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Introduction

The presence of fugitive industrial chemicals in soil, water and/or 
air presents risks to human health and the environment. Scientists 
apply risk analyses to quantify the risks and to evaluate the sig-
nificance of the risk (Harms-Ringdalh, 2001; Khadam and 
Kaluarachchi, 2003). One says that a person is ‘at risk’ when he/
she is ‘exposed’ to a ‘danger’ and the magnitude of the risk is a 
function of the degree of hazard presented by the substance and of 
the magnitude of exposure (Bonomo and Andreottola, 2000; US 
EPA, 1989). The assessment of the risks at sites contaminated 
with industrial chemicals is mainly based on modeling of the sub-
surface system, including forecasting its evolution in the risk con-
text by two different approaches: deterministic and probabilistic.

Usually, risk analysis is carried out in connection with envi-
ronmental and human health (Covello and Merkohofer, 1993; 
Harms-Ringdalh, 2001; Kaplan, 1997). Our study refers, in par-
ticular, to health risk, namely to the risks that may endanger 
human health. In effect, by the term ‘dangerous’ one refers to the 
possibility that a substance produces negative effects in the body, 
and by the term ‘risk’ to the probability that in a given situation a 
dangerous substance produces damage or otherwise (Bonomo 
and Andreottola, 2000; Kolluru, 1996; NRC, 1993; OTA, 1993; 
US EPA, 1989, ).

Several authors (Benekos, et al., 2007; Bennett et al., 1998; 
EPA, 1986, 1996; Peck et al., 1998) stress the importance in risk 

assessment of a proper characterization of the variability and 
uncertainty in the transport and fate of contaminants (hydro-dis-
persive parameters), as well as in the dose–response effects (toxi-
cological parameters).

Deterministic risk analysis consists of assigning a single rep-
resentative value to each exposure parameter (input), which 
appears in the risk equation, and, as a result, leads to a unique risk 
value (output). This approach turns out to be very limited as a 
single value assignment clearly involves a stiffness, which often 
leads to overestimating the risk and, consequently, to conserva-
tive decisions, which are reflected in a higher remediation cost.

Probabilistic risk analysis considers the degree of variability 
and uncertainty of each parameter in the risk equation through an 
estimation based on stochastic methods such as, for instance, 
Monte Carlo simulations (Bennett et al., 1998; Cohen et al., 
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1996; Dettinger and Wilson, 1981; James and Oldernburg, 1996; 
McKone and Bogen, 1992). The uncertainty analysis using 
Monte Carlo simulation can be very useful when the values 
obtained with the deterministic method are not very realistic. In 
the probabilistic approach each parameter in the risk equation is 
assigned a probability density function that describes the behav-
ior of the risk in probabilistic terms. Thus, the probabilistic risk 
analysis may provide more information than the traditional deter-
ministic approach through the curves of probability distributions, 
which evaluate intervals of possible values of the risk, each one 
with a specified probability.

In this article we consider the risk analysis and compare the 
deterministic and probabilistic approaches, including in the latter 
as random variables not only the toxicological parameter, as in 
the procedure usually followed, but also the characteristic param-
eters of the aquifer. Thus, we demonstrate the greater reliability 
of the probabilistic methodology, which provides more realistic 
results for the remediation work.

The study area we considered corresponds to that of a former 
chemical industry called Pertusola Sud Crotone. The area has 
been declared of ‘national interest’ owing to the high concentra-
tions of heavy metals in it.

Risk analysis theory

For the considered study area we determined the risk values by 
both approaches for all receptors (children, adults and workers), 
but in the present study we show only the results relative to the 
adults—ingestion and dermal contact being the exposure routes 
we consider. In this article the definition of risk given by US 
Environmental Protection Agency (US EPA, 1989) was assumed, 
which considers a linear relation between the exposure and risk 
for both carcinogenic and non-carcinogenic (toxic) substances. 
Therefore, the risk is defined as:

 R ADI T= ×  (1)

where ADI is the average daily intake (mg-1kg-1.d-1) of the exam-
ined dangerous substance and T the toxicity factor concerning to 
the contaminant.

