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Abstract:



Soils contaminated with toxic and persistent pollutants pose different and serious hazards to the environment and human health. Multidisciplinary procedures that are considering models for the prediction of risk for long-term exposure are needed. The present paper illustrates the operating mode and utility of an environmental software able toe0) integrates the dose-response modeling as a major part of hazard characterization in order to assess the quantitative risk from carcinogens. In this way, risk assessment is used as a method for the investigation of contaminated sites. The method is demonstrated on a Romanian field site, contaminated with petroleum products. For the assessment of human health risks from oil-contaminated sites, the contaminants of concern are considered as polycyclic aromatic hydrocarbons (PAHs), monocyclic aromatic hydrocarbons (MAHs), and heavy metals, chemicals known as human carcinogens. Quantitative risk calculations revealed an individual risk of 1.07 × 10−5 for children and 6.89 × 10−6 for adults. The paper represents a utility example of an environmental software solution that could be considered by decision-making factors in approving certain projects. The software tool is helpful for protecting the environment and human health.
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1. Introduction


Soil pollution can be generated by the presence of human-made chemicals or other changes in the natural soil environment. Specifically, this could be caused by industrial activities, agricultural chemicals, or inappropriate disposal of waste [1,2,3,4,5]. According to European Environmental Agency (EEA) studies on the basis of non-harmonized national inventories, there are 2.5 million potentially contaminated sites in Europe (EEA-33 plus the six cooperating countries). About one third (an estimated total of 342,000 contaminated sites) have already been identified and about 15% of these have been remediated [6]. Soil contamination, most frequently with heavy metals and petroleum products, is a widespread problem in Europe [7]. Consequently, pollution caused by petroleum products is one of the most common problems in the environment [8,9,10,11,12].



The assessment of health hazards produced by oil exploration and exploitation is an important environmental issue in order to ensure the wellbeing of people. The lack of information concerning the quantification of the exposure to soil contaminants made necessary the development of environmental tools with particular interest for decision-makers and researchers. The source–pathway–receptor is a wide-spread concept in human health risk assessment of contaminated sites [13,14,15,16,17,18,19]. There are different methodologies for assessing the impact of anthropogenic pollution on a given site [20,21,22,23]. Thus, specific literature shows that, in order to manage the contaminated sites based on the protection of receptors and the environment, each country developed its own system. In Romania, the risk assessment approach related to the contaminated sites was first truly evidenced in the National Strategy for the Management of Contaminated Sites [24]. The national strategy is characterized through an approach based on risk analysis in managing soil and groundwater contamination and identification of adverse effects (human or environmental health) or potential migration of pollutants. Thereafter, appropriate measures are established in order to mitigate the assessed risk, so as to achieve acceptable risk: “Risk-Based Land Management” (RBLM). Although there are general remediation techniques for certain types of pollutants, specific decontamination methods to be applied always depend on the site characteristics. The remediation method chosen depends not only on the pollutant type, the source-path-receiver connection, but also the geological conditions and receptors located in both the polluted region and background divisions. According to the methodology presented in the strategy, the selection of the remediation technique is based on the risk assessment and analysis of remedial options.



The research work illustrated in the present paper is an integral part of a Romanian project co-financed by the European Regional Development Fund called RECOLAND. The main aim of this paper is to present the operating mode and utility of an environmental software solution able to help decision-makers respond to soil contamination problems. In this way, it could be possible to identify the most appropriate approach that should be used in approving certain solutions for the management of contaminated sites taking into consideration the potential impact on human health.




