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Abstract

:

Concentrations of polycyclic aromatic hydrocarbons (PAH) were studied in 36 sediment samples collected from 29 sites in the central Adriatic Sea. The total concentration of PAH showed high variability, ranging from 42.85 µg kg−1 in open sea sediments to 28,662 µg kg−1 in the sediments of Šibenik Bay. Unsubstituted, parent PAH were dominant PAH compounds in the entire area of Šibenik Bay and most of the stations in the coastal area. In Kaštela Bay, methyl PAH concentrations were higher than the concentrations of unsubstituted PAH, whereas in the sediments along the mid-Adriatic transect, similar concentrations of both PAH fractions were determined. PAH sources were investigated by applying the Positive Matrix Factorization software developed by the U.S. Environmental Protection Agency (USEPA). The results indicate the presence of four sources, two of which can be considered petrogenic and two pyrogenic. The contribution of the sources to the total concentration PAH at each station indicates the dominance of pyrogenic sources in Šibenik Bay and at most stations in the coastal area. In the sediments along the mid-Adriatic transversal, as well as in Kaštela Bay, PAHs originate mainly from petrogenic sources. The obtained results show that PMF can be a suitable tool for control of PAH pollution and thus, for the management of various activities in the Adriatic region. Seasonal differences between the contributions of sources in the Kaštela and Šibenik bays indicate that the contribution of traffic to the total concentration of PAH was higher during the tourist season. The carcinogenic risk of PAH determined by toxicity equivalent (TEQ) calculations showed an increased carcinogenic risk in the whole area of Šibenik Bay, regardless of the number of PAH compounds considered for the calculations. A low PAH-related carcinogenic risk was found for the rest of the study area.






Keywords:


PAH; sediments; Adriatic Sea; Positive Matrix Factorization; source apportionment; toxic equivalent quantity












1. Introduction


Polycyclic aromatic hydrocarbons are a large class of organic compounds whose structure consists of fused aromatic rings [1]. They are emitted from numerous sources in the form of a complex mixture that includes a significant amount of heterocyclic aromatic compounds in addition to PAH [1]. Although PAH may originate from natural sources, most of these compounds are emitted into the environment from anthropogenic sources such as transportation, power generation, industrial furnaces, waste incineration, coke and carbon production, asphalt and petroleum cracking [2,3,4]. PAH of anthropogenic origin are usually divided into the class of petrogenic PAH, which are formed during the conversion of organic-rich materials at low temperatures, and pyrogenic PAH, which are formed during the high-temperature combustion of organic materials in industrial furnaces, vehicle engines, power plants, etc. [5,6,7,8,9,10]. PAH mixtures emitted from petrogenic sources usually contain a greater amount of low molecular weight PAH and alkyl-substituted PAH, while PAH mixtures from pyrogenic sources are enriched in unsubstituted PAH compounds with higher molecular weight. PAH are introduced into the marine environment mainly through rivers, atmospheric deposition, municipal and industrial runoff, and accidental spills of fresh petroleum derivatives. Due to their high hydrophobicity, PAHs adsorb to particles in the water column and sink through the water column. Sediments can accumulate large amounts of PAH, which degrade over long periods of time and pose a threat to ecosystem health [2,3].



PAHs have been shown to have disruptive effects on the lymphatic system and hematopoiesis [11,12], while chronic exposure to PAH causes mutagenicity due to their tendency to interact with DNA [13]. While pyrogenic PAHs are associated with greater environmental and health risks, they are primarily associated with chronic toxicity [11,13]. In contrast, petrogenic PAH are more soluble and bioavailable to marine organisms, and as such considered to cause acute toxicity. Due to their adverse effects on human health and the health of marine organisms, the U.S. Environmental Protection Agency (USEPA) has included 16 PAHs in a list of priority pollutants to be monitored in the environment [14]. Various approaches have been developed to assess the environmental risk associated with PAH, of which the use of Sediment Quality Guidelines (SQGs) and bioassays have been the most widely used [15,16]. Laboratory experiments have been conducted on a variety of marine animals, including microorganisms, algae, invertebrates, fish and marine mammals [11,13,17], and the results served as the basis for the carcinogen classification system for PAH and mixtures of PAH, and for the development of the Toxic Equivalent (TEQ) method for PAH-related environmental risk assessment [13,17,18,19,20]. This method assumes that all carcinogenic PAH are equitoxic to benzo[a]pyrene and that the carcinogenic effect of a complex PAH mixture can be calculated as the sum of the effects of the individual PAH compounds [17,20]. Although this approach may lead to overestimation or underestimation of the effects of PAH due to the inhibitory/synergetic properties of PAH compounds when present as a complex mixture, the TEQ method has been used in many studies to assess the PAH-related environmental risk [18,19,20].



