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Abstract

The major objective of this study is to investigate simplified risk assessment models for pollutant
leaching to and migration across groundwater. Data for this study were gathered through
bibliographic research and experts’ advice. Three European countries were selected for this
investigation: Italy, United Kingdom and Walloon Region. In the first part, the procedures are
compared from a theoretical point of view. The Thesis then identifies the tools used by countries and
applies them on a synthetic and real case. A sensitivity analysis is performed as well. The cases have
highlighted differences in terms of decision-making and shown which parameters mostly affect
results. Basing on the results of this research, it can be concluded that all the countries perform
Concentration based risk assessment relying on simplified analytical equations and that the way of
assessing risk is quite similar. Major differences could be noticed in the choice of factors and relative
adjustments for modelling leaching in the vadose zone and in the way to obtain the remedial
objectives. Types of solutions for modelling the transport of contaminant across groundwater differ
as well. The synthetic case study brings to light some noticeable aspects. Firstly the difficulty in
choosing parameters, particularly for the saturated zone, so as to respect the mass balance between
saturated and unsaturated condition. Secondly, the fact that some factors, used by countries to
simplify the movement of pollutants (i.e. dilution factor), actually have a great influence on results.
Therefore, their physical consistency and reliability should be further investigated by comparing
results of traditional RA tools with numerical models. Finally, the sensitivity analysis has shown that
Mass flux approaches may bring additional contribution to the way the presence of Risk is assessed
and that research should evolve in this direction.

Key words: Ground water, Concentration based Risk assessment, leaching, migration, analytical
equations, synthetic case, Remedial objectives, Mass flux.
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Introduction

The overall objective of this Master Thesis is to investigate simplified Risk Assessment procedures
for contaminant leaching to and across groundwater for different countries.

In order to reach this objective, firstly a bibliographic review of common risk assessment
procedures is performed. Secondly, the European RA tools of Italy, United Kingdom and Walloon
Region are applied to a synthetic case study and a sensitivity analysis is performed as well. The same
is done for a real case.

The theoretical case and the real one allow showing differences and lacks among tools and
procedures.

In recent years, the concern relatively to the protection of groundwater is increased. More attention
is given to the problem of groundwater pollution.
In fact the source of pollution for groundwater may come from a vast range of activities (Municipal
and industrial waste disposal, metal industries, petrol, mining, agriculture). Solely in Europe, in 2014,
the European Environmental Agency has classified 2, 5 million of site as potentially contaminated
among with approximately 14 % are estimated to be contaminated and need remediation [34]. This
is why Europe has established several Directives which the objective to protect groundwater from
pollution and deterioration (Water Framework, Groundwater, Nitrates, Industrial Emissions and
Landfill Directives) [41].

Globally governments and technical community have increased their awareness and search ways
to assess, protect and preserve groundwater resource and human health.
Countries have made efforts for developing risk assessment procedures, which allow estimating the
presence of risk for the groundwater resource and eventually obtaining remedial objectives.
These methodologies do not require entering too many data, in fact they are generally concentration
based risk assessment procedures based on analytical transport models of the contaminant.
From one side, these procedures allow to simplify the problem, since only concentrations are
measured and compared with proper standards. However, on the other hand, experience has shown
that they may drive to incorrect estimation on the presence of risk. In fact, not only the values of
concentration should be investigated but also site-specific conditions as the groundwater flow, the
presence of heterogeneities and the presence of natural attenuation.
Some of these aspects are investigated along the Thesis.

The document is organised as following.

First, a general description of a typical concentration based risk assessment procedure is shown
highlighting the common assumptions and conceptual choices done by countries (chapter 1). Even
the critical points of traditional risk assessment and possible alternatives are presented.

Chapters 2 describes more specifically the different risk assessment procedures of Australia,
Canada, Italy, United Kingdom and Walloon Region. Similarities and differences among the
approaches are highlighted.



Chapter 3 gives a brief description of the tools used by the investigated European countries. The
used tools are the Walloon ESR v. 2.0.4. and BIOSCREEN-AT v.1.45 tools, the Italian Risk-net v.2.1
tool and the English RT-worksheet tool v. 3.2.

In chapter 4 a theoretical case study has been developed based on the gathered knowledges of
chapter 2. The same case study has been tested by the three European countries (Italy, United
Kingdom and Walloon Region). The synthetic case has allowed pointing out differences among the
approaches in term of decision-making.

In chapter 4 a real case study is tested for the three European countries as well. Data are given by the
Environmental Belgian Company Geolys. For confidential reasons no much details on the location
an Environmental contest are given.

Chapter 5 shows the results of the sensitivity analysis applied on the synthetic case study developed
in the previous chapter. The sensitivity analysis shows the parameters, which most influence the
results of the RA procedures. Moreover, it allows highlighting differences and similarities among
countries.

In Chapter 6 conclusions are done. Proposals and recommendations are shown as well.



Chapter 1

Description of the general context and conceptual model
for simplified RA for GW

1.1. Definition of risk assessment

The general definition of Risk Assessment (RA) given by the European commission is as following.

“The risk assessment procedure, in a general sense is the identification, analysis and evaluation of
the levels of risks present in a determined situation, their comparisons against standards and the
determination of an acceptable level of Risk”.

While Risk is defined as “the chance, probability that a person or something will be harmed, or
experience an adverse effect if exposed to a hazard”.

In addition, the hazard is “any source of potential damage, harm or adverse effects on something (e.g.

the environment) or someone” [42] [43].

1.2. Concentration based approach

1.2.1 General procedure for assessing the presence of risk

Simplified Risk Assessment procedures for assessing groundwater pollution are generally
concentration based risk assessments (cited as C-Based in the following parts of his document).

The process consists in comparing the measured concentration values with proper standards
defined by norms, depending on specific land or groundwater use. Possible standards can be
Drinkable water standards, Irrigation water standards, Fresh and marine waters standards, etc. The
choice of the standard widely varies from country to country depending on the final purpose of risk
assessment.

In order to be reliable, RA procedures require the selected measured values to be representative of
the investigated situation and statistically consistent i.e. the Maximum value, average etc.

In the contaminated sites framework, risk assessment for groundwater can be used with two main
goals:
e  Site characterization, in order to assess the possible contamination of groundwater;
e  (Clean up values definition, in order to remediate the site up to an acceptable level.

The procedure can be simplified as following Fig.1.



NO
Citeasurea = Screening level 4~| Stop the procedure |

YES

NO - ,
Monitor the site

h

Crreasurea = Intervention level

YES

Remediation is mandatory

Fig. 1 General procedure to characterize the site and the presence of risk. Where Cyteasurea is the measured
concentration [M/M] in the soil and [M/L’] in the water. Intervention and Screening levels may be equal.

The Site characterization consists in further investigation of the site and of the level of contamination.

First, the so-called Screening or Investigation value is compared with the measured concentrations.
The measured concentration can be both in the soil [M/M] and in the groundwater [M/L?].
If the standard is not exceeded, then it means that no pollution is present.
Otherwise, it is necessary to proceed with a deeper characterization in order to estimate the extent of
the contamination and its magnitude.

Then the measured concentrations have to be compared with the so-called Intervention value.
If the Intervention value is not exceeded, normally the practise is a continuum monitoring of the site.
Otherwise, it is mandatory by law to intervene and clean up the site down to a well-defined value.
The level of remediation-acceptance can be directly defined by norms or obtained by risk assessment
procedures and relative tools.
The clean-up standards have to be seen as acceptable levels of controlled Risk, which has to be
monitored over time. Moreover, as it is highlighted in both Verreydt (2012) and Bartlett (2013), it is
often not technically and economically feasible to restore the initial condition basing on concentration
standards.

Even if usually it is possible to define two main standards -Investigations or Screening level and
the Intervention or Remediation level- there are no shared terminologies among the investigated
countries. In some countries, the same standards are both used as Screening values and Clean up
values.

1.2.2. Conceptual model choices & S-P-R approach

In order to apply the RA procedure, it is necessary to define the Conceptual Model. The model
according to definition is a tool to simulate reality in a simplified way, which helps in driving
conclusions of present or possible future scenarios.

The conceptual model choices, as well as the chosen parameters, have to be carefully selected due
to their influence on the results. The hypothesis as well as the results have to be physically consistent.



All the investigated Risk assessment procedures are based on the so-called Source(s)-Pathway(s)-
Receptor(s) approach, usually known as S-P-R approach. Indeed, the most common Conceptual
Model considers the link (Pathway) between the Source(s) and the Receptor(s).

A possible simplified conceptual model is shown in Fig.2 below.

Receptor

Receptor

Fig. 2 Typical graphical Conceptual Model representation of RA for GW (SPR approach). Imagine made with Inkscape.
The image is merely for explicative purpose. Scale is not respected.

A preliminary hint on pollutants behaviour is offered by the pollutant distribution between phases.
This is expressed basing on distribution coefficients reflecting concentration ratio (equ.1.1).

__ Concentrationpyase 1 (1 1)
Concentrationpyasg -’ ’

In relation to the available phases, different constants may be found (Henry constant, adsorption
constant and octanol-water partitioning constant) (Fig.3). These allow a better characterization of the
site and definition of proper pathways.

'.: [ S
I~_Gaseous phase 7~/
Volatilization/Condensation (Kd) [~u. W
— - - o
<l
‘(“*- 5 e
NN ﬁ I
\::‘ & Dissolution/ |precipitation, .'f;!
i1 S sorption/desorption (Kd) J
g .
Aqueous1phase X = Solid|phase
: -S 1:;
A\
/! g NN
A - N
— il d E "‘b.w)
|-~ >

Dissolution/liquid-liquid
partitioning (Kow) Non aqueous
‘.___.__.--_,_.::1""'_""‘-'1'-___.__ &
P phase “n:;\\
s N
b =l

Fig. 3 Pollutants mobility and distribution between phases. [12] [13]
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The reader is invited to look at figures 2 and 3 for a better understanding of the next explanation.

Looking at Fig.2 the reader can imagine to follow the path of the pollutant from the source - a pipe
leak in the vadose zone (VZ) - to the chosen receptors, here represented as an extraction well and a
surface body. A dotted line with arrows represents the pathway. The path starts with a vertical
movement in the VZ from the pipe and continues in the saturated zone following the groundwater
flow, towards the targets.

The contaminant in the vadose zone may undergo three types of mechanisms.
Firstly, it may volatilize. This mechanism is controlled by the Henry constant (Kn) which is used to
evaluate the liquid-gas partitioning.
Secondly, the contaminant may remain partially adsorbed in the soil. The adsorption constant Kd is
used to evaluate the Solid-liquid partitioning.
Finally, the part of pollutant that does not sorb or volatilize can start to infiltrate moving vertically in
the unsaturated soil (leaching). As it moves the pollutant undergoes natural attenuation processes.

Once the pollutant has entered ground water, further mechanisms occur.
If the pollutant is soluble, it starts to dissolve in groundwater and it undergoes the mechanism of
advection, dispersion, diffusion and natural attenuation. The more the pollutant is soluble, the more
mobile in the water too.
If the pollutant is not degradable, it can persist in the environment and/or if decay time is long enough
it can form toxic by-products.

Last but not least, if a non-aqueous phase is present then this phase may migrate across the
unsaturated zone and in the groundwater table. The octanol water partitioning constant (Kow) may
be used to check the hydrophobicity of a substance.

In the end, the most dangerous pollutants for groundwater are those presenting: low sorption, high
solubility, low degradation rate and form toxic by-products compounds

Summarizing the S-P-R approach is composed of the following steps.

The source represents the pollution starting point. While performing a risk assessment, it is
essential to know if the source is point or diffusive, its spatial extension, time variability, persistence,
amount/load and its eventual mobility.

Generally, typical C-based Risk assessment consider a not mobile point sources of contamination.
The source location may vary either in soil and groundwater or in both.

The pathways are all the ways toward the target(s) available to the pollutant. They are strictly
related to the Conceptual model choices, pollutant properties and to the target choices (Human,
Animal, Ecosystem, and Groundwater).

Generally, in groundwater RA approach, mainly Leaching and “Dispersion” across ground water are
considered.

Leaching represents the vertical movement of the pollutant from the source through the Vadose Zone
to the groundwater table. It occurs whenever the source of pollution is located in the soil.
“Dispersion” instead represents the mainly horizontal movement in the saturated zone across
groundwater.



Since the present study focuses on groundwater pollution, the volatilisation will not be taken into
account.

The receptors are all possible contamination targets. One of the main objectives of Risk
assessment is to determine whether the soil and/or groundwater contamination pose an unacceptable
Risk for the defined receptors.

Based on Risk Assessment type (Human Health, Ecological and Groundwater risk assessment) and
purpose, the receptor could be:

e  Human (via dermal contact, incidental ingestion, vegetable/fishes ingestion, inhalation
of vapours and dust);

e  Ecosystem (plants, fishes...);

e  Groundwater. It can be the protection of the groundwater resource itself or the
groundwater can be protected in relation to its use (i.e. if the receptor is a potable well,
groundwater has to be protected in order to guarantee the drinkable standards);

e Surface water: (it could be impacted by groundwater discharge).

Usually, while assessing risk for groundwater pollution, the considered receptors are groundwater
resources, wells (for potable, irrigation or breeding purposes), piezometers or surface waters (river,
lake, sea).

1.2.3 Critical points of concentration based risk assessment

Some critical points related to the investigated C-based risk assessment procedures should be noticed.

The first difficulty while dealing with polluted groundwater is the lack of clear limits. This is not
an issue for soil pollution since normally the limit is represented by the boundary of the parcel.
This is the reason why concentrations in groundwater are estimated from the measured concentration
in soil, taking into account the leaching mechanism.

Furthermore, even if traditional risk assessment (C-Based approaches) refers to point
contamination, most of the real cases are represented by a diffuse contamination. In fact, groundwater
degradation is usually not related to a unique source but to several ones.

In consideration of this and in order to prioritize, one of the main issues while dealing with
groundwater pollution should be understanding how much of the source quantity present in the soil
may be able to degrade groundwater.

Some of these aspects are investigated in the studies of Verreydt (2012), Brouyere (2012) and

Bartlett (2014). Such studies show how flux based methodologies may help in dealing with the
previous cited issues.
For example, the key elements of the study by Verreydt (2012) are firstly the division of the
contaminated area in Risk Management Zones (RMZ) 'with the aim of grouping groundwater
contaminations coming from different sources; secondly, the computation of the maximum allowed
contaminant mass discharge towards the chosen receptors (Mdmax).

! Risk management zones (RMZ) are zones around one or more nearby contaminated sites, with an actual or potential
impact of contaminants from the contaminated site(s) toward receptors.
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While the study by Brouyere (2012) develops a regional flux-based method in order to compute a
groundwater quality indicator that takes into account the additive effect of several contaminant
sources with a different degradation power. This is done in order to look the groundwater quality
deterioration over time and for the entire groundwater body scale.

In the Article by Bartlett (2014), the issue of loss of value? of Groundwater resources due to the
presence of a polluted site is investigated. The loss of value is related to present and possible future
use. In this case, differently from other articles such as Verreydt (2012) and Brouyére (2012) the
study considers a point source of contamination, in an unused Aquifer.

Finally, research has highlighted that C-based procedures may drive to incorrect evaluation-
overestimation or underestimation- of the risk.

In fact common RA approaches only rely on the value of measured concentration (high or low) to
establish risks.

However, additional elements should be taken into account. The assessor should evaluate the
magnitude of the flow and have an idea of the presence of possible heterogeneities in the subsoil (i.e.
zone of high or low hydraulic conductivity). In fact, even if the concentration is low, it may still
represent a risk when associated to high flux.

These concepts are illustrated with two example in paragraph 1.3.2.

All these considerations drive to the conclusion that traditional C-based procedures should be
supported by flux-based methodologies, in order to better estimate the presence of risk for the
groundwater resource. This is way in the following paragraph some tips on the mass flux based
approach are given.

1.3 Mass flux based approach

Mass flux based approach could be an alternative or an additional contribution to the traditional C-
based risk assessment. The flux-based approach might be used to monitor natural attenuation and
source depletion.

1.3.1 Definitions of terms for the Flux based procedure

The visual representation of a typical way of estimating the mass-flux approach is shown in Fig.
4. The transects are the control planes perpendicular to the flow direction in which Mass discharge is
measured.

2 Loss of value, in the article, is defined as the impossibility of pumping, when the well is located on the polluted zone
(direct loss) or it represents the decreasing of the pumping rate (indirect loss) due to the well vicinity to the contaminated
plume.
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Transect 1 Transect 2 Transect 3

Fig. 4 Visual representation of multiple transects for measuring Mass discharge [50]

Similarly to what has been done for the concentration based risk assessment some definitions and
relative equations are given. The definitions and equations come from the ITRC (2010) and the
Australian technical Guidelines [20] [21].

Groundwater flux (q)

It is defined as “the velocity (speed and direction) of groundwater through a defined cross-sectional
area located perpendicular to the mean direction of groundwater flow” (equ.1.2).
It is the product between the saturated hydraulic conductivity (k) and the hydraulic gradient (i). It has
the dimension [L/T].
q=kxi (1.2)

Mass flux (J)

It is defined as “the mass of a chemical that passes through a defined cross-sectional area located
perpendicular to the mean direction of groundwater flow over a period of time” (equ.1.3). It is the
product of the groundwater flux (q) and contaminant concentration (C) in a given Area. It has the
dimension of [M/L? *T].

J=gxC (1.3)
Notice that mass flux has both a spatial and a temporal variability. Indeed, it refers to a specific

area and variations both in terms of contaminant concentration and groundwater flow magnitude may
occur.

Mass flux discharge (M)

It is defined as “the total mass of a contaminant moving in the groundwater from a given source.”
It is the integral of the spatially variable mass flux estimates across a transect (J) multiplied by the
representative Area (Acp) (equ.1.4). It has the dimension of [M/T].

Md = [, ] x Ae (1.4)
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1.3.2. Possible use of flux based methods

F-Based approach for improving C-based approach

Flux based approaches (F-Based) can be used together or as alternatives to C-based procedures.
Mass flux depends, for its definition, on:
. The level of concentration and its variation (i.e. due to sorption, redox change,
attenuation mechanism etc.).
. The groundwater flow, which depends on the hydraulic conductivity and the gradient.
. The presence of heterogeneities.

These considerations are used to support the following statements.

For the traditional C-based approaches if in a point concentration standards are exceeded, then
there is automatically risk.

On the contrary, Mass flux data could show that a real risk is not present in case the concentration
is really high but associated to a low flow. Similarly, if concentration data are quite low but they are
related to a big mass discharge, due to high groundwater flow, a risk may possibly be present.

This is a key element. Actually, there is often the wrong idea that high concentrations are
automatically associated with high risk. This is not always correct.

Simplifying and summarizing the cases that should be taken into account are shown in Table 1.

Tab 1 C-based vs F-based approaches for assessing risk [20], [21], and [50]

C-based vs F-based approaches for assessing risk
Concentration Ground water flow | Possible Risk for F- Risk for C-based
Based approach? approach?
High High Yes Yes
High Low Maybe Yes
Low High Maybe No
Low Low No No

Moreover, for the same concentration it is possible to drive to different results, depending on
groundwater flow and site-specific characteristics.

In the following are given two exempla for highlighting once again the critical points of C-based
procedures

The first example consists of two plumes with the same contaminant source concentration but with
a different source load (Fig. 5).
Indeed, case A shows a greater source and a greater mass discharge through the final receptor with
respect to case B (visually red lines represent mass discharge). This means that case A represents a
greater risk for the downgradient receptors, compared to case B.
Notice that the same exemplum, when using C-based methodology, would acknowledge the same
level of risk since concentrations are exactly the same.
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Fig. 5 Same concentration in case A and B but different risk. Case A has a large release: high max. Concentration and
high mass discharge. Case B has a small release, high max. Concentration and low mass discharge [21].

The second example shows how, in many cases, while dealing with concentration based
approaches, the site-specific characteristics have not been properly considered. However, these
factors really do have a big influence in terms of risk evaluation for down gradient receptors.

In Fig.6 the contaminant concentration (C) and the gradient (i) have been considered as constant.
They are 8 pg/l and 3*107 (-) respectively. While the hydraulic conductivity (k) expressed in m/day
varies due to the presence of different lithologies.

With such hypothesis, due to the definition of Mass flux itself (equ.1.3), the greatest mass flux and
consequently the greatest risk, is related to the greatest hydraulic conductivity (i.e. gravelly sand).

While just looking at the concentrations comparison, the same risk for all the three layers would be
assessed.

Mass Flux (J) =qxC

=KxixC

I K = 1.D0miday
5 I = 0.003mdm
s |:‘ C = B,000pgiL
T

Mass Flux = 0.024g/d/m*

| ﬁtw
= 0.003mim
| © = 8ooout

Fig. 6 Effect of hydraulic conductivity on the mass flux. Concentration is not enough for risk assessing [21] originally
readapted from [50]

Based on the previous statements, it appears evident the fact that F-based approaches can be used
in trying to estimate how much pollutant is discharged to and across groundwater. This represents a
key element in the Risk management procedure.

Practically, there is the possibility of reducing the impact/ risk to the final receptor by reducing the
mass flux.
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F-based approach to assess compliance

The Flux based approach may be used to define an upper limit to the mass discharge.

As previously presented, this is what is done in the article Verreydt (2012).
For every capture zone (which is the polluted groundwater area catched by a receptor), a maximum
allowed contaminant mass discharge or upper limit (Mdmax) is computed.
In the article is given the case of a static receptor (i.e. Irrigation extraction well or drinking water

supply) (equ.1.5):

Mg ymax (;%) = Risk level * Daily flux which reach the receptor  (1.5)

The risk level is a concentration (mg/m?), which is dependent on the receptor type and exposure routes
(i.e. drinking water standard).

Similarly in the Australian framework, it is suggested the use of mass flux approaches in order to
demonstrate compliance in defined points [20] [21].
For traditional C-based approach risk is present every time there is an excedance of the standard
concentration; while in Australia for a potable well associated with a minimum extraction rate, located
downgradient of a contaminated plume, an excedance of the standard concentration is considered
acceptable whenever the source mass discharge is such that the used criteria is not exceeded when
the extraction rate is taken into account.
The acceptable mass discharge- or “upper limit”-is based on the following equation (equ.1.6).

Mass discharge = Concentration criterion for use * Extraction rate (1.6)
F-based approach to study the evolution of the plume

Flux based methods are useful to show plume structures and evolution over time. Natural
attenuation (NA) results in being one of the key elements in order to assess the presence of possible
risk and its reduction. NA depends on the pollutant type, on the Aquifer characteristic and on the way
the contaminant is released. Moreover, it is not always the same across the whole plume. In the
external part biodegradation is more rapid.

In this context, interesting results have been obtained by the European project CORONA?.
The aim of the project was to make previsions on Natural Attenuation mechanisms, by estimating the
final length of the plume.
In fact using a mass balance it is possible to check whether a plume is contracting or expanding. If
the source zone mass discharge is bigger than the attenuation rate then the plume is expanding. If not,
then it is contracting. Steady state is reached when contaminant mass flux rate is equal to the mass
attenuated by biodegradation. [52] [73].

Furthermore, in daily practice, during the estimation of mass flux approach it is necessary to take
into account the presence of heterogeneities. In fact, even if the primary source of contaminant is
depleted thanks to remediation or natural attenuation, a secondary source may be present in lower

3 CORONA: Confidence in forecasting of natural attenuation as a risk-based groundwater remediation strategy.
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hydraulic conductivity areas and its contribution may be important (this last process is called back

diffusion).
F-based for improving the Conceptual Model and Remediation

Flux based methods can be also used to improve the conceptual model and the remediation.

In order to enhance the conceptual model, flux based methods could be used to discover if more
than a source is present, determine the mobility of the source, and whether the source mass is located
in an area with either low or high hydraulic conductivity.

On the other hand, flux based approaches may be used to predict the effectiveness of a remedial
method, improving the remedial techniques design, helping in choosing the proper techniques and
the time needed to protect and/or restore the beneficial uses of groundwater. In fact, in the remediation
context, the Natural attenuation mechanism is important.

In the article Brusseau (2008) the concept of effective source remediation based on mass discharge
reduction due to max flux removal is widely described.

16



Chapter 2

Inventory and comparison of RA approaches

Simplified Risk Assessment procedures for polluted groundwater of Australia, Canada, Italy, United
Kingdom and Walloon Region (BE) are investigated. Similarities and differences are highlighted
particularly with regard to the European countries.

The choice of these specific countries has been made merely picking English speaking countries,
my native country (Italy) and the country in which I am doing the Master Thesis (Belgium-Walloon
Region).

2.1 Factors and assumptions made by countries to simplify the RA
procedures
As described in chapter 1, risk assessment approaches build Conceptual Models based on the S-P-R

approach. In Fig.7 a schematic Conceptual Model is proposed. Some of the main factors involved in
the RA procedures are shown in the figure as well.
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Fig. 7 Typical Conceptual Model used for estimating the movement of the pollutant from the vadose zone (VZ) towards
GW and across it (inspired from Connor (1997). Some of the parameters commonly used are shown as well. Image
done with Inkscape.

Where I is the infiltration rate [L/T], Hp is the thickness of the polluted VZ [L], Hris the distance between the top of the
pollution and the groundwater table [L], C, is the total concentration measured in the soil sample [M/M], Cy is the
leachate concentration [M/L’], dew is the mixing zone thickness [L] and L is the length of the source parallel to the
ground water flow [L].

When the source of pollution is in the vadose zone it may represent a risk for the below ground
water due to leaching (the vertical movement of the contaminant towards the groundwater table).

17



Generally, when the contaminant is in the vadose zone, countries compute three main factors:

The soil-water partition coefficient (Ksw in kg/l). It takes into account the partition of the
contaminant between water, air and soil. It is defined as the ratio of the leachate concentration (Ci
[M/L?]) divided by the total concentration measured in the soil sample (Cyin [M/M]) (equ.2.1).

Ksw == (2.1)

The soil/water partition theory is based on the assumption of dealing with an infinite source, having
adsorption linear with concentration, having a system in equilibrium with the adsorption and having
reversible adsorption [69].

The mass redistribution factor (Fv (-)). It considers the possibility of adsorption of leachate by the
clean soil below the source. It is the ratio between the thickness of the contaminated vadose zone with
respect to the distance of the top of the source to the groundwater table (equ.2.2).

_ He
F=1 22)

The dilution factor (DF (-)). It considers the dilution that the pollutant undergoes when it passes
from the unsaturated to the saturated zone.

These factors and equations are widely illustrated for the three European countries showing
similarities and differences (paragraph 2.4.4). They are used to assess the presence of risk for ground
water due to the leaching of the contaminant.

Once the pollutant has entered the ground water, it starts to move through it towards the target(s)
with a mainly horizontal movement.
In Fig.8 there is a schematic representation of the way tools generally model the transport of the
contaminant in the saturated zone.

Direction of the
ground water flow

-’

Initial Thickness
of the plume

-

-

Cx

Fig. 8 Schematic representation of how tools simulate transport in the saturated zone [28] (originally from RBCA
manual-Groundwater Service, 1998). Where Sw is the width of the source (length perpendicular to the GW flow) [L],
Cow and Cxare respectively the concentration at the source in GW and the concentration at the conformity point at a

distance X [M/L*], X is the distance between the source and the receptor [L].
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The release of contaminant Cow [M/L?] by a perpendicular plane to the groundwater flow (Width
of the source*Initial thickness of the plume) is represented.
The target is at a distance X [L] from the source in groundwater. The target is still represented by a
vertical plane, with a concentration Cx. [M/L’]. Generally tools measure Cx along the plume
centreline.

The contaminant, across groundwater, undergoes the mechanism of dispersion and attenuation. In
order to be conservative in some countries the biodegradation process is neglected (i.e. Walloon
procedure).

As for the mechanism of leaching, a factor is computed also for the movement of the contaminant
in the saturated zone. The factor is called dilution/attenuation factor. Such attenuation factor is
defined by countries as DAF or AF. It represents the ratio of the contaminant concentration in
groundwater (Cgwin [M/L?]) to the concentration in groundwater at the receptor point (Cxin [M/L3])
(equ.2.3).

AF = fw (2.3)

Cx

The factor enters in the risk estimation and in the computation of remedial targets.

Definition of types of receptors by countries: On-site and Off-site

While assessing the presence of risk, countries may consider two types of receptor: On-site and Off-
site. By definition, an On-site receptor is a receptor inside the contaminated site. If it is outside it is
called Off-site receptor.

