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Persistent and Emerging Organic Pollutants in the Marine Coastal Environment of the Gulf of Milazzo (Southern Italy): Human Health Risk Assessment
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The Gulf of Milazzo (north-eastern Sicily) has been recognized as Italian Site of National Interest (SNI; areas characterized by high level of contamination with potential effects on human health) in 2005 because of its high level of pollution. In this study we measured the concentration of polycyclic aromatic hydrocarbons (PAHs), organochlorine pesticides (OCPs), and polyBrominated diphenyl ether (PBDE) in seawater and sediments sampled from the Gulf of Milazzo in order to assess (i) the environmental status of contamination, and (ii) cancer and non-cancer human health risk potentially due to dermal absorption from contaminated seawater and/or ingestion of contaminated fish. Particularly, POPs content in pelagic and demersal fish of different size classes (small, medium, and large) were estimated, starting from the measured seawater and sediments concentrations, using the KABAM model. In particular, Monte Carlo simulation techniques were applied to address uncertainty in assessment of the risk and to provide quantitative estimates of probability of exposition. Ingestion of contaminated pelagic and demersal fish was the dominant pathway of exposition with high probability of significant cancer risk (Ingestion Cancer Risk >10–4) and significant non-cancer risk (Hazard Index >1). No human health risks emerged to be associated to dermal adsorption from contaminated seawater. Benzo(a)pyrene show the highest Ingestion Cancer Risk with respect to the other PAHs, while the highest Hazard Index for non-cancerogenic molecules was estimated for the PBDE47 congener.
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INTRODUCTION

Persistent organic pollutants (POPs) are organic compounds with a worldwide occurrence in the marine environment because of their resistance to environmental degradation. The high lipophilicity makes them capable to bioaccumulate in large quantities in tissues of marine organisms. The polycyclic aromatics hydrocarbons (PAHs) are a mixture of aromatic compounds of great environmental concern released both by natural sources (pyrolysis, incomplete combustion of organic matter) and anthropogenic activities (industrial processes, combustion of wood and fossil fuels, motor vehicles, incinerators, oil plants and oil spills). Several researches indicate that high environmental PAHs concentrations are related to increasing incidence of cancer and mutagenic events for exposed organisms (Ramesh et al., 2012). As a consequence, several high molecular weight PAHs have been classified as recognized (class 1), probable (class 2A), or possible (class 2B) human carcinogens (International Agency for Research on Cancer [IARC], 1987). On the other side, the intensifications of agricultural activities has led to increased concentration in the environment of pesticides, a group of POPs belonging to organochlorines compounds (OC). Organochlorines are commonly classified as endocrine disrupting chemicals (EDCs) and are reported to increase the risk of hormone-related cancers by interfering with the endocrine metabolism (Wolff et al., 1993; Sohail et al., 2004). Moreover, epidemiological studies demonstrated a positive correlation between high levels of OCs and incidence of hypertension, cardiovascular diseases and other health-related issues in humans (Subramaniam and Solomon, 2006; Jayaraj et al., 2016). Finally, Polybrominated diphenyl ethers (PBDEs) are a group of emerging ubiquitous POPs used as flame-retardants during the production of textiles, paints, furnitures, electronic circuit boards and plastics. Toxicological studies on laboratory animals demonstrated that PBDEs exposure is positively correlated with thyroid homeostasis disruption, neurotoxic effects, reproductive disorders and cancer (Linares et al., 2015). As recommended by the Marine Strategy Framework Directive (MSFD) (2008/105/CE; Descriptor D8), monitoring studies are needed to assess the environmental risk due to traditional and emerging contaminants and their possible adverse effects on wildlife and human health. The Gulf of Milazzo, located in northern Sicily (southern Italy), has been recognized as Site of National Interest (SNI) in 2005 because of its high level of pollution due to the intensive industrial activities started in the 1950. High arsenic concentrations were recorded in seawater (La Pera et al., 2008) while high concentrations of zinc, lead, cobalt, and copper were recorded in sediments (Pepe et al., 2010). In this paper, we report POPs concentration in seawater and sediments of the Gulf of Milazzo in order to assess the human health risk due to the presence of these contaminants. In particular, we evaluate human cancer and non-cancer risk due to POPs in seawater through two ways of exposure: direct contact by skin during summer activities and by ingestion of contaminated fish. Monte Carlo simulation techniques were run to verify the probability distribution of risk indices, useful for a better assessment of pathways of exposition.



MATERIALS AND METHODS


Sampling Strategy

Seawater stations (n = 16) were sampled in the Gulf of Milazzo, during two oceanographic cruises: Cisas I Milazzo (July–August, 2017) and Cisas II Milazzo (April, 2018) aboard R/V Luigi Sanzo, at three different depths of the water column (surface, intermediate, and bottom) with 10 L “Niskin” bottles. Sediment samples (n = 8) were collected using a box-corer. The sampling stations are shown in Figure 1. Analyses on sediment samples were carried out on samples collected from the superficial 5 cm depth. Seawater samples were preserved in dark glass bottles, previously cleaned with acetone and rinsed with Milli-Q. All the samples were stored at −20°C, until the analysis. During each survey, hydrological parameters (temperature, salinity, dissolved oxygen, fluorescence, and pH) were measured along the water column (more details are reported in the Supplementary Material). The hydrology study showed evidence of a stratified system with a mixed layer depth (MLD) of about 15 m and an evident thermocline, at about 20 m of depth (Supplementary Material). We measured the contaminants only in surface waters.
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FIGURE 1. Sampling stations in the study area.