Since the toxicity of a PAH mixture is determined by its composition and, consequently, by the nature of the source from which the PAH mixture originated, knowledge of the PAH sources at a particular site is important for the assessment of PAH-related environmental risk. Many approaches have been applied to constrain PAH sources, of which diagnostic ratios, statistical tools and modelling have been most commonly used. The use of statistical multivariate analyses, such as principal component analyses (PCA), cluster analyses and alternating least squares (ALS) are a cost-effective method for attributing PAH sources, although these methods require the identification of a larger number of PAH compounds at a larger number of locations [19,21,22]. To provide a reliable tool for addressing PAH pollution, the USEPA has developed a specific model based on the factor analysis method: the Positive Matrix Factorizations (PMF) [23]. The PMF results provide the number of factors (sources), the contributions of the factors to the concentration of each PAH compound, and a contribution of the factors to the total pollution PAH for each case [4,19,21,24].



This study aims to obtain detailed information on the most important PAH sources and their contributions in the overall PAH pollution by application of PMF software. Another goal was to determine the PAH-related sediment toxicity by calculation of toxic equivalents at each station. The obtained results will be used for the management of various economic activities in the Adriatic region, as well as for the development of strategies to mitigate the PAH pollution and PAH-associated environmental risk.




2. Material and Methods


2.1. Study Area


Figure 1 shows PAH concentrations that were analyzed in surface sediments of 29 stations along the Adriatic coast and along the mid-Adriatic transect. The coastal area includes 11 stations located from the island of Pag in the north, to the city of Dubrovnik in the south. Stations were selected to cover urbanized areas along the Croatian coast as well as areas that were heavily industrialized in the past. Six stations along the horizontal transect from Split to Mt. Gargano in Italy were selected to identify PAH concentrations and the main PAH sources in this area. Due to the greater anthropogenic pressures, Kaštela Bay and Šibenik Bay were selected for more in-depth study. In these areas, sediment samples were obtained at a greater number of stations during winter and early autumn, in order to assess the impact of touristic activities on trends in PAH pollution. Additional information for each station is given in Tables S1 and S2 of Supplementary Information (SI).




2.2. Determination of Polycyclic Aromatic Hydrocarbon in Sediment Samples


Polycyclic aromatic hydrocarbons were collected from the research vessels BIOS DVA using the Van Ween sampling device. Sediment samples were transferred in the laboratory for biogeochemistry of organic contaminants (Biogéochimie des Contaminants Organique) at the French institute for exploration of the sea: Ifremer (Institut Francais de Recherche pour l’exploitation de la Mer) in Nantes, for further analyses. Analytical procedure and instrumental analyses followed the protocol developed by Ifremer. Extraction of the sediment samples was performed using accelerated solvent extraction (ASE), with dichloromethane as the solvent. The sediment extracts were purified and fractionated by column chromatography, using activated SiO2 and Al2O3 as adsorbents. After fractionation, the solvent was reduced by rotary evaporation and further concentrated under gentle nitrogen steam. Activated copper was added to the samples prior to instrumental analysis to remove sulphur traces, which may interfere with the chromatography column. Internal standards (phenanthrene-d10, benzo[e]pyrene-d12, fully deuterium-labelled compounds) were added to each sample prior to extraction to control the quality of the analyses. Instrumental analysis of PAHs was performed by high-resolution gas chromatography, using a HP 6890 gas chromatograph equipped with a 5973-mass selective detector (MSD). PAHs were separated on a DB5-MS capillary column made of fused silica (coated with 5% phenyl-methyl-silicone) with a length of 60 m and an inner diameter of 0.25 mm, using helium as the carrier gas. Injections were performed using a Combi-PAL CTC autosampler. Injection volume of 1–2 µL with an on-column port was used. The mass selective detector was operated in an electron impact mode at 70 eV and for quantitative analysis of individual PAHs in selected ion monitoring mode (SIM) in conjunction with perdeuterated calibration standards added prior to injection with the autosampler (acenaphthene-d10, fluorene-d10, pyrene-d10, benzo[a]anthracene-d12 and Indeno [1,2,3-cd]pyrene-d10). The list of analyzed PAH compounds, along with target ions, internal standards used for quantification, and abbreviations used in the text are listed in Table S3 of SI.