For non-carcinogenic substances the toxicity factor T is 
expressed in terms of maximum permissible dose (chronic refer-
ence dose) as T = 1/ RfD (mg-1kg-1.d-1) and afterwards it is indi-
cated as Rtox. For carcinogenic substances the factor T is expressed 
in terms of carcinogen potential (slope factor) as T = SF (kg-1d.
mg-1) and is indicated as RC. These definitions are valid for all 
environmental matrices (water, air, soil).

For carcinogenic substances the shape of correlation curve 
sketched in Figure 1 shows the existence of a no-effect threshold, 
which can be interpreted as the typical behavior of these sub-
stances. This model allows the SF to be estimated as the slope of 
the initial linear range of the curve. For non-carcinogenic sub-
stances the correlation curve sketched in Figure 1 shows the trend 
dose–response and the maximum acceptable limit dose for the 
considered substance. The corresponding model shows the 

existence of a threshold value; however, for safety, the RfD value 
is always less than this.

Therefore, equation (1) can be written for carcinogenic and 
non-carcinogenic substances, respectively:

 R ADI SFC = ⋅  (2)

 R
ADI

RfDtox =  (3)

Moreover, to determine the risk value it is necessary to also know 
other important parameters: the value of the concentration at the 
point of exposure (CPOE), the migration pathways and the expo-
sure modality.

The concentration at the contamination source can be known 
by in situ experimental measurements. If the receptor is not 
located at the source of the contamination, but at some distance 
from it, it is necessary to evaluate the concentration value of the 
contaminant at the point of exposure. To determine this value, 
appropriate flow and transport mathematical models should be 
used. In fact, the flow models verify whether the receptor is 
involved from the groundwater flow and therefore affected by the 
contamination. To describe the flow in a homogeneous and aniso-
tropic porous media the following equation is used (Bear, 1979):

 div gradK ⋅( ) = ∂
∂

h S
h

ts
 (4)

where K represents the tensor of hydraulic conductivity (LT-1), h 
is the hydraulic head (L), t the time (T) and Ss the specific storage 
term (L-1). These models are based on the following general mass 
transport equation (Bear, 1979):

 div gradD q⋅ −( ) = ∂
∂

+C C R
C

t
Cλ  (5)

where C is the mass of solute per unit volume of porous medium 
in the liquid phase (ML-3), q the average velocity (LT-1), D is the 
tensor of hydrodynamic dispersion (L2T-1), R is a retardation 

Figure 1. Typical dose–response curves for a carcinogenic 
and non-carcinogenic substance.
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factor (R = 1 + β, with β constant and depending from the particu-
lar adsorption isotherm) (0) and λ is a decay constant (0).

Of course, both the flow and the transport model require a 
knowledge of the initial and boundary conditions of the system 
examined. In deterministic risk analysis of contaminated sites the 
so-called upper confidence limit (UCL) criterion can be used to 
estimate the CPOE. UCL is the estimated value of the concentra-
tion at the exposure point for a fixed significance level, obtained 
from the data set sampled in situ.

The typical exposure modalities for a receptor that can be 
exposed via the groundwater are those due to ingestion of 
water, dermal contact and inhalation of volatile particles— 
consequences of the use of contaminated water (US EPA, 
1989). However, in this study only the first two exposure path-
ways were considered. For all the considered receptors (adults, 
children and workers) and for the considered two exposure 
pathways, dermal contact RDC and ingestion of water RIW, 
respectively, the risk value is given as follows:

 R ADI T
C SA AF ABS EF ED

BW AT
TDC

POE= ⋅ =
⋅ ⋅ ⋅ ⋅ ⋅

⋅
⋅  (6)