Figure 9 is used to clarify the difference between the two terms. In fact, the choice has an influence
on the evaluation of risk and remedial objectives in the different countries.
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Fig. 9 Simplified model showing an On-site and Off-site receptor. Where Al and A2 represent the remedial objective in
soil [M/M] respectively when an On-site receptor (B1) or an off site receptor (B2) is considered. GW is the
groundwater flow while VZ is the vadose zone. Image done with Inkscape



The letter A defines the remedial objective in soil [M/M] while the letter B defines the location of the
On-site or Off-site receptor.

The remedial target A1 represents the maximal admissible concentration of pollutant in soil [M/M]
in order to protect the groundwater beneath the site (location B1).
The remedial target A2 represents the maximal admissible concentration of the pollutant in soil
[M/M] in order to respect standards for a receptor at a distance X downgradient of the source of
contamination (location B2). In this case it is assumed that attenuation occurs during the transport of
pollutant across groundwater (the dilution/attenuation factor is computed).
The remedial targets obtained in A1 are more conservative than the remedial targets obtained in A2.

The remedial target for groundwater at location B1 is equal to the groundwater standard, if it is
interested in protecting groundwater at that location.
The remedial target for groundwater in Bl can even be the maximal admissible concentration in
groundwater, which allows the respect of standards for a receptor at a distance X (location B2). In

this case, the attenuation factor is taken into account to back-calculate this remedial concentration in
B1.

In conclusion while assessing the presence of risk, countries simulate the path of the pollutant from
the source zone up to the receptor.
While the pollutant is moving, it undergoes the phenomena of partitioning, dilution, dispersion,
transport and attenuation, all these are taken into account by specific factors. This is done both in the
evaluation of risk and in the estimation of remedial targets.

As it will be illustrated in the following paragraphs, the choices of the factors may vary between
countries but the way risk is assessed is quite similar: measured concentrations are compared with
the obtained remedial objectives/standards.

2.2 Countries C-Based Risk assessment procedures

2.2.1 Australia

In Australia, the National Environment Protection (Assessment of Site Contamination) Measure
(NEPM) are the national technical guidelines for assessment of contaminated sites, including soil,
groundwater and vapour [7] [55][56][57].

Firstly, the procedure assess the presence of contamination on the site thanks to a comparison with
measured concentrations and investigation levels associated to specific land use.
If there are enough information, the procedure moves forward with a risk based assessment. This
depends on the purpose of the risk assessment (i.e. human health or ecosystem) [8].

Specifically for groundwater, the process is a risk-based one and deals only with contaminations
associated to a contaminated site. The aim is to protect groundwater for its “current” and “realistic”
future use.

The procedure is a tiered one with the objective of minimizing the risk of adverse human health and
ecosystem, which can arise from contaminated ground water from a point source [57].
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The method can be divided into two basic steps: preliminary assessments and detailed assessments
(Fig.10).
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Fig. 10 Schematic Australian procedure for groundwater risk assessment. Where GILs are the groundwater
investigation levels.

The assessments consist on a comparison between the standards or the site-specific modified
standards with the measured concentrations. [55].
The standards are called GILs (Groundwater Investigation Levels) [55, 57]. They are defined in the
Australian Quality Guidelines in relation to the groundwater use [54] [58][59]. However, each federal
state could make its own modification based on the specific context.

The way to proceed differs depending on the location where the comparison is performed.
Indeed, in the Australian approach, there is a differentiation between point of extraction and point of
use.

The point of extraction is where a monitoring well is located. The point of use is where the
groundwater is extracted and/or used (potable well, swimming pool filled by GW, stock watering,
irrigation etc.).

If during the preliminary assessment, GIL is exceeded at the point of extraction further investigations
and a more detailed assessment has to be performed (i.e. determine the source of contamination and
the vertical and lateral extent of the plume). While if it is exceeded at the point of use an appropriate
response is required and a management plan is performed.

The aim of cleaning up of polluted groundwater is to restore the protection of “beneficial uses” of
the groundwater both on-site and off-site. In Australia, clean up values are ruled by separate guidance
from regional Authorities [ Australian practitioners C, E].
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Notice that, even if generally, Australian Investigation levels (GILs) have not to be considered as
clean up or response levels since they should be evaluated site-specifically, these standards are often
used as trigger levels and are de facto clean-up levels.

Notice that Australia has also developed technical guidelines for the management of groundwater
thanks to flux-based approaches [20] [21].

2.2.2. Canada

The Canadian guidelines for assessing contamination are found in Dillon Consulting (1999). In Fig.11
the schematic procedure is shown.

The objective of Soil quality guidelines and Groundwater quality guidelines is to protect both the
environment and human health. Due to that, among all the possible guidelines, the assessor takes the
lower value, in order to be on the conservative side.

The selection of the proper Canadian guideline is related to the present and future use of the site (land
use and groundwater’s use purpose).

The soil quality guideline and the way they are obtained can be found in reference [16]. While for
groundwater quality guidelines it has to be referred to [47].%

However, in the Canadian norms ground water is not protected as a resource in itself, but just in
relation to its use (potable groundwater, freshwater life, livestock watering and irrigation watering).

‘ Assessment of contamination |

*  land use Choose proper y
*  GW Current an future use —» CA quality —-{ Creasure = Canadian quality guideline l—-| No |
*  Pathway(s) guideline

yes
v
Development of
remedial objectives
Guideline approach based an RA approach (Human health ar
CCME guidance Ecological)
|
| 4
Generic guidelines ‘ | Site specific guidelines

Fig. 11 Schematic representation of the Canadian RA. Where Cyeasurea is the measured concentration [M/M or M/L?],
CCME is the Canadian Council of Minister of Environment.

4In Canada as well there is a groundwater protocol [17] but it does not contain any groundwater guidelines, just the
instructions on how to derive guideline values. Canadian groundwater quality guidelines have been developed at
the moment for more than 100 substances based on the methods described in the groundwater protocol [17]; In the
meantime, it is referred to [47]. Notion from [Canadian environmental practitioners Al].
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In Canada, there are three main options for dealing with contaminated sites. It is possible to
remediate up to generic guidelines values, to site-specific modified guidelines or to remediate until
values defined with the risk assessment procedure. Similarly to the Australian case, the common
practice is to remediate up to the lowest practicable level considering the intended land use and other
factors (i.e. technological limitations).

Concerning the first two options, their values and allowed modifications are defined in reference
[15] [18]. These guidelines are both screening values as well as Remediation objectives [Canadian
environmental practitioners A].

The Risk assessment is only used in case of specific or really sensitive site conditions [Canadian
environmental practitioners A]. Risk assessment is useful for setting site-specific remediation
objectives and check the presence of Risk.

However, like in the Australian case, in Canada only the human health and ecological risk assessment
is performed. In case both RA are necessary, the lowest site-specific remediation objectives between
the two is chosen.

2.2.3. Ttaly

In Italy, contaminated sites treatment procedures and risk assessment methodology are explained in
technical guidelines [1] [2] [64] based on the Italian decree D.Lgs. 152/2006 [30] [31] [32].

First, the presence of pollution in the site is assessed by comparing the measured concentration
with the Investigation standards (defined as CSC). In case of exceedance, a further step is performed
by comparing the measured concentrations with the Remediation standards (defined as CSR).
Whenever in this step too an exceedance is found, remediation is mandatory. Otherwise, only
monitoring will be performed.

Anyway, in daily practice, the Italian Software Risk-net is used [62] [63]. The procedure is
schematically illustrated in Fig.12.

The Software allows directly computing the risk for groundwater resource with the so-called
“Forward procedure”. The risk is evaluated comparing the concentration value of the contaminant
in the aquifer at a defined point (conformity point) with the standard value for ground water (CSCgw)
defined by norms.

The conformity point is the point along the pathway where it has to be guaranteed the restoration of
the initial quality of the ground water body.

In order to be acceptable, the risk has to be lower than 1.

Risk for groundwater depends on the source location (Rss for shallow soil, Rgs for deep soil or Rgw
for ground water) and mechanisms (leaching, “dispersion”). However, since soil risk factors are not
cumulative, the most conservative value between the two is considered.

The risk factors are computed as following (equ.2.4):

CRS*LFgg
CSCow*DAF*103

CRS*LF g
CSCey *DAF*1032<
GwrPARE D g

CRS
CSCgyw*DAF=*103

RSS -

b) Rew =

ug Krg

Where CRS is the measured concentration at the source (mg/kg d.s or mg/1), LF is the leachate factor
(kg/l), DAF is the dilution/attenuation factor, CSCgw is the italian standard for groundwater (pg/1).
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The risk factor for a polluted soil (shallow or deep) may consider that the receptor is the
groundwater beneath the site (On site receptor- case A1)) and in such a case DAF in equations 2.4 a)
and b) is put equal to 1. The receptor may even be a point located at a distance X from the source (Off
site receptor- case A2) and so attenuation in the saturated zone is considered.

Obviously, the factor of risk obtained by considering an Off-site receptor is less conservative (higher)
compared with the one for an On-site receptor.

Where is the source of ‘

contamination?
|
' ¥
‘ Soil | Ground
, e water{GW)
Shallow (ss) | Deep (ds) ‘ _'
v + . Rg[t{r-_:* 1 |_"! No |
Na Rss > 1 ‘ | Rds = | |—" No . S
. T Yes
—
Yes Yes L
=T Risk for the GW
™ - resource
Most conservative
value {R_ ., R;.} v
v Remedial objectives (CSR)
Risk for the GW
resource . S
1 CSRgw

Remedial objectives [CSR)

[
T

MIN{CSR ., CSRq.} |

Fig. 12 Italian RA procedure for assessing groundwater pollution. Where Rss, Rds, Rew are the risk factors computed
respectively for the source of contamination in the shallow soil, deep soil and groundwater. CSRss, CSRqs CSRew are
the remedial objectives computed for shallow soil, deep soil and groundwater.

Moreover, the software allows for finding the clean up values (CSR) both for soil and ground
water. By definition, they are the maximal concentrations bringing to an acceptable risk in the final
receptor(s). This is done by the “Backward procedure”.

For individual and cumulative migration paths CSRs are evalueted. CSR for groundwater
protection are estimated considering different source locations (CSRss for shallow soil, CSRds for
deep soil and CSRgw for GW) and different migration paths (leaching and direct transport in
groundwater). Even in this case the most conservative remedial objective is taken into account.
Once again the remedial target for soil, both for deep and shallow soil, can be computed in order to
protect the groundwater beneath the site (On-site receptor- case Al) or the groundwater at a certain
distance X from the source (Off-site receptor-Case A2). In the second case, the dilution/attenuation
factor is considered.
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The remedial objectives are computed as following (equations 2.5):
(2.5)

a m CSCqy * DAF + 103
) CSRSS [_g - SOil] == aw

kg LFgs

b) mg CSCgy * DAF % 10°
CSRys |—= — 'l] =
as [kg S0t LFys

m

c) CSRgy [Tg] = CSCgyy * DAF + 103

Where CSR is the remedial objective (mg/kg d.s or mg/l), LF is the leachate factor (kg/l), DAF is the
dilution/attenuation factor and CSCy, is the italian standard for groundwater (ug/1).

2.2.4. United Kingdom

The English technical guideline for performing groundwater risk assessment can be found in
reference [36]. It is one of the document supporting the English “Model Procedures for the
Management of Land Contamination” called CLR 11 (Contaminated land research) [35].

Practically, in order to assess risk for groundwater or surface water and to obtain the remedial
objectives (RT), the RT-Worksheet tool is used [36] [37].° The procedure is schematically illustrated
in Fig. 13.

In the methodology the definition of compliance points and target concentration (Ct), which are
used to define the remedial target (RT), are crucial key elements with an impact on the results.
Where the farget concentration is the concentration at the compliance point that should not be
exceeded.

> Upon payment, there is also the ConSim software. It is a probabilistic software, which uses Montecarlo techniques; it
helps in assessing Risk for groundwater due to leaching. The software considers the movements through the vadose zone,
the degradation and the time needed to reach the water table [24].

25



Where is the source of
contamination?

[

| 1
‘ Soil ‘ ‘ Ground water({GW) |
l
‘ CMeasured > RTGW }_" No ‘
‘NO H Cmeasurea = RTy ‘ w5
Yes
Risk for the GW
resource
I
‘ No Cyeasured = RT3 | Remedial Targets
7 Risk for the GW for GW (RT)
e i resource
l P
Remedial Targets
|No || Cuseasurea > RTs | for soil (RT)
I
Yes | RT, <RT, <RT; |

Fig. 13 English RA procedure for assessing groundwater pollution. Where RT; is the remedial target at the i level of
assessment or GW. Cheasured is the measured concentration in soil or in groundwater.

The methodology is a tiered procedure, with the level of analysis and detail increasing at each
stage.

The English methodology considers that the contamination has already occurred and that the
source of contamination has been removed. The source concentration is constant throughout the
simulation. As first step, it is necessary to establish where is the contamination, in the soil, in ground
water or in both in order to compute proper remedial targets.

If the source of contamination is in the soil, three levels of assessment and three remedial targets can
be computed.

The remedial targets for soil at level 1 and 2 consider an On-site receptor (case AI). The remedial
target obtained at level 3 considers an Off-site receptor (case A2).

At each level, a factor is added in the computation of remedial targets (RT).

At level 1 only the soil-water partition coefficient is considered, at level 2 in addition to this factor
dilution is also considered and at level 3 also attenuation in the saturated zone. This is why level 1
gives the most conservative remedial target.
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The soil remedial targets are computed as following (equ.2.6 and 2.7):

(2.6) (2.7)
m C [mg -
2) RT; [_g — soil] =T RT; |— —soil| = Cr
kg Ksw - ;
m .
RT, [@ — soil] = Cr < DF RT, g _ soil| = C; x DF
kg Ky ] _
b)
m .
o7 @_Soil]:—CT*DF*AF RT3Tg—soil = Cp * DF * AF
c) *lkg Ksw y :

Where Cr is the target concentration (GW standard) [M/L?], DF is the dilution factor (-), AF is the
dilution/attenuation factor and Kg is the soil-water partition coefficient.

The remedial targets obtained for a source of contamination in the soil are given in two ways
(equations 2.6 and 2.7) in order to allow a comparison with measured concentration in soil [M/M]
and/or a comparison with leachate tests and measured pore water concentrations [M/L?] (i.e. RT3 in
mg/l is the admissible leachable concentration).

In the English procedure, the factors of risk are not directly computed. The need for remediation
of soils is done by comparing the computed remedial target with the measured soil concentration. In
case the concentration on site exceeds the remedial target, it is necessary to decide how to proceed:
to remediate or to continue with a more detailed risk assessment.

While considering groundwater, it is assumed that the soil does not represent a problem anymore.
The approach consists in comparing the measured concentration in groundwater with the remedial
target for contaminated GW.

In groundwater attenuation, dispersion etc. in the saturated zone between the identified source and
the receptor is considered.
The remedial target for groundwater is obtained as following (equ.2.8):

RTow 22| = Cr + AF (2.8)

Where Cr is the target concentration (GW standard) [M/L*] and AF is the dilution/attenuation factor.

English experts have been consulted while investigating the RA methodology. [English practitioners
A, B, C]

2.2.5 Walloon Region

The technical guidelines to perform risk assessment for polluted groundwater in the Walloon Region
come from the guide “Partie C: Evaluation des risques pour les eaux soutteraines” [28].
The procedure is a tiered one, divided into two main parts related to the leaching and transport of the
contaminant in the saturated zone. Each part is composed of sub steps. These allow stopping the
procedure whenever there are evidences that no risk is present. They are a way to avoid useless and
time-consuming computations.
The procedure is schematically shown in Fig.14.
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Fig. 14 Walloon RA procedure for assessing groundwater pollution. Where Cheasurea is the measured concentration in
soil or groundwater, VSapsand Viupy are the adjusted threshold and Intervention value, CBRy is the maximal
concentration at the source to respect Vigw at the receptor, Tieachingis the computed leaching time, VSgwand Vigw are
the threshold and intervention groundwater standards and Chy is the maximal concentration at the receptor modelled
with BIOSCREEN-AT tool.

In the leaching part, the first assumption is that the point source of pollution is in the soil and it
can constitute a threat for the below groundwater. The ESR tool is used [39].
First, the concentration in the soil is compared with an adjusted limit value. The adjusted standards
vary depending if the aquifer is exploitable or not exploitable. They are the adjusted threshold value
(VSadjusta) and the adjusted intervention value (Vadjusted) respectively. They guarantee the respect of
ground water standards VSgw and Vigw.
The adjusted values are computed as following (equations 2.9):

1 FD pdjusted
_ E juste
VSAdjusted - VSGW * 1000 K «F (2-9 a))
sw Adjusted " v Adjusted
1 FD pdjusted
— * juste
VIAdjusted - VIGW * 1000 K (2-9 b))

sw Adjusted*Fv Adjusted

Where VSadjusiea and Vlygjusiea are the adjusted threshold and intervention value in soil (mg/kg)
respectively, VSew and Vigw are the threshold and Intervention standards (ug/l), FD is the dilution
factor (-), Kswis the soil water partition coefficient (kg/l) and Fv is the mass redistribution factor (-)
(these three factors are combined together to form the global attenuation factor FAG (I/kg)).

Moreover, for a not exploitable aquifer, in case of exceedance of Vlagj the so defined CBRy value
has to be computed as well and compared again with the measured concentration.
CBRn is the concentration of pollutant in soil, which allows respecting VIgw at compliance. This
factor is computed with BIOSCREEN-AT tool taking into account the attenuation in the saturated
zone (a sort of Off-site receptor-case A2). It is computed as following (equ.2.10):
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1 FD pdjusted
CBRy = CBR * * 2.10
N GW (BIOSCREEN) 1000 sz Adjusted*Fv Adjusted ( )

Where FD is the dilution factor (-), Kswis the soil water partition coefficient (kg/l) and Fv is the mass
redistribution factor(-) , CBRgw is the source concentration (ug/l ) obtained by “trials and errors”
with BIOSCREEN-AT tool in order to have at compliance a concentration equals to the ground water
intervention value ( Cmax=VIcw).

In case VSadjustea for an exploitable aquifer or the CBRx value for a not exploitable aquifer is
exceeded, the leaching time for reaching the GW table is estimated (equ.2.11) [annex C-5 from 29].
Leaching= —d”z*(ﬁW;Kd*pb) (2.11)

Where d,: is the contaminant path in the vadose zone [L], 9w is the volumetric water content, Kd is
the adsorption constant [M/L?], p is the bulk density [M/L?] and [ is the infiltration rate [L/T].

If the Leaching time is higher than 100 years then no risk is considered as present and the RA
procedure stops. On the contrary, in case the leaching time is lower than 100 years it means that the
pollutant will enter in ground water in less than 100 years. This represents a “Serious threat
hypothesis”. This means that the assessor has to decide whether to continue with a detailed risk
assessment (EDR) or to remediate the site.

In the second case the remedial objectives for soil are established depending on the pollution age (the
benchmark date is 30/04/07) [26].

Notice that the key elements of the procedure for the mechanism of leaching are the adjusted
standards values. They are adjusted basing on site-specific conditions or default values dependent on
the type of aquifer [28] [29].

If the pollutant has already entered groundwater then a different tool and procedure is performed.
The polluted groundwater concentration is compared with the standard. The standard is defined based
on the aquifer type (VSgw exploitable or VIgw for not exploitable).

If the standard is exceeded the assessor uses BIOSCREEN-AT tool to simulate the maximal
concentration that will be reached within 100 years avoiding degradation at the chosen target (i.e. the
limit of the parcel or a well).

The simulated maximal concentration (Cmax) 1s compared again with the groundwater standard (i.e.
drinking standards in case of a potable well, VSgw or VIgw for the limit of the parcel if it is considered
respectively an exploitable aquifer or non-exploitable aquifer).

If the simulated concentration exceeds the standard, the hypothesis of a “Serious threat” is
considered. Again, the assessor has to decide whether to perform an EDR or to remediate the
groundwater.

The remedial target for groundwater depends on the purpose for which groundwater has to be
protected (i.e. drinkable standards).
Thanks to a back-modelling procedure, the concentration in the soil, which brings to the respect of

standards at the chosen receptor- may be determined too (same procedure used for the evaluation of
CBRn).
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2.3 Similarities and differences between RA procedures: Extra-
European vs European Countries
The major differences between the investigated Extra-European and European countries are shown

in Tab.2.

Tab 2 Extra European countries major differences with European countries

Extra European countries major differences with European countries
Questions Australia Canada
Do they assess leaching as EU Only with ASLP tests Only when developing soil-
countries (Ksw, FD, Fy)? quality guidelines
Do they compute May use International DAF or
Dilution/attenuation factors compute site-specifically Equal to 10 (BC)
(DAF)?

Do they have RA-Worksheet No No

tools? Only numerical models Only numerical models

The first difference that can be addressed between European and Extra-European countries is that
Australia and Canada lack a RA procedure for polluted groundwater, considered itself as a resource.
Groundwater is considered as a “pathway” that conveys water to the potential receptors (Human or
Ecosystem). Looking at the Australian and Canadian guidelines [18] [47] [54] [58] [59] it is possible
to notice that groundwater values are defined basing on their use: recreational, agricultural/irrigation,
potable, livestock etc. Groundwater is protected in relation to the chosen final receptors. These, in
fact, could eventually enter in contact with it.

Factors for modelling the pollutant movement in the vadose and saturated zone

What is most surprising is the lack of proper equations considering attenuation and dilution
mechanisms both in the unsaturated and saturated zone.

For example, in Australia, it is pointed out that dilution and attenuation may occur [56] but specific
guidelines, as in the European countries defining the factors that have to be computed and the
modality are not given [Australian experts E, D, H].

One of the Australian practitioners consulted [Australian expert D] has said that they can also use
international dilution/attenuation factors, if properly justified. Moreover, those factors can be
computed based on site-specific cases and considerations- aquifer properties, vapour intrusion,
distance to the extraction point, presence of mixing zones - which are not accepted by all jurisdiction
[Australian expert D].

Even in Canada, there are no defined equations. For example, one of the consulted experts of British
Columbia (BC) [Canadian environmental practitioner B] said that they apply a “ten-fold dilution” to
the pollutant that entered groundwater. This means that instead of computing a dilution/attenuation
factor -as European countries do- they assume that it is always equal to 10, independently from the
site-specific characteristics. However, the practitioner admitted that this assumption has not a strong
technical basis.
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With regard to the Leaching mechanism, in Australia the pollutants leachability is assessed just by
the ASLP testing®. To model leaching, it is possible to use any model if the assumption can be justified
[Australian expert A].

In Canada, the leachability of pollutant is taken into account when soil quality guidelines are
developed. An example on the way to assess it is given by British Columbia [10].

Notice that, at least for the Canadian case, while they have developed the Quality guidelines, they
have taken into account some factors, which are the same as the European countries [16].
The soil-water partition coefficient, as well as the dilution factor at the interface between the
unsaturated and saturated zone are computed in the same way. In terms of transport model, like in
European countries, the most popular is Domenico model.

Extra-European tools for modelling the transport of pollutant

Finally, contrary to European countries, these countries do not have tools (i.e. Worksheet) for risk
assessing.

For example, different Australian environmental practitioners [Australian expert B, D, E] have
pointed out the fact that it is impossible to use such kind of tools, since Australia is wide and with
widely different characteristics.

However, in both Canada and Australia in order to model groundwater transport, they use tools from
North America (i.e. BIOSCREEN, BIOCHLOR, MODFLOW, Feflow).

2.4 Similarities and differences between RA procedures among
European countries

2.4.1 European Risk assessment for polluted groundwater

Differently from Australia and Canada, European countries have well defined procedures in order to
assess groundwater pollution. Groundwater is seen as a resource, which has to be protected. The
groundwater quality is in compliance with the European directives (i.e. Water framework directive).

European countries develop a Conceptual Model based on the Source(s), Pathway(s),
Receptor(s)’s procedure. Firstly considering leaching in soil and secondly considering the transport
of contaminant in the aquifer to the selected receptor, for assessing migration of pollutant from soil
to groundwater.

2.4.2 Definition of compliance/conformity points

The Investigated European countries procedures are all C-based approaches; those have defined
points along the contaminated pathway where quality standard of groundwater has to be respected.
The choice of proper points’ location is defined in the norms depending on the receptor type.

¢ Australian Standard Leaching Protocol (ASLP). ASLP tests are used to assess the leaching potential of wastes (even
mine waste), sediments and contaminated soils.
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These points are defined as conformity points in the Walloon and Italian procedures and as
compliance points in the English procedure.

Normally, they are located between the source and the receptor. For example, if the final receptor
is a well, the conformity point is the well itself. If it is the aquifer, it is a piezometer downgradient of
the source.

In the English procedure, the compliance point depends on the level of the assessment [1] [30] [36]
[28].

2.4.3 Standard values for European countries

Standards might be used to characterize the site and assess the presence of risk and the need of
remediation. Both in soil and in groundwater.

In order to guarantee a better understanding of standards in the investigated European countries, their
definitions are given in the following paragraphs and summarized in table.3.

For the Walloon procedure there are three values which can be found in references [26] [28].
The Reference value (VR) is the pollutant background concentration expected in the soil in the
absence of any natural geological variation and without the influence of any generalized agricultural,
industrial or urban activity.
The Threshold value (VS) is the concentration in the soil, corresponding to a level above which a
characterization study is mandatory.
The Intervention value (V1) is the soil concentration above which an intervention has to be undertaken
in the form of a remediation action, security measures and monitoring.
The Reference, Threshold and Intervention values are defined for groundwater as well.

For the Italian procedure, there are two values [1] [30] [62].
The Contamination investigation/screening concentration value (CSC) is the level of contamination
that if exceeded, makes it necessary to proceed further with a site investigation and a site-specific risk
assessment.
CSC standards can be found in annex V of DIgs 152/2006 [30] [31]. However, from a practical point
of view in the Risk-net tool, their definition comes from the database settled by the ISS (Istituto
Superior della Sanita) [49] [62].
The Threshold risk’s concentration (CSR) is the maximum admissible concentration at the source
compatible with a tolerable level of risk at the groundwater hydric resource. It is the remediation
target obtained with the “backward procedure”.

For the English procedure, there are two values [36].
The Target concentration (Ct) is the concentration at the compliance point that should not be
exceeded. When the target concentration is met, the relevant environmental standard for the
receptor(s) should also be met.
The Remedial target (RT) is the derived soil or groundwater concentration above which remediation
is required. It can be equal to the target concentration or to the target concentration multiplied by a
dilution and/or attenuation factor (depending on the level of assessment).
In simple words, it is the” concentration of the source that produces the target concentration (Cr) at
the receptor” [19].
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Investigation and Intervention values for European countries
Firstly, standards may be used for characterizing the site and the presence of contamination.

Such kind of value is not explicitly defined in the English procedure. However, it is known that
the basic statement of the Remedial Target Methodology: Hydrological Risk assessment [36] is that
“contamination has already occurred”. Due to this fact, probably the site is considered surely polluted
and so it is meaningless to check the pollution presence with an investigation value.

For groundwater, the correspondent investigation level is the chosen target concentration.
The computed remedial targets (for both soil and groundwater) are the intervention values, which
have to be compared with the measured concentration.

In the Italian procedure the investigation value is CSC and the Intervention value is CSR for both
soil and groundwater.

In the Walloon procedure, the correspondent investigation value for soil is the threshold value

(VS). While the adjusted threshold and Intervention (VSadj and Vlagj) values in soil are used as a sort
of “intervention values” to assess the presence of risk for below groundwater. However, additional
steps have to be checked (i.e. Leaching time).
In case the pollutant is in ground water the investigation and intervention values are the pollutant
groundwater standard and it depends on the aquifer type (VScw for an exploitable aquifer and VIgw
for a not exploitable aquifer). These last values are compared with measured and simulated
concentrations for screening and intervention values respectively.

Remedial objectives of European countries
Remediation values differ in soil and in ground water.

Remediation values for soil can be computed or defined by norms.
In the Italian and English procedures, the clean up objectives are obtained directly with the tools.
They are on one side the Intervention value above which it is mandatory to intervene and on the other
side the Remediation value that has to be restored with the cleaning.

The Italian remediation value is CSR. In the English procedure, the remedial targets (RT) are
computed for each level of the tiered approach for both soil and groundwater.

In the Walloon procedure, the clean up value for soil is defined by norms, based on the land use
type and pollution age. The date of 30/04/07 is the benchmark between new and old contaminations.
When dealing with a new pollution type, the remediation has to be completed up to the reference
value (VR) or to the closest value reachable with the BATNEEC (Best available techniques not
entailing excessive costs) [art.47 &50 from [26]].

While in case of old pollution, there are two possibilities. If the RA has established that no risk is
present, the pollutant is left on the site as such.