Identification of each compound was based on the single mass fragment ion characteristic for the compound and its retention time. The concentrations of the compounds were determined in the extracts using an eight-point calibration curve (linear regression) prepared for each compound and laboratory-prepared calibration solutions. The calibration curves were in the range of the concentrations of the analytes in the samples. A separate calibration curve was used for very low PAH concentrations in the extracts. Calibration solutions were prepared in iso-octane by appropriate dilutions (by weight). Prior to injection, deuterated surrogates for quantification were automatically added to each sample extract and to external calibration solutions. Example of characteristic chromatogram of PAH mixture in sediment samples, obtained by GC-MS operating under described conditions, is shown in Figure S1 of SI. Sediment samples with recoveries greater than 110% and lower than 70% were reanalyzed until recoveries for both internal standards were within the desirable range. Standard reference materials (SRM 1491 and SRM 2977) from the National Institute of Standards and Technology (NIST) were incorporated into a batch of 10 sediment samples for additional control of the analytical procedure. Internal standard recovery factors were used as an uncertainty matrix for the PMF model.



A detailed description of PAH analyses in sediment samples from the Adriatic Sea has been described in previous publications [22,25].




2.3. PAH Source Apportionment by Positive Matrix Factorization


Positive Matrix Factorization is a statistical method that reduces the large number of variables in datasets to combinations of species, called source types, and source contributions with weighted least squares regression [4,19,24].



The PMF model assumes that the concentration of each PAH compound in each sediment sample can be described as the sum of the concentration of the PAH compound emitted by the source and the source contributions for each sample, as shown in the following equation:


  X i j =   ∑   j = 1  p   g  i k    f  k j   +  e  i j    








where Xij is the concentration of the ith PAH compound in the jth sample; gik is the concentration of the ith species in the kth source, fkj is the contribution of the source kth to the sample jth and eij is the model error for the specie j determined in sample i.



The results are constrained to provide positive source contributions that make their interpretation physically meaningful. Dataset of PAH sediment concentrations at each station was used as model input, along with uncertainty data calculated using the following equation:


Measurement uncertainty − M.U. = ׀100−RF%׀,








where RF is an average value of the recovery factor for two internal standards used for quality control of the analytical protocol.



Since the average recovery values ranged from 75 to 105%, the measurement uncertainties were within 0.25–0.05, depending on the sample (SI Tables S4–S7). The model was run for 4 to 6 factors and initialized with different starting points, changing the seed value from 1 to 20. The result with 4 factors, for which the Q/Q theoretical was 1.32, was considered satisfactory and adopted as the result. A more detailed description of the receptor model for source apportionment, as well as the guidelines used for model application in this work, were described in EPA guidelines [23].




2.4. Calculation of PAH-Related Toxic Equivalent-TEQ


Carcinogenic potential related with sediment PAH concentrations were calculated as summed toxic equivalent quantity for 9 EPA PAH compounds that are classified as known carcinogens, as well as for all 16 EPA PAH enlisted by USEPA as priority pollutants in the environment [14,18,19,20]. Toxic equivalent factors used for calculation of BaP equivalent toxicity for 16 EPA PAHs are given in Table 1.



The original sediment concentrations of selected PAH compounds were multiplied by their toxic equivalent factor relative to the BaP, as follows:


  T E Q = ∑ C  ( n )  ×  (  T E F  )  n  








where c is the concentration of the PAH compound and TEF is a toxic equivalent factor relative to the Benzo[a]Pyrene of a specific PAH compound.





3. Results and Discussion


3.1. PAH Concentrations in the Sediments


Concentrations of all PAH compounds determined in the sediments of the study area, along with detection limits and recovery factors for two internal standards, are given in Tables S4–S7 of SI.



Concentrations of T-PAH and the characteristic groups of PAHs in sediments from 11 stations in the coastal area are shown in Figure 2. T-PAH concentration ranged from 180.71 µg kg−1 to 2793.18 µg kg−1. The highest T-PAH concentration was measured in the sediment of the Brac-Split channel near the town of Omis (CS9), while the lowest PAH concentration was measured in the sediment near the island of Pag (CS1). High PAH concentrations in the coastal area are observed at the station near the town of Zadar (CS3). At this station, concentrations of parent-PAH were higher than those of C-PAH, indicating that PAH in this area originates mainly from pyrogenic sources, such as inland and marine traffic, residential heating, etc. C-PAH were the predominant PAH compounds only in the sediment at station CS2, whereas on the rest of stations, unsubstituted PAH were the predominant PAH compounds in the sediments. A high proportion of C-PAH fraction was also observed at stations CS4, CS9, CS10 and CS11. These stations are in the harbor (CS4) and in channel areas with dense marine traffic. Similar results with a dominance of pyrogenic PAH have been reported for sediments from coastal areas in the Mediterranean Sea, the Bay of Mexico and other coastal regions worldwide [2,26,27,28,29,30,31]. The dominance of C-PAH in the sediment at station CS2 suggests that PAH in this area are mainly derived from unburned petroleum derivatives [10,32]. A petrogenic source of pollution at this station is also indicated by the relatively high amounts of S-PAH, which may be present in crude petroleum up to 5% [33,34].