Chemical Materials

All reagents used, methanol (CH3OH), methylene chloride (CH2Cl2), n-hexane (n-C6H14), ethyl acetate (C4H8O2), purchased by VWR were pure and pesticides free. The solid phase disk C18 was Empore disk C18 of 50 mm. The PAHs mix standard containing naphthalene (Nap), acenaphthylene (Acn), acenaphthene (Ace), fluorene (Flo), phenanthrene (Phe), anthracene (Ant), fluoranthene (Flu), pyrene (Pyr), benzo[a]anthracene (BaA), chrysene (Chr), benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaPy), indeno(1,2,3-cd)pyrene (InP), dibenzo(a,h)anthracene (DahA), and Benzo(g,h,i)perylene (BghiP), with a concentration of 100 μg/ml per each congeners, get by Dr. Ehrenstorfer GmbH (PAH-MIX9), was used to calibrate the instrument. The internal standard was a mix of four deuterated PAHs (PAH Mix 25), and a mix of three more deuterated PAHs (PAH Mix77 get by Dr. Ehrenstorfer GmbH) was used to check the recovery. A mix of PBDE (28, 47, 99, 100, 153, 154, and 209) was prepared ad hoc by LabStandard (Italy). Two mixes of OCPs, one containing Alachlor, Aldrin, Dieldrin, Endrin, Isodrin, DDE, DDD, DDT (Σ isomers), Endosulfan (Σ isomers), with a concentration of 100 mg/l each one; and the other containing Hexachlorobenzene, Hexachlorobutadiene, Hexachlorocyclohexane (Σ isomers), Pentachlorobenzene with a concentration of 100 mg/l each-one, were prepared ad hoc by LabStandard (Italy).



Chemical Analysis


Seawater Analysis

USEPA Method 525.1, EPA 8270D e EPA 8081 was run to extract and analyze POPs from seawater. Particularly, the extraction of POPs from seawater was carried out, according to US EPA Method 525.1, using a solid phase disk bakerbond speedisk C18 of 50 mm and an apparatus of six extractors coupled with a vacuum system. 1 L of seawater sample was poured onto the disk previously cleaned with 10 ml of CH2Cl2, conditioned with 20 ml of CH3OH and 20 ml of distilled water (with 0.5% of CH3OH). The elution was run by (i) drying the disk, venting air for at least 10 min with a vacuum pump; (ii) pouring 10 ml of C4H8O2 (ethyl acetate) onto the disk (this step was necessary to eliminate any remaining water from the disk and to increase the recovery of the contaminants); (iii) pouring 10 ml of a mix 50:50 of C4H8O2/CH2Cl2 and at last 20 ml of CH2Cl2. All eluted solvents were collected in the same test tube and dried using a multivapor (got by BÜCHI). Finally, 1 ml of n-Hexane (containing internals standard) was spilled inside the test tube and recovered for GC/MS. Analysis was carried out using a GC/MS Triple Quadrupole (by Thermo Fisher GC Trace 1310 coupled with a TSQ8000 mass spectrometry and Triplus RSH autosampler). The GC was equipped with a DB-5 ms capillary column (30 m × 0.25 mm, 0.25 μm) and with a PTV injector set in large volume mode. PAHs, OCPs and PBDE were determined in SRM Mode as reported in the Thermo Scientific application note 52389.



Sediment Analysis

USEPA Method 3545, EPA 8270D, EPA 8081 was used to extract and analyze POPs from sediments. Synthetically, 2 g of dry, sieved and homogenized sediment, spiked with surrogate standards, was extracted by Accelerated Solvent Extraction (ASE 200, DIONEX, Thermo Scientific) using a hexane/acetone (80:20 v/v) mixture. The clean up was run using SPE Silica Gel and SPE Florisil to PAH and OCPs, respectively. The final extracts were analyzed by Gas Chromatography (GC-MS ISQ; Thermo Finnigan) with Mass Spectrometric detection in Selective Ion Monitoring (SIM) mode for PAH with a limit of detection estimated as 1 μg/kg for each PAH and by Gas Chromatography with mass spectrometric Ion-Trap with tandem mode (GC-Ion Trap Polaris; Thermo Finnigan) in MSN mode for OCPs with a limit of detection estimated as 0,25 μg/kg.



Total Organic Carbon in Sediments

Total organic carbon was determined by a Thermo Electron Flash EA 1112 coupled to a Thermo Electron Delta V Advantage mass spectrometer. Analysis was carried out after elimination of all of the carbonate present in the samples (ca. 10–15 mg of bulk sediment samples were de-carbonated using HCl 1 M in silver cups for 24 h at ambient temperature and then dried in an oven at 60°C). An internal standard (urea with C = 20%, N = 46%) was run every six samples. The detection limit for TOC measurements was established at 0.05%, considering chromatogram peak >500 mV and correspondingly determining the sample weight.



Quality Control

Laboratory quality control procedures for PAHs, OCPs and PBDEs both in seawater and sediments included analyses of blanks, spiked samples and reference materials for sediments. The recovery measured on artificial seawater spiked with a final concentration of 100 ng/l per each contaminant was between 75 and 115%. A mix of deuterated PAH with a final concentration of 10 ng/l was added before the extraction to monitor the recovery percentage (PAH deuterated MIX) in each seawater sample. The reproducibility measured by three consecutive extractions was less than 20%.

The reference material used for quality control, on sediment analyses, was SRM 1941b-NIST.

The recoveries for each analyte of PAHs ranged between 94 and 107%, the reproducibility was about 10% for all substances, and the accuracy was estimated greater than 10% for each single analysis. The SRM 1941b-NIST.reference material was also used to measure the accuracy of total organic carbon percentage (TOC%) in sediment. The accuracy and reproducibility were about 5 and 0,4%, respectively.



Human Health Risk Assessment

The human health risk for resident population was assessed hypothesizing two routes of contaminant exposure:


(1)Dermal adsorption during summer activities (e.g., swimming).

(2)Ingestion of contaminated fishes.




Dermal Cancer and Hazard Risk

Dermal Hazard Risk (DHR) and Dermal Cancer Risk (DCR) were assessed according to US EPA protocol, Risk Assessment Guidance for Superfund: part E (RAGS, E), following the equations 1–5:
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where FA is the fraction of the adsorbed water, Kp is dermal permeability coefficient calculated per each compound (cm/h) as function of Kow and molecular weight, Cw is pollutant concentration in surface water (ng/l), τ event is lag time per event (h/event), τ_event is the duration of the event (h/event), EV is the frequency of the event (events/day), ED is the exposure duration (years), EF is the frequency of exposure (days/year), SA is the skin surface area (cm2), BW is the body weight (kg), AT is the average lifespan (years, AT = ED for not cancer risk), SFo is Cancer Slope Factor oral (mg/kg/day), RfDo is oral Reference Dose (mg/kg/day), and ABSGI is the fraction of contaminant absorbed in the gastro-intestinal tract. The values of these parameters are shown in Table 1. The combined DCR associated to all congeners of PAH was calculated as Benzo(a)pyreneTEQ (Eq. 6)


TABLE 1. Variables used for risks determination.