If the RA has shown the hypothesis of “Serious treat”, the site has to be remediate up to VR or to the
closest value reachable with the BATNEEC with, at least, the removal of the “serious treat”.

The removal of the treat is achieved upon reaching the “minimum cleaning value” established with
the RA procedure [art.48 & 51 from [26]].
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The Walloon remedial targets for polluted groundwater are defined based on the use of the
groundwater (i.e. drinkable water etc.).

Tab 3 Standard values definitions in the European countries [1] [26] [28] [30] [36] [62]

European standard values

Country Investigation Level Intervention value Remedial objective
Soil GW Soil GW Soil GwW
Walloon Region
VS VSgw or VSadgj or VScw or | f(pollution | f (aquifer
View Vlagi* View age- and
30/04/07) | standard)
Italy CSCsorL CSCaow CSRso CSRaw CSRsoi. | CSRaw
United Kingdom | Not explicit Cr RTso RTgwor Ct | RTson RTgw

with measured concentrations, but also the leaching time is evaluated.

*In the Walloon procedure for assessing risk due to leaching not only adjusted values are computed and compared

Where CSC is the Italian investigation value [M/M or M/L?], CSR is the Italian intervention value and remedial
objective [M/M or M/L?], Cr is the English target concentration [M/L3], RT is the English remedial target [M/M or
M/L?], VS is the Walloon threshold value [M/M], VSagjand VIg are the Walloon adjusted threshold and
Intervention value [M/M], and VSgw and VIgw are the Walloon adjusted threshold and Intervention value for

groundwater [M/L?]
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2.4.4 Factors computed by the European countries to model the leaching of
pollutants and their migration across the saturated zone

Factors used to assess the mechanism of Leaching

At the beginning of the chapter a typical conceptual model with relative parameters was given. Here
the same figure is proposed (Fig.15). Now discussion delves deeper into the description and the
equations of factors used by the European countries for modelling all mechanisms that the pollutant
undergoes from the vadose to the saturated zone.
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Fig. 15 Typical Conceptual Model used for estimating the movement of the pollutant from the vadose zone towards GW
(inspired from Connor (1997). Some of the parameters commonly used are shown as well. Image done with Inkscape.
Where 1 is the infiltration rate [L/T] generally in cm/year, Hp is the thickness of the polluted VZ [L] generally in m, Hr
is the distance between the top of the pollution and the groundwater table [L] generally in m, Cr is the total
concentration of the source [M/M] generally in mg/kg d.s, C is the leachate concentration [M/L’] generally expressed
in mg/l, dewis the mixing zone thickness [L] generally expressed in m and L is the length of the source parallel to the
ground water flow [L] generally expressed in m.

The investigated European RA procedures compute more or less the same factors. However,
differences can still be found on the adjustments that the user may apply basing on site-specific
conditions.

Considering firstly the pollutant in the vadose zone and the mechanism of leaching, three main
factors are computed: the soil-water partition coefficient, the dilution factor and the mass
redistribution factor.

The reader is invited to look at figure 15 for a better understanding of the factors and to follow the
explanations.

1. Partition coefficient soil-water

The partition coefficient is defined as the ratio of the leachate concentration (Cr) and the total
concentration measured in soil sample (Cy). It is computed with equation.2.1.
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As shown in Tab. 4, the partition coefficient is computed exactly in the same way in all the
investigated European countries. Kd is computed differently for organic or inorganic contaminants.

Tab 4 Partition Coefficient factor between European countries [1] [62] [36] [annex C-2 from [29]]

Partition coefficient soil water [M/L3 |

Walloon Region Italy United kingdom
Ksw Kws Not a specific
symbol
Soil — water partition coef ficient = LA W (2.1)
Ct Kd T
Where:

C: total concentration in the source*
CL: leachate concentration

Kd: adsorption constant [L? /M]

®w: Volumetric water content [-]

®g: Volumetric air content [-]

K# : dimensionless Henry’s constant [-]
pb: soil bulk density [M/L? ]

Observation: *C; the total concentration in the source has not to be confused with
the English target concentration Cr

However, the main difference is in the user’s possibility of modifying the parameters entering in
the computation of the soil-water partition coefficient.

In fact, the Walloon procedure, no matter whether dealing with organic or inorganic pollutant,
requires correcting Kd (I/kg). This is done depending on few soil properties: % stoniness, fraction of
the site available for absorption, soil water content and soil bulk density.

Moreover, if the contaminant is inorganic (i.e. heavy metals), the partition coefficient depends also
on additional parameters: the cationic exchange capacity (meq/100g), soil pH (-), clay content (%),
iron content which can beextracted for NH4 oxalate (mmmol/kg), organic matter content (%) and
electric conductivity of poral water (uS/m). The hypothesis and the way to make corrections are
defined in reference [annex C-1 & C-3.1 from [29]] [39]

Notice that the Walloon ESR tool has its own specific database with some implemented values (i.e.
Koc).

In Italy Kd differs depending on the pollutant type (organic or inorganic chemicals). However, in
practice, when using the internal software database, the user is requested to enter only the fraction of
organic carbon (foc). The other data are already implemented in the dataset (i.e. Koc) [1] [62].

Practically speaking notice that the databases implemented in the Italian Risk-net tool and the
Walloon ESR tool are different (i.e. different organic carbon partition coefficient, different
dimensionless Henry constant).

In the English procedure, Kd differs depending on the contaminant type (organic or inorganic).
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The user can decide whether to enter directly the Kd’s value or to choose a modality for computing
it. The computation way depends on the pollutant type. As for the Walloon case, if it is an inorganic
pollutant, more data are necessary ( pH (-), sorption coefficient for ionized and neutral species (I/kg),
acid dissociation constants (L/kg)). [36][37][48].

2. Dilution factor

The dilution factor is the ratio between groundwater flow below the site (the source area) and the
infiltration through the contaminated soil.

Such factor takes into account the dilution that the contaminant undergoes once it has reached the
groundwater table, at the interface between unsaturated and saturated soil.

As it can be noticed in Tab. 5 the factor is computed in the same way in all European countries

However, the Walloon dilution factor must be adjusted. Two ways are available.
The first type of adjustment is based on the aquifer type. For each aquifer type, the Walloon norm
has defined a specific dilution factor. The second one consists in adjusting each parameter in the
equation 2.12 a) based on measurements [annex C-2 from [29]].
Notice that, if no adjustment is made the default Walloon dilution factor (FD) is equal to 30 and the
lower bound is fixed to 12.

The Italian and English tools do not have default values for such factor. [1][62][36].

Tab 5 Dilution factor between European countries [1] [62] [36] [annex C-2 from [29]

Dilution factor [-]
Walloon Region Italy United kingdom
FD LDF DF*

dew *k*i

Dilution factor =1 + o

(2.12 2))

Where:

dew : thickness of the mixing zone [L]

k: hydraulic conductivity [L / T]

i: hydraulic gradient [-]

L: Length of contaminated zone parallel to underground flow [L]
I : Annual effective infiltration [L/ T]

* The English procedure gives also the opportunity of considering the
background concentration of the pollutant if present (Cu). (equation

(dgw *k*xi+LxixCr)—(dgw *k*i*Cy)
LxI*Crt

Dilution factor = (2.7 b))
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3. Mass redistribution factor (Fv) and the SAM (soil attenuation model)

The mass redistribution factor can be found only in the Walloon and Italian procedures (Tab.6) [1]
[62] [annex C-2 from [29]].

The factor takes into account the contaminant mass redistribution during the leaching path from
soil to groundwater. It is somehow an average of contaminant concentration on the vertical profile of
the vadose zone.

The parameter is obtained as the ratio between the thickness of the contaminated source in the vadose
zone (Hp) and the total thickness from the top of the contamination to the groundwater table (Hr)
(equ.2.2).The worst condition occurs when the factor is equal to 1 (Hp = Hr).

Due to the defect of this factor, the English procedure is likely to take into account the worst
condition. Notice that this lack has an influence on the choices of the conceptual model too, in fact
for the English case a pollution located just on the upper part of the soil cannot be modelled.

As for the previous factors, also in this case, the Walloon procedure offers advice for the correction
[annex C-2 from [29]]. The Walloon default mass redistribution factor is equal to 1.

Finally, it is necessary to highlight the fact that the Italian mass redistribution factor defined as
SAM (Soil attenuation Model) is an optional parameter. The user can decide whether to consider it or
not. There is not a default value.

Moreover, two mass redistribution factors can be computed, one for the deep soil and one for the
shallow soil (0-1 mb. g. 1.).

Tab 6 Mass redistribution factor between European countries [1] [62] [annex C-2 from [29]]

Mass redistribution factor [-]

Walloon Region Italy
Fv [-] SAM [-]
Hp d

F, =— 2.2 SAM =— (2.2b

V' Hp 22 (Lew-Ls) ( )
Where: Where:
Hp is the thickness of the source in the | d is the thickness of the source in the
vadose zone[L] vadose zone [L]
Hr is the total thickness of vadose under | Low is the GW depth b.g.l. [L]
contamination (from top of contamination | Ls is the top source's depth b.g.1. [L]
to GW) [L] Notice that: d = H, and Ls —Lew =Hrt

4. “Combined factor” for the Walloon and Italian procedure

In both Walloon and Italian procedures, a “combined factor” that groups the three previously
mentioned factors is given (Tab. 7).

The Italian “combined factor” is called Leachate factor (LF).
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This transport factor allows to estimate the attenuation that the contaminant undergoes while
transported from the source, located in the soil, to the groundwater table. The attenuation derives
from the infiltration in the unsaturated part (VZ) and from the subsequent dilution in the superficial
aquifer [1].

The LF is the ratio between the concentration that will be found in the groundwater below the source
(Csw) and the total source concentration in the soil (Cy) (Fig.16).

The Walloon “combined factor” is called Global attenuation factor (FAG). This factor, like in the
Italian case, takes into account all the “attenuation mechanisms” that the pollutant undergoes to the
ground water [annex C-1 from [29]].

The FAG is the ratio between the source concentration (C;) and the concentration in the below
groundwater below (Cgw) (Fig.16).

\

s |
Saturated zone Unsaturated zone

Fig. 16 Conceptual model inspired by the Italian technical guideline [1]. Where Ct is the total source concentration
(mg/kg), CL is the leachate concentration (mg/l) and Cew is the concentration in groundwater below the source (mg/l).
Image done with Inkscape.

From the given definitions and equations (tab.7) appears quite evident how the two “combined
factors” are numerically one the opposite of the other.
However, they are used in the same way. In fact, the FAG enters in the computation of the adjusted
values (eq. 2.9) as well as the LF enters in the computation of the soil remedial objectives (equ.2.5 a)
and b)).
As shown in the Walloon and Italian procedures, these are the values, which are compared with the
soil measured concentrations while assessing the presence of risk due to leaching.
Just for reminding:

VSAdjusted =VSew * FAG (2.9 2)

1

CSR = CSCqy * T (2.5a)and b))

Notice that the English soil remedial target computed at level 2 of the tiered procedure is computed

similarly to these two values. The only difference is that the mass redistribution factor is not present.
39



Tab 7 “Combined factor” f (dilution factor, mass redistribution factor and soil-water partition coefficient) for the
Italian and Walloon leaching mechanism [1] [62] [annex C-1 from [29]].

“Combined factor”
Walloon Region Italy
FAG (Ukg) LF (kg/l)
(2.13 a)) (2.13 b)) (2.13 ¢))
Ce
FAG = ——= Cow — _dop
Cow LF = . = LF = I+T(LF)
t
FD
= Cow T Ksw * SAM
* e
sw * Fv DF
FAG = Bx*C
Bx*C LF =
A
Where Where
A= FD is the dilution factor A= LDF is the dilution factor

B= Fv is the mass redistribution factor | B= SAM is the soil attenuation model

C= Ksw is the partition coefficient soil | C= Ksw is the partition coefficient soil
water water

d is the thickness of the source in the
vadose zone [L]

pb is the soil bulk density [M/L?]

I is the effective infiltration [L/T]

7(LF) is the average leaching time [T]

*Notice that this second way of computing LF is
optional.

In case both modalities for computing LF are used,
the tool chooses the minimum.

Factors and equations to assess the migration of pollutant across ground water

1. Solute transport equation

The most used solution in order to model the transport of pollutant in the aquifer and its attenuation
across groundwater along the principal flow direction is Domenico (1987). Advection, Dispersion,
Adsorption and aerobic/anaerobic decay may be considered.

Normally tools predict concentration at the chosen receptor and they compute remedial targets along
the centreline plume.

However, some differences among the investigated countries may be noticed (Tab.8).
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Tab 8 Solutions of the transport model in the saturated zone for IT, UK and WR. [1][19][62][36][37][51]

Solution for the solute transport model

Tool Transport model
Italian
Risk-net tool Domenico (1987) (steady state)

(tool for the assessor for transient state)

English
RT- Worksheet Domenico (1987) (steady and transient)
Ogata banks 1961 (steady and transient)
Walloon Region
BIOSCREEN-AT Modified Domenico (transient)

In the Italian Risk-net tool, transport is modelled using Domenico (1987) approximate solution in
steady state. [19]. Risk factors and remedial objectives are obtained with a steady state simulation.
Risk-net tool has also the possibility to show the evolution of concentration in time but this does not
enter in risk computation. It is just a tool, which may or may be not be used by the assessor.

In the English RT-Worksheet tool, transport is modelled using Ogata Banks (1961), Domenico
(1987) approximate solution in transient and steady state [36] [37].
However, even if the transient state simulation can be used, English norms require that remedial
targets to be computed in steady state.
Finally, the RT-Worksheet tool gives the possibility to model not only centreline plumes but this
choice as well does not enter in the remedial target evaluation.

In the Walloon Region to model transport, BIOSCREEN-AT uses the modified Domenico model
with an exact solution in transient state [51]. The norm imposes a simulation time of 100 years without
considering biodegradation.

Notice that biodegradation may be considered in the Italian and English procedures. The RT
procedure suggests using Ogata Banks (1961) for first order biodegradation in a homogenous aquifer.

2. Dilution/Attenuation factor across groundwater
All the investigated European countries compute a dilution/attenuation factor.

The attenuation factor is the ratio between the concentration in groundwater at the source (Cow)
and the concentration of pollutant in the conformity point place at distance X (Cx) (Fig.8 paragraph
2.1).[62] [36] [annex C-1 from [29]].

Obviously depending on the analytical solute transport type, the computed dilution/attenuation factor
differs. This factor is called DAF, AF and Fas in the Italian, English and Walloon procedures
respectively.

In Table 9, the equations for computing the attenuation factors are shown. Notice that they refer to a
steady state simulation using Domenico (1987).
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Tab 9 Dilution/Attenuation factor for IT and UK (Steady state simulation) [62] [36]

Dilution/attenuation factor (shown for the IT and UK steady state case)

Attenuation Equation
factor
@l4a) | w1 |14 irArexrR [erf<5_W>] \ [erf(dc_w)]
1 B 1 2 *ax ve 4 % /ay*x 4 x+\az * x
DAF1  AFyk2air
(2.14 b)) x 4xAxax*R Sw dew
= exp[ *(1—- [1+——)] *|erf| ———|| * [erf(—)]
- . 2 * ax ve 4 % \/W 2 xaz * x
DAF2 ~ AFyk1 air
1
(2.14 ¢)) x 4% Axax R Sw
DAF3 % (1 — Y -7
exp[2 o 1 1+ Ve )] [erf<4 e Jayix x)]
Where:

x is the distance from the source to the compliance point [L], ve is the effective velocity [L/T], a. is the longitudinal
dispersivity [L], a, is the transversal/lateral dispersivity [L], a. is the vertical dispersivety [L], 4 is the biodegradation
constant of first order [1/T], R is the retardation factor [-], Exp is the exponential, Erf'is the error, Sw is the length of the
source parallel to the flow [L] and dgw is the mixing zone thickness[L].

Note that in the Italian procedure the mixing zone thickness is always used as initial plume thickness while for the English
procedure the manual puts, instead of the mixing zone thickness (dgw), the “thickness of the plume” (which can be
however equal to the mixing zone thickness).

In the Italian procedure there are three types of attenuation factors (DAF1, DAF2 and DAF3) while
in the English procedure there are only two (AFuk 24ir and AFuxk 1dir)

o DAF I is equal to AFuk 2air. This factor is computed when the vertical dispersion is allowed
in two directions (up and down). This is the type of attenuation factor that should be chosen,
when the source is in the middle of the aquifer’s profile.

o DAF 2is equal to AFuk 14ir. This factor is computed when the source of pollution is located at
the top of the aquifer and vertical dispersion is considered only in one direction (downwards).
This is the type of attenuation that has to be chosen, when the contaminant is entering in
groundwater. Commonly this occurs for percolation.

e DAF 3 considers that only a transversal and longitudinal dispersion occurs. The Italian Risk-
net tool considers automatically DAF3, every time the mixing zone thickness is equal to the
aquifer thickness.

The English and Italian tools give those attenuation factors as output. The BIOSCREEN-AT tool
used by the Walloon guideline does not give the dilution/attenuation factor as output. However,
results (chapter 4.) have shown that it is equivalent to the Italian DAF?2 or to the English AFux 1dir.

The attenuation factor enters in the computation of remedial targets and risk factors.

Notice that the USA EPA has selected a DAF equals to 20 [69] while the European countries do
not specify anything.
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3. Equations of coefficients of dispersivity

In all the investigated European countries, the coefficients of dispersivity can be either entered by the
user or computed automatically by the tool.

The implemented equations for evaluating the cofficients of dispersivity in tools depend on the
distance between the source and the defined final exposition point (X [L]).
In table 10 the equations available in each tool are given (equ.2.15, 2.16 and 2.17).

Tab 10 Coefficients of dispersivity in the IT, UK and WR tools

Coefficients of dispersivity in EU tools

Country Equation Reference
(2.15)
a, =01xX
Italy a, = 0,33 * ay [62] [63]
a, = 0,05 *a,
(2.16)
a) 10%-1%-0, 1% of X
United Kingdom
a, =01x*X
37][48] [46] [23
a, = 001+X [37]1[48] [46] [23]
a, =0,001 X
b) Xu & Eckstein (1995)
(2.17) | [31[23][61][67][68][70][63][28]
a, =01%X
Walloon Region a, = 0,33 xay
a, = 0,056 * a,

Where a,= Longitudinal dispersivity [L], a,= Transversal/lateral dispersity [L] and a.= Vertical dispersivity [L]. Xis
the path (distance between the source and the receptor).
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Chapter 3

European Tools used in the RA procedures

3.1 Risk-net version 2.1

Risk-net v .2.1 software is developed by the Civil and Informatic Engineering Department of the
University of Rome “Tor Vergata” in the framework of the RECONnet network [63].

The Risk-net software allows computing risk factors (forward procedure) and remedial objectives
(backward procedure) for a contaminated site applying the procedure described in the technical
guideline [1] in agreement with the Italian norms (D.Lgs. 152/06 e D.Lgs. 04/08)[30][31][32].

The Italian procedure mirrors the RBCA procedure (“Risk Based Corrective Action”) as described in
the standards ASTM E-1739-95, PS-104-98 and E 2081-00. [1]

Within the software, the chemical-toxicological database of ISS-INAIL (2015) is implemented by
default. The user may however select another one if desired.

The software contains analytical models for air, groundwater, and soil exposure pathways, including
all models used in ASTM RBCA standards taking into account the sanitarian issue

Risk-net software has the possibility of considering source depletion due to leaching and/or
volatilization, estimating the leaching time with the Green Ampt equation (however it is not used in
risk evaluation), checking the mobility of the free phase.

The Risk-net v .2.1 is designed to work in Windows XP, Windows 7 and Windows 8 under
Microsoft® Excel (versions 2003 through 2010). The software is incompatible with LibreOffice and
OpenOffice.

The tool and relative documents can be freely downloaded at the RECONnet website:
http://www.reconnet.net/Software.htm

3.2 Remedial Targets Worksheet version 3.2

The Remedial Targets Worksheet v 3.2 is developed by the English Environment Agency based on
the document “Remedial targets methodology.: Hydrological risk assessment for land contamination”
[36] [37][48].

The worksheet allows assessing the risk to water from land contamination, but it does not compute
any risk factor. Site-specific remedial targets for polluted soil and groundwater may be found thanks
to a tiered procedure.

To compute the remedial targets, the user has to introduce the concentration (target concentration)
which has to be respected at the receptor. The RT-Worksheet shows the evolution of concentration
in time too.

The tool does not have any database therefore the user has to enter the data manually.
RT-Worksheet has also a porosity calculator and a simple hydrological calculator for parameters who
are not specifically requested in the computation of Remedial targets (i.e. GW flow velocity).

The worksheet is designed to work in Microsoft® Excel version 1997).
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The RT-Worksheet and relative documents can be freely downloaded from the UK website:
https://www.gov.uk/government/publications/remedial-targets-worksheet-v22a-user-manual

3.3 ESR-tool version 2.0.4

The ESR tool v.2.0.4 is developed by the Ram-Ses sprl in the framework of the Walloon simplified
risk assessment procedure (ESR) [39].

It complies with the “Code Wallon de Bonnes Pratiques”.

The tool allows comparing the measured concentrations entered by the user with threshold and
intervention values given by the soil decree [26].

The tool may assess the presence of risk for human health, groundwater and ecosystem.

In the present work, the ESR tool is used to assess the presence of risk for contaminant leaching. The
reference document is the “Partie C : Evaluation des risques pour les eaux souterraines”[28].

The ESR tool is used to find soil adjusted threshold and intervention values plus the leaching time.
The tool has its own chemical-toxicological database.

The worksheet is designed to work in Microsoft ® Excel environment (version 2007).

The ESR tool and relative documents can be downloaded freely at the Walloon website for the
remediation of contaminated site:  https://dps.environnement.wallonie.be/home/sols/sols-
pollues/code-wallon-de-bonnes-pratiques--cwbp-/etude-de-risque.html

3.4 BIOSCREEN-AT 1.43_FR_v.1.1 tool

BIOSCREEN-AT tool is developed by the US EPA. In the Walloon Region the tool is in compliance
with the “Guide de Référence pour l'Etude de Risques: Partie C” [28].

The tool simulates the movement of dissolved pollutants in groundwater and obtains the maximal
concentration at the receptor.

Thanks to a “trials and errors” simulation, it allows to estimate remedial objectives to protect the
chosen receptor.

Traditional BIOSCREEN tool has implemented the approximate transport solution of Domenico
(1987) while BIOSCREEN-AT uses an exact solution [51] [67] [68].

The tool does not have any database therefore the data have to be entered manually.

The worksheet is designed to work in Microsoft® Excel.

The BIOSCREEN-AT and relative documents can be freely downloaded from the Walloon
website for the remediation of contaminated site:
https://dps.environnement.wallonie.be/home/sols/sols-pollues/code-wallon-de-bonnes-pratiques--
cwbp-/etude-de-risque.html

In appendix A Screenshots of the European tools showing requested Input and Output.
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Chapter 4

Comparison of European RA approaches on a synthetic
and real case study

4.1. Synthetic case study

4.1.1 Description of the synthetic case and parameters

To compare the RA procedures established by Italy, United Kingdom and the Walloon Region a
theoretical case study has been built. This is done in order to highlight differences in terms of decision
making among countries.

The used tools are Risk-net v 2.1 for Italy, RT-Worksheet v.3.1 tool for United Kingdom and the ESR
v.2.0.4 and BIOSCREEN-AT v.1.43 tools for the Walloon Region (BE) [63][39][48].

Source-Pathway-Receptor approach

The synthetic case study is inspired by the case used by Connor (1997) developing the Source-
Pathway-Receptor approach. In consideration of practical and conceptual differences among tools
and procedures, the synthetic cases study has been slightly modified (Fig.17).

l l l lP(BU cm/year)

Receptor

HT = Hp (3 m)

VZ

I
(3m) : .
3 L (5m) | (100 m) | i

Saturated zone

Fig. 17 Synthetic case inspired by Connor (1997). Where P is the precipitation, Hp is the thickness of the polluted soil in
the unsaturated zone, Hr is the distance from the top of the source to GW table, dew is the mixing zone thickness, and L
is the length of the source parallel to the GW flow.

Source

The pollutant benzene with a concentration of 1600 mg/kg d.s. is chosen as source of
contamination. The value is taken from a real case study with deal on BTEX pollution in order to be
realistic [13]. The source is assumed as infinite and uniformly distributed.

The source occupies an area of 25 m? with a thickness equal to the entire vadose zone.
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Considering the entire vadose zone as polluted is actually not realistic but still this has been done
in order to allow a better comparison among countries. In fact, the English RT-Worksheet tool does
not compute the mass redistribution factor. Compared to the Italian and Walloon procedures it is as
if the English procedure considers always a mass redistribution factor equal to 1. However this
represents the worst possible condition and therefore the most conservative one.

Furthermore, the choice of benzene as pollutant is not casual.

Firstly, it is chosen for its properties since it is a pollutant with high mobility and toxicity. These
characteristics may represent a threat for the groundwater resource. In Nature Benzene has a high
biodegradation power too. However, in the theoretical case, this last property is not considered. This
is done for proper comparison between countries as the Walloon procedure requires neglecting such
detail while using BIOSCREEN-AT tool.

Secondly, the choice of benzene is made to limit the Walloon adjustments for the soil-water
partition coefficient. Only in the Walloon procedure such adjustments are requested. The adjustments
become more “data intensive” in case of heavy metals.

To avoid the Walloon adjustments for the soil-water partition coefficient (Ksw), in the correction of
Kd, a coefficient of stoniness equals to 10 (%) is used, so that the fraction of the site available for
the adsorption becomes equal to 1 (fags).

In fact, for equations 4.1 and 4.2 the fraction of the site available for the adsorption and the corrected
Kd (Kdcorr) are obtained as following:

faas = 1— (F55) (.1)
chorr = KOC 4 fOC = fads (42)

Notice that to put fags equal to 1 is considered consistent since the soil fraction of organic carbon
(foc) chosen for the synthetic case study is assumed to be already representative of the portion of the
site that is available to adsorb the chosen contaminant.

In fact, the foc given in the theoretical model is considered an average value representative of the
whole soil. In consideration of that, additional corrections with fags are useless.

Finally, the assumption of absence of NAPL is made.
How tools deal with the presence of NAPL

Every time the contaminant completely saturates the water and air in pores, the concentration of
saturation is reached. At that condition the Non Aqueous Phase Liquid (NAPL) can form.

The Italian Risk-net tool alerts the user if the entered concentrations exceed the concentration of

saturation implemented in the dataset. If desired, the tool may consider the concentration of saturation
during the computation of risk factors and remedial objectives.
Once the concentration of saturation is exceeded, the free separated phase that is forming could
represents an additional risk in relation to its mobility. This is why the Italian Risk net tool allows for
computing the mobility of the free phase in the unsaturated and saturated soil based on the standard
ASTM E 20 81. The option is available only for pollutants that are liquid at ambient temperature.
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In the English RT-Worksheet tool, there is not an option as in the Italian case. However, the risk
assessment procedure [36] states that the presence of NAPL has to be checked before using the RT-
Worksheet. The English methodology has an additional guidance on dealing with NAPL [38].

In the Walloon methodology, the presence of a floating layer is one of the criteria for which the
ESR procedure cannot be applied. For such issues a detailed risk assessment is performed.
Moreover, if the NAPL on the field belongs to an historical pollution, it must be cleaned. The only
exception occurs if the performed detailed risk has shown that a “serious threat” is not present and it
is not technically feasible to remove the NAPL or there are no environmental benefits in removing it.
[28][Walloon Environmental Expert B].

Pathways

The movement of contaminant is followed both for the vertical path in the vadose zone (Leaching)
and for the horizontal path in the aquifer (Dispersion).

Volatilization and chemical or biological degradation of the pollutant on the other hand are not
considered in the synthetic case.

Moreover, in order to apply the simplified risk procedures it has to be made the assumption of lack
of colloidal transport and preferential paths (fractures).

Receptors

The receptor is groundwater. Both groundwater below the polluted site and groundwater in a
“piezometer” at 100 m downgradient of the source have to be protected. The piezometer is considered
to be positioned at the limit of the parcel.

Data and parameters for the Synthetic case
The entered data are given in Tab.1 appendix B.

A sand soil type with a total thickness of 3 m is assumed. The aquifer has a total thickness of 3 m
too. The aquifer is assumed as unconfined with homogeneous and isotropic properties. The choice of
parameters for the aquifer are made in order to respect some of the values given in the synthetic case
study of the article Connor (1997).