PAH concentrations measured in the sediments of the stations along the mid-Adriatic transect are shown in Figure 3. Concentrations of T-PAH ranged from 42.859 µg kg−1 (TS2) to 963.517 µg kg−1 (TS6). PAH concentrations tend to decrease as the distance from the coast increases. Contributions of pyrogenic PAH were similar to the contribution of C-PAH at each station, except at TS1, where the concentration of parent-PAH was higher than the concentration of C-PAH fraction. Station TS1 is located near the island of Brač, where forest fires frequently occur in summer, which contributes to high levels of parent-PAH [35]. Similar results have been obtained for open sea regions around the world, where maritime traffic is the most pronounced anthropogenic pressure [2,27,29,36].



PAH concentrations determined in the sediments of Kaštela Bay are shown in Figure 4. T-PAH concentration ranged from 278.64 µg kg−1 to 2888.9 µg kg−1. The highest T-PAH concentrations during the two campaigns were measured at station KB3, which is located near the industrial port of Split and the shipyard area. C-PAH were the dominant PAH compounds, with concentrations ranging from 151.62 µg kg−1 to 1798.8 µg kg−1. Predominance of C-PAH fraction at each station of Kaštela Bay indicate that PAH pollution in this area is mostly contributed by petrogenic sources [2]. PAH concentrations in Kaštela Bay are similar to the concentrations reported for the urban, coastal areas of the Mediterranean Sea, although they are lower than the PAH concentrations measured in the sediments of big harbour cities in the Mediterranean Sea, such as Toulon and Barcelona [8,26,27,30].



Concentrations of specific groups of PAH, determined in the sediment of Šibenik Bay, are shown in Figure 5. T-PAH concentrations ranged from 8280.8 µg kg−1 to 28,662 µg kg−1. The concentrations of the unsubstituted parent compounds were higher than the concentrations of C-PAH at every station. The highest concentrations of PAH were measured at station SB4A, which is closest to the area where a ferroalloy plant operated from 1880 to 1990. The high concentrations of PAH observed at station SB4 during both sampling periods can also be attributed to past industrial activities, as this station is only 100 m away from SB4A. A high proportion of the C-PAH fraction in the total concentrations of PAH was observed at station SB1, in February. Since this station is located near a tourist marina, the elevated concentrations of C-PAH can be explained by accidental leakage of petroleum derivatives during ship maintenance, which usually occurs during the winter season. The lowest concentration of T-PAH was observed at station SB5, which is farthest from shore. No seasonal trend in the concentration of PAH was observed. The very high PAH concentrations measured at each station in Šibenik Bay are similar to concentrations measured in the sediments of highly industrialized areas, such as Venice, Toulon, Barcelona, Mexico Bay and other coastal areas worldwide [8,19,28,30,31].




3.2. PAH Sources in the Adriatic Sea


Factor profiles obtained by the PMF modelling are shown in Figure 6. The application of the PMF revealed four main factors contributing to the pollution of PAH in the studied area. Each factor is considered as one of the specific sources of polycyclic aromatic hydrocarbons and is further discussed as such.



Source 1 emits PAH mixtures enriched in unsubstituted PAH compounds. Dominant PAH compounds in the mixture are BFLs with a relative amount of 11.81% and BaA with a relative amount of 9.13%. Among the methyl-substituted compounds, C1-CHR (4.17%), C2-CHR (3.36%), C1-PHE (2.97%) and C2-PHE (3.43%) were the most abundant. The relative amounts of S-PAHs and O-PAH in the PAH mixture derived from this source were less than 1%.



Unsubstituted parent-PAH compounds were the most abundant fraction of the PAH mixture emitted from Source 2. The relative amounts of BFLs, FL and Py were 14.53%, 11.61% and 9.65%, respectively. The predominant C-PAH compounds in the mixture were C1-P (5.66%) and C1-BFLs (4.19%), while the predominant heterocyclic aromatic compounds were C1-BNTs, DBTs and DBFs, with relative amounts of 1.18%, 0.65% and 0.30%.