[image: Table 1]
[image: image]

where TEFi is Toxicity Effect Factor and Ci is the concentration of each congener in seawater (ng/l). The combined DCR associated to all POPs was calculated as the sum of each carcinogenic compound that can injury the same target organ.



Contaminant Concentrations in Fish Tissues

Contaminant concentrations in fish were simulated using the model KABAM (Kow based Aquatic Bioaccumulation Model) following Arnot and Gobas (2004), who parameterized a bioaccumulation model in aquatic ecosystems using the octanol-water partition coefficient (Kow) to estimate uptake and elimination constants through respiration and diet of organisms in different trophic levels. We used the model to estimate the concentration of contaminants in edible tissues of pelagic and demersal fish of 3 size classes, small fish (SF, 10–100 g), medium fish (MF, 100–1,000 g), and large fish (LF, −1,000 g), starting from the contaminant concentrations in seawater column and in pore waters, respectively. Contaminant concentrations in seawater and sediments were calculated as the average of concentrations measured in all samples during the two surveys. We used values corresponding at half of detection limit for not quantifiable measures. We used the sediment/liquid partition coefficients (Kd = Koc⋅ foc = Csediment/Cpore water) to estimate contaminant concentrations in pore waters starting from concentrations measured in sediment samples. Time to steady-state (Tss) for each compound was calculated using Kow as follows:
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Contaminant concentrations in fish were normalized at 2-year life for each compound with Tss greater than 730 days (2 years). Furthermore, we set the KABAM model (ecosystem input paragraph) according to the diet and habitat of the fish.



Ingestion Cancer and Hazard Risk

The Average Daily potential Dose (ADD) was calculated as follows:
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where Cfish is the estimated concentration of contaminant in fish tissue, IR is the Ingestion Rate (gr/days); EF is the Exposure Frequency (days/years); ED is the Exposure Duration (years); BW is the Body Weight (kg) and AT is the average lifespan (years, AT = ED for not cancer risk). The values of these parameters are shown in Table 1. The Ingestion Cancer Risk (ICR) was calculated multiplying the ADD by the Cancer Slope Factor oral (CSF) of each contaminant:
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The combined ICR associated to all POPs was calculated as the sum of each compound that can injury the same organ. The Hazard Quotient risk (HQ) regarding non-cancerogenic health issues was calculated dividing the ADD by the Reference Dose oral (RfDo) of each contaminant:
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Statistical Analysis

Monte Carlo simulation techniques with 5,000 iterations were applied to estimate variability and uncertainty in risk assessment. The repeated sampling was based on probability distributions of contaminant concentrations in water and fish. The procedure was performed by R 3.6.1 (R Core Team, 2019). Differences of contaminant contribution for the ingestion cancer risk were tested by a non-parametric test (Kruskal–Wallis test) and by pairwise comparison. The level of significance was set at p < 0.05.



RESULTS AND DISCUSSION


Occurrence of Contaminants in the Study Area

The concentrations of PAHs, OCPs, and PBDEs in seawater and superficial sediments of the Gulf of Milazzo are shown in Table 2. Higher concentrations of low molecular weight PAHs (sum of congeners with 2 and 3 rings) were found in the water column because of their greater solubility, while high molecular weight PAHs (sum of congeners 4, 5 and 6 rings) were more abundant in sediments. Alachlor is the most concentrated OCPs in seawater (average 2.84 ng/l) followed by DDE (average 1.06 ng/l), while PBDE47 is the most concentrated PBDEs (3.58 ng/l). Contaminant concentrations in seawater samples are lower than the maximum admissible concentrations (MAC) set by the Italian Regulations n.172/2015 (application of the European Directive 2013/39/EU, 2008/105/CE, and 2000/60/CE) except for Benzo(ghi)Perylene and ΣPBDE that exceeds the threshold limits in 13 and 5 sampling stations, respectively. Depending on PAHs contamination, seawater could be classified as: micro-polluted, ΣPAHs 10–50 ng/l; light-polluted, ΣPAHs 50–250 ng/l; moderately polluted, ΣPAHs 250–1,000 ng/l and heavily polluted, ΣPAHs >1,000 ng/l according to Chen (2008). The concentrations of ΣPAHs in seawater ranged from 1.6 to 70.3 ng/l, showing that the site could be classified as micro-polluted/light-polluted by PAHs. Particularly, light-polluted seawaters were found in the stations MZ13 (ΣPAHs = 59.2 ng/l) and MZ43 (ΣPAHs = 70.3 ng/l). PAHs concentrations in sediments (26.94–862.0 μg/kg), are much higher than organochlorine pesticides (2.50–3.72 μg/kg) and PBDE concentrations (0.93–3.72 μg/kg). Hexachlorobenzene (HCB) is the most concentrated organochlorine pesticide in sediments followed by DDD and DDT, while the same concentrations were found for PBDE congeners. Contaminant concentrations in superficial sediments are lower than the maximum admissible concentrations (MAC) set by the European Directive 2013/39/EU, except for Fluoranthene concentrations in 2 sampling stations (MZ13 and MZ33), Benzo(b)fluoranthene in 1 sampling station (MZ13), Benzo(k)fluoranthene in 1 sampling station (MZ13) and Benzo(a)pyrene in 1 sampling station (MZ13). Total PAH concentrations, sediments may be classified according to Soclo et al. (2000) as highly contaminated with PAHs > 500 μg/kg, moderately contaminated with PAHs > 250, and slightly contaminated with PAHs < 250 μg/kg. Our data demonstrate that the superficial sediment samples of the Gulf of Milazzo cover the entire range of contamination. Particularly, high PAHs contamination was found in the stations MZ13 (ΣPAHs = 861 μg/kg) and MZ33 (ΣPAHs = 544 μg/kg). Relatively low values of organic chlorinated pesticides (OCPs) concentrations were found in seawaters and superficial sediment samples suggesting a reduced level of this class of contaminant contribution from agricultural activities in the study area. A comparison of PAHs concentrations in sediments from other industrialized marine sites is shown in Table 3. No sufficient data on OCP and PBDE concentrations in the Mediterranean Sea are available in literature for robust and statistically significant comparisons. This work offers one of the first complete datasets of these classes of contaminants in seawater and sediments from highly contaminated industrial areas.