A description of the chosen parameters for the theoretical case study and practical issues
encountered using the tools is given in the following paragraphs.

1. Organic carbon partition coefficient & Henry constant

The organic carbon partition coefficient (Koc) can be chosen only in the English RT- Worksheet
and in the Walloon BIOSCREEN-AT tool.
In the Walloon ESR tool and in the Italian Risk-net tool such coefficient is already implemented in
the database depending on the type of pollutant. For benzene the Italian Koc is 146 1/kg while in the
Walloon ESR tool is 74,13 1/kg (since Log Koc =1,87 1/k [annex B-4 from [29]]).

The same can be said for the dimensionless Henry constant.
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This value is already implemented in the Italian Risk-net tool and in the Walloon ESR tool but
they differ (0,23 and 0,16 respectively)’, while in the English RT worksheet tool the value is entered
directly by the user.

Such numerical differences have an influence on the results of the procedures.

2. Infiltration rate

For the synthetic case study, the infiltration rate is estimated basing on a net annual precipitation
of 30 cm/year as given in the article Connor (1997). This is equal to 1, 62 cm/year.
The Italian equation for a sand texture type (equ.4.4) is used to compute the Infiltration rate [1].

1 =0,0018 * P? for Sand (4.4)
Where I is the net infiltration [L/T] and P is the effective rain [L/T].
3. Density
Soil bulk density is given by Connor (1997) and is equal to 1,7 kg/I.

In both the English RT-Worksheet and BIOSCREEN-AT tools the dry bulk density of the aquifer
is requested as well. Also in this case the same value of 1,7 kg/l is used.
Density enters in the computation of the Retardation factor. However using a steady state simulation,
the retardation factor has no influence in the computation of the concentration at compliance (i.e.
Italian case). While for the transient state, the retardation may create a delay on the arriving
concentration (i.e. Walloon case).

4. Fraction of organic carbon and organic matter

The organic carbon fraction coefficient of soil (foc) is taken from Connor (1997). and is equal to
0,006 (-).
In the Walloon ESR tool it is not directly requested in input the fraction of organic carbon but rather
the organic matter. The relation between organic matter and fraction of organic carbon for an organic
pollutant is given in annex C-3.1 of the Walloon guideline [29] as following. (the equation 4.5 is
given for hydrophobic organic pollutant non ionisant).

foc =

MO
100%1,724 (#5)
Where MO = organic matter (%) and foc is the organic carbon fraction (-).

For the fraction of organic carbon in the saturated zone the Italian default value is instead used 0,
001 (-).

7 In the Walloon annex B-4 from [29], the Benzene dimensional Henry constant is given (388, 6 Pa*m® *mol™ for a
temperature of 20 °C). The correspondent dimensionless Henry constant is obtained with equation 4.3 [12].

Ky (atm*L)

_ L
KHDimensionless [_] TR (atm T)n:T(k)
molxk.

(4.3)

Where Ky is the dimensionlessl Henry constant, R is the universal gas constant equal to 0,082058 [*atm/mol*K and T is
the absolute temperature in k.
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5. Volumetric water content - Volumetric air content
The volumetric water content and the volumetric air content depend on the soil type.

The Italian Risk-net tool may either compute them directly once the soil texture type (sand, clay
etc.) is chosen [62] or the user may manually enter such values. The English RT-Worksheet requires
the user to enter them.

Since the Walloon ESR tool does not allow entering them manually, the Walloon equations 4.6 and
4.7 have been used [annex C-1 from [29]].

Volumetric water content:

ow=fx(1-2) (4.6)

2,6

Volumetric air content;:
va=(1- 2’;6) — dw 4.7)

Where 3w is the volumetric water content [-], J, is the volumetric air content [-], p is the soil bulk
density [M/L?] and fis the porosity fraction occupied by water (or Saturation) [-].

In order to compute the water and air content p equals to 1, 7 kg/dm® and f'equals to 0, 20 (-) are
used. Such value of saturation is chosen equal to 0, 20 in order to obtain the Italian water content
value implemented in the Risk-net software for a sand texture type.

The obtained values are respectively 3w= 0, 068 (-) and 3.=0, 278 (-).

6. Hydraulic conductivity and hydraulic gradient

The values of the hydraulic conductivity (10 m/s) and hydraulic gradient (8, 82*107 (-)) have been
osen coherently with the Darcy velocity given by Connor (1997).

However, this hydraulic conductivity value is the typical average value given by the Walloon
guideline for Walloon aquifers [annex C-2 from [29]]. In fact, such kind of value is the characteristic
average hydraulic conductivity value of Walloon sand and sandstone aquifer, limestone aquifer and
chalks aquifer.

7. Effective porosity in the saturated zone

The effective porosity in the water bearing unit can be in the range of 0, 001-0, 35 (-) Connor (1996).
Here 0,04 (-) is used.

8. Coefficients of dispersivity

The coefficients of dispersivity have been chosen based on the equations already implemented in the
BIOSCREEN-AT tool [61][68].

9. Mixing zone thickness

Since it is a synthetic case study, the mixing zone thickness is computed as following (equ. 4.8) [62]
[36][annex C-2 from [29]]:
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dew = +/0,0112 * [2 + da * {1 — exp [k‘f;a]} (4.8)

Where L is the length of the source parallel to the groundwater flow [L], da is the thickness of the
aquifer [L], 7 is the infiltration rate [M/T], k is the hydraulic conductivity [L/T] and i is the hydraulic
gradient.

The first term estimates the mixing zone due to the vertical dispersivity, while the second term
estimates the mixing height due to the seepage velocity. This parameter enters in the computation of
the dilution factor when the mechanism of leaching is modelled

The mixing zone thickness can be either computed with equation 4.8 or entered directly by the
user. However, only in the Italian and English procedures this last choice is allowed [63] [48] [39].
In the synthetic case, a mixing zone thickness of 0,532 m is computed.

In the synthetic case study the initial thickness of the plume is put equal to the mixing zone thickness.
There are several reasons for this.

Firstly because of lack of real data.

Secondly because for the Italian case the initial thickness of the plume is always equal to the
mixing zone thickness. By definition, the mixing zone thickness represents the amplitude of the plume
in the phenomena of dispersion in the aquifer. It is the distance between the piezometric surface and
the lower point of the aquifer in which pollution has been detected [66].

The Italian case uses this parameter inside the DAF model as a geometric parameter representing the
initial thickness of the plume for the saturated part.

In the Walloon and English procedures instead, the initial plume thickness may differ with respect
to the mixing zone thickness. The only exception is represented by the third level of the English tiered
procedure when the contamination is located in the soil. In this case, the RT-Worksheet tool requires
using the initial thickness of the plume equal to the mixing zone thickness.
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4.1.2 Comparison of results given by different tools

The results of the RA procedure on the synthetic case study are shown by comparing the Italian and
English procedures and the Walloon and English procedures.

This is motivated by the fact that the English RT-Worksheet tool is the most versatile one in terms
of data editing and in the choice of transport models. On the other hand, the Italian and Walloon tools
have their own databases and different trasport solutions (the Italian tool models in steady state with
an approximate solution while the Walloon tool models in transient state with an exact solution).

In the first case the English RT-Worksheet is used with the Italian values as they are given in the
database of Risk-net.
In the second case the English RT-Worksheet tool is used with the values implemented in the Walloon
ESR tool.

Considerations on the conceptual choices

Notice that if on one side the use of a theoretical case study allows to choose the wanted parameters
and conditions, on the other hand it creates some issues in the choice of the entered parameters.

This is particularly evident when the parameters for the saturated zone are entered. In fact, one of the
main issues for the theoretical case is to keep consistency between results and data of the vadose and
the saturated zone.

For example, in real life the concentration in groundwater is measured. While in this theoretical
case, the contaminant source in ground water is assumed equal to the “diluted concentration”.
The “diluted concentration” is the ratio between the leachate concentration and the dilution factor.
The Italian and English tools give it as output. It is the estimated concentration within the receptor.

By the same token, in reality samples taken at different depths allow to define the initial thickness
of the plume while in this synthetic case this is chosen equal to the mixing zone thickness for the
above discussed reasons.

The initial plume thickness in reality might be higher or lower of the mixing zone thickness. In fact,
it depends on the mixing zone thickness but also on the dispersion of the pollutant in groundwater.
The plume thickness varies in space and time, influenced by several factors.

In conclusion, the choice of using the mixing zone thickness as initial plume thickness as well as
the “diluted concentration” as contaminant source concentration depends firstly on the lack of real
data but also on the need to respect the mass balance. In the following paragraph, the mass balance
issue will be further discussed.

Finally as explained in chapter 2, it is important to highlight the fact that in the Walloon procedure
the leaching and dispersion mechanism are two separated parts. In reality when the ESR tool shows
that the polluted site may represent “a severe treat” for the groundwater due to leaching, the practice
is to remediate the site or to perform a detailed risk study (EDR).

While in this study after having established the presence of risk due to leaching, it is assumed that a
certain “diluted concentration” is in groundwater. This may represent a treat for the receptor (100 m
downgradient), therefore the contaminant movement across ground water has to be checked, too.
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Even in the English and Italian procedures the two mechanisms may be split and tools require entering
the “measured source concentration” in groundwater.

The global Italian, English and Walloon results are in appendix C. This chapter mainly focuses on
similarities and differences.

Considerations on the Mass Balance

As discussed above with regard to the choice of parameters, one of the main objectives is to be
physically consistent in order to respect the mass balance between the unsaturated and saturated part.
This means that the mass discharge due to the mechanism of leaching (MdLeaching) has to be higher or
equal to the mass discharge computed for the saturated part (Mdbpispersion). In fact, the quantity of
entering pollutant has to be higher than, or at least equal to, the quantity of migrating one (equ.4.9).

MdLeaching > MdDispersion (4-9)

:

Groundwater
transport Area

A |

] T
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|
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Fig. 18 Schematic representation of the factors used for computing the Mass discharge. Original imagine from [23].

Where I is the infiltration rate [L/T], Ao is the Horizontal polluted area [L*], Ay is the vertical polluted area
[L?],CLeachate is the leachate concentration [M/L’], Cpiluted is the diluted concentration [M/L’] q is the GW flow
[L/T], Sw is the width of the contaminated source perpendicular to the groundwater flow, L is the length of the
contaminated source parallel to groundwater [L] and dew is the initial thickness of the plume put equal to the
mixing zone thickness [L].

The mass discharge is the mass per time of the contaminant through a selected area. Its dimension
is [M/T]. It can be evaluated for both the unsaturated and saturated zone (Fig.18). The equations are
as following equations 4.10 and 4.11.

Mdyeaching |5 = 1 [£] * 40[L7] * Cponchate |13 (4.10)
MdDispersion [%] =k [%] «1[—]* Ay [LZ] * Cpituted I:L%:l (4.11)

Where [ is the infiltration rate [L/T], Ao is the horizontal contaminated area in the soil [L?], k is the
hydraulic conductivity [L/T], i is the hydraulic gradient [L], Av is the vertical contaminated area in
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the saturated zone [L?], Creachare is the leachate concentration [M/L?] and Cuinrea is the “diluted

concentration” [M/L?].

For the computation of the Mass discharge the used parameters are shown in Tab.11. The values
of concentrations refer to the Walloon procedure but the same considerations remain valid also for

the other two countries.

Tab 11 Parameters entered in the Computation of the mass discharge (WR)

Parameters for the computation of the mass
discharge (Walloon Region)
Concentration | 3,168*10° 1,72*10*
(mg/ m’ ) (CLeachate) (CDiluted)
I (m/s) 5,14%10°1°
k (m/s) 10
1(-) 8,82*%1073
Ao (m?) 25
Av (m?) 2,66

The fact that the mass discharge has to be respected has an influence on the conceptual choices.

In fact looking at Tab.12 it can be noticed that the mass discharge inequality is respected only if
the “diluted concentration” is used as the concentration within the aquifer (0,041 > 0,040).

On the contrary the mass discharge inequality is not respected if the leachate concentration
(Cleachate) 1s used as contaminant source concentration in groundwater for the saturated zone. This is
the same concentration used for the mass discharge in the vadose zone.

This issue occurs since it is used as initial thickness of the plume the mixing zone thickness (0,532
m). The inequality would still be respected with the ground water source concentration equal to the
leachate concentration, only if the initial plume thickness is a lower value (0,0025 m) compared to
the mixing zone thickness.

This is why, in consideration of the choices made to build the synthetic case study (initial plume
thickness=mixing zone thickness) the “diluted concentration” is used.

Tab 12 Results on the computation of the mass discharge (WR)

Mass discharge (Walloon Data)

Mass Discharge (mg/s) Value
MdLeaching 0, 041
MdDispersion (inI)Ut CDiluted) 0, 040
MdDispersion (inI)Ut Cleachate) 7,433
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4.1.2.1 Comparison of results given by the Italian Risk-net tool and the English RT-
Worksheet tool

To compare the Italian and English procedures, the English RT-Worksheet tool is used selecting the
following values:

e  As target concentration the Italian groundwater standard for benzene of 0,001 mg/l;

e As organic carbon partition coefficient the Italian value of 146 1/kg;

e As dimensionless Henry constant the Italian value of 0,23 (-)

e The steady state Domenico (1987) transport model;

e The same dilution/attenuation factor. Notice that the chosen Dilution/attenuation factor is
DAF2 = AFuk 1dir where the vertical dispersion is allowed only downwards. The choice
follows the advice given by the English manual [37]. Actually, such factor implies the source
of contamination at the top of the aquifer and occurring percolation.

In figure 19 is schematically shown how the Italian and English procedures compute remedial
targets for soil and groundwater both for an On-site and Off-site receptor. The comparable results,
between the two countries, are those in the green boxes.

Italy ' United Kingdom \

Levell {mg/kg)

Shallow soil (mg/kg) Levell {mg/l)
CSCey + LDF o ;
CSR,, = Lolgy * LUL g » G PR
K., * SAM,, RTy = RT; = Cr
Deep soil (mg/kg) e Level 2 (mg/,
csq,  CSCow * LDF ~._. . (me/kg) Level 2 (mg/1)
a5 =R SAM; ! _ : ai Cr=DF [ )
Remedial targets for soil BT, = K, ‘ RT; = Cr*DF
Shallow soil {mg/kg) D
csk,, — CCaw * DAF S LDF o Level3 (mg/kg)
K_. *SAM_, v Level3 {mg/1)
, Off sitereceptor | — » RT; e
Deep soil (mg/ke) _CrsDF+AF RT, = C;*AF*DF
CSCoyr = DAF % LDF |« =
ot e o Ko
K, * SAM,,

CSRcw = CSCow * DAF (mg/1) s o| RT: = C*AF (mg/1)

Groundwater

Remedial targets for ‘

Fig. 19 Diagram showing correspondence in the way Remedial targets are computed in the Italian and English
procedures [1] [36] [37] [62]

Some differences may be noticed.

Firstly, the English methodology is the only investigated procedure that gives remedial targets for
soil in two ways: remedial targets which can be compared with measured soil concentrations (mg/kg)
and remedial targets which can be compared with leachate tests (mg/1).
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Secondly, in case the source of contamination is in the soil the results of level 1 of the UK
procedure cannot be compared with anything else. At this level, the most conservative remedial target
is obtained. In fact, just the partitioning between soil-water is taken into account as factor.

On the contrary, in the Italian case the remedial objective for soil is computed only once considering
all factors together (soil-water partition coefficient, mass redistribution factor and the dilution factor).

Thirdly, the Italian results obtained considering the source of pollution in the shallow soil cannot
be compared with anything else since the UK procedure does not make the distinction between deep
and shallow soil.

In Tab.13 the numerical results are given. In the last two columns is specified how, under which
conditions and at which step of the RA procedure the numeric value is found.

In order to have a better understanding of results while looking at Tab 13 the reader is invited to
consider figure 20.

CSRgs onsite = RT> CSRas offsite = RT3

LY
. P Receptor

\ Source /

VZ

Saturated zone

Fig. 20 Representation of the synthetic case with relative remedial objectives for the comparison among the Italian and
English RA procedures. Where CSRas_on sice is the Italian remedial objective for soil [M/M] when considering an On-site
receptor (case A1), RT; is the English remedial objective for soil computed at level 2 of the assessment [M/M],
CSRus oy site 1S the Italian remedial objective for soil [M/M] when considering an Offsite receptor (case A2), RT3 is the
English remedial objective for soil computed at level 3 of the assessment [M/M]. CSRow and RTgw are respectively the
Italian and English remedial objective for groundwater [M/L?] in order to protect the receptor at position B2.

The theoretical case study may be investigated from two different perspectives:

. To assess the risk for groundwater below the site (location B1) and to obtain the respective
soil remedial targets for an On-site receptor (location Al- CSRgs on site Or RT2 [M/M]).

Where CSRgs onsite 1S the Italian remedial objective (mg/kg) found considering the source of
contamination in the deep soil and RT> is the English remedial target for soil (mg/kg) found
considering the level 2 of the English tiered procedure for a soil source of contamination.

. To assess the risk for the receptor at 100 m downgradient of the source (location B2) when
the source of contamination in GW is the “diluted concentration”. To find the respective
soil remedial target for an Off-site receptor (location A2- CSRys off site Or RT3) and for

groundwater at the source (location B1- CSRgw or RTgw).
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Where CSRus offsite 1s the Italian remedial objective (mg/kg) for an Off-site receptor found
considering the source of contamination in the deep soil. RT3 is the English remedial target
for soil (mg/kg) found considering the level 3 of the English tiered procedure for a source of

contamination in the soil.

These two remedial targets are computed taking into account the attenuation in the saturated
zone (DAF2=AFuk_14ir). While CSRgw and RT3 gw are the Italian and English groundwater
remedial targets (mg/1). They represent the maximal concentration at the groundwater source
(location B1) which guarantees the respect of standard at the chosen receptor (location B2).

Tab 13 Comparison of Italian vs English results on the Synthetic case study

Italian vs English procedures results in steady state

Results Value Italy United Kingdom
Computed by the tool (4.12) Computed by the tool (4.12)
C leachate (mg/l) 1’ 7*103 CLeachate = KSW * CTotal source CLeachate = KSW * CTotal source
Computed by the tool (4.13) Computed by the tool (4.13)
Cliluted (mg/1) 9,24 Cr. _ Creachate Cr. _ ClLeachate
bituted ™ pilytion factor bituted ™ pilytion factor
On site receptor DAF=1 (2.5 b) Level 2 (2.6 b)
1,75*10" CSCqy * 1 Cr *x DF
M0 CSRas =~ RTy = —
Remedial ds sw
objective for soil
/k
(mg/kg) Off site receptor (2.5 b) Level 3 (2.6 ¢)
CSCqy * DAF2 Cr * DF * AF, ;
56,3 CSRy, = Gw RT, = T UK_1dir
LFq Ksw
Concentration at
the receptor (mg/l) , Domenico (1987) Steady state Domenico (1987) Steady state
(X=100 m) 2,90*10 simulation using DAF2 simulation using AFux_1dir
Remedial (2.5¢) (2.8)
objective for i
Groundwater 3,22410" CSRew = CSCow » DAF2 RTew = Cr * AFyk 1qir
(mg/1)
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The Italian Risk-net tool gives as output the factors of risk while in the English procedure, for
assessing the presence of risk, the user has to compare the measured concentrations with the obtained
remedial targets.

In both Countries, the presence of risk for the groundwater resource below the site (position B1)
and for the receptor at 100 m (position B2) is brought to attention.

In fact, in the first case the soil measured concentration (1600 mg/kg d.s) is higher than the
computed soil remedial objective for an On-site receptor (1, 75%10" mg/kg d.s.) while in the second
case the soil measured concentration is higher than the soil remedial objective of an off site receptor
(56, 3 mg/kg).

The ground water concentration at 100 m is higher (2, 90*10 mg/1) than the Italian groundwater
standard for benzene (1pug/l). In fact, this is why the correspondent ground water remedial target
(mg/1) (location B1) is lower than the used contaminant source in ground water (Cailuted).

Both contaminated site and groundwater have to be cleaned up till they reached the obtained
remedial objectives.

4.2.1.2 Synthetic case study investigated with the Walloon procedure

The Walloon procedure in parallel to the synthetic case study for two kinds of aquifers (exploitable
and not exploitable) is applied. However, notice that the chosen value of hydraulic conductivity (10
* m/s) is typical of exploitable aquifers.

The procedure is applied in order to assess:

e The presence of a “serious treat” for the groundwater resource due to the mechanism of
leaching (position B1 Fig.21).

e The presence of risk for a receptor located 100 m downgradient the source. The receptor is
the limit of the parcel (position B2 Fig.21).

Notice that the Walloon procedure first establishes the presence of a “serious treat” for the chosen
receptor and only later on it computes the remedial objectives (depending on the pollution age or type
of receptor).

While looking at the table of results (Tabs 14 and 16) the reader should refer to Fig. 21.
Boxes in light blue colour show the procedure when an exploitable aquifer is considered. Boxes in
purple show the procedure for a not exploitable aquifer.
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CMeasured > CBRy
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Fig. 21 Representation of the synthetic case showing the Walloon procedure. Where VIqiand VS4q are the Walloon
threshold and Intervention values for soil respectively [M/M], CBRy is the Walloon max concentration value for soil for
a not exploitable aquifer [M/M], Vigw and VScw are the intervention and threshold values for groundwater [M/L’] and

Cuax is the maximal concentration at compliance computed with BIOSCREEN-AT tool.

Walloon RA procedure for the mechanism of leaching

In tab. 14, the results obtained with the ESR and BIOSCREEN-AT tool are shown. In the last two
columns is specified how the numeric value is found.

Tab 14 Walloon results for the mechanism of leaching (synthetic case)

Walloon procedure Results: Mechanism of Leaching in the Vadose zone

Results Value Value Exploitable aquifer Not exploitable aquifer
Expl. Not
Expl.
Computed by the user (4.12)
C leachate 3,17%10° (WR)
(mg/l) CLeachate = KSW * CTotal source
Computed by ESR tool (2.9 a) | Computed by ESR tool (2.9 b)
Adjusted value 0,93 3,70
(mg/kg) (VSadj) (Vlaa) VSap; = VSew * FAGyq; Vigp; = Vigw * FAGyqa;j
Computed with BIOSCREEN
(Trials and errors)+ ESR
- (Back-modelling) (2.10)
CBR /k 9,85*10?
v (mg/ke) - CBRy = CBRgyy * FAGq;
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The results of the Walloon ESR (Tab.14) tool show the presence of a “serious treat” due to
leaching both when considering an exploitable and a not exploitable aquifer. In fact, the adjusted
values (threshold 0, 93 mg/kg and intervention 3, 7 mg/kg) by the measured concentration (1600
mg/kg d.s.) are exceeded.

In case of a not exploitable aquifer, even the computed CBRx value is exceeded (985 mg/kg). CBRx
is the maximal allowed concentration in soil in order to respect VIgw at the receptor.

For the choice of the synthetic case, the leaching time is zero, since the bottom of the source is in
contact with the groundwater table.

At this stage, in real practice, the assessor should decide whether to remediate the site or continue
with a more detailed risk assessment.

The clean up targets are dependent on the age of the pollution (Tab.15).
In case of a new pollution the site has to be remediated up to the reference value (VR =0, 1 mg/kg
for benzene) or to the closest value using the BATNEEC.
In case of an old pollution the remediation should be performed up to VR or to the closest value
reachable with BATNEEC and at least by removing the source of risk reaching the “minimum
cleaning criteria” tfound with the ESR.
The minimum cleaning criteria depends on the type of aquifer and receptor. When the receptor is the
limit of the parcel, it can be Vl.g; for a not exploitable aquifer (3, 7 mg/kg) or VSag;j for an exploitable
aquifer (0, 93 mg/kg). If the drinkable standard has to be reached then the minimum criteria would
be more restrictive (drinkable standard*FAGag;).

Tab 15 Walloon Remedial targets for soil (synthetic case)

Remedial target for soil (mg/kg)
New pollution Old pollution
Exploitable Not Exploitable Exploitable Not Exploitable
VR VR VR or VSapj VR or Vlap;y

Walloon RA procedure for the movement of the pollutant in the saturated zone

In the Walloon RA procedure the mechanism of leaching and the movement of the pollutant across
groundwater are two separated steps.
In consideration of that, in the synthetic case study, the assumption of having measured the benzene
concentration in groundwater is made. The ground water benzene concentration is Cdiluted (mg/1). The

choice allows developing the RA for a contaminant concentration in groundwater by applying
BIOSCREEN-AT tool.

The numerical results are given in tab.16. Once again in the last two columns is specified how the
numeric value is found.
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Tab 16 Walloon results for the movement of the contaminant in groundwater (synthetic case)

Walloon procedure Results: Pollutant movement in the saturated zone

Result Value Exploitable aquifer Not exploitable aquifer

Computed by the user (4.13)

Cliluted (mg/1 17,21 , _ __ Creachate
diuted ( 8 ) CDlluted " Dilution factor
Concentration at Cwmax obtained with BIOSCREEN-AT
li t
comprtiance a 6,4%107? Modified Domenico - Transient simulation
100 m (mg/1)

Even in this case the presence of “a serious threat” for the receptor located 100 m downgradient
of the source is noticed. In fact, the maximal concentration simulated with BIOSCREEN-AT tool,
avoiding degradation, (64 pg/l) exceeds the standards.

Since this receptor is considered as the limit of the parcel this value has to be compared with Vigw
(40 pg/l) for a not exploitable aquifer and with VSgw (10 pg/l) for an exploitable aquifer. In case the
receptor is a well, the comparison is done with the drinkable water standard (1 ug/1).

In consideration of this exceedance, remediation is mandatory. The clean up value depends on the
use of the ground water. The numeric values are given in Tab.17

Tab 17 Walloon remedial targets for a receptor located 100 m downgradient the source (synthetic case)

Remedial target for GW (mg/l) (Receptor at 100 m) Remedial target for
soil (mg/kg) for
having respected the
drinkable standard at
Limit of the parcel Limit of the parcel Potable Well the receptor
(Exploitable aquifer) (Not exploitable
aquifer)
2,55 10,60 0,40 37,40
Co values obtained Co values obtained Co values obtained | Back modelling +
with BIOSCREEN-AT | with BIOSCREEN-AT | with BIOSCREEN- | ESR tool (4.14)
Modified Domenico - | Modified Domenico - AT RTgoy = Co * FAGyq;
Transient simulation Transient simulation | Modified Domenico -

Transient simulation
(Cymax=1pg/l
drinkable water
standard)

(Cmax= VSow=10pg/L) | (Cmax= Vicgw=40ug/L)

The remedial objectives are obtained with BIOSCREEN-AT thanks to a “trial and error

simulation” of different source concentrations. It is the same procedure applied to find CBRGw.
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The concentration found in this way is the maximal concentration that is possible to have at the ground
water source in order to respect the standard at the chosen receptor (2, 55 or 10, 6 mg/l for an
exploitable or not exploitable aquifer respectively).

In case the receptor is a well, the remedial target found would be more conservative (0,402 mg/l).
The assessor could even find the maximal concentration in the soil (mg/kg) allowing respect of the
drinkable standard (1pg/1) at the well. This is done with a back-modelling procedure and it is similar
to considering an Off-site receptor in the Italian and English procedures.

However, this soil remedial target (37, 4 mg/kg) differs from the Italian one (56, 4 mg/kg) (Tab.13)
as in the tools two different databases are implemented (i.e. Italian Koc is different respect to the
Walloon Koc) and the contaminant transport solutions are different too.

4.2.1.3 Comparison of results given by the Walloon ESR- BIOSCREEN AT tool and the
English RT-Worksheet tool

To compare the Walloon and the English procedure, the English RT worksheet tool is used selecting:

e As target concentration (Ct) the groundwater standard for benzene VI and VS (40 and 10 pg/l
respectively);

e As organic carbon partition coefficient the Walloon value 74,13 1/kg;

e As dimensionless Henry constant the Walloon value 0,16 (-)

e The transient state Domenico (1987) transport model with a simulation time of 100 years
avoiding degradation;

e The English attenuation factor AFuk_1dir.

A parallel comparison on the way Walloon and English procedures compute remedial targets and
adjusted values is shown in Fig. 22.
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Fig. 22 Diagram showing similarities in the way remedial targets and/or adjusted values are computed in the Walloon
and English procedures [28] [36] [37] [39]

Comparable results are in the yellow boxes. Further considerations regarding Walloon and English
RA procedures may also be drawn.

Firstly, the Walloon procedure makes a distinction between exploitable and not exploitable
aquifers while in the English procedure this is not the case. The English tool allows choosing the
wanted target concentration (Cr). If desired, this can be equal to the ground water standard for an
exploitable or not exploitable aquifer.