2. Materials and Methods


The case study in the current paper is focused on soil pollution with crude oil. Particularly, groups of chemical contaminants, including polycyclic aromatic hydrocarbons (PAHs), monocyclic aromatic hydrocarbons (MAHs), and heavy metals were considered. This choice is motivated by the fact that concerning contamination with petroleum products, contaminants of concern are Total Petroleum Hydrocarbons (TPH), Polycyclic Aromatic Hydrocarbons (PAHs), and Volatile Organic Compounds (VOCs) (for example benzene, ethylbenzene, toluene, and xylene (BTEX)) due to their toxic properties and negative effects on human health [25]. On the other hand, soil pollution with petroleum products is one of the main sources of soil contamination [26]. As soil has become an important environmental recipient for PAHs, in the framework of the present study, 16 PAHs considered as priority pollutants by the Agency for Toxic Substances and Disease Registry (ATSDR) [27] are taken into account. Eleven of them have been classified as probable/possible human carcinogens by the US EPA (2015), while the International Agency for Research on Cancer (IARC) [28] considered them for the assessment of cancer risk from contaminated sites with PAHs. Concerning MAHs, in accordance with US EPA, the human health risk was assessed for two of BTEX: benzene (C6H6) and ethylbenzene (C8H10). The carcinogenic risk was estimated for five heavy metals (arsenic, cadmium, hexavalent chromium, nickel, and lead) which are considered probable/possible human carcinogens by the US EPA and Health Canada [29].



The investigated soil in the present study comes from an industrial area in Romania. Pollution arose due to the petroleum industry located nearby and soil contamination occurred through oil spills. Eight volumes of soil were sampled at a depth of 0–20 cm from an area of 1000 m2. The content of all contaminants were determined for every single soil sample. Thus, in order to characterize the soil, analytical tests were performed.



With the aim of identifying the concentration levels for PAHs, the analytical procedure was performed according the current standard methods in force: SR ISO 13877:1999 [30]. The solid samples were passed through a sieve of approximately 2 mm openings in width. Concerning the organic contamination, six Soxhlet extractors were used for sample extraction (model Gerhardt classic Soxhlet apparatus, Gerhardt (Germany)). An approximate 20 g portion of contaminated soil was extracted with 250 mL of high-performance liquid chromatography (HPLC) (model Shimadzu-UFLC-10A, Shimadzu (China))-grade petroleum ether solvent. The extract was concentrated to a low solvent volume using a Heidolph rotary evaporator (model Heidolph Hei-VAP, Heidolph (Germany)) and eluted with hexane. After the concentration step samples were cleaned up, if necessary, or were transferred to a capped and sealed vial for gas-chromatographic analysis [31,32].



MAHs were identified using the current standard methods, ISO 22155:2011 [33] and EPA 8260B:1996 [34]. The analytical procedure to measure the heavy metal concentrations was performed according to standard methods in force: SR ISO 11047:1999 [35] and ISO 20280:2007 [36]. The equipment used to determine the concentration of contaminants of concern investigated in this paper included a CINTRA 6 spectrophotometer, an AAS Analyst 800 spectrometer with a flame system and graphite furnace, a FIAS TRACE Ultra gas chromatograph with a flame ionization detector (FID), an Agilent 1200 HPLC with fluorescence detection and a diode-array, a FOCUS-PolarisQ gas chromatograph/mass spectrometer and an ICS-3000 ion chromatograph.



2.1. Human Exposure Modelling and Risk Assessment Methodology


Human health risk assessment developed in the framework of the present study is related to contaminated site risk assessment. Some different methods were developed for the assessment of risks from soil pollution after 1980s, such as HRS (hazard ranking system) Method (by the US EPA in 1980), the National Classification System for Contaminated Sites (by the Canadian Council of Ministers of the Environment in 1992), the Baden–Württemberg Method (in 1983), and others [37,38]. Examples of environmental tools using these kinds of models to determine risks to human health are the ASTM Risk-Based Corrective Action (RBCA), CSOIL, CLEA (Contaminated Land Exposure Assessment), and others [39]. Generally, results of human health risk assessment of contaminated sites are used to identify the optimal solution for soil remediation [40].



Concerning soil pollution, human health can be affected through ingestion [7], inhalation [41], or dermal contact [42] with contaminated dust and soil, water, or contaminated air. With regard to human health risk assessment, the EPA established the main steps included in the assessment methods and models in the 1980s. Using these methods and models it can be evaluated if the estimated risk from contaminated sites is an acceptable one or not. It is already known that an acceptable individual risk is 10−6, as suggested by World Health Organization, means that one case of cancer out of one million exposed people is considered acceptable [43].