TABLE 2. Range and mean contaminant concentrations in seawater and sediment.
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TABLE 3. Contaminant concentration in sediments from others industrialized bay.
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PAHs Source Identification

The identification of the PAHs source was assessed calculating Fluo/Fluo + Pyr and Ant/Ant + Phe ratios per each sample. Fluo/Fluo + Pyr <0.40 show a petroleum contamination, between 0.40 than 0.50 a liquid fossil fuel (vehicle and crude oil) combustion and >0.50 are characteristic of grass, wood, or coal combustion; Ant/Ant + Pyr <0.1 petroleum and >0.1 pyrogenic sources (Yunker et al., 2002; He et al., 2014; Soliman et al., 2014; Ya et al., 2014). Fluo/Fluo + Pyr and Ant/Ant + Pyr show mean value of 0.41(±0.14) and 0.28(±0.14) in seawater and 0.54(±0.07) and 0.21(±0.2) in sediment. These results suggest both petroleum contamination and pyrogenic source due to refinery activities/marine traffic and thermopower plant.



Health Risk Assessment


Cancer Risk Assessment

The Dermal Cancer Risk (DCR) due to dermal absorption of all contaminants in surface seawater (ΣDCR) for each sampling station ranged from 4.8⋅ 10–7 to 6.0⋅ 10–6. These values are shown in the distribution map (Figure 2), using inverse distance weighting (IDW) and setting a buffer with a fixed distance of 1 km from sampling station, in order to identify the most dangerous area. The average values of DCR for each contaminant ranged from 10–13 to 10–7 (Table 4). The cancer risk due to fish ingestion ranged from 10–13 to 5.0⋅ 10–4 (Table 4). We estimated the combined cancer risk for different organs supposing additive carcinogenic effects of contaminants with the same target. The information about the target organs of each contaminant was checked using IRIS database. The combined DCR per target organs ranged from 7.0⋅ 10–9 for breast cancer to 9.4⋅ 10–7 for lung cancer, while the combined ICR per target organs ranged from 1.7⋅ 10–7 for breast cancer to 5⋅ 10–4 for gastro-intestinal cancer (Table 5). The target organ with the highest potential to develop a carcinogenic event is the gastro-intestinal tract (followed by liver, skin, lung, and breast) because of the higher ICR associated with BaPy (2.7⋅ 10–4, Table 4). The risks here analyzed are compared with the acceptable risk levels proposed by the international agencies. The US EPA assumed acceptable risk level in a range from 10–6 to 10–4 (Environmental Protection Agency [EPA], 1991). No remediation measures are required when the cancer risk falls within this range. The US EPA assumes the unconditionally acceptable risk level below 10–6 (Environmental Protection Agency [EPA], 2004) while a risk greater than 10–4 requires protective measures to mitigate the risk. All the DCRs here found were under the USEPA acceptable range (10–6–10–4). We recorded ICRs above the upper bound of the USEPA acceptable range (10–4) due to the ingestion of demersal medium and large fishes and pelagic large fishes (Tables 4, 5), suggesting a significant risk to develop cancer for the resident population. The probabilistic distributions of Dermal Cancer Risk (DCR) and Ingestion Cancer Risks (ICR) for small (SF), medium (MF), large (LF) pelagic, and demersal fish were obtained from Monte Carlo simulations (Figures in Supplementary Material). The descriptive statistical values (including 5th percentile, 25th percentile, median, 75th percentile and 95th percentile) are reported in Table 7. Integration of variability can lead to a more realistic evaluation of risk estimation, that could be affected by data scarcity, parameter variability and model limitations (Chen et al., 2015; Qu et al., 2015). According to the guideline established by United States Environmental Protection Agency [US EPA] (1991), the unconditionally acceptable risk level is below 10–6 and the acceptable risk levels range from 10–6 to 10–4. All the simulated statistical values of DCR and ICR of PBDE of pelagic and demersal fish were lower than 10–6. On the contrary, the density distributions of ICR due to PAHs exposure from ingestion of pelagic and demersal fish estimated the unacceptable risk level (10–4) in correspondence with the 93th percentile for medium pelagic fishes, the 80th percentile for large pelagic fishes, the 85th percentile for small demersal fishes, the 65th percentile for medium demersal fishes, and 38th percentile for large demersal fishes. This means that the probability to exceed the unacceptable threshold is 7, 20, 15, 35, and 62%, respectively. About 5% of ICR due to exposure to OCPs for large pelagic fish, 8% for medium demersal fish and 22% for large demersal fish is above the unacceptable risk level (10–4).
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FIGURE 2. Dermal Cancer Risk (ΣDCR) distribution in the study area.



TABLE 4. Mean Ingestion Cancer Risk (ICR) for small (SF), medium (MF), large (LF) pelagic, and demersal fish and mean Dermal Cancer Risk (DCR).
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TABLE 5. Combined Ingestion Cancer Risk for small (SF), medium (MF), large (LF) demersal-pelagic fishes, and Combined Dermal Cancer Risk calculated for the target organ of each carcinogenic contaminant.
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Non-cancer Risk Assessment