 R ADI T
C IR EF ED

BW AT
TIW

POE= ⋅ =
⋅ ⋅ ⋅

⋅
⋅  (7)

where CPOE  is the concentration of the chemical of concern in 
water at the point of exposition (ML-1), SA is the superficial con-
tact area (L2), Pc is the skin permeability constant (LT-1), EF and 
ED are the exposure frequency (0) and exposure duration (T), 
respectively, IR is the ingestion rate (L3T-1), AF is the adhesion 
factor equal to 1 (ML-1), ABS is the absorption factor equal to 1 × 
10-3 (0) and, finally, BW is the body weight (M). These parame-
ters and their corresponding values are those set by the US EPA 
(1989) on the basis of numerous studies of international institu-
tions. They are determined by the land use and the safety factor, 
one for each route of exposure (US EPA, 1989) and specifically 
by the reasonable maximum exposure (RME) that represents the 
largest reasonably possible exposure, considering 95% of the 
exposed population and form the most likely exposure (MLE), 
which represents the statistically most likely average exposure 
for the population. Carcinogenic risk (RC) and non-carcinogenic 
(toxic) Risk (Rtox) can be determined taking into account equa-
tions (1), (2), (3), (6) and (7). In the presence of more than one 
route of exposure for a given pollutant, the risk is additive. Total 
carcinogenic risk (RCT) for one contaminant is given by the sum 
of dermal contact RDC and ingestion of water RIW carcinogenic 
risks exposure pathway. Likewise, total non-carcinogenic risk 
(RtoxT) is given by the sum of dermal contact RDC and ingestion of 
water RIW non-carcinogenic risks. According to international 
agencies, the carcinogenic total risk (RCT) may be considered null 
or negligible if RCT < 1 × 10-6 and remediation action is not 
required. Some remediation actions can be suitable if 1 × 10-6 < 
RCT < 1 × 10-4, while for RCT > 1 × 10-4 remediation action is 
required. For non-carcinogenic risk no adverse effects are 
expected for human health if RtoxT < 1.

In the deterministic approach, each parameter, involved either 
in the risk determination or in the flow and transport description 
by models, is represented with a single value (mean, median, 
mode, etc.), usually obtained by field sampling and measure-
ment. For these reasons and owing to causes linked to cost and 
time required, the available values are usually limited in number, 
so that the one assumed for the single parameter is affected by 
this limitation.

In the probabilistic approach, the considered parameters 
assume the values corresponding to the fixed probability. In fact, 
it is possible to generate synthetic data sets (e.g. by the Monte 
Carlo method) for each of these parameters. In this way it is pos-
sible to describe each of these data sets by a probabilistic density 
function and thus assign a probability value to each value of the 
data set relative to the considered parameter. This method takes 
into account the values obtained by the field measurements 
because the synthetic data sets are generated with the same char-
acteristics (mean, variance, etc.) as the experimental data sets. 
Nevertheless, the probabilistic method allows much more exten-
sive data sets to be obtained than those related to the measure-
ment values and, consequently, provides a more accurate 
description.

Case study of the chemical industrial 
district of Crotone

Regarding the town of Crotone (Figure 2), because of the high 
death rate owing to respiratory sicknesses and pulmonary cancer 
in this town, the World Health Organization carried out an epide-
miological study, the conclusions of which encouraged more in-
depth research on the hypothesis that an environmental factor 
could have caused the anomalous clinical framework.

A wide collection of soil and groundwater samples, especially 
those taken within the area of the Pertusola plant and in the inland 
agricultural area, showed a high level of soil and water contami-
nation by heavy metals (arsenic, cadmium, mercury, lead, zinc, 
copper), with concentrations much higher than the threshold val-
ues of the Italian regulation (D. Lgs. 152/2006).

The study area from which the abovementioned soil and 
groundwater samples were obtained is located to the north-east of 
Crotone, 2 km distant. It includes an industrial district, located on 
the Ionian coast, and an inland, wide agricultural area, the subsoil 
of which is suspected to hide one of the largest archaeological 
deposits of the Hellenic age, when the city of Crotone was an 
important crossroads of the Magna Grecia civilization (Figure 
2a). The industrial district includes the Pertusola plant for zinc, 
cadmium, copper, lead sulfate and silver. The plant is currently 
almost inactive. The agricultural area is delimited by the Esaro 
River to the south and by the Passovecchio River to the north. Its 
orography is prevalently a plain and slightly hilly.