Human health risk assessment is accomplished in three steps: exposure assessment, toxicity assessment, and risk characterization. The exposure assessment involves the determination of the exposure magnitude, the identification of an exposed or potentially exposed population, and the estimation of frequency and duration of exposure. The most important level of the exposure assessment is to identify human exposure pathways. Toxicity assessment contains hazard identification and dose-response assessment. The last step in human risk assessment is characterization of risk, which is supposed to estimate the non-cancer hazard and cancer risk [40,44]. Non-cancer or cancer risk depends on contaminant dose. Contamination can produce local effects (organs, direct contact zones) or it can affect the entire system (respiratory system, nervous system, etc.). The main organs affected throughout the exposure to a contaminated site through multiple exposure pathways are: lungs, skin, kidneys, and liver [40].




2.2. “RECOLAND v1.0” Software Tool for Risk Analysis


An important particularity characterizing the results concerning risk assessment is the fact that risk information is often illustrated by a single value for an entire investigated area. In this way, the user has no information with regard to the spatial variation of the evaluated risks within the region. As a result, especially for the soil contamination affecting important areas, decision-makers would not have complete and detailed information when choosing remediation solutions for the management of contaminated sites. This could take place because of two main reasons: a limited number of active monitoring units (sampling points) in the investigated areas and the lack of some appropriate instruments for the risk assessment.



Development of the “RECOLAND v1.0” (University POLITEHNICA of Bucharest, Romania) software tool for risk analysis aimed at overcoming these issues. It is a software tool able to perform, in a fast and accurate way, the assessment of human health risks from contaminated sites. The software was realized in the framework of research developed within a European project in order to obtain a correct and comprehensive exposure assessment. In addition to assessing risks, it presents a multi-criteria decision support system able to provide support in choosing the optimum technology for decontamination of polluted soils while taking into account efficient technologies, risks for the exposed population, and associated decontamination costs. “RECOLAND v1.0” was developed across the RECOLAND project (POSCCE-A2-O2.1.2.-2009-2 ctr. no 182/18.06.2010).



“RECOLAND v1.0” could run on any computer with Windows XP (all versions), Windows Vista (all versions), Windows 7 (all versions), and Windows 8 (all versions) operating systems, both 32-bit and 64-bit. The computer must have greater than 512 MB RAM and at least 1 GB of free hard-disk space. The programming language is C#. Based on pollutant concentrations identified in the soil “RECOLAND v1.0” is able to evaluate the degree of contamination of a soil taking into account the thresholds for different contaminants’ concentrations in soil stipulated by the national Ministerial Order 756/1997 in force [45]. It can be used to estimate doses and to evaluate if the exposure to the contaminated site can induce carcinogenic risk for the exposed population through multiple exposure routes. The RECOLAND model is similar to other models developed in different countries, such as CSOIL in The Netherlands [46], following the model developed by the US EPA, while considering the specific habits of consumption for the exposed population. The considered equations from the EPA model are given in details in the US EPA-Risk Assessment Guidance for Superfund: Volume I–Human Health Evaluation Manual, published for the first time in 1989 [47,48].



Facilities mentioned before lead to the use of risk-based practices for the management of the contaminated sites by the environmental specialists. This allows managers to know sooner (for instance, before using one remediation technology or another) which solution should receive the most attention and funding in order to solve the environmental challenge, being well-known that soil pollution exposure is a global environmental management concern. In such a way “RECOLAND v1.0” brings a powerful technique for selecting cost-effective and environmentally-preferable solutions for the remediation of contaminated sites ensuring, at the same time, minimum risks for human health. The software tool was designed to help the environmental professional, as an environmental decision support system. The main components of the environmental tool related to the human health risk component of the software are illustrated in Figure 1.