The unsubstituted parent-PAH compounds with more than three aromatic rings in the structure were the predominant compounds in the PAH mixtures emitted from both Source 1 and Source 2, indicating that both sources refer to high-temperature combustion [33,34]. However, the mixture emitted from Source 1 contained lower amounts of unsubstituted PAH and higher amount of phenanthrene than the mixture emitted from Source 2. BFLs, BaP and BaA are compounds typically formed during gasoline combustion, while mixtures formed during diesel combustion are enriched in phenanthrene, fluoranthene, pyrene and chrysene. Comparing the obtained results with the literature data, it is observed that the PAH mixture emitted by Source 1 is similar to the composition of the PAH mixtures produced by the combustion of liquid fossil fuels in vehicle engines. In contrast, Source 2 emits PAH mixtures in which the amount of low-molecular weight PAH is significantly lower than the amount of high-molecular-weight PAH. PAH mixtures enriched in unsubstituted parent-PAH compounds, such as BFLs, BaA, FL, P and CHR resemble PAH mixtures typically formed during high-temperature combustion of crude fossil fuels in industrial furnaces or forest fires [2,10,33,34]. The above-mentioned differences in the composition of the PAH mixtures emitted from these two sources indicate that Source 1 can be ascribed to inland and marine transport, while Source 2 represents high-temperature combustion of crude fossil fuels and biomass.



PAH mixture emitted from Source 3 also contained a high proportion, but the contribution of the C-PAH fraction to the total concentration of PAH was higher than the contribution of the parent-PAH compounds. The PAH mixture contained higher relative amounts of methyl phenanthrenes, naphthalenes and pyrenes, while the dominant heterocyclic compounds were C1-BNTs with a contribution of 1.18%. Comparison with the literature data suggests that Source 3 is a petrogenic PAH source, mostly associated with recent accidental leakage of unburned fossil fuels and other petroleum derivatives [2,32,37].



Source 4 emitted a PAH mixture enriched in C2-FEN (8.41%), A (7.33%) and PHE (6.17%). Compared to the other three sources, the mixture emitted from Source 4 was enriched in PHE, ANT, ACE and F, which is similar to the composition of PAH mixtures in the heavier petroleum fractions but may also indicate weathered petroleum contamination. Thus, Source 4 may also be considered as a petrogenic source, but more related to accidental leakage of heavier petroleum fractions during vessel maintenance and weathered petroleum pollution [37].



Figure 7 shows the contribution of sources (factors) to the total concentration of PAH in the sediment of each studied station. According to the model results, the two most important sources in the coastal area were transportation, both inland and marine (Source 1), and weathered petroleum products (Source 4). Transport activities were the predominant PAH sources at the stations near the island of Pag (CS1), near Biograd (CS5), in the channel of Šibenik (CS6 and CS7) and in the port of Split (CS8), where Source 1 contributed with more than 50% to the total PAH pollution.



At the other stations in the coastal zone, the main source of PAH pollution was Source 4, which can be attributed to accidental spills of fresh motor oil and other heavier petroleum distillates during vehicle maintenance. Source 4 was present at every site in the coastal zone, with contributions ranging from 27.02% to 96.06%. Source 3 was also present at stations CS2, CS9 and CS10, indicating recent petroleum pollution in these areas. These stations are in the canal areas (CS2 and CS9) and in the port area (CS10), which explains the higher contribution of recently spilled petroleum. The contribution of coke and biomass burning (Source 2) was not observed at any station in the coastal area, which can be explained by the absence of industrial activities in these areas.



The contribution of fresh petroleum pollution (Source 3) to the total PAH concentration was the highest in the sediments of the stations along the mid-Adriatic transect, ranging from 34.85%, as determined at station TS4, to 75.07%, as determined at station TS6. In the transect area, a high contribution of Source 1 was also observed, especially at station TS4, which is located along the high-density traffic route from the Strait of Otranto to the northern Adriatic Sea. These results indicate that accidental leakage of unburned fossil fuels and traffic are the main PAH sources in the transect area. This agrees well with the literature data for the open sea areas, where the main PAH sources are associated with maritime traffic. Elevated contributions of coke and biomass burning (Source 2) were determined in the sediment from station TS1 (24.67%), which is located near the island of Brač. Since this area is not heavily industrialized, these results can be explained by the frequent forest fires on the island of Brač, which occur frequently during the summer season [35].