Secondly, a key element of difference between the Walloon procedure and the English one is the
fact that for assessing the presence of a “serious threat” for the groundwater below the polluted site
the Walloon procedure computes the adjusted values. These values are compared with the soil
measured concentrations and in case of exceedance, also a leaching time is computed.

On the contrary, in the English procedure, to establish the presence of risk only remedial targets are
computed.

These adjusted values are not necessarily remedial objectives. In fact, Walloon soil remedial targets
depend on the pollution age [26].

All this said however, the way of computing adjusted values and remedial objectives is quite similar,
as shown also in fig.23.

VIAD}' or VSAD} = RTZ CBRN = RT3

N el Receptor
5 Source /

*
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Fig. 23 Representation of the synthetic case for the comparison between the Walloon and English RA procedures.

Where Viygiand VS4q; are the Walloon threshold and Intervention values for soil respectively[M/M], RT: is the English
remedial objective for soil computed at level 2 of the assessment [M/M], CBRy is the Walloon concentration value for
soil for a not exploitable aquifer [M/M], RT3 is the English remedial objective for soil computed at level 3 of the
assessment [M/M], Walloon Remedial objective and RTgw are respectively the Walloon and English remedial objective
for groundwater [M/L?] in order to protect the receptor at position B2.

In Tab. 18, the numerical values obtained with the ESR and BIOSCREEN-AT tool and with the
RT-Worksheet tool are shown. In the last two columns is specified how, under which conditions and
at which step of the RA procedure the numeric value is found.
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Tab 18 Comparison of Walloon vs English results on the Synthetic case study

Walloon vs English case

Results Value Walloon Region United Kingdom
Computed by the user (4.12) Computed by the tool (4.12)
3,13*10° (UK)
Cleachate (mg/1) Creachate = Ksw * Crotat source | Creachate = Ksw * Crotai source

3,17%10° (WR)

Computed by the user (4.13)

Computed by the tool (4.13)

Cldituted (mg/1) 17,21 (WR) Cr. _ CLeachate Cr. _ Creachate
17.01 (UK) bituted ™ pilytion factor bituted ™ pilytion factor
Exploitable aquifer _
Remedial targets Computed by ESR tool (2.9 a) | Level 2when Cr=10pg/L (2.6b)
(UK)/adjusted 0,93 (WR)
value (WR) for soil 0,94 (UK) Voapj = View * FAGaa; RT, = TK
(mg/kg) W
‘ , Cwmax BIOSCREEN-AT Domenico (1987) - Transient
Concentration at 6,4*107(WR) Modified Domenico — simulation- Using AFuk_1dir
the receptor (mg/1) . Transi imulati
529%102 (UK ransient simulation
(X=100 m) ’ (UK)
BIOSCREEN-AT Domenico (1987) - Transient
Remedial target for 2,55 (WR) imulation- Usine AF o
the source in Modified Domenico - Transient stmulation- LSing ATuk_1d
3,22 (UK) : : _
GW(mg/l) J simulation (Cr=10pg/L)
(CMax: VSGWZIOMg/ L)
Not exploitable aquifer _
Computed by ESR tool (2.9 a) | Level 2 when Ct=40ug/L (2.6
3,70 (WR) b)
VIAD] = VIGW * FAGAd]
3,75 (UK) Cr * DF
Remedial targets RT, = X
(UK)/adjusted W
value (WR) for soil
(mg/kg) (Only for a not exploitable Level 3 when Ct=40ug/L(2.6

9,85%102 (WR)
1,21¥10% (UK)

aquifer. Results of ESR +
BIOSCREEN) (2.10)

CBRN = CBRGW * FAGAd]

c)
_ Cr xDF x AF

RT, =
3 Kew
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Concentration at
the receptor (mg/1)
(X=100 m)

6,4*102 (WR)
5,29%¥1072 (UK )

CMax BIOSCREEN AT
Modified Domenico —
Transient simulation

Domenico (1987) - Transient
simulation- Using AFux_1dir

Remedial target for
the source in
GW(mg/l)

10,60 (WR)

12,9 (UK
Ct=VIgw)

BIOSCREEN AT
Modified Domenico—
Transient simulation
(Cmax=VIew=40ug/l)

Domenico (1987) - Transient
simulation- Using AFuk_1dir

(Cr=40ug/L)

Table 18 shows slightly different numerical values. Differences come from approximations in
entering data in the RT-Worksheet tool (Koc; Ky etc.) respect to the Walloon ESR tool and from the
fact that as transport models, two different solutions are used. BIOSCREEN-AT uses an exact
solution while the English RT-Worksheet tool uses Domenico (1987) approximate solution.

For the English procedure, risk is present since the remedial targets for soil and groundwater are

exceeded. The site has to be cleaned up the computed remedial targets.

Notice that the English procedure requires computing the remedial target in steady state. In this case,
even if a transient simulation is used, the steady state is reached quite soon. This means that the
remedial targets found for a simulation time of 100 years are equal to the remedial targets found in

steady state.
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4.1.3 Conclusions of the synthetic case study

All the procedures have shown the presence of risk or “serious treat” for the groundwater resource
for the given synthetic case study.

The results differ numerically since the implemented parameters and standards for groundwater
are varied.
In fact, the Walloon ESR and the Italian Risk-net tools have their own databases with different
implemented values. For example, the Italian leachate concentration is almost one half of the Walloon
leachate concentration this is due to the fact that the Koc values implemented in the two tools are one
the double of the other (146 and 74, 13 respectively).

Looking at the groundwater standards.

The Italian procedure has in its database only a groundwater standard for Benzene (1pg/1). This is
the value used in the computation of risk factors and remedial objectives.

The English procedure allows considering the wished standard. Based on that it computes the
remedial targets.

Differently from this, in the Walloon ESR tool there are two values: the threshold and intervention
values for the pollutant in groundwater (for benzene 10 pg/l and 40 ug/l respectively).
They are the values used for computing the adjusted soil standards. The remedial objectives for soil
and groundwater instead are not necessarily computed using these two values but even the drinkable
water standard can be used.

Risk presence and remedial target estimation among the three European countries
The first element of difference is the way countries assess the presence of risk.

The Italian Risk-net tool computes risk factors. The tool gives these factors as outputs. If they are
higher than 1 it means that the soil or the groundwater have to be remediated.
Risk-net tool computes also the remedial objectives. They are always computed in steady state using
the Domenico (1987) solution.
Only the Italian procedure performs a division between deep and shallow soil (0-1 m b. g. 1.). In
consideration of that, two risk factors and two remedial objectives for soil may be computed.
However, practically, when assessing the presence of risk or choosing the clean up objectives, the
most conservative value between the two, in terms of either risk or remedial objective, is chosen. For
the comparison with UK only the deep soil has been considered.

In the Walloon and English procedures, a risk factor is never computed.

In the English methodology, the RT-Worksheet tool computes Remedial Targets for each level of
the assessment depending on the source location. Then the user compares these Remedial targets with
the measured concentrations, in case of exceedance risk is present.

Remediation is necessary up to the obtained remedial targets. Remedial targets have to be computed
in steady state.
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The UK level 1 for source of contamination in soil obtains the most possible conservative remedial
target. In fact, only the soil-water partitioning coefficient is considered. This is why the results of this
level cannot be compared with the other two countries.

For the Walloon case, the procedure is more detailed.

Firstly, a distinction is made depending on the aquifer type (exploitable or not exploitable). For the
mechanism of leaching, the measured soil concentrations are not directly compared with remedial
targets but with the adjusted values found with the ESR tool. Even a leaching time may be computed
in case of exceedance of those values.

If the pollution is in ground water, after having noticed that measured concentration exceeds the
standard, the maximal possible concentration at the receptor is simulated with BIOSCREEN-AT tool
and compared again with standards.

Differently from Italy and United Kingdom, the remedial targets for soil are not always found with
the ESR tool but depend on the pollution age. In fact, the adjusted values are not necessarily the
remedial objectives, even if they are computed similarly to the Italian and English Remedial targets.
The remedial targets for ground water are computed. with a transient simulation and a trials and
errors procedure depending on the type of receptor (i.e. well, limit of the parcel). However, in
principle, the way they are obtained is similar to the Italian and English procedure.

Summarizing the three European countries show more differences when the source of
contamination is in the soil.
Only in the Walloon procedure is possible to set the difference between exploitable and not
exploitable aquifer, make corrections of parameters and the adjustments of standards depending on
the aquifer type or type of measurements, set the computation of the leaching time as a step for
assessing risk and obtain the estimation of remedial targets depending on the site pollution age (new
and old pollution).

Steady vs transient state — Approximate vs exact solution

Tools model the transport of contaminant in the saturated zone using different solutions. The
difference between a steady and transient state simulation and between an exact and approximate
solution is investigated.

In table 19 the comparison between the results of the measured concentration at the receptor (100
m) of the Walloon and English procedures is given.
The English procedure uses Domenico (1987) in transient state and considers the vertical dispersion
only downwards. The Walloon BIOSCREEN-AT tool uses a modified version of Domenico in
transient state, with an exact solution.
In the two countries the same parameters (Walloon data) and groundwater concentration (Cpituted =
17, 21 mg/l) are used. This is done in order to highlight the difference caused only by the use of an
exact or an approximate solution.

The same can be done comparing the results given by BIOSCREEN-AT (using the Italian data as
input) and the results given by the Italian Risk-net tool when a transient simulation is considered.
Notice that the Italian transient simulation is just a tool for the assessor in order to see the evolution
of concentration in time, but it should not be used to estimate risk factors or remedial objectives.
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Tab 19 Concentration at the receptor (100 m) for different simulation time_ Walloon vs English procedures

Concentration at the receptor (100m) (mg/l) UK vs WR
transient state (vertical dispersion 1 direction)

Clroom ( mg/l)

(Source concentration

C ilute =I7,21 /l
Simulation time Diluted me/l)

BIOSCREEN-AT | RT- Worksheet
(AFuk_1dir)
100 years 6,40%10° 5,35%10
10 years 6,40%1072 5,35%107
3 years 6,4%107 5,35%107
2 years 6,4*1072 5,34*107°
1 year 6,2%1072 4,70%102

In conclusion (Tab.19) for the chosen synthetic case study using either a transient state simulation
(simulation time 100 years) or a steady state simulation does not affect results. After a few years,
steady state is reached anyway.

The numerical differences in results (between the Walloon and English procedures tab.19) cannot
be originated by differences in the input values of parameters since they are exactly the same.
The differences rather depend on the fact that the RT-Worksheet tool uses the Domenico (1987)
transport model while BIOSCREEN-AT tool uses a modified version. The modified Domenico model
is an exact solution while the Domenico (1987) solution is approximate.

However, notice that, the Peclet number of the synthetic case study is 10. Based on the literature
reviews, the Walloon guideline [annex C-6 from [29]] states that for Peclet number higher than 6 or
Peclet number equal to 10 the discrepancy between the approximate and exact solution is low and it
can be considered negligible. This is particularly true when concentrations are computed along the
centreline plume.

The discrepancy between the two solutions increases when the longitudinal dispersivity, the decay
rate and the lateral distance increase. This last point might be an issue for the English RT-Worksheet
as it allows computing concentrations not just along the centreline plumes. However, a centreline
plume has always to be considered, in case remedial targets have to be computed.

Moreover, the Walloon guideline suggests avoiding Domenico (1987) model if the transport
mechanism is not mainly advective.

Finally, practically speaking, for the choice of the synthetic case study it is not really important
the use of an exact or approximate solution.
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Factors for evaluating the movement of the pollutant in the vadose zone and consequences on the
theoretical case

As described in chapter 2, the way countries model the leaching movement in the vadose zone is quite
similar. The factors used and their consequences on the synthetic case are shown in Tab. 20 and
summarized below.

Tab 20 Comparison of factors used for modelling the mechanism of leaching in EU countries

Factors for modelling the mechanism of leaching

Mass redistribution Soil-water partition Dilution factor
Country factor (SAM or Fv (-)) coefficient factor (LDF or DF or FD (-))
(Ksw=kg/l)
Computed | Given as an | Computed | Given as | Computed | Given as an
output an output output
Walloon Region yes yes yes yes yes yes
Italy yes no yes no yes yes
(Optional)
United Kingdom no - yes no yes yes

The mass redistribution factor is absent in the English procedure and optional in the Italian one.

In the Italian procedure two mass redistribution factors are computed, one for the deep and one for
the shallow soil with a consequence in the risk factor and remedial target evaluation (in fact, two
different values of leachate factors are computed).

The absence of the mass redistribution factor in the English procedure has an influence on the
conceptual model choice. For example, the UK procedure cannot represent a pollution located at the
top of the unsaturated zone. This is way in the synthetic case, the entire vadose zone is considered
polluted.

The soil-water partition coefficient in all the countries is computed but only in the Walloon ESR
tool is requested to adjust it based on the pollutant types and site-specific information. This is way in
the synthetic case, the fraction of the site available to adsorption is put equal to 1 and benzene is
chosen as pollutant.

The dilution factor is computed in all the countries but only the English procedure allows to
consider also the background concentration of the pollutant in groundwater. Since it is a theoretical
case and in order to compare the data the English background concentration is put equal to 0 mg/1.
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4.2 Real case study

A real case study given during the period of internship at the Belgian Environmental company Geolys
is proposed here. For confidential reasons the name of the location and all attributable elements of
the environmental contest are avoided.

4.2.1 Scope of the RA

The study scope was to perform a simplified risk assessment following Walloon procedure. In
addition to this, a comparison between the results of the different Walloon, Italian and English tools
is performed. Such tools are once again ESR v. 2.0.4, Risk-net v. 2.1 and RT-Worksheet v.3.2

A Belgian quarry is due to be closed by refilling with soil. The filling soil should be taken in the
area around the quarry (25 km?). Walloon norm requires the filling soil to be clean enough not to
represent a risk for the groundwater beneath the quarry.

The goal is to evaluate the presence of risk for groundwater resource considering the mechanism
of leaching. The investigated pollutants are heavy metals.
Representative samples of the surrounding area are taken. In order to be on the safe side in each
sampling point the maximum value of each heavy metal has been set. Such concentration levels are
given in table 21.

Tab 21 Heavy metals concentrations measured in samples around the quarry [44]

Measured values of heavy metals
Pollutant Measured concentration (mg/kg d.s.)
Arsenic 23
Cadmium 6,7
Chrome 58
Mercury 0,098
Nickel 58
Lead 1400
Zinc 1100

4.2.2.Description of the Environmental contest

Due to binding confidentiality agreement, a map with the exact location and characteristic of the
Environmental contest cannot be shown. However, in consideration of that, a schematic
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representation of the planar and transversal view of the quarry is displayed in Figs. 24 a) and b) with
the purpose to help the reader in better understanding the case.

A Stream
M
205 m a.s.l.
Pound

'Y
E
]
i Quarry

L(GW 205 m a.s.l.) 246,5m
E GW
= ' =>4 ;

River 200 m a.s.l.
' GW 205 m
N

Fig. 24 a) Planar and b) Transversal schematic representation of the Environmental contest and data of the quarry.

From the hydrological point of view, the quarry is surrounded by water bodies. In the southern
part of the quarry, a river flows (200 m a. s. 1.). While at the East side of the quarry there are a small
pound of approximately 0,023 km? and a stream (205 m a. s. 1.).

From the geological point of view, the geological formation interested by the study has a total
thickness of around 160 m. It is composed of two groups. The first group has a total thickness of 150
m and it is made of dolomites and limestone dolomites with nodules of limestone, dolomite and
quartz. The second group has a thickness between 7 and 10 m and is of sand-limestones.
Additionally underneath these two groups, there is a shale group of 7 m of thickness. This represents
the lower boundary of the examined limestone aquifer.

4.2.3 Description of the parameters used in the RA tools

The input parameters required by the tools are shown in table 1 appendix D. Some of the parametric
values are available from real data, others either come from literature or are the default values in the
tools, finally some more ones are inferred by the Environmental contest. [45, 72].

The main assumptions are discussed below. The reader is invited to look at figures 24 a) and b).

The quarry does not have one altitude only, owing to this, in order to be on the safe side, it has
been considered the minimum altitude of the quarry (208 m a. s. 1.) looking at the topographic map
in ArcGIS from Geolys. The highest altitude would have been around 265 m. a. s. 1.

The filling soil altitude has been chosen looking at the final prevision made by the experts of
Geolys (246, 5 m a. s. L. for a total thickness of about 38.5 m) [45].

The length of the quarry parallel to GW flow is chosen equal to the entire length of the quarry
(around 330 m).
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The groundwater level of the quarry is assumed equal to the level of the Eastern stream (205 m a.
s. 1.) due to the absence of data.

The hydraulic gradient is computed considering that the main groundwater flux is in the S
direction, towards the southern river. The gradient is the ratio between the difference of the
groundwater level in the quarry (205 m) with the southern river (200 m) and their distance (490 m)(i=
1, 02%).The assumption of having a negligible hydraulic gradient towards the Eastern stream is made.

4.2.4 Results and considerations of the Real case

In appendix D the results of the tools are given. Notice that, at this time, the English procedure is
applied using the Italian data (i.e. values of Kd).

Presence of Risk for groundwater below the quarry

The Walloon, Italian and English procedures have shown that no risk for groundwater below the
quarry is present. In fact, the Italian risk factors are lower than 1 and the measured concentrations
(tab. D2, D3 and D4) are also below both the English remedial targets and the Walloon adjusted
values. This is why in the Walloon procedure the leaching time is not computed.

Moreover, differently from the theoretical case study, the Walloon procedure has been applied
adjusting the standards depending on the type of aquifer and on the type of measurements (Tab D.2).
In the first case default values of a typical Walloon limestone aquifer have been used. Both ways of
adjustment result in the absence of risk but the output values differ for two orders of magnitude (i.e.
the Arsenic VSadjusted 1 equal to 18636 mg/kg if the adjustment is made basing on the type of
measurements and it is 810 mg/kg if made basing on the #ype of aquifer). This is due to the fact that
the default dilution value is 33, while the computed one is 569.

However, the values found “depending on the type of measurements” are quite high. This means that
probably some input parameters have to be changed (i.e. basing on additional field measurements).

Similarities and differences between the three tools in the real case

Once again, the results obtained by the three countries cannot be directly compared since the
standards for groundwater and implemented parameters differ. However, based on the observations
for the synthetic case study, some considerations can still be made.

The first key element of difference with respect to the synthetic case study is that now the
investigated pollutants are heavy metals.
The Walloon procedure requires adjusting the soil-water partition coefficient taking into account
several parameters (percentage of stoniness, pH, clay content, poral electric conductivity, cationic
exchange capacity, etc.). These info are not available from Geolys’s data. In consideration of this,
default values of the ESR tool have been used.
Such kind of adjustments are not required by the other two countries instead. In fact, in the Italian
Risk-net tool the database has already automatically implemented the Kd values.

The option of considering an off-site receptor is not taken into account since the aim is to assess
the presence of risk for the beneath groundwater resource.
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This means that the available UK remedial targets are the ones corresponding to the first and second
level of the tiered procedure. The Italian procedure in the computation of risk and remedial objectives
on the other hand considers a DAF equals to one.

The Italian procedure is applied both considering shallow and deep soil. However, it has to be
noticed that the real case study represents an exception with respect to traditional Italian RA. Actually,
this specific study wants to assess the presence of risk for soil brought to the quarry, while normally,
the soil investigated with the Italian RA is already in the site.

Finally, even if the UK RT-Worksheet is used with the Italian data, it shows different remedial
objectives compared to the Italian case. This is due to the lack of the mass redistribution factor in the
English procedure, moreover the tool does not require entering the depth of the groundwater table.
The UK- RT procedure is unable to model the fact that between the filling soil and the ground water
table there is a thickness of 3 m, which actually is the soil of the Quarry (Fig.24 b)). While the Italian
procedure takes it into account through the mass redistribution factor (SAM). This is also the reason
why the Italian remedial objectives are slightly less conservative (slightly higher values) compared
to the correspondent remedial objectives of level 2 in the English procedure (tab. D3 and D4).
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Chapter 5

Sensitivity analysis on the Synthetic case study

5.1 Description of the parameters used for the sensitivity analysis

A sensitivity analysis is conducted to see how much the RA procedures are sensitive to the selected
parameters.

The parameters are shown in Tab.22. Some are arbitrarily chosen and others come from the article
Connor (1996). Connor gives typical-physical ranges for those parameters.

Tab 22 Parameters used in the sensitivity analysis

Parameter changes for the sensitivity analysis

Parameter Value Reference
GW depth 10 m Chosen
Infiltration rate 2,68%10' cm/year | Computed by the Italian tool (equ.4.4 [1]). When
the net rain is 122 cm/year. Soil type dependent.
Water content 0-346 When the porosity fraction occupied by water (f)
varies from 0 to 1.
Hydraulic gradient 0,001-0,1 [23]
Hydraulic conductivity 107 -1 cm/s [23]
Soil fraction of organic | 0,001(-) - 0,03(-) [23]
carbon soil
Aquifer fraction of 0,03 [23]
organic carbon soil
Mixing zone thickness= 3m Chosen equal to the aquifer thickness
Initial thickness of the
plume
Effective porosity 0,35 (-) & 0,01 (-) [23]
Coefficients of 10%, 1%, 0.1% of [48]
dispersivity pathway length
Coefficients of Xu and Eckstein [48]
dispersivity (1995)

Parameters are being changed one at a time. However, when a parameter has an indirect or direct
influence on another one this also is taken into account, to ensure consistency (Fig.25).
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Fig. 25 Influence of parameters to other parameters

5.2 Influence of the chosen parameter in the RA procedure

Results of the sensitivity analysis are discussed for the Walloon procedure. The investigated
theoretical model is still the one shown in chapter 4. An exploitable aquifer is considered. The
receptor at 100 m downgradient of the source still represents a piezometer at the limit of the parcel.

Only in the occurrence of different results obtained by the Italian and English procedures, these
are described. However, throughout the whole discussion, the reader has to keep in mind the different
ways of performing RA, as shown in chapter 3 (i.e. Adjusted values (WR) and remedial objectives
(IT) although computed similarly, have a slightly different meaning).

Results for the sensitivity analysis can be found in appendix E.

5.2.1 Variation of the depth of the groundwater table

The groundwater table has being varied from 3 m to 10 m of depth. The presence of risk for the

groundwater resource for this new depth and for two sources of pollution benzene and anthracene is
checked (both considered at 1600 mg/kg).

The UK RT-Worksheet does not request to input this parameter since the mass redistribution factor
is absent.
The Italian and Walloon procedures however consider it. In general, it can be stated that if the GW
table increases its depth then the risk is reduced and the soil remedial targets/adjusted values become
less conservative (higher values). This is because the mass redistribution factor decreases (for the
GW table at 10 m of depth it is 0, 3 (-)).

Still a key difference may be noticed between the Walloon and the Italian procedure.
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In fact, the Walloon ESR tool computes leaching time. The RA procedure stops in case the
leaching time is higher than 100 years since the hypothesis of “no serious threat” has been reached.
In consideration of this stopping criteria in the Walloon procedure “a severe treat” is found to be
absent (Tieaching= 356 years) (Tab.24). On the contrary, in the Italian case risk is considered present
(Risk factors both for shallow and deep soil are above 1) (Tab.23).

Notice that the Italian assessor could check the leaching time of the contaminant as well with the
Green Ampt equation. However, this tool is only used for additional evaluations, but it is not used in
the computation of risk factors and remedial objectives [62].

Tab 23 Italian results for Benzene when GW is at 10 m of depth

Italian results when the ground water table is at 10 m of depth for Benzene

Risk for the groundwater Remediation objective (CSR)

Concentration of benzene resource (-)

(mg/kg)
Shallow soil Deep soil
Shallow soil Deep soil (mg/kg) (mg/kg)
1600 9,14*10% * 2,03*%10% * 1,75 7,88%107!

*The pink colour highlights the presence of risk.

Looking at the pollutant anthracene another consideration comes to the mind.

For the Walloon procedure, risk is not present, because the “measured” concentration (1600
mg/kg) is even below the threshold adjusted value (5500 mg/kg). The adjusted values are so high
because the correspondent soil-water partition coefficient is small (Ksw= 8, 35*107 kg/l) (Tab.24).

Tab 24 Walloon Results for Benzene and Anthracene when GW table is at 10 m of depth

Walloon Adjusted values and leaching time when GW =10 m. b. g. l.

Concentration VR VSaaj V84 T
Pollutant (mg/k
g/kg) leachate
(mg/kg) (mg/kg) | (mg/kg) (vears)
Benzene 1600 0,10 3,1 12 356*
Not
Anthracene 1600 0,01 5500 * 11000 computed

*The green colour represents the absence of “serious treat”.

On the contrary, for the Italian procedure such value of anthracene results in being above the value
of the concentration of saturation implemented in the Risk-net tool (the concentration of saturation
occurs whenever water and air in pores are completely saturated by the contaminant).
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Different results in terms of risk and remedial targets are found with the Italian tool. This depends
on the choice of the assessor in considering active or inactive the option of the concentration of
saturation (see Tab.25)

In case the option is inactive (Off), the tool computes risk factors and remedial target based on the
entered concentration (1600 mg/kg). In this case, risk is present.

If the option is active (On) risk is absent.

The problem is that since anthracene is solid at ambient temperature, the procedure to check the
mobility of the free phase thanks to the ASTM E 20 81 standard cannot be applied. In daily practice
additional field measurements should be done.

Tab 25 Italian results for Anthracene when GW is at 10 m of depth

Italian results when GW depth 10 m and Anthracene is1600 mg/kg
Pollutant | Option Factors of risk Remedial objective (CSR)
Shallow soil Deep soil Shallow soil Deep soil
(mg/kg) (mg/kg)
Anthracene | Off 1,77 3,93 9,04%10° 4,07%10°
On 4,72*10'3 1,05*10'2 > (Csat > (Csat
*The pink colour represents the presence of risk while the green represents the absence of risk

Remember that in the Walloon methodology, the ESR procedure can be applied only if the NAPL
is absent.

5.2.2 Variation of the Infiltration rate

The infiltration rate increases up to the value of 26, 8 cm/year (which corresponds to the rain event
of 122 cm/year). The equation used to find the infiltration rate is still the one given by APAT (2008),
as for the first attempt is considered a sand texture type (equation.4.4). Remember that for the same
rain event the infiltration is greater for coarse materials.

By increasing the infiltration rate the soil adjusted standards (mg/kg d.s.) become more
conservative (lower values) and consequently the possible threat for groundwater beneath the site
increases (i.e. VSagi= 0, 06 mg/kg while in the first attempt it was VSagj= 0, 93 mg/kg).

This is due to the model as an increasing infiltration decreases the dilution factor (equation 2.9) but
it is also physically consistent.

k*i*dGW
Standardgy*FD _StandardGW*(1+ — )

Ksw*Fy Ksw*Fy

Adjusted value = (2.9)

Moreover, due to the choice of the conceptual model done in chapter 4, the infiltration rate
influences “indirectly” in two ways the parameters entered in the saturated part (Fig.25).

Firstly, the infiltration rate is one of the parameters used for the computation of the mixing zone
thickness. The mixing zone thickness increases when the infiltration rate increases (from 0,532 to
0,577 m). The initial thickness of the plume is put equal to the mixing zone thickness.
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Secondly, according to the specific choice made, the input source concentration in the saturated
part is the diluted concentration. The diluted concentration depends indirectly on the changes of the
infiltration rate. It is the ratio of the leachate concentration with the dilution factor.

Actually the leachate concentration does not change when the infiltration rate changes but the dilution
factor depends on the infiltration rate.

In consideration of these choices when the infiltration rate increases even the final concentration
at the receptor increases and therefore the risk too. Consequently, the groundwater remedial targets
become more conservative.

5.2.3 Variation of the water content

The influence of the volumetric water content on the risk assessment is investigated by varying the
water content from the unrealistic value of 0 (-) up to 0,346 (-) using equation 4.6 [annex C-2 from
[29]]. When saturation (f) varies from 0 to 1. Notice that the residual saturation is not considered.

— _ P
dw = fx* (1 2’6) (4.6)

This variation has a dual consequence in terms of model results and consistency with the reality.

In the RA procedure, a change of the water content has an influence on the computation of the
soil-water partition coefficient (Ksw) (equation 2.1).