Figure 1. Structure of the Human Health Risk Assessment Module included in the RECOLAND software.
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The present study shows the main results achieved by using the RECOLAND software when human health risk from contaminated site with crude oil is assessed. Particularly, representative pollutants from different groups of contaminants that are known to be carcinogenic for human health were taken into consideration in a soil pollution case due to an oil spill. The general approach considered in the framework of the scientific work is schematically presented in Figure 2.


Figure 2. The general approach in the framework of the research study.
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3. Results and Discussion


3.1. PAHs, MAHs, and Heavy Metal Concentrations in Soil


In the framework of the research work, the concentration level for sixteen individual PAHs, four MAHs, and eleven heavy metals were determined in the soil samples from the investigated area. As mentioned before, the results were evaluated based on the thresholds established by the Romanian regulations on the assessment of environmental pollution (Table 1) [45]. The Ministerial Order 756/1997 establishes the alert and intervention thresholds concentrations of pollutants in soils, in correlation with the specific purpose of land use (recreational land use).



Table 1. Thresholds in the soil established by the Romanian regulations (mg/kg dry weight) [45].







	
Contaminant

	
Alert Threshold Depending on Land Use

	
Intervention Threshold Depending on Land Use




	
Less Sensitive Land Use

	
Less Sensitive Land Use






	
Benzene

	
0.5

	
2




	
Ethylbenzene

	
30

	
100




	
Toluene

	
10

	
50




	
Xylene

	
15

	
25




	
Acenaphthene

	
-

	
-




	
Anthracene

	
10

	
100




	
Benz[a]anthracene

	
10

	
100




	
Benzo[a]pyrene

	
5

	
10




	
Benzo[b]fluoranthrene

	
10

	
100




	
Benzo[k]fluoranthrene

	
10

	
100




	
Benzoperylene

	
5

	
10




	
Chrysene

	
5

	
50




	
Dibenzo [a,h] anthracene *

	
-

	
-




	
Fluoranthene

	
10

	
100




	
Indeno[1,2,3-cd]pyrene

	
5

	
50




	
Naphthalene

	
5

	
50




	
Phenanthrene

	
5

	
50




	
Pyrene

	
10

	
100




	
ΣPAHs

	
25

	
150




	
Arsenic

	
25

	
50




	
Cadmium

	
5

	
10




	
Total Chromium

	
300

	
600




	
Hexavalent Chromium

	
10

	
20




	
Copper

	
250

	
500




	
Iron

	
-

	
-




	
Manganese

	
2000

	
4000




	
Mercury

	
4

	
10




	
Nickel

	
200

	
500




	
Lead

	
250

	
1000




	
Zink

	
250

	
1000








* N.A.—no data available.








Table 2 illustrates the average concentration levels identified in soil for all investigated contaminants of concern, number of replicates (N), and the range and standard deviation (SD). The last mentioned parameter was derived by applying the equation from Microsoft Office Excel 2007.



Table 2. Basic statistics for the soil data.







	
Variable (Congener)

	
Formula

	
N

	
Concentrations in Soil–Range (mg/kgd.w.)

	
SD

	
Concentration in Soil–Average (mg/kgd.w.)