In Kaštela Bay, the highest contribution to the sediment PAH concentration was determined for Source 4, ranging from 72.17% at KB3 in October, to 88.48% as observed at the same station in February. Seasonal differences in the contributions of each PAH source were observed only at station KB3, where the contribution of recently spilled petroleum was higher in February than in October. The highest contribution of Source 3 to the total concentrations of PAH in the sediment of Kaštela Bay was observed at station KB3 in February. This station is located near the industrial port of Split and the shipyard area, suggesting that the high contribution of Source 2 may be due to accidental spillage of unburned petroleum during ship maintenance [32,37]. The absence of Source 2, or minimal contributions from this source in the coastal area, Kaštela Bay and most of the open-sea stations are likely due to the absence of industrial activities in these areas.



In Šibenik Bay, a high contribution from Source 1 is observed at station SB1 in October. The contribution of Source 2 to the total PAH concentration was highest at each station in Šibenik Bay, especially at station SB5, where 94.57% of the PAH sediment concentration came from Source 2. High contributions from Source 2 were also observed in October at stations SB2 (91.07%) and SB4 (68.71%). These results can be explained by the influence of coke-burning in the ferroalloy factory that operated on the shores of the bay from 1880 to 1990. The high concentrations of PAH in the surface sediment are probably due to the diffusion of PAH from the deeper sediment layers that are oversaturated with PAH. The highest contributions from Source 3 were detected at station SB1 in February, where model results indicate that 58.72% of PAH originated from Source 3. Station SB1 is located near the tourist marina where most of the vessel maintenance is performed during the winter, suggesting that the high Source 3 contribution detected at this station in February is caused by accidental leaks of petroleum derivatives during vessel maintenance. An elevated contribution from Source 4 was also detected at this station, confirming the assumption that this station is greatly affected by vessel maintenance activities.




3.3. Benzo[a]pyrene Equivalent Toxicity of PAH Mixtures in the Adriatic Sea


Toxic equivalent quantity (TEQ) for 9 known carcinogenic PAH compounds and for 16 EPA compounds, calculated for the studied sediment samples are shown on Figure 8. It can be seen that summed TEQ for 9 and 16 PAHs exceeded 600 µg kg−1 only at the stations in Šibenik Bay. At the remaining stations, the TEQ values were below 200 µg kg−1, regardless of the number of compounds considered. In contrast, TEQ values in Šibenik Bay were significantly higher, especially at the stations near the former ferroalloy factory and the tourist marina. When all 16 PAH compounds were considered, TEQ values at most stations exceeded 600 µg kg−1, indicating a high carcinogenic risk associated with sediment PAH concentration in Šibenik Bay. Results obtained by calculation of TEQ are in good agreement with the results of PAH-related sediment toxicity obtained by applying the sediment quality guidelines, where a high environmental risk was observed for the total area of Šibenik Bay [38]. However, in the same study, the results of the bioassay application indicated poor environmental status associated with the PAH sediment concentration at stations outside Šibenik Bay. This suggests that assessing the toxicity of PAH solely on sediment concentration may significantly underestimate the environmental risk [38].