Hazard Quotients (HQ) were applied for the evaluation of non-carcinogenic health risk through ingestion and dermal adsorption of single contaminant. It is well known that POPs exert hemato-, cardio-, renal-, neuro-, immuno-, reproductive toxic effects in laboratory animals and humans (Ramesh et al., 2004; WHO, 2010). Hazard Index (HI) were applied to evaluate the non-cancerogenic health risk through ingestion and dermal adsorption of the sum of contaminants found in the study area. The hazard quotients calculated for the dermal adsorption (DHQ) and the ingestion of contaminated fishes (IHQ) and hazard index (HI) for the sum of all POPs are given in Table 6. We found HQ values less than 1 for all the measured POPs due to ingestion and dermal adsorption, which indicated little or no potential adverse effects on local residents’ health through ingestion and/or dermal absorption of a single contaminant. The exception is represented by the HQ of PBDE47 due to the ingestion of pelagic and demersal large fishes (IHQ = 2.47 and 2.49, respectively; Table 6). According to Table 6, the HIs due to the ingestion of pelagic and demersal medium-large fishes are above the unity, indicating potential adverse effects on local resident’s health due to the ingestion of a mix of pollutants from contaminated commercial fishes. Thus, it can be concluded that the mix of pollutants can cause harmful non-carcinogenic health effects in the resident population of Milazzo. The HQs and HI due to dermal absorption of all contaminants are negligible. The HI values are shown in a distribution map (Figure 3) using inverse distance weighting (IDW). The probabilistic distributions of Dermal Hazard Risk (DHR) and the Ingestion Hazard Risks (IHR) for small (SF), medium (MF), large (LF) pelagic and demersal fishes were obtained from Monte Carlo simulations (Figures in Supplementary Material). The descriptive statistical values (5th percentile, 25th percentile, median, 75th percentile and 95th percentile) are reported in Table 8. According to the guideline established by United States Environmental Protection Agency [US EPA], 1991, the acceptable risk levels is below the unit. All the simulated statistical values of DHR and IHR were lower than 1, except for IHR from OCPs exposition of medium and large pelagic fish and of all demersal fish and PBDEs exposition of all fishes. Specifically, the estimated probability to exceed the unacceptable threshold (1) is 5% for IHR due to exposure to OCPs from ingestion of medium pelagic fishes, 32% from large pelagic fishes, 25% from small demersal fishes, 84% from medium demersal fishes and 55% from large demersal fishes. Moreover, the exposition to PBDEs determinate a percentage of 9% of IHR higher than the unit for small pelagic fishes, 25% for medium pelagic fishes, 71% for large pelagic fishes, 8% of small demersal fishes, 25% for medium demersal fishes and 70% for large demersal fishes.
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FIGURE 3. Dermal Hazard Index distribution in the study area.



TABLE 6. Ingestion Hazard Quotient (IHQ) for small (SF), medium (MF), large (LF) pelagic and demersal fishes, Dermal Hazard Quotient (DHQ) and Hazard Index (HI) as the sum of the HQs.
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TABLE 7. Monte Carlo simulation, probabilistic distribution of DCR and ICR, statistical values (percentiles).
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TABLE 8. Monte Carlo simulation, probabilistic distribution of DHR and IHR, statistical values (percentiles).
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Contribution of Different Pathways

It is noteworthy that food ingestion is the main pathway of contaminants exposure for humans when compared with other routes such as inhalation, dermal contact and drinking water (Lioy et al., 1988; Butler et al., 1993). Studies conducted on human exposure to BaPy revealed that the range and magnitude of dietary exposures (2–500 ng/day) were larger for inhalation and dermal contact (Lioy et al., 1988). Diet makes a substantial contribution (more than 70%) to the exposure to PAHs (Beckman et al., 1998; Phillips, 1999). We found significantly higher ICRs with respect to DCRs that could be affecting the resident population, confirming these assumptions. As expected, higher ICRs were recorded for large pelagic/demersal fish due to biomagnification process that enhances the bioaccumulation factor of contaminants in the large fishes that live on the top of the food chains. The affinity of POPs for organic materials in sediments are high enough to cause accumulation in this matrix with long-lasting consequences for environmental health. Thus, sediment-dwelling, filtering organisms and demersal fishes are most susceptible to POPs contamination. Our results reported higher ICRs for demersal fishes with respect to pelagic fishes due to their feeding and breathing in the pore water in contact with contaminated sediments.



Contribution of Different Contaminants

Statistically significant differences (KW test, p = 0,002) between contaminant contribution for the ICRs were evidenced. Particularly, higher PAHs contribution was recorded concerning OCPs and PBDEs because of their higher concentrations in seawater and sediments of the study area. BaPy has the highest ICR with respect to the other PAH congeners that exceed the upper bound of EPA acceptable range (2.7⋅ 10–4 for the ingestion of large demersal fishes, Table 3). BaPy is the most known and studied member of PAHs because of its highest carcinogenic potential (Howard and Fazio, 1980). A lot of epidemiological studies confirm the strong relationship between the ingestion of highly contaminated food with BaPy and risk for gastro-intestinal cancer, particularly stomach, esophagus (Ward et al., 1997) and colorectal cancer (Schiffman and Felton, 1990; Muscat and Wynder, 1994; Sinha et al., 1999). BaPy concentration higher than the MAC set by the Directive 2013/39/EU here found in sediment of the sampling station MZ13 located near the industrial pole (where both thermopower plant and refinery plant are present), suggest a significant anthropogenic input of this contaminant in the study area with a relevant health risk for local populations. Although a not statistically significant level, the higher mean contribution of OCPs was found for non-cancerogenic health issues with respect to PAHs and PBDEs contributions (Table 5). OCPs, such as Endosulphan and Lindane (γ-hexachlorocyclohexane), are well known to exert neurotoxic effects inhibiting the calcium ion influx and Ca- and Mg-ATPase and causing release of neurotransmitters (Mathew, 2012). Moreover, epidemiological studies have shown that exposure to OCPs is strongly associated with type 2 diabetes (Lee et al., 2006) and Parkinson’s disease (Steenland et al., 2014). As shown in Table 5, the HI associated to OCPs and due to the ingestion of large demersal fishes is higher than 1 suggest that local population could experience these pathologies after a long-time exposure of OCPs. As shown in Table 2, all the OCPs concentrations in seawater and sediment samples are lower than the MAC set by the Directive 2013/39/EU. This study evidence that the threshold limits imposed by legislation could not be sufficiently protective against a long-time exposure of a mix of highly toxic contaminants. Although the OCPs has the highest mean contribution, the highest HI was reported for PBDE47 (HI = 2,5; Table 5). PBDE-47 is an emerging contaminant diffuse worldwide in the marine environment at constant increasing concentrations (Hites et al., 2004; Schecter et al., 2007) although its use has been banned in many countries. In spite of these concern, limited information on the PBDE47 toxicity is available. Exposure of neonatal mice to PBDE47 is reported to exert neurodevelopment toxicity causing behavioral alterations, learning and memory deficits and dysfunctions in the cholinergic system in adult stage (Eriksson et al., 2001, 2002; Branchi et al., 2003). PBDE47 exceed the MAC set by the Directive 2013/39/EU in seawater column of 5 sampling stations, suggesting relevant contamination of this pollutant in the study area.