In the Pertusola area 90 drilling bores of different depths were 
executed and many of them were completed to install wells and a 
network of 21 piezometric observation points. Several pumping 
tests were carried out in order to estimate the subsurface 
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hydraulic properties and a number of geo-electrical surveys were 
executed. The hydro-geological and geophysical tests showed 
that (1) the subsoil of the study area includes a basic formation 
consisting of clay and loam soil and an upper formation consist-
ing of sand and sandstone; (2) the alluvial deposits, produced by 
the erosion of the surrounding hills, consist of lightly silty sands 
mixed with gravel elements, and show very high hydraulic con-
ductivity (10-3 m/s); and (3) the groundwater system consists of a 
phreatic aquifer characterized by a mean thickness of around 30 
m, with a shallow water table (3–6 m from the ground surface). 
Soil samples were collected in the Pertusola area. Table 1 shows 
the highest observed concentrations of heavy metals in the soil, 
such as arsenic, cadmium, copper, mercury, lead and zinc com-
pared with threshold values according to Italian regulations. 
Groundwater sample analysis showed strong contamination by 
heavy metals such as cadmium, zinc and arsenic, while copper, 
mercury and lead showed acceptable or low concentrations.

Regarding the statistical and sensitivity experimental data 
analyses and their reliability, see Rivera et al. (2008) and Decreto 
Ministeriale (1999).

Modeling contaminant transport and 
health risk

In order to investigate on the fate of a contaminant in the aquifer it 
is necessary to apply a flow and transport model for the aquifer 

analyzed. Regarding the flow model, GW Vistas program (Ruskauff, 
1998), which works with a finite-difference approach, was used. 
The coastal aquifer was schematized as a two-dimensional uncon-
fined aquifer with a heterogeneous and isotropic porous medium. 
The aquifer of the area was appropriately discretized by a grid of 
100 rows and 96 columns. The single cell has dimensions of 12 m 
× 9.6 m, and a thickness of 28 m.

Referring to the Pertusola area a solute reactive transport 
model was used in order to study cadmium, arsenic and zinc trans-
port into the underlying unconfined aquifer. The transport model 
is based on the following hypotheses: (1) heterogeneous and iso-
tropic porous medium, (2) continuous emission of contaminant 
from two point sources located to the lixiviation and stocking 
zones of Pertusola plant, (3) steady state two-dimensional flow 

Table 1. Groundwater maximum concentrations of heavy 
metals.

Heavy metal Source area 
(µg/kg)

Italian threshold 
value (µg/kg)

Arsenic 55 10
Cadmium 20,300 5
Copper 150 1000
Mercury 1 1
Lead 490 10
Zinc 7,875,000 3000

Figure 2. (a) Location of the Pertusola area in Crotone (Italy). (b) Conceptual model and zones of the area examined with 
different hydraulic conductivity and the heavy metal contamination sources (black dots).
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domain and (4) reactive contaminant on the solid matrix accord-
ing to the Langmuir isotherm. The conceptual model of the sys-
tem studied was developed considering the following boundary 
conditions (Figure 2b): (1) no flow conditions along the north and 
south sides of the area, (2) along the west side, in zone 1, the 
hydraulic head had values between 1.6 m and 1 m, in zone 2 it was 
constant and equal to 1 m, and in zone 3 it had values between 1 
m and 1.1 m and (3) on the east side its value was fixed equal to 0 
m along the coastline.

For deterministic risk analysis, the flow and transport simula-
tion model kept fixed the values for hydraulic conductivity and 
partition coefficient. For the hydraulic conductivity we used the 
values measured by pumping tests and for each contaminant’s 
partition coefficient those of Jerry and Allison (2000). Natural 
recharge (rain) is considered constant all over the area, with a k 
value of 2.74 × 10-4 (m/d) (Straface et al., 2007).