4. Conclusions


PAH concentrations in sediments of the mid-Adriatic Sea show great variability, ranging from very low concentrations in the open sea area to very high concentrations in urbanized, coastal areas. The application of the PMF model for PAH source apportionment revealed the presence of four main sources of PAH pollution in the investigated area. Among them, Source 1 and Source 4 can be considered as the most important ones since their contributions to the total PAH pollution were observed in each studied area. Positive Matrix Factorization provided detailed information about PAH sources and the contribution of each source to the total PAH in each location, which makes it a reliable tool for the management of various activities in the Adriatic region. To obtain more accurate information on pollution sources, the dataset used as model input should include a greater number of stations as well as other pollutants, such as trace metals, pesticides, dioxins, antifouling chemicals, etc. The PAH-toxicity assessment revealed a high cancer risk associated with PAH concentration in the sediments of Šibenik Bay, while in the rest of the study area the cancer risk associated with the sediment concentrations of PAH was low. While these results are in good agreement with the results obtained by applying the sediment quality guidelines, they differ greatly from the results of the bioassay used to test the acute toxicity of the sediments. It can be concluded that additional bioassays conducted on a larger number of different marine species are needed to accurately assess the environmental risk associated with PAH.
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Figure 1. Sediment-sampling stations selected for source apportionment of polycyclic aromatic hydrocarbons and PAH-related toxicity evaluation in Adriatic Sea. 
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Figure 2. Concentration of total PAH (T-PAH), 16 EPA priority PAH (16 EPA PAH), unsubstituted PAH (parent-PAH), methyl-substituted PAH (C-PAH), sulphur-containing-PAH (S-PAH) and oxygen-containing-PAH (O-PAH) at stations in the coastal area. 
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Figure 3. Concentration of total PAH (T-PAH), 16 EPA priority PAH (16 EPA PAH), unsubstituted PAH (parent-PAH), methyl-substituted PAH (C-PAH), sulphur-containing-PAH (S-PAH) and oxygen-containing-PAH (O-PAH) at stations along the mid-Adriatic transect. 
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Figure 4. Concentration of total PAH (T-PAH), 16 EPA priority PAH (16 EPA PAH), unsubstituted PAH (parent-PAH), methyl-substituted PAH (C-PAH), sulphur-containing-PAH (S-PAH) and oxygen-containing-PAH (O-PAH) at stations in Kaštela Bay. 
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Figure 5. Concentration of total PAH (T-PAH), 16 EPA priority PAH (16 EPA PAH), unsubstituted PAH (parent-PAH), methyl-substituted PAH (C-PAH), sulphur-containing-PAH (S-PAH) and oxygen-containing-PAH (O-PAH) at stations in Šibenik Bay. 
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Figure 6. Factor (Source) profiles obtained by application of Positive Matrix Factorization. 
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Figure 7. Factor (source) contributions (%) in the total PAH concentrations in the sediment of the investigated stations. * Refers to the sediments obtained in October of 2013. 
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Figure 8. Toxic equivalent quantities for 9 known carcinogenic PAH and 16 EPA PAH in the sediments of investigated stations in the Adriatic Sea. 
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Table 1. Toxic equivalent factors of 16 EPA PAHs (USEPA, 2014). * PAH compounds enlisted by EPA as known carcinogenic compounds.
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	PAH Compound
	Toxic Equivalent Factor—TEF





	Naphtalene *
	0.001



	Acenaphtene *
	0.001



	Acenaphtylene
	0.001



	Fluorene
	0.001



	Phenanthrene *
	0.001



	Anthracene
	0.001



	Fluoranthene *
	0.001



	Pyrene
	0.001



	Benzo[a]anthracene *
	0.1



	Chrysene *
	0.001



	Benzo[b]fluoranthene
	0.1



	Benzo[k]fluoranthene *
	0.1



	Benzo[a]pyrene *
	1



	Indeno [1,2,3-cd]pyrene
	0.1



	Dibenzo[a,h]pyrene
	1



	Benzo[ghi]perylene *
	0.01
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
FACTOR (SOURCE) CONTRIBUTION (%)

100

a

2

o

g

0 FACTOR 1- TRANSPORTATION
B FACTOR 2 - COKE (BIOMASS) COMBUSTION

B FACTOR 3 -UNBURNED FOSSIL FUELS, "FRESH" PETROLEUM POLLUTION

0 FACTOR 4 - MOTOR OILS, HEAVY PETROLEUM DISTILLATE, WEATHERED PETROLEUM

“||||I“|"| H”m il
| ||| 11
EREBER FFEECECEEE

s

fo —

cs10 [
st
Kea* 1
se1A

PN ———

sean [






media/file4.png
c (PAH) / pg kg * d.s.w.

3000

2500

2000

1500

1000

500

Cs1

CS2

CS3

Cs4

m T-PAH
W parent-PAH
m C-PAH
m 16-EPA PAH
- S-PAH
® O-PAH

CS5  Csé6

Station

CS7

CS8

CS9

€510 Cs11






nav.xhtml


  applsci-13-06992


  
    		
      applsci-13-06992
    


  




  





media/file16.png
2272 5pERREennegtEEzE]

? po.
SB2A

SBl1A
SB4
5B+
sB2*
sB1*

SB5
5B4
5B3
SB2
5B1
KB4*
KB3*
KB1*
KB4
KB3
KB2
KBl
T56
T85
T54
T53
152
Ts1
Csl1
C510
C59
Cs8
C57
C56
C55
C54
C53

Cs52

0n 800 1200
ITEQ -9PAH h_lg kg'l

@
°r—u

1500 180 p—

T 1
* Sediment ITEQ - 16PAH fug kg

samples
obtained
in October






media/file2.png
AFRICA

' N

$©

| ‘-1 !
sch

,h- . Y
._‘Lc -{. :
S

Croatia

P ‘
® | y
' Sibenik

).
CSY

- hy Dubrovnik
Y-

Cs12
T

15°E

16°E

17°E

18°E





media/file5.jpg
<(PAH) /g kg * disw.

1000

75

500

250

wTPAR
= parent-PAH
meoa
B IG-EPAPAH
©SPAH
=0PAH

l—.l—h.-h.