CL 1

Ky =—= 2.1
sw Ct [kd+(19w+19a*KH) 2.1

In consideration of that, a variation of the soil-water partition coefficient has an influence on the
evaluation of the soil-adjusted values (equation 2.9).

k*i*dGW
Standardgy*FD _StandardGW*(1+ — )

Ksw*Fy Ksw*Fy

Adjusted value = (2.9)

For equations 2.1 and 2.9 by increasing the water content, the adjusted values become slightly less
conservative (slightly higher values). For a water content of 0,304 (-) VSagjis 1, 2 mg/kg while in the
first attempt when 3w is 0,068 (-) VSagj was 0, 93 mg/kg.

Moreover, once the water content changes even the leachate concentration changes for equation
4.12.

()= 6 (22 - (2 an

Increasing the water content (from 0 to 0, 346) the leachate concentration decreases since the soil-
water partition coefficient decreases at the same time (Fig.26).
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Leachate concentration vs Water content (WR)
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Fig. 26 Variation of the leachate concentration when the water content varies

By decreasing the leachate concentration, the quantity of pollutant entering the saturated zone
(diluted concentration) decreases as well. This obviously drives to slightly lower values of
concentration at the receptor.

For example, for water content equal to 0, 304 (-) the maximal concentration at the receptor measured
with BIOSCREEN-AT is 52 pg/l, while when the water content was 0,068 (-) it was 64 ng/l.

For the chosen receptor, Risk is present in any case since these values (52 and 64 pg/l) are above the
standard for an exploitable aquifer (VScw 10 pg/l).

On the contrary the remedial target remains the same as in the first attempt (2550 pg/l) since it is
computed with a “trials and error” simulation.

The same conclusion is obtained in the Italian procedure. The risk factor for the receptor at 100 m
downgradient of the source is slightly reduced when the water content increases.

Looking at the mass flux another consideration may be done.

It would be expected that by increasing the water content, the flux increased as well. In fact, the
water content is basically the volume of pollutant in which concentrations are diluted. This is not
observed.

The mass flux for the mechanism of leaching is computed as the product between the leachate
concentration and the infiltration rate.
Changing the water content, the infiltration rate remains fixed to the value of 1, 62 cm/year, since it
is only dependent on the rain event and texture type, while the leachate concentration decreases.
Mass flux for higher values of water content progressively gets lower because the leachate
concentrations decrease (Fig.27).
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Fig. 27 Variation of the Mass flux when the water content varies

Notice that the same behaviour is observed for the mass discharge, since the source area is fixed
(25 m?).

These results are worth a few considerations.

The first consideration is that modelling the behaviour of the unsaturated zone is difficult since the
unsaturated groundwater flow is a non linear problem. In fact, all the hydraulic properties of that zone
depend on saturation, water content and capillary pressure.

Moreover, in reality the infiltration velocity depends on several factors: texture type, water content,
temperature, organic matter etc.

Physically speaking it would be expected that for lower values of water content, the velocity of

the contaminant would be reduced and consequently the pollutant should be less prone to migrate.
In fact, if a rain event occurs and in case of dry condition (lower water content), the additional water
would tend to fill the pores instead of migrating, therefore less water should reach the ground water
table.
Moreover, in reality by decreasing the water content the capillary tension increases. The capillary
pressure is the pressure needed by water to penetrate the soil. It is also true, that capillary tension is
higher for fine material, which is not actually the case of the synthetic case study (sand-coarse
material).

On the other hand, since water content may be seen as the volume of water in which pollutants are
diluted, for higher values of water content the soluble contaminants should easily reach the
groundwater and the flux should increase [25] [75] [69].

In conclusion, a possible explanation of the different behaviour between reality and the model is
that it all may be due to the hypothesis under which the soil-water partition coefficient is estimated.
In fact, this coefficient relies on the assumption of equilibrium condition in a close system. Which is
never the real case.
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Notice however, that from a practical point of view, changes on the water content only slightly
influence the numeric values of the adjusted standards or leachate concentrations used in the C-
based RA procedures.

5.2.4 Variation of the Hydraulic gradient and Hydraulic conductivity
The hydraulic gradient and hydraulic conductivity influence the models in the same way.

The hydraulic gradient is changed using the range given by Connor (1996) (0,001-0, 1 (-)). The
hydraulic conductivity is changed basing on the default values of typical Walloon aquifers (10~ m/s
and lcm/s) [annex C-2 from [29]].

Influence of the Hydraulic gradient and Hydraulic conductivity on risk assessment in the VZ

Looking at the mechanism of leaching it is observed that when the hydraulic conductivity or hydraulic
gradient increase, the dilution factor increases as well. Therefore the soil adjusted values/ remedial
targets become less conservative (higher values correspond to a lower risk) (Tab.26)

This behaviour depends on the model itself equation 2.9.

k*i*dGW
Standardgy*FD _StandardGW*(1+ — )

Ksw*Fy Ksw*Fy

Adjusted value = (2.9)

Tab 26 Variation of the adjusted values when the hydraulic conductivity or hydraulic gradient changes (WR)

Adjusted standards when the hydraulic conductivity or hydraulic gradient changes

Input Parameters VS a4j (mg/kg) VI44j (mg/kg)
First attempt 0,92 3,7
i=8,82*10 and k=10"* (m/s)
i=0,1 (-) and k=10 (m/s) 10 42
i=0,001 (-) and k=10"* (m/s) 0,11 0,46
i=8,82*107 (-) and k =10 (m/s) 92 366
i=8,82*107 (-) and k = 107 (m/s) 0,10 0,41

An increase in the dilution factor means a reduction in risk. In fact, the dilution factor takes into
account the dilution that the contaminant undergoes once it has reached the groundwater table at the
interface between unsaturated and saturated soil.

If the dilution factor increases, it means that the contaminant entering in groundwater is more diluted.

The previous statement brings to a paradox. In fact, by the model (equ.2.9) it seems that aquifers,
which correspond to higher values of hydraulic conductivity, can be more polluted than aquitards.
Which actually is absurd since aquifers are exploited.

This result has to be kept in mind whenever the hydraulic gradient is prescribed by the hydrological
context while the user may choose the hydraulic conductivity.
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Influence of the Hydraulic gradient and Hydraulic conductivity on risk assessment in the
saturated zone

Looking at the path of pollutant across groundwater it is possible to make other interesting
observations.

In consideration of the choices in the conceptual model, the hydraulic gradient and the hydraulic
conductivity influence the values of contaminant concentrations modelled in the saturated zone
(Fig.25).

Firstly because both the hydraulic conductivity and the hydraulic gradient are used for the
computation of the mixing zone thickness. Since the mixing zone thickness is put equal to the initial
thickness of the plume when one of those parameters varies the initial thickness of the plume varies
as well.

Secondly, the diluted concentration is used as source concentration in the saturated zone. The
diluted concentration varies depending on the dilution factor. This last one varies as a function of the
hydraulic gradient and hydraulic conductivity.

Influence of the Hydraulic gradient on risk assessment in the saturated zone

Looking at the change in the hydraulic gradient, the following has been noticed.

For the above choice, the initial source concentration differs depending on the hydraulic gradient.
In fact, when the gradient is 0,001 (-) the source concentration is 138 mg/l, while when the gradient
is 0, 1 the concentration is 1, 54 mg/l. This is because the dilution factor changes by two orders of
magnitude (Tab. 27).

Tab 27 Concentration at the receptor when the hydraulic gradient varies (WR)

Hydraulic conductivity vs variation of concentration at the receptor (WR)

Hydraulic Dilution Initial thickness | Source concentration | Concentration
gradient (-) factor (-) of the plume (m) (Cbitutea) (ng/L) at the receptor
(ug/L)
0,001 23 0,555 138000 513
0,1 2062 0,529 1536 6

*The pink colour represents the presence of risk while the green represents the absence of risk

When the highest value of the gradient is used (0, 1 (-)) the concentration at the receptor decreases
and no risk is observed (C= 6 pg/l). This is true in the Walloon procedure.

In the Italian case instead, the computed risk factor is still above 1 (Tab.5 appendix E).
The difference between the Italian and the Walloon procedure occurs because they have different GW
standards and different implemented parameters for benzene.
In fact, the Italian standard is always 1 pg/l while in the Walloon case for the limit of the parcel of an
exploitable aquifer is 10 pg/l.
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On the contrary when the gradient decreases (0,001 (-)) the concentration at the receptor increases
and risk is observed in all three countries.

Influence of the Hydraulic conductivity on assessing risk in the saturated zone

Looking at the change in the hydraulic conductivity, the following has been noticed. The source
concentration in groundwater varies as shown in Tab.28.

Tab 28 Leachate and diluted concentration when the hydraulic conductivity varies (WR)

Data used for sensitivity analysis in the saturated zone when the hydraulic conductivity varies (WR)

Initial
thickness of the

. .. Dilution factor plume Cleachate Cliluted
Hydrault;: ”;:/c;;cductlww “ (m) (mg/l) (mg/l)
10° 20,2 0,558 3168 156,83

10 184 0,532 3168 17,22

103 1820 0,529 3168 1,74

102 18200 0,529 3168 0,17

The graph (Fig.28) shows the evolution of the concentration at the receptor for a simulation time
of 100 years when the hydraulic conductivity varies between 10- 102 m/s. The source concentration
(Cdilutea) 1s lower for higher values of the hydraulic conductivity since the correspondent dilution
factor is higher (Tab.28).

The concentrations at the receptor associated to the higher values of the hydraulic conductivity
(10 m/s and 102 m/s) are below the Walloon groundwater standards (both exploitable or not
exploitable aquifer (10-40 pg/l)). This means that no risk is present for the receptor 100 m
downgradient.

For the same reasons as described for the hydraulic gradient, the Italian case shows risk even for the
higher values of the hydraulic conductivity since the ground water standard is different.
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Concentration vs Hydraulic conductivity
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Fig. 28 Concentration at the receptor vs Hydraulic conductivity (WR)

Notice that in the Italian procedure, since the values of concentration simulated at the receptor are
obtained in steady state, the assessor could make additional considerations on the time necessary to
reach these values of concentration.

In fact risk differs when such value of concentration arrives at the receptor after 1 day or after 2000
years.

C-based vs F-based approaches for assessing Risk

Traditional C-based approaches only compute concentrations at the receptor, which have to be
compared with standards by the assessor. For example, in the theoretical case, with this approach no
risk has assessed for higher values of the hydraulic conductivity.

Different considerations could be expressed looking at the same problem with a F-based approach.
In fact, the mass flux and mass discharge slightly increase when the hydraulic conductivity increases.
This occurs although the initial source concentration (Cadiluted) and initial thickness of the plume have
decreased (Tab.29).
Notice that an increase of the mass flux may be associated to a potential increase of the risk, which
is not addressed with the C-based approach.

However, remember that, this value of mass discharge is computed at the beginning of the plume,
while the concentration is computed at the receptor after a simulation time of 100 years.
Much more appropriate should be the possibility of measuring mass flux data in transects along the
path between the source and the receptor, in order to monitor its evolution.
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Tab 29 Walloon results in term of Concentration and mass flux when the Hydraulic conductivity varies

Concentration and Mass flux & Mass discharge vs Hydraulic conductivity

Hydraulic | Concentration

con;l’::;::)ivity at th? re/(;)ep tor Clitutea Mass flux | Mass discharge
1 (mg/s*m?) (mg/s)
(T=100 years) (mg/l)
107 667 156,83 1,38%1072 3,86%1072
10 64 17,22 1,52%10%2 4,04*10
107 6 1,74 1,54*102 4,06%10
102 1 0,17 1,54*%107 4,06%102

*The pink colour represents the presence of risk while the green represents the absence of risk.

In conclusion for the choices made it has been shown that:

For the leaching mechanism, higher remedial targets (and therefore lower risk) are found related
to higher values of the hydraulic conductivity.

As well as for the movement of the pollutant in the saturated part, lower concentrations at the
receptor (and therefore lower risk) are found for higher values of the hydraulic conductivity.

In both cases, the key element is the presence of the dilution factor.

This dilution factor is computed automatically by all the tools and cannot be changed. The
procedures do not give an upper boundary for this parameter.
Only in the Walloon procedure [annex C-2 from [29]] typical values of dilution factor are given in
relation of the aquifer type. For example, the dilution factor for a gravel aquifer is around 108. This
maybe means that, physically speaking, the dilution factor found for a hydraulic gradient of 1 cm/s,
which is 18200, is not really realistic.
Consequently, the diluted concentration associated to the higher dilution factors and the
correspondent concentration at the receptor and mass discharge might be not really realistic as well.

Practical consideration on the choice of the hydraulic conductivity

Finally, a practical problem arises in case a lower value of hydraulic conductivity is used. This value
is 108 m/s and is the lower bound limit given by Connor (1996).

For the leaching case the Walloon ESR tool does not compute the dilution factor corresponding to
the hydraulic conductivity of 10 m/s (with equation 2.7 a) it should be 1,1) but it fixes the dilution
factor to the lower bound of 12. The same problem is noticed when the hydraulic conductivity is equal
to 10°° m/s and 10”7 m/s.

This is because, for the Walloon tool, a not exploitable aquifer has a value of the hydraulic
conductivity lower than 10 m/s [annex C-2 from [29]] and a default dilution factor of 12.
The Italian and English tools do not have this limit.

This is why the sensitivity analysis has been performed in the range 10~ m/s to 10 m/s.
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5.2.5 Variation of the Mixing zone thickness-Initial plume thickness

The manuals [62][37] state that in case the computed mixing zone thickness (equation 4.8) exceeds
the aquifer thickness, the aquifer thickness is used as value for the mixing zone thickness (i.e. this is
the case when k is 10® m/s). In reality, such condition may occur for thin aquifers.

Additional problems occur since for the conceptual choice the mixing zone thickness is used as
initial thickness of the plume.

In the sensitivity analysis, the initial plume thickness is put equal to the aquifer thickness (for the
synthetic case study 3 m).
In such a way though, the inequality of the mass discharge is not respected.
In fact, the mass discharge in the vadose zone (0, 041 mg/s) is lower compared to the mass discharge
in the saturated zone (0, 227 mg/s). This is physically inconsistent.

Furthermore, with that choice there are also some practical problems.

The English tool gives a signal of error when the initial thickness of the plume is equal to the
thickness of the aquifer (“Dispersed plume thickness exceeds aquifer thickness reduce vertical
dispersivity”). This issue may be avoided by imposing a vertical dispersivity equal to 10°'° which is
equivalent to neglecting the vertical dispersivity.

In the Italian procedure, no signal of error is given out, since the Italian tool has also the attenuation
factor DAF3.

Finally in the BIOSCREEN-AT tool the aquifer thickness is not requested. It is like considering a
infinitely thick aquifer. For this reason the initial thickness of the plume does not contrast with the
thickness of the aquifer.

5.2.6 Variation of Soil fraction of organic carbon

The fraction of organic carbon is changed basing on the range given by Connor (1996) (0, 03 -0, 001
(-)). The value 0,001 represents the critical organic carbon content below which the partition equation
is not applicable. Below the critical value, the sorption to mineral surfaces becomes significant [69].

Tab 30 Adjusted values when the soil fraction of organic carbon changes (WR)

Walloon results when the soil fraction of organic carbon varies
Joc= 0,03 (MO =5,2)
First attempt Clean up values (mg/kg) Clean up values (mg/kg)
VSadgi=0,93 | Viagi=3,7 VSadj=4,2 | V=17
foc= 0,001 (MO = 0,2)
First attempt Clean up values (mg/kg) Clean up values (mg/kg)
VSagi= 0,93 | Viagi= 3,7 VSagi=0,27 | VIag=11

The fraction of organic carbon (foc) represents the portion of the organic matter that is available
to adsorb the investigated organic contaminant. This is why higher value of this factor is associated
to the upper part of the soil.
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In consideration of this, it is noticed that when the organic carbon fraction increases (0, 03 (-)), the
correspondent adjusted standards become less restrictive (their values increase compared to the first
attempt). While on the contrary if the fraction of organic carbon is reduced to 0,001 (-) the adjusted
standards become more conservative (Tab.30).

When the fraction of organic carbon changes even the leachate concentration changes (Tab. 31).
If the value of the fraction of organic carbon increases (0, 03 (-)) the leachate concentration decreases,
since by model and definition most of the pollutant remains adsorbed in the soil.

Tab 31 Values of the leachate concentration when the fraction of organic carbon varies (WR)

Leachate concentration comparison when the fraction of organic carbon in soil changes

Countries Cleachate 1 attempt Cleachate Cleachate
(foc=0,006) (mg/l) (foc =0,03)(mg/l) (foc =0,001) (mng/l)
Walloon Region 3,168%10° 7,08%10% 1,10¥10*

When the fraction of organic carbon increases, the leachate concentration decreases along with the
source concentration in the saturated zone (Chpiluted).
In consideration of this, it has been observed that a lower value of concentration at the receptor is
associated to a higher value of the fraction of organic carbon.

Finally, notice that for the Italian case when foc is equal to 0,001 (-) the entered concentration is

above the concentration of saturation for benzene (1, 7*10° mg/kg d.s.). Different results are obtained
by having either active or inactive the option of considering the concentration of saturation (Tab.5
appendix E).
Since benzene is liquid at ambient temperature, the NAPL mobility can be checked when the option
of considering the concentration of saturation is active. For the unsaturated soil a value of 7, 54*10°
mg/kg d.s.is obtained and for the saturated part 8, 66*10° mg/kg d.s.. Above these values, the Italian
procedure assumes that the free phase becomes mobile.

5.2.7 Variation of Coefficients of dispersivity

The coefficients of dispersivity are changed basing on the equations implemented in the English RT-
Worksheet [48].

Tab 32 Coefficients of dispersivity dependent on different equations

Coefficients of dispersivity for a path length of 100 m
Dispersivity 1 attempt
coefficient (m) (BIOSCREEN-AT) 10%, 1% and 0,1% of Xu & Eckstein
the path length
Longitudinal 10 10 4,42
Transversal 3,3 1 0,42
Vertical 0,56 0,1 0,042
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First is considered a longitudinal, transversal and vertical dispersivity equal to 10% - 1% - 0, 1%
of the distance between the source and the receptor. Then the Xu & Eckstein (1995) equation is used.
The values are given in Tab. 32.

Results are shown for the modified Domenico model in transient state for a simulation time of 100
years where biodegradation is avoided (Tab.33). The source concentration in ground water is the
diluted concentration equals to 17, 21 mg/l. The Remedial targets are obtained with a “trials and
error” simulation, considering the GW standard for an exploitable aquifer.

Tab 33 Concentration at the receptor and remedial objectives f (coefficients of dispersivity) (WR)

Concentration at the receptor (100 m) for different dispersivity choices and remedial objectives
(WR)
10%, 1% and 0,1% of the plume
1 attempt length (Xu & Eckstein (1995))
Ciro0m (mg/l) RT Ciro0m RT Cioom RT
(mg/l) (mg/l) (mg/l) (mg/l) (mg/l)
6,4%102 2,5 2,74%107! 6,02*10! 5,56*10°! 2,96%107!

Looking at Tab.33 is observed that the concentration at the receptor (Cioo) is 4 (first choice) and 9
(second choice: Xu & Eckstein (1995)) times higher than the value found in the first attempt.

In conclusion, in all three countries, for higher values of coefficients of dispersivity, it is observed
that:

e The concentration at the receptor is reduced.
e The attenuation factor increases.
e The remedial objectives become less conservative.

Notice that all the values of longitudinal dispersivity of Tab.32 are associated to high Peclet
numbers and so the discrepancy between exact and approximate solution is still negligible.

5.2.8 Variation of the Organic carbon fraction in the aquifer and effective porosity

The fraction of organic carbon in the aquifer is changed with the Italian default value of 0, 03 (-).
While the aquifer effective porosity is changed basing on the range given by Connor (1996) (0, 01-0,
35).

The aquifer organic carbon fraction and the aquifer effective porosity have an influence on the
Retardation factor (equation 5.1).

R=1+%0 (5.1)

e

Where R is the retardation factor [-], Kd the partition coefficient [L* /M], p the density [M/L?], n. the
effective porosity.

For the steady state case, the retardation factor does not influence the simulated concentration at
the receptor, while for the transient state it creates a delay.
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However, for the specific case since in the transient simulation the steady state is reached after a few
years, the retardation does not affect the results.

Notice that, this result depends on the assumption in the model of dealing with an infinite source.
This is not depleted during the entire simulation time by degradation or volatilization. This choice is
conservative, particularly when dealing with small sites.

5.3 Conclusions of the sensitivity analysis

Based on sensitivity analysis, some considerations can be made.
Conceptual choices influence results

As for the results of the theoretical case (chapter 4), the fact of dealing with a synthetic case study
creates some problems in the choice of the entered parameters and on the way these parameters
influence each other.

In fact, for the lack of real data and in order to respect the mass discharge inequality the initial
thickness of the plume has been put equal to the mixing zone thickness and the diluted concentration
is used as source concentration in the saturated zone.

These two values both depend on the variation of the dilution factor.
This is particularly evident when the Infiltration rate, hydraulic conductivity and hydraulic gradient
have been changed.

Obviously, the diluted concentration depends on the variation of the leachate concentration too.

Considering the mechanism of leaching the use of the dilution factor drives to the paradox that for
higher values of the hydraulic conductivities-which correspond to aquifers- the adjusted values
become less conservative. This means that aquifers can be more polluted then aquitards and this is
quite absurd.

On the other hand for the transport of the pollutant in the saturated zone, the choice of using the
diluted concentration drives to the statement that lower source concentration in groundwater and
consequently lower risk, are associated to higher values of the dilution factor (i.e. higher k or 1).
Actually such diluted concentration changes by several order of magnitude depending on the dilution
factor. As already pointed out, the dilution factors found for the higher values of hydraulic
conductivity and hydraulic gradient might not be realistic.

Finally, as already stated, in reality the initial plume thickness and the concentration in
groundwater are directly measured.
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Consideration in terms of Mass flux

As noticed, the choice of water content slightly changes the soil adjusted values and the leachate
concentration.
If on the contrary the problem is approached with a “F-based vision”, it is noticed that the mass flux
decreases with the increment of water content and this behaviour, as already discussed, seems in
contrast with reality but it may be due to the assumption of equilibrium done while building the soil-
water partition coefficient.

Finally, the mass flux may represent an additional contribution while assessing the presence of
risk. As observed, in spite of reduction of the diluted concentration and the initial thickness of the
plume, for higher values of hydraulic conductivity the mass flux, computed at the beginning of the
plume, slightly increases. This means that the risk may potentially increase as well. Even if the
concentration at the receptor reduces.

This highlights once again the fact that having low concentration does not always mean having
low risk. However, remember that this mass discharge is computed at the beginning of the plume and
it may evolve downgradient of the source.

Parameters which most influence the results of the RA procedures

In summary, based on the sensitivity analysis, the factors, which mainly influence the RA procedure,
are as following:

e Hydraulic conductivity,

o  Hydraulic gradient;

o [Infiltration rate;

In fact, Darcy velocity has the greatest effect on the dilution factor, followed by the infiltration
rate.

e Organic carbon fraction in the soil;

e Choice of the coefficients of dispersivity.

In case of lack of real data, they have to be chosen very carefully. Their choice in fact greatly

influence the simulated concentration at the receptor and the computation of remedial targets.

Among the tested equations, for the same case, the one proposed by BIOSCREEN-AT drives

to less conservative results (higher remedial targets and lower concentration at the receptor).
o Variation of the groundwater table depth.

This parameter highlights the difference between the Walloon and the Italian procedures (i.e.
leaching time and concentration of saturation).

It has also highlighted the fact that, the obtained results and the considerations made are
strongly related to the pollutant type and not only to the choice of the model parameters
(benzene vs anthracene).
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Chapter 6

Conclusions and outcomes

The objective of the present work is to investigate simplified Risk Assessment procedures for
pollutant leaching to and migration across groundwater.

The comparison has been performed firstly carrying out a bibliographic research on technical manuals
and norms. The investigation has focused particularly on three European countries: Italy, United
Kingdom and Walloon Region.

Then the corresponding European tools have been tested on both a synthetic and a real case.

These two cases allowed to show theoretical and practical differences among the European
procedures. Moreover, they have highlighted the fact that results and conclusions are strongly
dependent on the pollutant’s type (i.e. benzene, heavy metals, and anthracene) even if all the other
parameters in the synthetic case do not change.

What is immediately evident at first sight from the analysis of the three European RA tools is their
simplicity in use.
They simulate the transport of the contaminant in the vadose and saturated zone by the use of
analytical equations based on conservative and simplified assumptions. This is one of the main
advantages compared to numerical models since they do not require input of too many data. This is
the main reason why they are so widely used by Countries, particularly at the early stages of site
investigation, when info relatively to the subsoil are limited.
The main problem of such RA tools is that they do not allow to take into account complex situations
such as the presence of low permeability zones, zones of preferential flow, etc.

Moreover, Walloon ESR v. 2.0.4 and Italian Risk-net v. 2.1 tools have implemented chemical and

toxicological databases, which could represent an additional advantage for the user and actually allow
to save a lot of time. On the other hand, the English RT-Worksheet v. 3.2 and BIOSCREEN-AT
1.43 FR v.1.1 leave a higher degree of freedom in terms of data editing and therefore they may be
more easily adaptable to different circumstances.
However, the results of the sensitivity analysis have shown that the user has to pay great attention
while entering data. This is particularly true for the Darcy velocity, the infiltration rate, the
coefficients of dispersivity and the fraction of organic carbon. In fact, these parameters have a great
influence on the computation of factors as dilution factor, dilution/attenuation factor and soil-water
partition coefficient. Consequently, they have a great influence on the evaluation of risk as well.

The investigated RA procedures turned out to be quite similar in the way they assess risk. In order

to estimate the presence of risk, the methodology compares site and pollutant specific standards
and/or remedial objectives with the measured concentrations. If the presence of risk or “serious
threat” emerges, then the clean up objective has to be estimated.
Remedial targets are always obtained taking into account the selected groundwater standard and the
process of attenuation that the contaminant might undergo while moving in the unsaturated and
saturated zones (partitioning, dilution, attenuation...). The only exception is represented by the
Walloon case, where the clean up goals for soil depend also on the site pollution age.
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Moreover, as constantly highlighted throughout the document, there are also differences among
countries in terms of risk evaluation. For example, the Walloon procedure is the only one which
makes a distinction between exploitable and not exploitable aquifer and computes the leaching time
as a step of the RA procedure. The Italian methodology on the other hand, is the only one that makes
a distinction between deep and shallow soil and that takes into account the concentration of saturation.
While the English procedure is the only one that computes remedial targets for each level of the
assessment.

Furthermore, the results of the synthetic case study have shown that among tools and procedures
there is more discrepancy when the movement of the pollutant occurs in the vadose zone.
Actually different factors and adjustments are requested by the various countries. Particularly evident
is the lack of mass redistribution factor in the English procedure as well as the request of correcting
the soil-water partition coefficient by the Walloon methodology. These aspects also have an influence
on the way risk is estimated and on the possible conceptual choices.
Concerning the saturated zone, tools use different transport models with simulation in transient and/or
steady state. For the specific synthetic case, the steady state is reached quite soon.
Moreover, the difference between an approximate and exact solution is negligible if concentrations
are computed for centreline plumes and advection is high (high Péclet number).

Notice that it is not possible to recommend “the best” tool and procedure since each methodology
matches its own country goals and norms.
However, as the real case has shown, under the same conditions and knowing all the parameters, the
English procedure results in being the most conservative. Firstly because it assesses risk for each
level of the assessment (in the first level the most conservative remedial target among all the countries
is obtained) and secondly because the mass redistribution factor is always equal to 1.
On the other hand, it does not allow estimating the leaching time.

As highlighted several times, the fact of dealing with a theoretical case has caused a few difficulties
in the choice of some parameters, particularly relatively to those used in the saturated zone. These are
the initial thickness of the plume and the source concentration in groundwater. As a matter of fact
usually these parameters are obtained by real measurements.

In the synthetic case physical coherence and respect of the mass discharge between the unsaturated
and saturated zone represents a peculiar issue. This is why the mixing zone thickness and the so called
diluted concentration are respectively used.

Such an issue drives to the consideration that probably a combined approach linking the mechanism
of leaching in the vadose zone and the transport of contaminant in the saturated part would be more
suitable. The development of such approach/tool is desirable in the next future.

The sensitivity analysis has brought to attention that F-based approaches may give additional
elements to establish the presence of risk. In fact, as shown for example while varying the hydraulic
conductivity, even if concentrations decrease, the flow may be still relevant and represent a risk.
The best way to proceed might be to have the possibility of simulating and computing the mass
discharge in transects located along the entire plume.
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Another improvement, in the evaluation of risk could be represented by the application of the F-based
approach to the same synthetic case in order to compare mass flux’s results with those coming from
the traditional RA C-based approaches.