Instead, for the probabilistic risk analysis, the values of these 
parameters were defined by the Monte Carlo method and the 
relative probability density function as discussed above. The 
probabilistic density functions of the hydraulic conductivity for 
each zone are characterized in Table 2, together with the mean 
value, the SD, and the minimum and the maximum value of each 
examined sample.

In Table 2 the probabilistic density functions of the partition 
coefficient are also characterized for the substances examined.

As pollution sources three points were considered for cad-
mium, whereas for the other two pollutants just one point source 
was considered. As we are addressing tranport of heavy metal in 
groundwater the exposure points are located along the coastline.

In Table 3 the concentration values and the longitudinal and 
transversal dispersivity values used as input in the model are pre-
sented. The longitudinal dispersivity was calculated according to 
the equation proposed by Xu and Eckestein (1997), in which 

these parameters are a function of the characteristic distance (L) 
from the pollution source:

 αL L= ( ) 0 83
2 414

. log
.

 (8)

while the transversal dispersivity was considered 10% of the 
longitudinal ones. The values of these parameters are shown in 
Table 3; for cadmium, the area was divided into two zones  
(a and b).

For deterministic analysis the risk was calculated considering 
the CPE as a single representative value. The flow and transport 
were simulated by the numerical model considered, obtaining a 
CPOE value for each of the exposure points.

Subsequently, a single value of CPOE, determined by UCL, 
was calculated using the specific model ProUCL 3.0, assuming a 
significance level equal to 95% (US EPA, 2004). In the case of 
the probabilistic calculation, the value of CPOE was determined 
from the probability density function generated by the utilized 
numerical model.

Results and discussion

Equations (6) and (7) were used to determine the carcinogenic 
and non-carcinogenic risk values, for the n-th migration pathways 
and the m-th contaminant indicator of the area under study for 
both the deterministic and probabilistic methods. Deterministic 
risk calculation was performed by assigning a single value to 
each parameter affecting the phenomenon as described in equa-
tions (6) and (7). The assigned values are according to the recep-
tors (adults, children and workers), to the land use (residential, 
commercial and industrial), to the safety factor selected (RME 
and MLE) (Spence and Walden, 2001) and to the flow and trans-
port in the porous media. Probabilistic risk analysis was 

Table 2. Characterization of the probability density functions (PDF) for the hydraulic conductivity and partition coefficients.

Parameter PDF Mean SD Min. Max.

Hydraulic conductivity
(m/d) 

Zone North Lognormal 3.41 0.27 2.0 100
Central Lognormal 20.2 17.67 8.0 100

 South Lognormal 22.5 37.44 10.0 100
Partition coefficient
(L/kg) 

Contaminant Arsenic Lognormal 3.2 0.70 0.3 4.3
Cadmium Lognormal 2.7 0.80 0.1 5.0

 Zinc Lognormal 2.7 1.00 0.1 5.0

Table 3. Input values of concentration and longitudinal and transversal dispersivity for arsenic, cadmium and zinc used in the 
numerical model.

Zone Arsenic Cadmium Zinc

Input values of 
concentration (mg/L) 

1 1240 196 37,500
2 – 312 –

 3 – 314 –
αL (m) Whole area 5 5 zone a 10 zone b 5
αT (m) Whole area 0.5 0.5 zone a 1 zone b 0.5
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performed using the program SimLab 2.2, based on the Monte 
Carlo method. This program is able to evaluate multiple input 
models selected probabilistically. This method is based on an 
algorithm that generates a series of numbers between their uncor-
related parameters, which follows the probability distribution 
describing the investigated phenomenon. The Monte Carlo simu-
lation calculates a number of possible manifestations of this phe-
nomenon, with the weight of the probability of such an event. 
Once one has calculated this random sample, the simulation per-
forms ‘measures’ of the quantities of interest on the sample. The 
Monte Carlo simulation is well done if the mean value of these 
measures on the achievements of the system converges to the true 
value.