51

52 53 54 55





media/file3.jpg
<(PAH) /g kg * disw.

3000

2500

2000

1500

1000

1

2

3

csa

wTPAH

= parentPAH
mcPa
= IGEPAPAH
sPAH
=0-PAH

S5 Cs6 €7 S8 €S9 CS10 CS11
Station





media/file1.jpg
“5N

435N

25N

15 16 1TE 18°E





media/file7.jpg
<(PAH) / pg kg * disaw.

3000

2500

2000

1500

1000

500

= TPAR
= parent-PAH
e
W 16EPAPAH
sPAH
=0PAH

Ke1 [ K83 KBA KBl KB KB4
station





media/file10.png
c (PAH) / pg kg * d.saw.

30,000

25,000

20,000

15,000

10,000

5000

SBl1 SB2

H T-PAH
i parent-PAH
m C-PAH
W 16-EPA PAH
© 5-PAH
m O-PAH

SB3 SB4 SB5 SB1* sSB2*

Station

SB3*

SB4*

SB1A SB2A SB4A






media/file12.png
FACTOR1

J9d-z2
J9ad-12
J90a

INHTD
INF

19a-€2
19a-zo
19a-12

O parent-PAH
O parent-PAH
B C-PAH
O parent-PAH
B C-PAH

B C-PAH

“0E-MIN

TA9-TD

i mwams
O parent-PAH
B C-PAH
[
A

_IWHHH n; e |

HHI£D
HHI-TD
HHITD

FACTOR 3
FACTOR 4
:

-
1

IHd-I2

—i =
T[II‘HHEJEEWF m— e
il

0.0 lmmBle_o[lm
- I
T T T
7
[ ]
[ ]

2.0

<
eg

6.0
4.0
2.0 1
0.0 -
8.0

<
™~

0.0

<
=

10.0
6.0

=
=

16.0
14.0
12.0
10.0
8.0
6.0
4.0
2.0
0.0
14.0
12.0

S8 885
S o o Ff

12.0

(9¢) Junowe ane|al (2¢) Junowe ane|as (2¢) Junowe ane|a1 (24) Junowe aane|a.






media/file9.jpg
< (PAH)/ peke* dw.

30,000

25,000

20000

15,000

10000

se1 se2 ses

wTrAn
= parent.PAH
mcoaH
 16-EPA PAH
span
=0PaH

sBa ses se1® sB2*
Station

3" sear

SBIA SB2A SBAA





media/file0.png





media/file14.png
FACTOR (SOURCE) CONTRIBUTION (%)

100

40

20

C51 |

[J FACTOR 1 - TRANSPORTATION

[ FACTOR 2 - COKE (BIOMASS) COMBUSTION
B FACTOR 3 - UNBURNED FOSSIL FUELS, "FRESH" PETROLEUM POLLUTION
[0 FACTOR 4 - MOTOR OILS, HEAVY PETROLEUM DISTILLATE, WEATHERED PETROLEUM

e —

=1

—

STATION

[T I = R MLy 12
(== - =y~ =]
Eﬂh‘.‘hﬂhﬂ

—

I

W
= "M
== ==
ax x

= &

*
éhﬁlﬂww

W
L |
== - =]
vl o\

2

E

<
-
0
L]

SB2A |
SB4A






media/file8.png
c (PAH) / ng kg * d.s.w.

3000

2500

2000

1500

1000

500

m T-PAH
" parent-PAH
m C-PAH
W 16-EPA PAH
- S-PAH
m O-PAH

KB1 KB2 KB3 KB4

Station

KB1*

KB3*

KB4*






media/file11.jpg
FacTont
-
gl =T
HEY u Comn
io
1.0
E 20 -
T oo il lll fe} =———
prees
CFerr
nall, n.
€ 1o O parentpan
£ 100 u cean
£ 0
iz i
¢ bl e e
g
5 T
z o
g 6o S|
£ I
B R O
ool S8 ©






media/file6.png
c(PAH) / ug kg * d.s.w.

1000

mT-PAH
m parent-PAH
m C-PAH

750 m 16-EPA PAH

© S-PAH
m O-PAH

TS1 TS2 TS3 TS4 TS5 TS6

Station





media/file15.jpg
KB4
KB
KBI
i
¢
™
™
™
51

i

s
[
s
s
css
s
s
s
s
s

2227222228277272

2

@ w um mo m o

ETEQ- 9PAH /ug ke*

“ Sediment
samples
obtained
in October

o o 0w
STEQ- 16PAH /g kg*