However, notice that F-based approaches are information intensive. In fact, they require
concentrations measured at different depths and at representative locations. This is why they are not
so widespread.

In perspective it could also be interesting to model the same synthetic case study with a numerical
model and compare the obtained results with the ones produced by the three RA tools.
This would allow to mark differences. In particular it would help to assess the reliability and influence
of some factors used in the analytical procedures, such as the dilution factor. In fact, as emphasized
throughout the whole document, the dilution factor greatly influences results and may even bring to
a paradox (i.e. aquifers may result more polluted than aquitards).

The motion of the contaminants in the unsaturated and saturated zone is not well simulated by all
different software. A possible alternative could be the use FEMWATER model.
FEMWATER is a three-dimensional, finite element, groundwater model. It is a suitable tool for flow
and transport simulation in both the saturated and the unsaturated zone. FEMWATER is in GMS
(Groundwater modelling system) [4] [5] [6] [53].
The software is developed by the U.S. Army Environmental Center and the Athens Ecosystem
Research Division, Office of Research and Development, U.S. Environmental Protection Agency.
The initial aim was to model salinity intrusion and other density-dependent contaminants.
In the technical report of the software [53] advice on how to model different possible circumstances
(i.e. salinity intrusion, remediation etc.) is given.

For example, it is shown a possible way to model a non-point chemical spill under transient
conditions. This might be the starting point for modelling the synthetic case study. In fact the
exemplum in the document shows a contaminant spilled on the entire ground surface where a rainfall
event occurred. The receptor is represented by a well located in the centre of the model.

Obviously while using a numerical model great care has to be paid in the choice of the grid and
number of iterations in order to avoid numerical instability problems but at the same time be as
accurate as possible.

Moreover, additional data of both fluids and soil for the entire mesh and for each soil and aquifer
types are requested by FEMWATER. Some of them i.e. tortuosity, compressibility are not requested
at all by the RA tools.

Finally, particular care has to be paid when modelling the unsaturated zone. In fact, the user has
to specify three curves defining how the moisture content, relative hydraulic conductivity and water
capacity vary in function of the pressure head. Generally, they refer to the van Genuchten functions
(1980) [71].
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B) Davis James- Enviroview Pty Ltd- James.davis@enviroview.com.au

C) Dunbavan Michael - CP SAM Senior Principal Consultant Chatswood -
michael.dunbavan@coffey.com

D) Gregory David - Director- Site Auditor NSW & QLD Warriewood- dgregory@geo-
logix.com.au

E) Macdonald Alyson- Principal Audit Support Australian Environmental Auditors Pty Ltd, Mt
Waverley- amacdonald@envaud.com.au

F) Pendici joe- JoePendici@environmentalprojects.com.au

G) Pearce Jean Paul- Principal Environmental Engineer- Contaminated Land Auditor (SA, VIC
& Qld)-Australian Environmental Auditors Pty Ltd- jppearce@envaud.com.au

H) Russel Tim - Senior principal South Melbourne - trussellleinfelder.com

I) Webber Adrian - Director and Site Contamination Auditor-
adrian@mudenvironmental.com.au

Walloon Region
A) Geoly’s Equipe, Herve’s Office, Belgium (WR) http://www.geolys.be/.

B) Laurent Piront- Director of Hydrogeological department and quality Coordinator in geolys-
laurent.piront@geolys.be

Canada

A) Chris Allaway - Environmental Quality Guidelines Officer National Guidelines and
Standards Office Science and Technology Branch Environment and Climate Change Canada-
Chris.Allaway@Canada.ca

B) Anna Popova - CSAP Society Administrative Assistant- apopova@csapsociety.bc.ca
Italy

A) Marcaccio Marco - ARPAE Emilia Romagna - SAC Bologna _ Posizione Organizzativa
Monitoraggio stato ambientale acque sotterranee-mmarcaccio@arpae.it

B) Nocentini Massimo - University of Bologna Professor DICAM - Dipartimento di Ingegneria
Civile, Chimica, Ambientale e dei Materiali- massimo.nocentini@unibo.it

C) Villani Igor - ARPAE Emilia Romagna - SAC Ferrara- Unita Bonifica Siti Contaminati-
ivillani @arpae.it
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United Kingdom
Mails to national.requests@environment-agency.gov.uk

A) Johnstone Kirsten- Bsc. (Hons.)MSc.C.Geol.Environment and Business-Senior Advisor
(Groundwater Quality)

B) Sweeney Rob - Project Director, CL:AIRE- 32 Bloomsbury Street, London WCIB 3QJ

C) Walker Joanne- National Requests Team- National Customer Contact Centre-Environment
Agency
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Appendices

Appendix A

Tools screenshot

Risknet-tool

The Italian Risk-net tool may be used for computing Risk factors and Remedial objectives (Fig.1).
The Input parameters for the unsaturated zone are shown in Fig.2 and for the saturated zone in Fig.3.
The concentrations comparison is shown in Fig.4.

Risk-net 2118

lason Vergnell Universita degh studi di Roma "Tor Vergata®

Descrizione Progetto Riepilogo Simulazione Comandi

Infa
SitolUbicazione ‘ NUOU Rerﬂﬂ—‘—‘ﬂ
Data [ | | Ll
IDiarea
Compilato da | Input Output
Nome flz: AAL gedp Snalow_Vdisp e D Parametn di Input Visualizza Output

Input site
Tipo di Analisi characteristics Modello Concettuale

Riepilogo Input ‘

Calcola Obiettivi di Bonifica \ Selezione Contaminanti Contaminanti Indicatori ‘
Calealo Rischio Definizione CRS Output Intermedi ‘ Risk factors
Choose DAF, S4AM, : 4 and I‘Zerrfzm
Csat, Source Depletion Reetiort Rischio objectives

Limiti e opzioni di calcolo

Parametri Esposizione

Accettabilita | Opzioni ‘ @

Obiettivi di bonifica (CSR

CeQQCQC

Confrento concentrazieni ‘

RE net
Fig. I Risk-net Inputs-Outputs
Zona Insatura \ LM | Default ISPRA Default ASTH Valore Check

Ls 55 Profondita del top della sorgente nel suolo superficiale rispetto al p.c. m o 0 0,0 ok
Ls(sp) | Profondita del top della sorgente nel suolo profondo rispetto al p.c m 1 1 1.0 ok
d | Spessore della sorgente nel suolo superficiale (insaturo) m 1 1 1,0 ok
de Spessore della sorgente nel suolo profondo (insatura) m 2 2 2.0 ok
Low | Profondita del piano di falda m 3 3 3.0 ok
h, | Spessore dellazonainsatura m 2,812 2,95 L ok
foc, 58 | Frazione di carbonio organico nel suolo insatura superficiale g-Cig-suolo [ 0,0 0,01 0.006 ok
foc. 5P | Frazione di carbonio organico nel suclo insaturo profondo g-Cig-suolo 0,m 0,01 0.006 ok
tr | Tempo medio di durata del lisciviato anni [ 25! 25 i ok
pH pH adim 68 6.8 6.8 ok
Ps | Densita del suolo glcm® | 1,7 1,7 1.7 ok
0. | Porosita efficace del terrena in zona insatura adim. Selezione Tessitura 0.346 ok
By | Contenuto volumetrico di acqua adim. [ 0.068 ok
8. | Conlenuto volumetrico di aria adim. | - CUSTOM — it I 0.278 ok
Bweap Contenuto volumetrico di acqua nelle frangia capillare adim. | R o | 7 ok
Bacap Contenuto volumetrico di aria nelle frangia capillare adim. ok
hup Spessore frangia capillare m Tessitura selezionata; --- CUSTOM - ) ok
les Infiltrazione efficace cm/anno 30 1.62E+00 ok
P | Piovosita cm/anno [ — - ok
Noutdoor Frazione areale difratture outdoor (solo per lisciviazione) adim. 1 1 ok

Fig. 2 Risk-net Input Parameters for the unsaturated zone
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Zona Satura Default ISPRA Default ASTM Valore Check
w Estensione della sorgente nella direzione del flusso di falda m 45 45 5.0 ok
Sw Estensione della sorgente nella direzione orfogonale al flusso difalda m 45 45 5.0 ok
dy Spessore acquifero m — - 3.0 ok
Keat Conducibilita idraulica del terreno saturo mi's - CUSTOM — - I 1.00E-04 ok

i | Gradiente idraulico | adim. - — | 0,00882 | ok
Vaw Velocita di Darcy mis 7 80E-07 ok
Ve Velocita media effettiva nella falda mis 2,20E-06 2, 20E-06 ok
Be sat Porosita efficace del terreno in zona satura adim. 0,353 0,353 0,04 ok
oz Frazione di carbonio organico nel suolo saturo g-Clg-sualo 0,001 0,001 0,001 ok
POC Distanza recettore off site (DAF) m 100 100 100,0 ok
Ay Dispersivita longitudinale m 10 1,00E+01 ok
a, Dispersivita trasversale m 3,3 [ calcolati 3.30E=00 ok
a, Dispersivita verticale m 0.5 5.60E-01 ok
Bgw Spessore della zona di miscelazione in falda m z ato _ ok
LDF Fattore di diluizione in falda adim. - — _ ok

Fig. 3 Risk-net Input Parameters for the saturated zone

- ~  Select Source
Selezione matrice [::> Suslo Profondo /| location.
r’ Contaminant.

Benzene

Selezione contaminante =

LISCIVIAZIONE E TRASPORTO IN FALDA

~— e
CRS | CsR Sk Computed
16E+03 | 1801 (moko) tolecrranaor
s
x Remedial
Caicolato | Limite r_,m argets/ GV
17E+03 | 18E-01 | (man il

Calcolato
9,1E+00

Calcolato Limita Falda POC 1/

NA MNA {mgit)

Limite Falda
1,0E-03  (mof)

Fig. 4 Risk-net: Concentrations’ comparison

RT-Worksheet tool

The English RT-worksheet is used to compute remedial targets for soil (Fig.5, 6, 7) and for groundwater
(Fig.8).
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Level 1 - Soil

Select the method of caloulating the soil
water Partition Co-efficient by using the

pull down menu below

User specified value for p 1 eoe“'lek-nll

Contaminant Pollutant
Target ation  Cy [] mghl
Input Parameters Variable  Walue Unit
Srandard eafrg

“ater filed soil porosig. Sy

A Filled =oll pososiyg B2

Blulk denzity of soi 2ane matersl B
Henry's Law oonstan H

Entry it specify partition coesficient feption]

Saoil water partition coeffizient Kd

Lnfeg for non-pofar crganic cAemicals fqﬂ.‘ﬁmj‘

Fraction of organic carbon [in soi) foe
Dugaric cabon partiion coefficien Koe

Enteg for ionic organic ehemicals feptionl”

Sorption coelficient for neutral species K.,
Sorption cosfficient For ionized species. K,
pHwalue  pH

Acid dissociationconstant. pRa

Fraction of organic carbon [in sod) foe

partition coefficient used in Level Assessment  Kd

O00E00 | dir

O00ED0 | raction
Q.00E00 |{raction
000E00 | glem!

Source of parameter value

This sheet caleulates the Lewed | remedial target for sods{mafkag) based on

a selected target concentration and theoretical caloulstion of soil water
panitioning. Threse options are mcluded for determining the partition

The measured soll concentration 2= mafkg shauld be compared with the

Lewel 1 remedial target to determine the need for furthes action,

tkg

kg

thg

Itkg

0.00E-00

0.00E-00  Wkg

Fraction

pH units

fraction

Speedied vale

Output RT1

Level 1 Remedial Target

omparison with soil analyses)

comparison with leachate test re.

Fig.5 RT-Worksheet Input and Output: Level 1-Soil

Input parameters

ARCTICY
Level 2 - Soil hd
[ i Pollutant from Lewvel 1 This sheet calculates the Lewel 2 1emedial target For 50ils (Mmgdkg) o for pore water
Target concentrathon Cy [] [ mghl  from Lewsl 1 [mait)
The meagured aton a2 mikg of et coneentration should b i3 Lewel 2 remedial
LaIgeL bG deteirning the need for furher setion. Equations p in'H jczal gk, Tt andl
certsmisraion’ (Erironment Agerey 2008]
Input Paramelers  Yaniable Value Unit  Sowrce of parameter value
Standisd iy
Infitsstion. In 0.00E-00 mid |
Hupsccontaminant ource. A D00E-00 mt | Mot uzedin caleudstion
ey fox greviocieater flow beiow S "
Length of i i o faw L 0.00E+00 m
Saturated aquifer thickness da 0,00E+00 m
Hydraudic C ity o aquiter in which diut K 0.00E+00 mid
Hydraudic gradient of water table i 0,00E-00 Fraction
‘idth o contaminant source perpendioular b groundwater flow w O00E00 m Mot used in caloutation
Back; d ion of contaminant ing L b th s Cui 0,00E:00 mgll
Deline miting 7ne depth by specifiing ar cakulating depth {sing pull down it
Erités mising one thiskness. Me 0,00E+00 m
Caloulated misirg 2ane thickness Me m
Output RT2
Calculated Parameters
Dilution Fastor DF NIV
Level 2 Remedial Targer SO mafl [For comparizon with pore water . This Lewel | Remedial Target is based on Target Cor
o 0T i
RO mgikg [For compatison with measured soil concentration. This
Levell ial Target from s oil
Additional option
Calculation of impact on receptor
(= i iruantin contaminated dischange ferisring recepior] G DO0E00 | mgh [
Cakulated fon wit (dilution oriy) HOOV0) mahl

Fig.6 RT-Worksheet Input and Output: Level 2-Soil
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Level 3 - Soil

Eae Mok

Input paramerters

Walwe

Input Parameters Yariable

Camtamanam
Target Concentratica. G
Dibation Facree  OF

Select analytical solution [elick on biown cell below. then on pull-down menu)

Usit  Sowrce ion co-efficient (using pull down |
leulate for ionic i

fram Level |
From Lavel 1

From Level 2

Entep if spocify portition cosflicicat foptios
Sail water paskition coaflizicat kd Uhg

8]

Select nawre of decay rate [elick on brown cell below. then on pull-down menul

ta Banks

£ # polar aic cdemicals prlicra,
Equations i HRtA pablication . G i CIE LA CIaY
Fraction of oequaic carban in aquifer

loc lracticn
Ovguaic carbon partition cocficent Vhg

Appronch for sinulsting degeodation of pelutsats:

rate to pollutants in all phases (e.g. liel] Lacip rfor ionic argaaic ¢mw..-{¢pm-;

Forption oolficknt fat selated spacias Koun CADEDD kg
Wariable Yalwe Usit  Sowrce of paramater valus Sarption <odficant far fanizad spedias Ko QODE-OD |Bkg
Ertar sourds toncantratica] Soil coneentration as m pH value 000E 0
Enter zoil concentratios ] motkg Acid dissocition coastat p¥a OO0E+O0
Half life For degradation of comamaant in wate? by TO0E+100 dus Fraction of cegasic carbaon in aguifer foc GODE-OD | fraction
Caloelated decagrate 4 BAIE-W | duws'  caleulated
width of plume Inaquilsr st source. 52 0,008 <00 B framlevel 2 Soil water prstition coclizieat rd OO0E-00 g
Plume ihlckness Inaquiler ot soured Sy 0,00 48 B fromlevel 2
Bulk dessity of squidar materisls. & 0,00E+00 grem? | |
Effestive porocity of aguifes N 900400 | draction |
Hydraalic gradient i DA Fraction from Laval 2 [adjusted)
Hypdraslic conductinity of sturated aguifes. K 0,00E+00 mid  from Lewed 2
Diztance to complines: poin H 0,00E +00 " Enter value  Calc vabie Xu & Eckstoin
directos’ z B Longivedinal dispersivity ax [
direatied g B Trunsverse dispersivity az [
Time zincs palluant enterd green duwated t dyps ol rarfaad apfons oy ¥erticul dispersiving g BO0E-0F
Frpamador valeer Sl mined fom aotient Hate valsss of dizparsivily muact ba 2 0
Fattition codfhoent RO WU s kg fee aptons
Longitudinad dispersivity g 0,000 B e optioas %0 & Echetein (1395) report an = 083 ogan)™ ™} 22 = 3010, 2y = 205100 are azzumed
Transverse dispersivity ar 0000 n £ OENORE
Wertical dispersivivg ay 0000 L} e LIRS
Farameter valucs showid be checbed Level Foad 3
Calculated Parameters Yariable used if poliutaat trancport
deseribed by u linstarder
= resction, If dagradution iz beot dasribed by an
c"w"d::::m:ﬁ':': RUF :E:m ":u'?eh dhactron Emited degradation such ac oxidation by Oy,
ecaiemed | pavesen o 1y, 50 atc tham an alkematiee calution shosld be
Hedraalic qradient used in aguifer flow down-gradien? i HOB! fraction
Riate of coraminant flow dee to retardation 4 HDIND mid
Fiatso of Compiance Point 1o Sourge Concentratien  Cgpily #ON A raction
Atteass wcter (CoalCen) AF BDIVIO!  Kiactios
= Calcsbated coil loachata concentration G HOW madl I
Output RT3
[Re-nediul Taigeis
T WOV 0 Far camparii aswad grogmduator cancentration.
Dasmenico - Prisdy sale
Dizrance ta compliance point [] m
Concentration of contaminant at compliance Cge/Cy  BDIVIOL Mgl Demirico - Poady state
the romedind bargek,

Thet recommended vabis for timd whin cabonlsting the vomidinl boget iz 33E33.

Fig.7 RT-Worksheet Input and Output: Level 3-Soil
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_| Input parameters

Level 3 . Groundwater Sas Mets
Input Parameters (using pull down menu) ¥ariable Walne Unit  Sowrce Select Method for deriving Partition Co-efficient (using pull dos
ecified value for pantition coefficie
Coataminaat |Polletast  |fomlewld
Target Concentration  Coy mll frambLevel 1 Entry if specify partitios cosfficicst fopti

Loll wates partition cocfficient Bd Wk

Eatey for soa-polar orgenic chemicals fopticn
Seleot analytical solution [click on brown cell below, then on pull-down menu) Fuugthon of seguaie carban i aguiler (¥ s otian
Domenico — Steady state | Equatiens is HRA publicati Deganic carbon partion cosfficient (%3 Ukg

Entey for ionic arganic chemicats fopeion)

Approach for sinulsting vertical dispersion: Simulate vertical dispersion in 1 direction Borptiay doefUufr isrwdated Speres | 47 Vkg
Sorption cocficent for iovised species . I, . kg
Select nature of decay rate (click on brown cell below, then on pull-down menu) PH i pH
Approacd for simulating degeadation of pelluants: | Apply degradation rate to poliutants in all phases [e. weld diszacistion coastaat pia
Sowice of purameter valse Frustean ol of quais 2arban i uguiler fae fraetien
itial i ion i ot plams sens Oy 0,00 00 mall [
Half B Far dagradation of camaminset inwstal  tug 8,00Es 33 dupe | | oil wster pastition coctficiont K4 0,00E00 g
Calealated dacyy rn 3 7708101 dupe”
“wiidth of plame in squifar 5t coarca [parpendiculss b flow) Sz 0,00E+00 L
Pluma thickpess at source. Sy 0008+ (0 m
Extursted aquifer thickness da 0,00 + () L3 Define dizpersivity [click brows cell 3ad wze pull dows |
Bulk deasity of aquifer materisks. = 1, 0E 0 glem?
Effective porosity of squifer 1 0,00E+00 | Fractica
Hydraulic gradieat ] 0,0+ 0 fractics Enter valus Lale vabis Fu & Echstein
Hydiaubc condectisity of squiter K 0,008+ 00 mated Lesgitedisal dispersivity ax
Distance o complisnce point & 0,00E+ 50 n Transverse dispersivity az
Oistanes (lanensl) to eompliunes point papendicalar ts flow direetian. 2 - Ver dispers
Diiztancs [dapth] to comphiancs paint popendicalar 1 flow dircation. 5 - Hote valwes of dispersivity
Tim sines pellutint saterad groandwstsr. 1 dupe | i vari apdions ok For calceiated value, 3¢
Foramaters Polng SMermned o oot o B F rhes b [199EN ¢ M Are 4 fueme A
Paibition casfficicat  Kd 0008400 Wea | poe aetnsms
Renaitudingl di a 00050 m | red aetiens B
Trancwarce dizperzivity 32 D00E 00 m reeaptions quult
“ertical disporsivity ay + L] SO BETS
Calculated Parameters Yariable

Grgurdwater flow vebocay L] 2O mdd

Retardation fuetor  FF SOV froctios
Dleeay rate use i 1,708:101 d'
Fiate of contamaan flow dea to rotardation 1 aOmvI mid
. at distaace T, ing wertical dicpercion  Ce. BOTW mall

Attemwation factor [one way vertical dispersion, GOICED]  AF wOrYra

Fig.8 RT-Worksheet Input and Output: Level 3-Groundwater
ESR tool

The Walloon ESR tool may be used to compute the adjusted values (Figs 9, 10, 11) and the leaching
time (Fig.12).

The user has to select the criteria (1.) and the type of adjustments (2.) depending on the type of
Aquifer(2.a) or on the type of measurements (Fig.9).

Ram-Ses ESR - Evaluation Simplifiee des Risques

SELECTION A PARTIR DES CONCENTRATIONS MESUREES DANS LE SOL

USAGE retenu
Hors zone de prévention de captage Type Il - Usage agricole
| Nom du site : Entrez fes champs d sélectivansr
1.Choose N forage
criteria N échantillon ;.
pam::;::e,:;ﬂ:;:;; .::ns Ie M a;queﬂAﬁcher les H{lsguerrﬂfﬁchgr Igs
=décrat sofs™ détails de 'ajustement | statistiqgues descripfives
| Tupe de comparaison
% Critéres Eaum sourerraines VALEURS LIMITES Résuliats intermgdiaires pour
Ageifdre Calfoaire foaloaires) E Critéres Eaun souterraines lajustement des VSN/VIN

’_._ e e e VA d/ﬂvﬁﬂwaiuslée | ViN-ajustée | 707/ Fﬂf—f|.‘(}mﬁ§ﬂ %’)

2.Choose Type 2.a Choose the g
3 ‘ i 3.8ee Adjusted
ments A
of adjusi quifer val

Fig. 9 Screenshot of the ESR tool: Adjusted values and Factors
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The Input parameters requested by the ESR tool to adjust standards depending on the measurements
are shown in Fig.10, while the Input parameters to adjust standards depending on the type of aquifer
are shown in Fig.11.

Paramétres 3 | Paramétres & | Orientatio [ Valeurs Etatde la
Paramétres de |a nappe Sigle Unité. Sources dinformation ajuster ajuster n proposée Justifisation Justifinatio
‘Type nappe’ | ‘Mesures' | séouritaire = n

Paramétres pour ajustement FD
Epaisseur de aquitére da m Mesure de terrain ou données bibliographiques i,

TMesure de tertain ou valeur par défaut selon ls type de =
Infil st et ] mfan nappe du site (GRER Annese 2 Tab.2-4) D

" Mesure de tertain ou valeur par défaut selon ls type de 7

Conductivité hydraulique K mis napoe du she (GFER Armete C2 Tab.2.2) 1. 1E-04
Gradient hydrauligue a mim Mesure de terrain ou données bibliographiques 1
Longueur dela zone contaminge paraléle au Huz souterraif L m Mesureds tertain (Safs ndlaation surleizeris du fuu: 1

sourertain, on considére la plus grande langueur du site)
Dispersivité longitudinale a m GRER: Annese C2Eq 5 Sans objet
Dispersivité verticale z m GRER: Annese C2 Eq & Sans objet
Epaisseur de mélange dam m GRER: Annexe C2Eq 4 Sans objet
Facteur de dilution sjusté FD sjusté i GRER Annese C2Eq 2 Sans objet

Paramétres pour ajustement Fv

R A i = R | ‘ ‘ 1 | i;‘as”lil;s\evel of the Fuuif stream which flows between the two
Paramétres pour ajustement Ksw: sjusn t Kd des métaus lourds
Capasité d'éehange cationique CEC meqiiD0a M[E;S;: g:;:;fgff::f‘f’zﬁa' défaut selon type dusage + 88
TMesure de terrain ou valewr par défaut selon type dusage

pHdusol pHeau [GHER Amnese Lo Tab. 9] q 61 |default

B TMesure de terrain ou valewr par défaut selon type dusage
Contenu en argile A % [GHER Amnese Lo Tab. 9] q 15
Contenu en fer entrastible par NH4-oalate (mmoltkg)  |Feo mmolfkg M@f;f;:g:n‘jxg;“:::f“"ﬁa' défaut selon type dusage 1 54

B TMesure de terrain ou valewr par défaut selon type dusage
Contenuen MO Mo % [GHER Amnese Lo Tab. 9] q 03 [defaut
Conduotivité Electrique de leau porale EC pstom M@f;f;:g:n‘jxg;“:::f“"ﬁa' défaut selon type dusage 1 1028
Paramétres pour ajustement Ksw : sjustement Kdear
* de plertasite Pletrosité b M@;i‘:;:n‘s;fg;“";:f‘:’;f' defaite selon tipe dusage. 1 [}
Fraction des sites disponibles pour Fabsorption fads : GRER Annere C2 Eq 13 Sans objet
Fraction ds s porasité aceupés parlesu ; - e e Lo g oot At e dage ! 050

" = - IMesure de terrain ou valeur par défaut zelon type dusage 5

Densité du zol source P Lm [GRER Arnsss C3 Tab. 1:2) 145

I:I Paramétre d'ajustement & encoder

|:| Paramétre d'ajustement & encoder - donnée obligatoire lors de I'ER

Fig. 10 ESR Input parameters for adjusting the values depending on the measurements

Parameétres 3 | Paraméties 3 | Orientatio [ Yaleurs Etatdela
Faramétres de la nappe Sigle Unité: Sourses dinformation ajuster ajuster n | proposée Justifieation Justificatio
Tupenappe’ | ‘Mesures’ | séouritaie| s n

Parameétres pour ajustement FD
Faoteur de dilution sjusté ‘FD sjusté ‘ |GRER Annene G2 Eq.2 | 3% ‘ | | Walew firée selan le type de nappe ‘
Paramétres pour ajustement Fv
Profondsur de la nsppe " » — | ‘ | | | :;s,;}:slew\ of the Ruif stream which flows between the two ‘
Paramétres pour ajustement Ksw': sjustement Kd des métaus lourds
PH du scl pHeau 3 E:::r::;:g;#::?—’zp]m défaut selon type dusage | 51 |detaur

| Contenu en M0 ] % &;:;z;ﬁg;:‘x:‘:’;]” defauk selon type dusage ! 03 |default

|:| Paramétre d'ajustement a encoder

l:l Paramétre d'ajustement & encoder - donnée obligatoire lors de |I'ER

Fig. 11 Fig. 2 ESR Input parameters for adjusting the values depending on the type of aquifer

Paramétres nécessaires au calcul du temps de lessivage (Dragun, 1988)

Paramétre Symbole Unités Valeur proposée | Valeur retenue
[Teneur en eau volumique dans la vadose 8, - 0,22
Densité apparente du sol a 'état sec Pu [kg/dm?®] 1,45
Infilitration efficace annuelle (1) [m/fan] | [m/an] 0,24
Profondeur Profondeur Distance a . Temps de
: : : 2 . Coefficient de o
représentative du | représentative de la| parcounr pour résidence au

Paolluants partition sol/eau

i i i atteindre la
toit de la pollution | base de la pollution [Lrkg]

Prt (m) Prb (m) nappe dyz [m]

sein de la
vadose [an]

Fig. 12 ESR Input parameters for computing the leaching time
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BIOSCREEN-AT tool

BIOSCREEN-AT requested Input parameters and Results are shown in Figs.13 and 14.

| 1. Input parameters |

e
2. Put Simulation time=100 years
& Coefficient of degradation equals to 0

—

= B3 =3 =3 ex

3. GW objective at compliance (Chosen
GW standard for comparison with Cuax)

RRAIN POUR LA COMPARAMSON

OIX DU TYPE DE RESULTAT A AFFICHER :

Calculer Calculer

latténuation de la la dis| ion du = =
. Crmax selon la distance | panache Ristiiror bes Forfiies poar Ve, ek Lisez-moi

dispersivilés, R, lambda, et autres
Voir le panache =

| 4. Push to compute Cuccai compliance |

Fig. 13 Input parameters in BIOSCREEN-AT

Concentration en polluant dissous dans le panache (pg/L a Z=0)
Lisrande a d3 Source fini

141387
141387

CMAX at compliance which has fo be
compared with the selected GW
standard

Fig. 14 BIOSCREEN-AT Simulated Max Concentration at compliance
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Appendix B

Parameters for building the synthetic case

The parameters used for modelling the synthetic case study are shown in Tab.1.