	
Benzene

	
C6H6

	
8

	
0.280–0.780

	
0.18

	
0.543




	
Ethylbenzene

	
C8H10

	
8

	
0.130–0.430

	
0.09

	
0.24




	
Toluene

	
C6H5-CH3

	
8

	
0.280–0.857

	
0.21

	
0.537




	
Xylene

	
C8H10

	
8

	
0.210–3.33

	
0.95

	
1.82




	
Acenaphthene

	
C12H10

	
8

	
0.011–0.080

	
0.02

	
0.036




	
Anthracene

	
C14H10

	
8

	
0.001–0.027

	
0.01

	
0.008




	
Benz[a]anthracene

	
C18H12

	
8

	
0.378–0.758

	
0.13

	
0.598




	
Benzo[a]pyrene

	
C20H12

	
8

	
0.103–0.378

	
0.11

	
0.214




	
Benzo[b]fluoranthrene

	
C20H12

	
8

	
0.280–0.675

	
0.13

	
0.434




	
Benzo[k]fluoranthrene

	
C20H12

	
8

	
0.001–0.066

	
0.02

	
0.042




	
Benzoperylene

	
C22H12

	
8

	
0.052–0.098

	
0.02

	
0.078




	
Chrysene

	
C18H22

	
8

	
0.823–1.430

	
0.20

	
0.982




	
Dibenzo [a,h] anthracene

	
C22H14

	
8

	
0.056–0.445

	
0.13

	
0.255




	
Fluoranthene

	
C16H10

	
8

	
0.012–0.370

	
0.11

	
0.156




	
Indeno[1,2,3-cd]pyrene

	
C22H12

	
8

	
0.075–0.210

	
0.04

	
0.125




	
Naphthalene

	
C10H8

	
8

	
0.010–0.091

	
0.03

	
0.06




	
Phenanthrene

	
C14H10

	
8

	
0.373–0.971

	
0.23

	
0.717




	
Pyrene

	
C16H10

	
8

	
0.389–1.104

	
0.24

	
0.775




	
Arsenic

	
As

	
8

	
3.4–7.43

	
1.32

	
5




	
Cadmium

	
Cd

	
8

	
0.56–1.43

	
0.30

	
0.9




	
Total Chromium

	
Cr

	
8

	
43.22–0.15

	
9.50

	
55.3




	
Hexavalent Chromium

	
CrVI

	
8

	
0.055–0.130

	
0.02

	
0.099




	
Copper

	
Cu

	
8

	
21.60–60.20

	
14.03

	
35.63




	
Iron

	
Fe

	
8

	
0.334–3.900

	
1.11

	
2.684




	
Manganese

	
Mn

	
8

	
456.45–789.68

	
103.83

	
673.27




	
Mercury

	
Hg

	
8

	
0.016–0.356

	
0.11

	
0.214




	
Nickel

	
Ni

	
8

	
21.23–34.15

	
5.02

	
27.53




	
Lead

	
Pb

	
8

	
39.01–66.31

	
10.44

	
53.91




	
Zink

	
Zn

	
8

	
121.52–178.91

	
30.91

	
155.98










The land use for the present study is recreational, regarding a recreation area (not an ensconced playground) near a school (so, frequented by children). Considering the thresholds from regulation in force in Romania for the investigated contaminants (Table 1), the results show that the average concentrations of contaminants of concern did not exceed the existing threshold values, except benzene, which exceeded the alert threshold (Table 2). In the case of ΣPAHs, the determined concentration in soil was below the reference values settled by the Romanian regulation: it was identified as 4.85 mg/kgd.w. (the warning level is 25 mg/kgd.w, and the intervention level is 150 mg/kgd.w. for less sensitive land use). According to MO 756/1997 [45], when the concentrations of one or more soil pollutants exceed the alert thresholds, but lie below the intervention threshold for a proper land use, there is a potential impact on the soil. In these situations, the competent authorities take special measures to prevent further pollution of the soil and require additional monitoring of potential sources of contamination. Consequently, the next step in the framework of the developed research work was to assess risks for human health from soil contaminated with the previously-defined contaminants of concern.




3.2. Carcinogenic Risk Assessment for an Oil-Contaminated Site


The chemical analysis of the crude oil-contaminated site included different groups of contaminants: PAHs, BTEX compounds, and heavy metals. Among the 16 PAHs identified in the soil, 11 chemicals were considered for the assessment of the carcinogenic risk. Concerning the BTEX group of contaminants, ethylbenzene and benzene were the main contaminants of concern, while for heavy metals group, five metals were taken into account. These choices were made based on the information provided by the US EPA, suggesting that their toxicological profile is recognized as carcinogenic for humans (Table 3).



Table 3. Non-carcinogenic and carcinogenic compounds determined in the investigated soil.