Uncertainty

As reported in the Basic Information about the Integrated Risk Information System (IRIS), Cancer Oral slop factor (CSFo), and Reference Dose (RfDo) are parameters estimated with uncertainty due to limitations of the data used and could represent an uncertainty factor for risk assessment. Fixed exposure factors, commonly used in risk assessment, may not be adequately accurate in reproducing reality because of their variability due to different life stages and/or different environmental condition. Finally, the cancer risks per target organs here calculated are probably underestimated for the lack of information about carcinogenic action of every single PAH on human. For example, we established a specific carcinogenic action of BaPy in the gastro-intestinal tract based on IRIS database, excluding other target organs for the carcinogenic action of this compound for lack of evidence in humans. However, several studies with experimental animals suggest that oral, intratracheal and subcutaneous injection of BaPy led to carcinogenic events in multiple sites (IARC, 2010). Furthermore, BaPy has been proven to induce breast tumors in animal through genotoxic activities implied in p53 mutations (Morris and Seifter, 1992). This information suggests that the carcinogenic action of BaPy could affect other organs and not exclusively the gastro-intestinal tract. Moreover, uncertainty is not considered in the models applied to mixtures of compounds thus possibly affecting their mobility, partitions and health impacts.



CONCLUSION

The study investigated, for the first time, persistent and emerging pollutants in seawater and sediments of the Gulf of Milazzo. The concentration of BghiP, PBDE in seawater samples and BbF, BkF, BaPy in sediment samples higher than MAC show a low quality of this marine environment.

The human health risk was calculated through cancer and non-cancer risk indices. These indices provide only point estimates giving little information about uncertainty and variability surrounding the risk impact. Therefore, Monte Carlo simulation was necessary to provide complete information on the likelihood of the various risk levels. The cancer risk assessment shows higher risks for resident population through the ingestion of large demersal fish, especially gastro-intestinal cancer caused by BaPy. Negligible cancer risks were associated with dermal adsorption of contaminants from seawater. The non-cancer risk assessment (HI) shows significant risks for resident population to develop health issues due to the ingestion of large demersal fish contaminated by mixture of the analyzed pollutants. OCPs and especially PBDE47 represent the major contribution for non-cancer risk. The present study might provide, assuming permanent environmental conditions, useful information on human exposure to POPs in Milazzo bay and will be useful for strategies focused on risks mitigation. Particular attention should be done to reduce BaPy emission from refinery plant, thermopower plant and maritime transport. The use of other less toxic flame retardants than PBDE47 for the production of plastic and fiber materials is also recommended.
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PBDEs 1.2E-8 2.8E-8 5.1E-8 9.1E-8 2.2E-7
ICR demersal fishes
SF PAHs 1.9E-6 8.5E-6 2.3E-5 6.6E-5 2.9E-4
OCPs 1.2E-6 3.3E-6 6.2E-6 1.2E-5 2.9E-5
PBDEs 8.0E-10 2.6E-9 5.7E-9 1.3E-8 4.3E-8
MF PAHs 4.8E-6 2.2E-5 6.3E-5 1.7E-4 7.4E-4
OCPs 5.5E-6 1.3E-5 2.6E-5 4.9E-5 1.2E-4
PBDEs 1.9E-9 6.3E-9 1.4E-8 3.0E-8 9.7E-8
LF PAHs 1.4E-5 6.1E-5 1.7E-4 4.6E-4 2.1E-3
OCPs 1.0E-5 2.5E-5 4.8E-5 9.0E-5 2.7E-4
PBDEs 1.2E-8 2.8E-8 5.1E-8 9.1E-8 2.2E-7

In bold: significant risks.
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Contaminant IHQ SF IHQ MF IHQLF
DHQ Pelagic Demersal Pelagic Demersal Pelagic Demersal
PAHs Naphthalene 3.62E-06 211E-05 2.18E-05 2.13E-08 221E-08 2.16E-05 2.24E-05
Acenaphtene 1.71E-07 1.96E-06 4.37E-06 2.01E-06 4.54E-06 2.12E-06 4.76E-06
Fluorene 1.30E-06 1.81E-05 2.04E-05 1.90E-05 2.16E-05 2.09E-05 2.37E-05
Antracene 1.01E-07 1.77E-06 1.11E-05 1.93E-06 1.26E-05 2.17E-06 1.44E-05
Fluoranthene 3.72E-06 8.77E-05 8.95E-04 1.27E-04 1.48E-03 2.21E-04 2.50E-03
Pyrene 8.90E-06 1.67E-04 5.94E-04 2.08E-04 8.09E-04 2.99E-04 1.14E-03
Benzo(a)pyrene 2.49E-04 5.26E-03 4.23E-02 1.22E-02 1.12E-01 3.24E-02 2.89E-01
Benzo(a)pyreneTEQ 7.82E-04 3.20E-02 7.93E-02 1.80E-02 2.08E-01 1.30E-01 5.36E-01
OCPs HexaClCycloHexane(a + b) 2.67E-06 1.54E-06 8.86E-06 1.67E-06 9.17E-06 1.63E-06 9.53E-06
HexaClBenzene 111E05 1.10E-03 1.85E-03 2.14E-03 3.84E-03 5.00E-03 8.91E-03
Aldrin 9.70E-04 3.36E-02 6.08E-02 8.09E-02 1.55E-01 2.19E-01 4.16E-01
Dieldrin 2.562E-06 2.03E-04 3.25E-04 2.07E-04 3.32E-04 2.14E-04 3.42E-04
Endrin 3.16E-07 1.34E-05 3.47E-05 1.37E-05 3.56E-05 1.41E-05 3.67E-05
Endosulfan 1.56E-08 8.39E-07 4.87E-06 8.57E-07 5.04E-06 B.92E-07 5.23E-06
Alachlor 1.58E-06 2.76E-06 5.31E-06 2.80E-06 5.39E-06 2.86E-06 5.50E-06
DDE 1.25E-03 3.97E-02 4.24E-02 9.65E-02 1.03E-01 2.59E-01 2.78E-01
DDD 1.04E-03 B.73E-02 77202 1.28E-01 1.80E-01 3.35E-01 4.66E-01
DDTop 1.83E-04 2.69E-03 5.17E-03 5.78E-03 1.20E-02 1.41E-02 2.90E-02
DDTpp’ 1.81E-04 2.31E-03 4.74E-03 4.99E-03 1.11E-02 1.22E-02 2.67E-02
PBDEs PBDE28 1.26E-05 8.50E-03 2.18E-03 9.80E-03 4.00E-03 9.90E-04 8.33E-03
PBDE47 2.61E-03 3.87E-01 3.89E-01 9.14E-01 8.19E-01 2.47E+00 2.49E+00
PBDE99 8.87E-05 1.78E-03 6.28E-03 3.85E-03 1.50E-02 9.42E-03 3.60E-02
PBDE100 3.87E-05 1.78E-03 6.28E-03 3.85E-03 1.50E-02 9.42E-03 3.60E-02
PBDE153 3.39E-05 1.11E-04 2.04E-03 1.37E-04 3.30E-03 2.05E-04 4.68E-03
PBDE154 3.39E-05 1.11E-04 2.04E-03 1.37E-04 3.30E-03 2.05E-04 4.68E-03
HI 7.45E-03 5.65E-01 7.23E-01 1.27E+00 1.75E4+00 3.50E+00 4.63E+00