In the examined case, for each parameter a set of 1000 syn-
thetic values is generated by the Monte Carlo method, taking into 

account the experimental data. The value of each parameter was 
determined setting a probability value equal to 0.95. In Figure 3(a) 
it is shown that the groundwater flow direction is towards the 
coastline. In Figure 3(b–d) the contamination sources are shown 
for arsenic, cadmium and zinc, respectively.

The simulation of contaminant transport in the aquifer was 
carried out a large number of times, ranging from 100 to 10,000 
days. However, here the results of the calculation of risk analysis 
were shown for concentration values corresponding to 1500, 
4500 and 10,000 days (Figure 4).

The breakthrough curves (concentration versus time) are 
shown in Figure 4 for each fixed exposure point and for each 
considered contaminant. These curves indicate that the maxi-
mum value of concentration is reached for all three considered 
contaminants after about 500 days.

Figure 3. (a) Piezometric distribution for the area of Pertusola Sud and contamination sources by (b) arsenic, (c) cadmium and 
(d) zinc.
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The CPOE values for deterministic and probabilistic approach 
are reported in Table 4. The results of deterministic and proba-
bilistic risk analysis were obtained by equations (6) and (7). 
From the analysis of the different risk scenarios one finds that 

in the deterministic case the risk measurement evaluated using 
RME exposure parameters is greater than that evaluated with 
MLE exposure parameters, which are less conservative than the 
former. Probabilistic risk analysis shows that even in the case of 

Figure 4. Arsenic, cadmium and zinc concentration lines, and corresponding breakthrough curves for 1500, 4500 and 10,000 
days.

Table 4. Values of CPOE in groundwater used for the risk analysis.

Contaminant Time 
(days)

UCL Expected 
value

SD Distribution
type

Min. Max.

As (mgL-1) 1500 3.46E-01 2.39E-01 3.63E-02 Lognormal 9.30E-02 1.00E+00
 4500 1.16E-01 5.99E-02 3.97E-03 Lognormal 1.10E-02 2.00E-01
 10,000 2.46E-02 1.52E-02 3.81E-04 Lognormal 3.90E-03 7.40E-02
Cd (ml-1) 1500 2.69E+00 1.67E+00 5.40E+00 Lognormal 5.20E-01 9.90E+00
 4500 4.04E-04 3.31E-04 1.88E-07 Lognormal 2.30E-04 3.40E-03
 10,000 3.16E-07 3.06E-07 3.76E-15 Lognormal 3.00E-07 9.10E-07
Zn (mgL-1) 1500 1.91E+02 1.09E+02 1.75E+04 Lognormal 6.18E+01 6.79E+02
 4500 8.70E-02 4.17E-02 5.25E-03 Lognormal 2.30E-02 4.40E-01
 10,000 1.16E-08 5.62E-09 9.23E-17 Lognormal 3.90E-09 7.40E-08

UCL = upper confidence limit.
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an absolute value that exceeds the risk limit, the frequency of 
hazardous cases may be low (especially for a confidence inter-
val value larger than 95%). This limit could be considered 
acceptable as level of risk and a limit value of 99% was here 
considered.

As the aim of the present study is only to compare the deter-
ministic and the probabilistic methodologies, in the following 
only the results for adults and for a time of 1500 days are shown. 
These results are compared in Figure 5, where the trend of the 
probability versus risk for arsenic, cadmium and zinc is shown. 
For arsenic both carcinogenic (Figure 5a) and non-carcinogenic 
(Figure 5b) risk were taken into account. In Figure 5 (c, d) the 
analogous probability curves in terms of Rtox are presented for 
cadmium and zinc, which are not carcinogenic substances.

A general result of this analysis is that in all cases the RME 
risk is overestimated with respect to that corresponding to a 99% 
UCL; as a matter of fact, these values differ by at least one order 
of magnitude. The highest risk values correspond to 1500 days; 
this result is certainly the consequence of the fact that the CPOE 
value for this time is the largest in comparison with those relative 
to the other times (4500 and 10,000 days).