	
Noncarcinogenic Compounds

	
Carcinogenic Compounds






	
Toluene

	
Benzene




	
Xylene

	
Ethylbenzene




	
Acenaphtene

	
Anthracene




	
Anthracene

	
Benz [a] anthracene




	
Benzoperylene

	
Benzo [a] pyrene




	
Fluorene

	
Benzo [b] fluoranthrene




	
Naphthalene

	
Benzo [k] fluoranthrene




	
Total Chromium (Cr)

	
Crysene




	
Copper

	
Dibenzo [a,h] anthracene




	
Iron

	
Indeno [1,2,3-cd] pyrene




	
Manganese

	
Fluoranthene




	
Mercury

	
Phenanthrene




	
Zink

	
Pyrene




	

	
Arsenic (As)




	

	
Cadmium




	

	
Hexavalent Chromium (CrVI)




	

	
Nickel (Ni)




	

	
Lead (Pb)










In order to determine the cancer risk, information about toxicity, human exposure pathways, duration, and frequency of exposure and other parameters should be known. The US EPA establishes a parameter for each carcinogenic compound, which is called as the slope factor, which quantitatively defines the relationship between dose and response. This represents an estimated value for toxicity [44]. Thus, in order to calculate risk of developing cancer, several parameters specific to each compound were considered: oral slope factor or inhalation potency factor, the daily intake (calculated based on concentration of each chemical), the frequency and the duration of exposure, etc. [49]. These parameters were considered in the US EPA equations [50]. Across the present research study, the cancer risk, for both children and adults, was assessed considering the following equations:
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(1)




where, I is the chronic daily intake (dose) (mg/kg/day) and SF is the slope factor (mg/kg/day)−1.



In case the risk is arising from different contaminants, the total risk is calculated as the sum of the risks generated by each pollutant for each exposure pathway:
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(2)




where Riski is the estimated risk for each substance.



The pathways of human exposure analyzed in the present study were soil ingestion and dermal contact, according to the existing exposure scenario (recreational). Estimated doses were calculated by the equations below:

	
Ingestion of chemicals in soils:
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(3)







	
Exposure through dermal contact:
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(4)












For the calculation of the exposure through soil ingestion (Dosesi) and dermal contact (Dosedc) the following parameters were used: the chemical concentration in soil (CS in mg/kg), the conversion factor (CF = 10−6 kg/mg), the ingestion rate (IR, mg soil/day), the fraction ingested from the contaminated source (FI, unitless), the body weight (BW in kg), the exposure frequency (EF in events/year), the exposure duration (ED in years), the average time (AT in days), the skin surface area available for contact (SA in cm2/event), the soil to skin adherence factor (AF in mg/cm2), and the absorption factor (ABS, unitless).



Table 4 illustrates the known absorption factors (ABS) related to the investigated chemicals in soil, while Table 5 presents the cancer slope factors (CSF) that were used in the framework of the study in order to estimate the risk of cancer associated with exposure to the investigated carcinogenic or potentially-carcinogenic substances.



Table 4. Absorption factors used for the assessment of dermal contact exposure.







	
Substance

	
Absorption Factors (-)






	
Benzene

	
8.00 × 10−2




	
Ethylbenzene

	
2.00 × 10−1




	
PAHs

	
1.30 × 10−1




	
Arsenic

	
4.00 × 10−2




	
Cadmium

	
1.00 × 10−3




	
Hexavalent Chromium

	
1.00 × 10−2




	
Nickel

	
4.00 × 10−2










Table 5. Cancer slope factors (dermal contact and oral ingestion).







	
Substance

	
Cancer Slope Factor (mg/kg/Day)−1

	
Reference






	
Benzene

	
3.50 × 10−2

	
US EPA, 2000 [51]




	
Ethylbenzene

	
1.10 × 10−2

	
NJDEP, 2009 [52]




	
Anthracene

	
2.30 × 10−1

	
HC2, 2007 [29]




	
Benz[a]anthracene

	
1.20 × 100

	
US EPA, 2003 [53]




	
Benzo[a]pyrene

	
1.20 × 10

	
US EPA, 2003 [53]




	
Benzo[b]fluoranthrene

	
1.20 × 10+0

	
US EPA, 2003 [53]