In bold: significant risks.





OPS/images/fenvs-08-00117-t005.jpg
Target organ ICR (demersal fish) ICR (pelagic fish) DCR
SF MF LF SF MF LF

Breast 1.7E-07 4.5E-07 1.2E-06 8.7E-06 2.0E-05 5.5E-05 7.9E-09
Gastro intestinal 7.4E-05 1.9E-04 5.0E-04 1.7E-07 3.2E-07 7.3E-07 7.3E-07
Generic 3.0E-06 6.8E-06 1.5E-05 2.1E-05 4.8E-05 1.3E-04 2.1E-08
Liver 1.5E-05 3.6E-05 9.5E-05 4.3E-07 8.0E-07 1.8E-06 3.6E-07
Lung 9.0E-06 2.3E-05 5.7E-05 1.8E-06 3.8E-06 9.3E-06 9.5E-07
Skin 1.2E-05 2.8E-05 6.8E-05 2.7E-06 6.0E-06 1.5E-05 1.1E-07

In bold: significant cancer risks.
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Contaminant Target organ DCR ICR SF ICR MF ICR LF
Pelagic Demersal Pelagic Demersal Pelagic Demersal
PAHs Naphthalene Generic 3.72E-09 2.2E-08 2.3E-08 2.2E-08 2.3E-08 2.2E-08 2.3E-08
Phenanthrene Generic 2.6E-10 4.4E-09 1.2E-08 4.9E-09 1.4E-08 5.8E-09 1.7E-08
Antracene Generic 2.97E-09 5.2E-08 3.3E-07 5.7E-08 3.7E-07 6.4E-08 4.3E-07
Fluoranthene Generic 1.46E-10 3.5E-09 3.5E-08 5.0E-09 5.8E-08 8.7E-09 9.9E-08
Benzo(a)anthracene Skin 3.41E-08 1.4E-06 8.8E-06 2.9E-06 2.1E-05 7.2E-06 4.9E-05
Chrysene Skin 4.49E-10 1.5E-08 9.3E-08 3.1E-08 2.2E-07 7.6E-08 5.2E-07
Benzo(b)fluoranthene Generic 1.34E-08 3.4E-07 2.6E-06 7.0E:07 6.3E-06 1.7E-06 1.8E:05
Benzo(k)fluoranthene Generic 1.39E-10 3.5E-09 1.3E-08 7.3E-09 3.0E-08 1.8E-08 7.1E-08
Benzo(a)pyrene Generic 2.33E-07 4.9E-06 4.0E-05 1.1E-05 1.1E-04 3.0E-05 2.7E-04
Indeno (123) pyrene Skin, Lung 7.54E-08 3.3E-07 2.8E-06 7.8E07 7.4E-06 2.0E-06 1.8E-08
Dibenzl[a,h]anthracene Lung 8.69E-07 2.3E-06 6.2E-06 5.2E-06 1.6E-05 1.3E-05 3.8E-05
Benzo(ghi)perylene Gastrointestinal tract T.9E-09 8.3E-08 1.7E-07 2.0E-07 4.5E-07 5.2E-07 1.2E-06
Benzo(a)pyreneTEQ Gastrointestinal tract 7.33E-07 1.6E-05 7.4E-05 3.6E-05 1.9E-04 8.75-05 5.0E-04
=~ PAH 1.2E-06 9.4E-06 6.1E-05 2.1E-05 1.6E-04 5.5E-05 3.9E-04
OCPs HexaClICycloHexane(a + b) Liver 5.76E-08 3.3E-08 1.9E-07 3.4E-08 2.0E-07 3.5E-08 2.1E-07
HexaClBenzene Liver 6.1E-09 6.0E-07 1.0E-06 1.2E-06 2.1E-06 2.7E-06 4.9E-06
Aldrin Liver 2.12E-07 6.2E-06 1.1E-05 1.5E-05 2.9E-05 4.0E-05 7.7E-05
Dieldrin Liver 8.65E-10 7.0E-08 1.1E-07 7.1E-08 1.1E-07 7.3E-08 1.2E-07
Alachlor Gastrointestinal tract 3.78E-10 6.6E-10 1.3E-09 6.7E-10 1.3E-09 6.9E-10 1.3E-09
DDE Liver 5.46E-08 1.5E-06 1.6E-06 3.5E-06 3.8E-06 9.6E-06 1.0E-05
DDD Liver 3.19E-09 1.8E-07 2.4E-07 4.0E-07 5.5E-07 1.0E-06 1.4E-06
DDTop Liver 1.33E-08 6.4E-08 1.2E-07 1.4E-07 2.9E-07 3.4E-07 6.9E-07
DDTpp’ Liver 1.31E-08 5.7E-08 1.2E-07 1.2E-07 2.7E-07 3.0E-07 6.6E-07
= OCPs 3.61E-07 8.68E-06 1.46E-05 2.04E-05 3.60E-05 5.45E-05 9.50E-05
PBDEs PBDE28 Liver 3.77E-13 3.6E-11 6.5E-11 6.2E-11 1.2E-10 1.3E-11 2.5E-10
PBDE47 Liver 7.82E-11 1.2E-08 1.2E-08 2.7E-08 2.8E-08 7.4E-08 7.5E-08
PBDE99 Liver 1.16E-12 1.8E-11 6.3E-11 3.9E-11 1.5E-10 9.5E-11 3.6E-10
PBDE100 Liver 1.16E-12 1.8E-11 6.3E-11 3.9E-11 1.5E-10 9.5E-11 3.6E-10
PBDE153 Liver 2.03E-12 4.5E-13 8.2E-12 5.5E-13 1.3E-11 8.3E-13 1.9E-11
PBDE154 Liver 2.03E-12 4.5E-13 8.2E-12 5.5E-13 1.3E-11 8.3E-13 1.9E-11
PBDE209 Liver 4.06E-12 9.0E-13 1.6E-11 1.1E-12 2.6E-11 1.6E-12 3.8E-10
= PBDE 8.9E-11 1.21E-08 1.22E-08 2.71E-08 2.84E-08 7.42E-08 7.6E-08