In an RME scenario these values were calculated for both 
types of risk: carcinogenic and non-carcinogenic. The carcino-
genic risk value (RC) obtained for each contaminant was assumed 
as the acceptable level of risk because it corresponds to higher 
values of the target concentration. The values presented in Table 5 
could be considered acceptable for ‘adults’ and reasonable goals 
for remedial work, which brings the risk to an acceptable value.

These results show that the concentration values correspond-
ing to clean-up levels, determined using a probabilistic method-
ology, are much lower than those determined on the basis of a 
deterministic methodology; consequently, the remediation cost 
based on the former method is lower than the latter. This fact is 
easily understood if one thinks that a higher level of risk, such as 
that which occurs with the deterministic method, involves a more 
extensive and detailed clean up, which certainly leads to higher 
costs. This result is not limited to this case, but it is valid in all 
cases.

Conclusions

In this article the risk analysis for a specific site using both a deter-
ministic and a probabilistic methodology was carried out. The 
comparison of deterministic (MLE and RME) and probabilistic 
(estimated average value, 99% UCL) risk values, with reference 

Table 5. Clean up values determined for adults at a time of 
1500 days.

Contaminant RME UCL 99% Percent of 
reduction

Clean-up of arsenic 3.46E-01 8.18E-02 23.62
Clean-up of cadmium 1.35E-01 8.18E-02 60.73
Clean-up of zinc 1.03E-01 3.27E-02 31.69

to a probability density function of the risk, indicates some rele-
vant results. In the case of arsenic pollution, both for carcinogenic 
and non-carcinogenic risk (with the sole exception of workers 
receptors at 10,000 days) was over the acceptable limit for all 
cases of times and receptors. We remind the reader that among the 
pollutants arsenic is the only one that can provoke cancer risk. A 
difference of at least one order of magnitude between RME and 
99% non-parametric UCL was found. This is a safe value for 
deterministic and probabilistic methodology, respectively. This 
provides evidence on the overestimation of risk by the determin-
istic method. For the 1500 day concentration we obtain higher risk 
values than for 4500 and 10,000 days. This can be understood 
observing the breakthrough curves of each pollutant (see Figure 
5). Maximum concentration values of the three pollutants under 
study are approximately 500 days (~1.36 years). The estimated 
risk at the point of maximum concentration is the value to con-
sider for a condition of extreme caution.

The probability density function that provides the largest dis-
persion around the mean is that of cadmium in the case of non-
cancer risk (Rtox), whereas the lowest dispersion is that of arsenic 
in the case of carcinogenic risk (RC). The small variance is a good 
indicator of the reliability of the concentration clean-up level. 
Clean-up levels calculated assuming a maximum exposure sce-
nario (RME) for the risk are overestimated.

Assuming the RME values for the deterministic and proba-
bilistic cases for the exposure rates, the clean-up levels in the 
probabilistic scenario are lower than those corresponding to the 
deterministic risk. The comparison of the values of the clean-up 
level in the deterministic (RME) and in the probabilistic case 
(99% UCL) for the considered contaminants shows that the 
probabilistic methodology leads to a reduction of target concen-
tration equal to 23.62%, 60.73% and 31.69%, for arsenic, cad-
mium and zinc, respectively. It must be emphasized that the 
results obtained by the probabilistic method always respect the 
limits of the law; therefore, the protection of human health is 
always guaranteed, even if one accepts the risk levels lower 
than those for the deterministic case and if one considers some 
of the conservative assumptions for the latter (Bolster et al., 
2009; Korre, 1999; Rodriguez-Martin et al., 2006; Tartakovsky, 
2007). For this reason, regulatory agencies may require applica-
tion of both approaches to risk assessment, but cannot require 
that the landowner clean up to the point of satisfying the most 
conservative results in a context of higher, often not sustaina-
ble, costs.

This study shows the benefits of using the probabilistic 
method of risk assessment in lieu of the deterministic method 
when setting remedial objectives in a contaminated property.
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