	
Benzo[k]fluoranthrene

	
1.20 × 10+0

	
US EPA, 2003 [53]




	
Benzoperylen

	
2.30 × 10−2

	
HC2, 2007 [29]




	
Crysene

	
1.20 × 10-1

	
US EPA, 2003 [53]




	
Dibenzo [a,h] anthracene

	
4.10 × 10+0

	
US EPA, 2003 [53]




	
Fluoranthene

	
2.30 × 10−2

	
HC2, 2007 [29]




	
Indeno[1,2,3-cd]pyrene

	
1.20 × 10+0

	
US EPA, 2003 [53]




	
Phenanthrene

	
2.30 × 10−3

	
HC2, 2007 [29]




	
Arsenic

	
1.50 × 100

	
US EPA, 2003 [53]




	
Cadmium

	
1.50 × 10

	
US EPA, 2003 [53]




	
Hexavalent Chromium

	
4.20 × 10−1

	
OEHHA, 2009 [54]




	
Nickel

	
9.10 × 10−1

	
US EPA, 2003 [53]




	
Lead

	
8.50 × 10−3

	
US EPA, 2003 [53]










With the aim of assessing exposure through dermal contact and soil ingestion, the specific parameters presented in Table 6 are used. The body weight for children was 32 kg while, for adults, it was 70 kg. Even if, generally, the average time that is taken into account is 2560 days for children (7 years) and 25,600 days for adults (70 years), the exposure duration for the considered scenario in the present study was five years for children and 21 years for adults.



Table 6. Parameters used for the exposure assessment.







	

	
Dermal Contact




	
SA–Skin Surface Area (cm2/Event)

	
ED–Exposure Duration (Days)

	
EF–Exposure Frequency (Days/Year)




	
Children

	
5.14 × 103

	
1.82 × 103

	
1.50 × 101




	
Adults

	
9.11 × 103

	
7.66 × 103

	
3.00 × 101




	

	
Soil Ingestion




	
FI–Fraction Ingested from Contaminated Soil (-)

	
IRs–Soil Ingestion Rate (mg/Day)

	
EF–Exposure Frequency (Days/Year)




	
Children

	
1.00 × 10−1

	
1.50 × 102

	
9.00 × 101




	
Adults

	
3.00 × 10−1

	
1.00 × 102

	
1.20 × 102










Using RECOLAND, the total carcinogenic risk to an individual from oil contaminated site was assessed. As previously mentioned, the method used for the assessment of risk is based on dose-effect relationships. The average carcinogenic risk for the investigated area was calculated as 1.07 × 10−5 for children and 6.89 × 10−6 for adults. These results exceed the acceptable risk of 10−6 (Figure 3).


Figure 3. Total carcinogenic risk from crude oil contamination soil in the investigated area.
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The carcinogenic risks calculated for each individual compound are illustrated in Figure 4. By examining the risks of the individual compounds, it could be assessed which is/are the contaminant/s that is/are leading to an unacceptable risk in the investigated area. Additionally, the obtained results were compared with the acceptable risk (10−6) suggested by the World Health Organization for every single contaminant. As shown in the Figure 4, it could be noticed that, although attention is mainly focused on PAHs and MAHs when soil is contaminated by oil spills, arsenic and nickel contamination should not be neglected (Figure 4).


Figure 4. Carcinogenic risks posed by individual contaminants for the contaminated site concerned.
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Furthermore, the percentage contribution to the assessed total carcinogenic risk to individuals from heavy metals is significant (95%) compared to the other groups of chemicals (Figure 5). The results show that, even if metals are not the main concern related to soil contamination with petroleum products, they might contribute significantly to human health risk. Even if there is no certainty that heavy soil contamination is due to the crude oil contamination, the achieved results are in accordance with the results obtained by other authors that showed the importance of soil contamination with heavy metals by oil spills [55,56,57,58]. For instance, Asia et al. [59] showed that exploration and production activities introduced a large amount of heavy metals into the soil and groundwater where such activities are carried out. This study suggested pollution by heavy metals (lead, copper, chromium, iron, nickel, and zinc) across petroleum exploration and production operations. Heavy metal contamination of soil by crude oil pollution has been reported by other studies as well [57,60,61]. Moreover, pollution with crude oil has a negative impact not only on soil characteristics, but could also increase the heavy metal content of vegetation growing on the impacted land, as shown by Bada and Olarinre in 2012 [62]. The obtained results are also confirmed by other authors that have demonstrated that crude oil contamination can lead to gradual heavy metal build-up in the soil with negative consequences on crops from such soils [63].