In bold: significant cancer risks.
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Contaminant Water Sediment

Average (ng/l) Range MAC (ng/l) d.l. (ng/l) Average Range (1g/kg) MAC d.l.
(ng/l) (ng/kg) (ng/kg) (rg/kg)

PAH Naphthalene 6.43 0.10-37.72 130000.00 0.20 1.28 0.50-2.88 35.00 1.00
Acenaphtylene 0.12 0.10-0.17 0.20 1.39 0.50-4.63 1.00
Acenaphtene 0.47 0.10-1.20 0.20 4.49 0.50-13.80 1.00
Fluorene 1.62 0.10-3.46 0.20 3.41 0.50-17.40 1.00
Phenanthrene 5.13 0.10-12.90 0.20 20.50 1.78-73.60 1.00
Antracene 0.74 0.10-5.65 100.00 0.20 8.52 0.50-19.8. 24.00 1.00
Fluoranthene 1.18 0.10-4.82 120.00 0.20 45.34 4.63-177.00 110.00 1.00
Pyrene 275 0.10-14.10 0.20 38.21 4.28-149.00 1.00
Benzo(a)anthracene 0.63 0.10-3.18 0.20 20.22 0.50-84.10 1.00
Chrysene 0.66 0.10-3.35 0.20 22.09 0.47-99.70 1.00
Benzo(b)fluoranthene 0.15 0.10-1.53 17.00 0.20 14.10 0.50-79.10 40.00 1.00
Benzo(k)fluoranthene 0.16 0.10-1.59 17.00 0.20 5.80 0.50-33.70 20.00 1.00
Benzo(a)pyrene 0.16 0.10-1.82 27.00 0.20 11.18 0.50-60.40 30.00 1.00
Indeno 0.21 0.10-3.07 0.20 12.79 0.88-50.90 70.00 1.00
(123)
pyrene
Dibenzo(ah)anthracene  0.21 0.10-3.03 0.20 2.59 0.50-10.30 55.00 1.00
Benzo(ghi)perylene 1.18 0.10-4.50 0.82 0.20 12.34 1.03-41.30 1.00
ZPAH 21.69 1.60-70.36 224.27 26.94-862.0

OCP Alachlor 2.84 0.25-13.00 700.00 0.50 0.13 0.13-0.13 0.25
Aldrin 0.09 0.02-0.50 % =5.00 0.05 0.13 0.13-0.13 0.20 0.25
Isodrin 0.03 0.03-0.03 0.05 0.13 0.13-0.13 0.25
Dieldrin 0.06 0.03-0.85 0.05 0.13 0.13-0.13 0.20 0.25
Endrin 0.03 0.03-0.03 0.05 0.13 0.13-0.13 0.25
Endosulfan 0.03 0.03-0.03 4 0.05 0.13 0.13-0.13 0.25
Hexachlorobutadiene 0.01 0.01-0.10 600.00 0.02 nd nd
HexachlorocycloHexane 0.06 0.03-0.13 20.00 0.05 0.13 0.13-0.13 0.25
Hexachlorobenzene 0.14 0.01-0.62 50.00 0.02 0.35 0.10-1.50 0.25
DDE 1.06 0.15-4.86 ¥ =25.00 0.30 0.16 0.13-0.34 1.80 0.30
DDD 0.19 0.15-0.59 0.30 0.25 0.25-0.25 0.80 0.50
DDTop 0.19 0.15-0.89 0.30 0.25 0.25-0.26 1.00 0.50
DDTpp’ 0.16 0.15-0.55 10.00 0.30 0.25 0.25-0.27 1.00 0.50
~OCPs 4.52 0.24-20.82 2.71 2.5-3.72

PBDE  PBDE28 0.03 0.03-0.03 2~ =14.00 0.05 0.10 0.10-0.10 0.20
PBDE47 3.58 0.03-21.8 0.05 0.11 0.10-0.20 0.20
PBDE99 0.03 0.03-0.03 0.05 0.10 0.10-0.10 0.20
PBDE100 0.03 0.03-0.03 0.05 0.10 0.10-0.10 0.20
PBDE153 0.03 0.03-0.03 0.05 0.10 0.10-0.10 0.20
PBDE154 0.03 0.03-0.03 0.05 0.10 0.10-0.10 0.20
PBDE209 0.05 0.05-0.05 0.10 0.41 0.18-0.79 0.50
TPDBEs 3.70 0.156-21.8 1.02 0.78-1.39
TOC (%) 0.80 0.11-3.73

MAC, Maximum Admissible Concentrations set by European Directive 2013/39. d.1., detection limit; nd, not determined; the minimum value was set, arbitrarily, for the risk
assessment study half of d.I.