Tab 1 Parameters for the synthetic case study

Data for the synthetic case study

Parameters value Reference
Source
Source concentration (mg/kg d.s.) 1600 Chosen from [13]
Depth of the top of the source to 3 Chosen
the ground water level (Ht) (m)
Source thickness (Hp)(m) 3 Chosen
Source length (parallel to ground 5 [22]
water flow)(m)
Source extension perpendicular to 5 Chosen
groundwater flow (m)
Organic carbon partition 146 mg/1 (IT) Tool’s dependent
coefficient (I/kg) 74.13 (BE)
Chosen (UK)
Dimensionless Henry constant (-) 0,23 (IT) [22] [39][63]
0,16 (BE) (IT and BE tool is already implemented)
Chosen (UK)
Unsaturated zone
Rain (cm/year) 30 [22]
Infiltration rate (for 30 cm/year of 1,62 Computed by the Italian tools based on
rain) (cm/year) equation 4.4 [1]
Soil bulk density (kg/1) 1,7 [22]
Soil fraction of organic carbon (-) 0,006 [22]
Computed with Walloon ESR guideline
equation 4.5 [Annex C-3 from [29]]
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Organic matter (%) 1,0344

pH (-) 6,8 Default Italian value [621
Effective porosity in soil (-) 0,346 Computed automatically by Walloon
ESR tool [39] Equations 4.6 and 4.7
Water content™®*(-) 0,068
Air volumetric content™*(-) 0,278

Saturated zone parameters

Saturated zone thickness (-) 3 [22]
Darcy velocity(m/s) 8,82*107 [22]
Hydraulic conductivity(m/s) 10 Based on [22]

Darcy’s velocity

Hydraulic gradient (-) 8,82*%107 Based on [22]

Darcy’s velocity

Effective porosity aquifer (-) 0,04 Chosen
Fraction of organic carbon in the 0,001 Italian default value [62]
saturated zone (-)
Mixing zone thickness (dgw) (m) 0,532 Computed by the tools Equation 4.8 [69]
Distance of the receptor (m) 100 Chosen

Coefficients of dispersivity(m)

Longitudinal (ax) 10 BIOSCREEN-AT implemented

Transversal (ay) 33 equations 2.17 [68]

Vertical (a) 0,56
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Appendix C

Results of the RA procedure on the synthetic case for Walloon Region,
Italy and United Kingdom

Walloon Region results for the synthetic case

Tab 1 Walloon results for the synthetic case

Walloon Adjusted values and factors for the synthetic case-ESR tool

Land use VR VS 44i VI 44j FD 44 Fv 4 Ksw 44 FAG 44
e (mg/kg)
w L mehg | mgke) | 0 | O | ken) | kg
- 0,10 0,93 3,7 184 1 1,98 92,93

Where VR is the reference value, VSaqi, Vi are the adjusted treshold an Intervention values, FD 44 is the
dilution factor, Fvq; is the mass redistribution factor, Kswaqj is the soil-water partition coefficient and FAG 44 is
the adjusted global attenuation factor.

Walloon concentration at the receptor and remedial objective for the synthetic case -

BIOSCREEN-AT tool
Concentration at the Max concentration at compliance | Remedial objective for
source (ug/L) (100 m) (ug/L) ground water at the
source (mg/l)
10,60 (Not exploitable)
1,72%10° 64 2,55 (Exploitable)

Italian results for the synthetic case

Remediation objectives for soil and factors of risk are given both for an On-site and Off-site receptor.
The dilution factor is 184 while the leachate factors are 1, 90*107* and 5, 71*107 for shallow and
deep soil respectively.

Remediation objectives and factors of risk for the movement of the pollutant in the saturated zone are

given for all the Italian attenuation factors (Tab.2).
Tab 2 Italian Results for the synthetic case

Italian Risk factors and remedial objectives for the synthetic case - Risk-net
Source Risk for GW | Risk for GW Remedial Remedial
Recentor concentration | when source | when source objective for | objective for
P (mg/kg) in the shallow | in the deep shallow soil deep soil
soil soil (mg/kg) (mg/kg)
On site 1600 3,05*%10° 9,14*10° 5,25%10°! 1,75*10!
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284 1,69%10° 5,63*10!

Off site 1600 9,47

Italian results for the synthetic case when the source concentration in ground water is
Clituted (9,24 mg/l)-Risk-net

DAF Risk for Remediation Attenuation Factor | Concentration at
groundwater objective (mg/l) (DAF) (-) 100 m (mg/l)
DAF1 1,44%10! 6,43*10°! 6,43*10? 1,4%107
DAF2 2,87*10! 3,22*10°! 3,22%10? 2,9%10
DAF3 7,16%10? 1,29%102 1,29%10! 7,2%10!

English results for the synthetic case

English results on the synthetic case when Italian data and a steady state simulation is applied

(Tab.3).
Tab 3 English results with Italian data for the synthetic case- RT-Worksheet

English results for a source of contamination in the soil

(Italian values f C1=0,001 mg/l and Koc=146 L/kg)

Level RT (mg/kg) RT(mg/)
1 9,54%10™ 0,001 *
2 1,75%10! 1,84%107! *
3 5,63%10! 1,88%10! **

*RT at level 1 and 2 for GW have to be considered as concentration values those have to be compared with pore

water measure concentrations if available.

**The RT at level 3 for groundwater has to be considered as the admissible leachable concentration.

English results for a source of contamination in GW

(Italian values CT=0,001 mg/l and Koc=146 L/kg and Domenico (1987) in steady state)

Dispersion Source concentration Concentration final at 100 m RT(mg/l)
(mg/l) (mg/l)

1 direction 2,87%10! 3,22%10°!

2 directions 9,24*10° 1,44*10" 6,43*%10"!

English results on the synthetic case when Walloon data and a transient state simulation is applied

(Tab.4)
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Tab 4 English results with Walloon data for the synthetic case- RT-Worksheet

English procedure results using Walloon data

(Koc = 74,13 and C1=10 pg/L) (Koc=74,13 and Cr=40 pg/L )
Level RT (mg/kg) RT(mg/l) RT (mg/kg) RT(mg/l)
1 5,11*107 0,01 2,04*1072 0,04
2 9,38*10°"! 1,84 3,75 7,34
3 3,02%10? 5,91*10? 1,21*%10° 2,36*10°
English results for a source of contamination in GW (transient state)
Input 1 vertical dispersion 2 vertical dispersion
Target sou:;zfor Concentration RT Concentration RT (mg/l)
trati . .
com;z: ;lt)l ion dispersion at co/rlnplhaaance (mg/l) at co/llnpllloaonce
& mechanism (mg/) " (mg/) "
(mg/l)
0,04 17,01 5,29%1072 1,29%10" 2,64%1072 2,57%107!
0,01 17,01 5,29%107 3,22 2,64%107 6,43
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Appendix D

RA results for the real case study

Tab 1 Parameters entered in the RA tools for the real case study

Parameters entered in the RA tools for the real case study (Quarry)
Parameter/data Value Explanation
Altitude of the quarry (m) 208 Topographic map
Altitude of the groundwater table (m) 205 Altitude of the stream
Depth of the ground water table (m) 3 Computed based on topography
Thickness of the filling soil (m) 38 Computation by Geolys’s experts
Altitude of the filling soil 246,5 Computation by Geolys’s experts
Quarry’ parallel to the GW flow (m) 330 Max length from topographic map
Aquifer thickness (m) 157 Geological information
Hydraulic gradient (-) 0,0102 Computed
Hydraulic conductivity 4%1073 Average value from Hydrological
information
Effective porosity of the Aquifer (%) 2,5 Average value from Hydrological
information
Organic carbon fraction of the aquifer (-) 0,001 Default value Risknet tool
Organic matter (%) 0,3 Default value ESR tool
Fraction of organic carbon 1,74*10° | Computed with Equ.4.5 [annex C-
3.1 from [29]]
Infiltration (cm/year) 0,24 Default value ESR tool
Soil bulk density (g/cm?) 1,7 Default value Risk-net tool
Volumetric water content (-) (f=0,2) 0,068 Computed with equation 4.6 [29]
Volumetric air content (-) 0,278 Computed with equation 4.7 [29]
pH (-) 6,1 Default value ESR tool
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Tab 2 Walloon results for the real case study (quarry)

Walloon Results for the real case study (quarry)

Pollutant Type of VR VS 44j VILaj Ksw
adjustment (mg/kg) (mg/kg) (mg/kg) (kg/)
Arsenic Measurements 12 18636 74545 3,29%10*
Type of aquifer 12 810 3240
Cadmium Measurements 0,2 279 1115 1,10¥107?
Type of aquifer 0,2 12 49
Chrome Measurements 34 353325 706650 8,69%107
Type of aquifer 34 15359 30718
Copper Measurements 14 13334 26668 4,6%1073
Type of aquifer 14 580 1159
Mercury Measurements 0,05 - - -
Type of aquifer 0,05 453 1811
Nickel Measurements 24 10414 41655 1,18%107
Type of aquifer 24 647 2587
Lead Measurements 25 56646 226882 1,08*10™
Type of aquifer 25 2462 9849
Zinc Measurements 67 94475 188949 1,3*1073
Type of aquifer 67 4107 8214

The default dilution factor is 33 (-) for a limestone aquifer. The computed FD is 569 (-) and

Fvis 0,93 ()

Tab 3 Italian results for the real case study (quarry)

Italian results for the Real case study(quarry)

Risk for the groundwater

Pollutant resource (-)

Remediation objective (CSR)

Shallow soil Deep soil Shallow soil (mg/kg)

Deep soil (mg/kg)

Arsenic 3,6%107 1,38*10! 6,39*10°

1,66*%107
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Cadmium 1,42%1073 5,44*%107 4,73*10° 1,23*10?
Chrome 1,64*107 6,29%10° NA NA
Mercury 7,92%10* 3,04%107? 1,24%10? 3,22

Nickel 3,610 1,18*10! 1,89*10* 4,03*10?
Lead 6,58*1073 2,53*10"! 2,13%10° 5,53*10°
Zinc 3,97%10 1,53*10 NA 7,20%10*

Italian factors for the mechanism of leaching
Leachate factor for the shallow soil (LFss) (kg/l) 1,56%10°
Leachate factor deep soil (LFds) (kg/l) 6,01%107
Dilution factor (-) 569
Tab 4 English results for the real case study (quarry)
English results (with Italian data)for the real case study (quarry)
Pollutant | Level | RT (mg/kg) | RT(mg/l) Italian standard Kd (Ukg)
(ug/)
Arsenic 1S 2,7%10! 0,001 10 2,7%10!
2S 1,54*10? 5,7
Cadmium | 1S 2*10°! 0,005 5 4*10!
2S 1,14*10? 2,85
Total IS 1,5%10% 0,05 50 3*10°
Chrome g 55107 | 2,85%10"
Mercury | 1S 5,24*10 0,01 1 5,10
2S 2,99*%10! 5,70
Nickel IS 8,01*%107! 0,002 20 4*10!
2S 4,57%107 1,14%10!
Lead IS 9 0,01 10 9*10?
2S 5,13*10° 5,7

Zinc 1S 1,17*10? 3 3000 3,9%10!

2S | 6,68*%10* 1,71%10°
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Appendix E

Sensitivity analysis

Notice that the results of the sensitivity analysis for the English procedure are not reported. In fact,
as shown in chapter 3, depending on the chosen parameters, results are similar to the Italian or to the

Walloon procedure.

Walloon results for the sensitivity analysis

The Walloon procedure differs depending if is assessing the mechanism of leaching or the dispersion.

In Tab. 1, the results of the sensitivity analysis for the mechanism of leaching are shown. They are
obtained with the ESR tool.
Where VR is the reference value, VSadj, Vlagj are the adjusted threshold an Intervention values, FDag;
is the dilution factor, Fvagj is the mass redistribution factor, Kswagj is the soil-water partition
coefficient and FAGayg; is the adjusted global attenuation factor.

Tab 1 Walloon Adjusted values and factors for the mechanism of leaching (sensitivity analysis)

Walloon Adjusted values and factors obtained with the ESR tool

VR VSaaj VIij | FDuagj | Fvaq | Kswagj | FAGugj T
/k, leachat
Parameter | "5 | mgng) | mgng) | () | @ | aem) | amg | oo
GW table 0,10 3,1 12 184 0,3 1,98 309,8 356
10(m.b.g. 1)
Water content 0,10 1,2 4,6 184 1 1,60 115 0
0,304 (-) (f=0,88)
Infiltration rate 0,10 0,06 0,24 12 1 1,98 6,1 0
2,68*10!
(cm/year)
Hydraulic 0,10 0,11 0,46 23 1 1,98 11,6 0
gradient 0,001 (-)
Hydraulic 0,10 10 42 2062 1 1,98 1041,4 0
gradient 0,1 (-)
Hydraulic 0,10 0,06 0,24 12 * 1 1,98 6,1 0
conductivity
1078 (m/s)
Hydraulic 0,10 0,10 0,41 20,2 1 1,98 10,2 0
conductivity
107 (m/s)
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Hydraulic 0,10 92 366 18173 1 1,98 9178,3 0

conductivity
102 (m/s)

Soil fraction of 184 1 1 184 0
organic carbon
0,001 (-)

(MO=0,1724)

0,10 0,27 1,1

Soil fraction of 17 184 1 | 4,4*%10"!
organic carbon
0,03 (-)

(MO=5,172)

0,10 4,2 420,1 0

*The dilution factor equal to 12 is the limit put by the ESR tool.

In table 2 the parameters, which have an influence on other parameters (i.e. mixing zone thickness,
leachate concentration, diluted concentration) are shown.

The simulated max concentrations and remedial targets for groundwater, considering an exploitable
aquifer, are shown in Tab.3. They are obtained with BIOSCREEN-AT tool.

Tab2 Mixing zone thickness and diluted concentration variation due to change in the initial parameters (Sensitivity
analysis WR)

Variation of the mixing zone thickness, leachate and diluted concentrations due to the change of
others parameters
Parameter Mixing zone thickness Diluted concentration
variation (m) (mg/l)
Hydraulic gradient 0,001 (-) 0,555 138
Hydraulic gradient 0,1 (-) 0,529 1,54
Hydraulic conductivity 107 (m/s) 0,558 156,83
Hydraulic conductivity 1 (cm/s) 0,529 0,17
Infiltration rate 0,000734 (m/day) 0,577 264
Parameter Leachate concentration (mg/l) | Diluted concentration
(mg/l)
Soil fraction of organic carbon 0,001 (-) 1,10 *10* 59,78
Soil fraction of organic carbon 0,03 (-) 7,08 *10? 3,85
Water content 0,173 (-) 2,864 *10° 15,57
Water content 0,304 (-) 2,560*10° 13,91
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Tab 3 Walloon Simulated concentration at compliance and Remedial targets when the sensitivity analysis is performed.

Walloon Concentration at compliance and Remedial targets for GW obtained with
BIOSCREEN-AT for the sensitivity analysis

Parameter Concentration at 100 m RT (ug/l)=Co in BIOSCREEN
ug/L) (When CMax=VScsw)
Soil fraction of organic 223 2550

carbon 0,001 (-)

Soil fraction of organic 14 250
carbon 0,003 (-)

Water content 0,173 (-) 58 2550
Water content 0,304 (-) 52 2550
Hydraulic gradient 0,001 513 2444
)
Hydraulic gradient 0,1(-) 6 2564
Hydraulic conductivity 667 2686
10 (m/s)
Hydraulic conductivity 1 1 2564
cm/s
Infiltration rate 0,000734 1067 2351
(m/day)
Aquifer fraction of 64 2550
organic carbon 0,03 (-)
Effective porosity aquifer 64 2550
0,35 (-)
Effective porosity aquifer 64 2550
0,001 (-)
Dispersion coefficients 274 602

(10%; 1%; 0,1% of path
length) (Longitudinal,
transversal and vertical)

Dispersion coefficients 556 296
(Xu & Eckstein (1995)
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Mixing zone thickness = 355 461
aquifer thickness 3 (m)

Italian results for the sensitivity analysis

The Italian results of the sensitivity analysis are shown in Tab.5. While the correspondent factors are
shown in Tab.4.

For the mechanism of leaching an on-site receptor is chosen, instead for the movement of the
pollutant across groundwater DAF2 is chosen.

Results show three risk factors for the groundwater resource and three remediation objectives (CSR).

Where CSR is the remediation objective, LDF is the dilution factor, LF is the leachate factor (SS
stands for shallow soil and DS stands for deep soil) and DAF is the attenuation factor.

Tab 4 Italian factors for the sensitivity analysis

Italian factors for leaching and contaminant migration across groundwater

Parameter | Cpiutea (mg/l) LDF LFss (kg/l) LFps (kg/l) DAF

GW table - 184 5,71¥10* 5,71¥10* -
depth 10 m
b.g.l

Infiltration 130,77 13 2,70%1072 8,00%107 2.97%107
26,8
(cm/year)

Water 8,15 184*10? 1,71*103 5,13*%10° 3,22%10?

content _
(CLeachate -

0,304 () | 1 5%10° mg/)

Hydraulic 75,22 2,26*10! 1,55%1072 4,64%102 3,09*10?
gradient
0,001 (-)

Hydraulic 0,83 2,06%10° 1,7¥10* 5,09*%10 3,23*10°
gradient 0,1
)
Hydraulic 1545 1,1 3,17*10°! 5,71*%10! 1,29*10!
conductivity
10 (m/s)

Hydraulic 84,16 20,2 1,73¥107? 1,92*1072 3,07*%102
conductivity

107 (m/s)
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Hydraulic 0,093 1,82*%10% 1,92%10° 5,77*%107 3,23*%102
conductivity 1
(cm/s)
Soil fraction | 39 (Csat Off) 184 8,13*1073 2,44*1072 3,22*%102
of organic & 9,78 (Csat
carbon On)
0’00 1 (_) (Cleachate
1,8*%10° mg/l)
Soil fraction 1,96 1,84*10? 4,07*%10* 1,22%1073 3,22%10?
of organic (Croscite
carbon 0,03(- 3,610 mg/l)
)
Mixing zone 1,65 1,03*10° 3,39%10* 1,02*%1073 1,29*10!
thickness = 3
m
Aquifer 9,24 184 1,90%1073 5,71%¥107 3,22%10!
fraction of
organic
carbon 0,03
)
Aquifer 9,24 184 1,90%1073 5,71%¥107 3,22%10!
effective
porosity
Coefficients 9,24 184 1,90%107 5,71*%107 7,53*10!
of dispersivity
(10 % 1%
0,1% of the
path length)
Coefficients 9,24 184 1,90%1073 5,71¥1073 3,36*10!
of dispersivity
with Xu &
Eckstein
(1995)
Tab 5 Italian results for the sensitivity analysis
Italian Risk factors and remedial objectives in the sensitivity analysis
Risk for the groundwater Remedial objective (CSR) Concentrati
resource (-) on at the
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Parameter SS DS GwW SS DS GWw receptor
(100m)
/k, /k, /1,
(mg/kg) | (mg/kg) (mg/l) mg/l
GW table depth | 9,14*10° | 2,03*10° - 1,75 7,88%10! - -
10 (m b.g.1)
Infiltration 4,31%10% | 1,29%10° | 4,41*10% | 3,71*10 | 1,24*107% | 2,97*10" | 4,4*10"
26,8 (cm/year)
Water content 2,74%10° | 8,21*10° | 2,53*10' | 5,84*10°" | 1,95%10" | 3,22*10! 2,5%1072
0,304 (-)
Hydraulic gradient | 2,48*10% | 7,43*%10% | 2,44*10° | 6,46*10% | 2,15%102 | 2,4*10! 2,4%107!
0,001 (-)
Hydraulic gradient | 2,71*10% | 8,14*10? 2,57 5,90 1,97 3,23*10°"! 2,610
071 (-)
Hydraulic 5,07%10° | 1,52*10° | 1,20*10° | 3,15*10 | 1,05%107 | 1,29*107 1,2%10?
conductivity 108
(m/s)
Hydraulic 2,77%10% | 8,32*%10% | 2,74*10% | 5,77*107% | 1,92*102 | 3,07*10’! 2,7%107!
conductivity 107
(m/s)
Hydraulic 3,08*10' | 9,24*10' | 2,87*10! | 5,2*10! 1,73*10" | 3,23*107! 2,9%10
conductivity 1
(cm/s)
Soil fraction of 1,30%10% | 3,9%*10* | 3,04*10' | 1,23*10°' | 4,10%102 | 3,22*10! 5,6
organic carbon
0,001 (-) (Csat Off)
Soil fraction of | 3,25%10° | 9,74*10° | 3,04*10' | 1,23*107" | 4,10*10% | 3,22*10" 2,8
organic carbon
0,001 (-) (Csat On)
Soil fraction of 6,51%10° | 1,95%10° 6,09 2,46 8,19%10" | 3,22*10! 6,1%¥1073
organic carbon
0,03(-)
Mixing zone 5,43*10% | 1,63*10° | 1,28*102 2,95 9,83*107" | 1,29*107 1,3*107!
thickness 3 (m)
Aquifer fraction of | 3,05*10° | 9,14*10° | 2,87*10' | 5,25*10°! | 1,75*10" | 3,22*10! 2,9%1072

organic carbon
0,03(-)
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Aquifer effective
porosity(0,35 &
0,001 (-))

3,05*%10°

9,14*10°

2,87*10!

5,25%10°!

1,75*10!

3,22%10°!

2,9%10

Coefficients of
dispersivity (10 %
1% 0,1% of the
path length)

3,05%10°

9,14*10"
3

1,23*10°

5,25%10°"!

1,75%10°"!

7,53*%1072

1,2*10°!

Coefficients of
dispersivity (Xu &
Eckstein (1995))

3,05%10°

9,14*10°

2,75%10°

5,25%10°"!

1,75%10°"!

3,36*10

2,8%10°!
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Acronymes & Symbols

Acp: Area of the control plane [L?]

AF: Attenuation factor (UK) [-] (AFuk_14ir and AFuk 24ir When vertical dispersion is considered in 1
or two directions respectivelty)

Ao: Horizontal source area [L?]

APAT: Agenzia per I’ambiente e la protezione dei servizi tecnici (IT)

ARPA: Agenzia Regionale per la Protezione Ambientale (IT)

a.s.l: Above the sea level

ASLP: Australian standard leaching protocol (AU)

AU: Australia

ax: Longitudinal dispersivity [L]

ay: Transversal/lateral dispersivity [L]

az: Vertical dispersivety [L]

Av: Vertical area [L?]

BATNEEC: Best available techniques not entailing excessive costs

BC: British Columbia

b. g. I.: Below the ground level

BTEX: Benzene, Toluene, Ethylbenzene and Xylene

C : Contaminant concentration [M/M or M/ L?]

CA: Canada

C-Based: Concentration based

CBRy: Maximal concentration in soil to respect VIigw at compliance (WR) [M/M]
CBRw: Maximal concentration in groundwater to respect Vlgw at compliance (WR) [M/ L?]
Cow: Concentration in groundwater below the source.

Cbirea: Diluted concentration in GW [M/ L?]

C1= Clreachare: Leachate concentration [M/ L]

Cheasurea: Measured concentration [M/M or M/ L?]

Cwmax: Maximal concentration simulated at compliance with BIOSCREEN-AT [M/ L?]
CORONA: Confidence in forecasting of natural attenuation

CRS: Measured concentration at the source (IT) [M/M or M/ L?]

Csar: Concentration of saturation [M/M]

CSC: Contamination investigation level (IT) [M/M or M/ L]
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CSCew: Contamination investigation level/Groundwater standard (IT) [M/ L?]
Ct: Total concentration measured in soil sample [M/M]

Cr: Target concentration (UK) [M/ L]

CSR: Threshold risk concentration/Remedial objective (IT)

CSR;,: Threshold risk concentration/Remedial objective for shallow soil (IT)
CSRgs: Threshold risk concentration/Remedial objective for deep soil (IT)
CSRcew: Threshold risk concentration/Remedial objective for groundwater (IT)
Cu: Background groundwater concentration beneath the site (UK) [M/ L?]

Cx: Concentration of pollutant in a conformity point place at distance X from the source [M/ L?]
d: Source's thickness in the vadose zone [L]

da: Aquifer thickness [L]

DAF: Dilution attenuation factor [-] (IT) (DAF1, DAF2 when the vertical dispersion is allowed in 2
and 1 direction, DAF3 when there is no vertical dispersion).

D. Lgs: Decreto legislative (IT) - Law decree

DF: Dilution factor (UK) [-]

dew : Mixing zone thickness [L]

ds: Deep soil

d,; : Contaminant path in the vadose zone [L]

EDR : Etude dettailée des Risques

EEA : European Environment Agency

ESR : Etude simplifiée de Risque

EPA : Environmental protection agency (USA)

[ Porosity fraction occupied by water (or saturation) (WR) [-]
faas : Fraction of the site available for the adsorption (WR) [-]
FAG: Global attenuation factor (WR) [L*/M]

FAs: Attenuation factor (WR) [-]

F-Based: Flux based

FD: Dilution factor (WR)[-]

FEMWATER: Finite element groundwater model

foc : Fraction of organic carbon [-]

Fv: Mass redistribution factor (WR) [-]

GILs: Groundwater investigation Levels (AU) [M/L?]

GMS: Groundwater modelling system
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GW: Groundwater

Hp: The contaminated thickness of the vadose zone (WR) [L]
Hzt: The total thickness of vadose under contamination (from top of contamination to GW) (WR) [L]
I: Annual effective infiltration [L/T]

i: Hydraulic gradient [-]

ISS: Istituto superiore della sanita (IT)

IT: Italy

J: Mass flux [M/T*L?]

k: Saturated hydraulic conductivity [L/T]

Kd: Adsorption constant [L? /M]

Kdcorr: [L* /M]

Ky : Dimensionless Henry Constant [-]

Koc: Organic carbon partition coefficient [L* /M]

Kow: Octanol-water partitioning [-]

Ksw-Kws-K: Soil-Water partition coefficient [M/ L?]

L: Length of contaminated zone parallel to ground water flow [L]
LDF: dilution factor (IT) [-]

LF: Leachate factor (IT) [M/ L] (LFss and LFas: Leachate factor for shallow and deep soil)
Lew: GW depth b. g. 1. (IT) [L]

Ls: Top source's depth b. g. 1. (IT) [L]

My: Mass discharge [M/T]

Mapax: Max mass discharge [M/T]

M Leaching: Mass discharge for the unsaturated zone [M/T]
M pispersion: Mass discharge for the saturated zone [M/T]
MO: Organic matter content [%]

NA: Natural attenuation

NAPL: Non Aqueous Liquid phase

n. : Effective porosity

P: Effective Rain [L/T]

PH: Power of Hydrogen [-]

q: Groundwater flux [L/T]

R: Retardation factor [-] or Universal gas constant (1*atm/mol*K)
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RA: Risk Assessment

RBCA: Risk based corrective action

RECONRnet: Rete Nazionale sulla gestione e la Bonifica dei Siti Contaminati
RMZ: Risk management zones

RT: Remedial Target (UK) (RT1;RT2;RT; : Remedial Target for 1, 2, 3 level of assessment for a soil
source and RTew: Remedial Target for groundwater source) [M/M or M/L?]

RTM: Remedial Target methodology (UK)

Ry , Rys: and Rew Risk factor for deep, shallow soil and groundwater) (IT)
SAM: Soil attenuation model [-] (IT)

S-P-R: Source(s)-Pathway(s)-Receptor(s)

ss: Shallow soil

Sw: Source’s estention in the perpendicular direction of GW flow [L]
T: absolute temperature (K)

TLeaching: Leaching time (WR) [T]

UK: United Kingdom

ve: Effective velocity [L/T]

VI: Intervention value (WR) [M/M or M/L?]

VI@gjustea : Adjusted Intervention value (WR) [M/M]

VIgw : Intervention value for ground water (WR) [M/L?]

vew : Darcy velocity [L/T]

VR: Reference value (WR) [M/M or M/L?]

VS: Threshold value (WR) [M/M or M/L?]

VS udjustea: Adjusted Threshold value (WR) [M/M]

VSew : Treshold value for ground water (WR) [M/L?]

VZ: Vadose zone

WR: Walloon Region

X: Distance between the conformity point and the source of contamination in GW below the site [L]
@a: (Volumetric) air content [-]

Ow: (Volumetric) water content [-]

pb: Bulk density [M/L?]

t(LF): Average leaching time [T]

% of stoniness (BE) [%]

/:Biodegradation constant of first order [1/T]
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