Figure 5. Carcinogenic risks posed by the contaminant groups of PAHs, MAHs, and heavy metals for the contaminated site concerned.
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The present study underlines the necessity of carrying out remediation works of the contaminated site simultaneously with the health risk assessment studies based on the risk-based approach. The obtained results for the investigated site should involve decontamination of soil by taking into account the most significant contaminants causing higher risk. On the other hand, further research on heavy metal contamination of soils due to the crude oil pollution is needed as there is a difficulty in distinguishing between historical contamination with heavy metals resulting from the industrial activities (other than petroleum industry) and heavy metal contamination of the soil due oil spills (in case of the same contaminated site). Moreover, within the present study it was demonstrated that the analytical tools are a good choice in order to facilitate decision-making in facing environmental challenges.





4. Summary of Findings


Considering the achieved results in the framework of the present study, some important considerations may be contemplated:

	
RECOLAND quantifies the effects of exposure to soil pollution in terms of carcinogenic risks to humans.



	
The assessed high carcinogenic risk to individuals from heavy metals in soil compared to the other groups of chemicals suggested that more research should be conducted in this area (As and Ni concentrations in soil revealed unacceptable risks to humans).



	
Results illustrated in the present paper are supporting the improvement of our capacity for representing, understanding, predicting or managing the behavior of environmental systems at the practical scales.



	
This kind of analytical instrument (RECOLAND) may be a good choice in order to facilitate decision-making processes when faced with environmental challenges. In this way, responsible authorities can easily simulate 'what if' scenarios to find the best solution to problems, such as soil pollution.



	
The RECOLAND tool could be a valid instrument for the analysis of soils when characterizing, remediating, and monitoring contaminated soil sites.



	
Such an operational tool may be useful for defining mitigation measures and for anticipating their qualitative and quantitative effects on soil quality.



	
Further studies will be conducted to keep testing the software, but also in order to extend it to other kinds of contaminants that could arise in soil within anthropogenic activities.









5. Conclusions


The study developed the assessment of human health risk caused by exposure to carcinogenic PAHs, MAHs, and heavy metals existing in a soil contaminated as a consequence of crude oil pollution with a risk analysis software package (RECOLAND v1.0). Related to the risk determination, the equations indicated by the US EPA considering two main age categories (children and adults) were used. Results showed that the mean of the estimated cancer risk is about 1.07 × 10−5 for children and 6.89 × 10−6 for adults. Thus, the assessed individual risk from the oil contaminated site is higher than the acceptable value recommended by the WHO (1 × 10−6). The study suggested that oil contamination of the soil could be a significant contributor for the higher level of risk.



The results indicated that it is necessary to find an optimal solution for decontaminating the investigated soil to minimize the health risks. The risk estimation process proposed and illustrated in the present study are aimed to show an effective method for decreasing, or even eliminating, the impact of the contaminated site on human and environmental health. By using this risk-based approach, it was shown that some heavy metals might contribute significantly to human health risk in the soils contaminated by petroleum products, even if they are generally not the main concern for such sites. Therefore, future developments should be focused on the implementation of continuous monitoring of heavy metals in the soil when oil spills occur.



As soil pollution is an important environmental issue worldwide, how to manage the contaminated land problem and protect human health is a great challenge for the decision factors that must manage these kinds of aspects. For that reason, the existence of environmental tools, such as RECOLAND, that could be applied for different areas, in different countries, in order to assess risks on humans from contaminated sites is needed. It is becoming possible in this way to transfer knowledge from researchers to decision-makers.
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