Figure 6b: Total risk heatmap in Toulouse metropole (zoom in central area).

922 Alt text: Heatmap of total relative risk in the central area of the Toulouse Metropolitan Are&. Thésmap highlights
923 spatial hotspots where potentially contaminated sites are concentrated and where cumulative relative risk is
924  highest.

925 Table 1. Selected characteristics for receptor’s vulnerability evaluation.

926 Table 2: NACE-based activities count and percentage across total risk classes) Abbreviations: Statistical

927 Classification of Economic Activities in the European Community (NACE); A¥Agriculture, forestry and fishing; B:
928 Mining and quarrying; C: Manufacturing; D: Electricity, gas, steam@an@ainconditioning supply; E: Water supply;
929 sewerage, waste management and remediation activities; GaRetail trade; repair of motor vehicles and

930 motorcycles; H: Transportation and storage; S: Other service\agtivities; V: Storage and disposal activities,

931 including storage of chemicals, coal, flammable liquids,ymining residues, dredged sediments, and gas

932 (BRGM/BASIAS classification).

933
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Receptor

Attributes

Groundwater

Groundwater use
Groundwater quality

Surface water

Surface water order
Surface water quality
Surface water use

Human health

Land use
Population density
Percentage of vulnerable population groups

Protected areas

Type of protection

Table 1. Selected characteristics for receptor’s vulnerability evaluation.
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Table 2: NACE-based activities count and percentage across total risk classes.

NACE Code
Percentage Percentage Percentage Percentage of Percentage Percentage Percentage Per g Per g
Class A ofAactlvites B of Bactivites ¢ ofCactivites D Dactivites E ofEactivites G of Gactlvites H ofHactivites S of Sactivites V of V activites|Total
4rd Quartile 488 49% 46 43% §32
3rd Quartile 1 100% 285 28% 1 11% 18 17% 144 20% 23 92% 29 3% 29 10%| 532
2nd Quartile 108 10% 8 8% 8 7% 217 9% 2 8% B84 67% 108 37%| S30
st Quartlle | 2 100% 128 13% 36 33% 198 35% 12 10% 156 53%| 534
Total 2 1 1006 g 108 559 25 125 293 2128

Note. Statistical Classification of Economic Activities in the European Community (NACE); A: Agriculture, fofestry and
fishing; B: Mining and quarrying; C: Manufacturing; D: Electricity, gas, steam and air conditioning supplys,E: Water
supply; sewerage, waste management and remediation activities; G: Retail trade; repair of motof vehicles‘and
motorcycles; H: Transportation and storage; S: Other service activities; V: Storage and disposahagtivities, including
storage of chemicals, coal, flammable liquids, mining residues, dredged sediments, and gas{BRGM/BASIAS
classification).
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