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      FOREWORD


    


  




  

    Research about polyaromatic hydrocarbons (PAHs) as environmental stressors is a long term topic with multiple aspects. Its importance implies that we will not see any final papers within the area for a long time. As the research unfolds, both extensive global reviews and more limited reviews addressing recent or expected advances are needed. As new investigative methods emerge it is useful to sum up recent findings and the possible directions being opened to us. This is the purpose of this book.




    The analysts now refer to the oil fingerprinting field as “petroleomics”, indicating how the field is advancing based on more powerful tools. The analytical advances are not only regarding the parent PAH compounds, but also the metabolized PAHs, known for their high hazardousness. High resolution mass spectrometry will probably soon lead to the detection of a wider range of metabolized and oxidised PAHs too, which will need follow up in different directions.




    The analysts ability to synthesize reference PAH metabolites is one of them, and new research challenges will be posed regarding their potential environmental effects. Other logical following steps are revisits of the PAH compounds bioavailability, biodegradability and carcinogenicity. This is the reason these themes are taken up in this book, accompanied by other advances within each of their respective topics. Finally, suggestions are given to how the advances will open for new monitoring methods and strategies leading to one of our important goals: an improved control of a challenged marine environment for which there is an increasingly growing concern.




    May this book be an important drop in the ocean that diminishes the PAH part of that concern and help fellow researchers and ourselves to be on top of this complex issue!

Steinar Sanni


    International Research Institute of Stavanger


    University of Stavanger


    Norway

  




  




  




  

    

      PREFACE


    


  




  

    Crude oil and consequently polycyclic aromatic hydrocarbons (PAHs) have been released to the marine environment long time before humans discovered oil through natural oil seeps. Nature has quite efficient systems for cleaning up these releases of contaminants. Since the first human oil excavation started at sea, many oil spills of small and large sizes, have been taking place (chapter 1, 2 and 3). These types of incidents represent an overdose to the natural processes.




    The natural defense system for oil degradation is micro organisms, mainly bacteria, which can use the components in oil as an energy source (chapter 7). However, these bacteria preferably use the readily available straight chain hydrocarbons as their first choice of nutrition. This results in a very slow natural removal of larger components such as PAHs, which requires more processing in order to utilize the energy found in the molecules. With great abundance of easily accessible energy sources available, e.g. alkanes, which is the case in an oil spill, PAHs will accumulate in the environment. The micro organisms will only start breaking down these compounds in order to get energy once other energy sources are used up. In the meantime PAHs, which have been pointed out as the most toxic organic compounds found in oil, will impact marine life.




    Research has shown that PAHs cause severe effects on fish at all life stages, with the most severe effects found on fish embryos. The book will convey an up to date overview of the current state of knowledge regarding the negative health effects of PAHs on marine life (chapter 1 and 4). Most of the health problems related to exposure to PAHs are caused by the oxidized metabolites that organisms generate in vivo in order to excrete the unwanted compounds (chapter 5). The metabolites are much more reactive and therefore also more toxic than their mother compounds (chapter 4 and 5). These secondary compounds are prone to react with DNA and proteins to form adducts.




    Central in research directed towards understanding the mode of action for PAH metabolites in vivo has been the preparation of synthetic material (chapter 6). This material has been utilized as standards for analysis and starting point for studying further metabolism in vivo. Moreover, due to their presence in the marine environment and their genotoxicity, there is a standing requirement for oil and gas operators to monitor their concentration and influence on marine life through environmental monitoring studies (e.g. the Water Column monitoring) (chapter 2).




    Although a lot is known about the influence of PAHs on the environment, and the marine environment in particular, there are still many unresolved questions that are awaiting answers. It is our intention that this book will give a solid basis facilitating the pursue of these unanswered questions.

Daniela M. Pampanin


    International Research Institute of Stavanger


    University of Stavanger


    Norway
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    Magne O. Sydnes


    University of Stavanger


    Norway
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      Introduction to Petrogenic Polycyclic Aromatic Hydrocarbons (PAHs) in the Aquatic Environment


    


  




  

    

      PETROGENIC PAHs




      Polycyclic aromatic hydrocarbons (PAHs) are a constituent of crude oil and PAHs from petroleum are called petrogenic PAHs. These groups of compounds have been of high concern due to their toxic effect and in particular their carcinogenic potential [1]. PAHs are known for causing adverse effects in aquatic organisms, however, their toxicity is not directly due to the parent compounds, but predominantly




      due to the oxidation products generated in vivo [2, 3]. The oxidation products are formed during the process of making the compounds more water soluble so that they can be more easily excreted. There has been a great research effort in order to unravel the harm caused by PAHs on biota. Hylland reviewed the ecotoxicology knowledge related to PAHs in the marine ecosystem, underlining the link between these compounds and their adverse effects on biota and recognizing the importance of the determination of adverse effects using biological variables (i.e. biomarkers) [4].




      Chapter 2 will give an overview of the possible sources of contamination.




      It is important to provide information about the analytical methods utilized to identify the source of contamination (see Chapter 3) and the methods used for their quantification in biota.




      Significant improvements in analytical chemistry methods are increasing the possibility to analyse a large fraction of PAH compounds found in oil in a single analysis. Descriptions of these methods, especially new approaches using mass spectrometry, and how they are and can be used in environmental investigations are reported in Chapter 3.




      More than 600 aromatic hydrocarbons have been listed, from the monocycle benzene (molecular weight (MW) = 78) to the nine ring compounds (MW up to 478). They are classified according to their physical and chemical properties, i.e. the temperature of compound formation and the origin. They can be classified in: 1) natural, i.e. biogenic or diagenetic origin; 2) pyrogenic, i.e. originated from pyrolysis substrates; 3) petrogenic, i.e. originated from petroleum sources. Characterisation of PAHs has been reviewed and physical and chemical properties of the most common PAH contaminants (e.g. MW, aqueous solubility, vapor pressure, the octanol-water partition coefficient, boiling point) are available on-line.




      The characterization and quantification of PAHs in the sediment compartment have received growing attention since the 1970s (i.e. lakes, rivers, estuaries and seas). Most studies during this time reported a predominance of pyrogenic PAHs versus petrogenic PAHs, except in specific cases of oil spills or oil related activities. Petrogenic PAHs in general can result in more bioavailability since they tend to bind strongly to sediment particles.




      The identification of PAH type is essential for evaluating the risk to biota. The ratio between alkylated PAHs and the parent compound is commonly used to distinguish between PAH types [5 - 7]. In particular, petrogenic PAH composition is dominated by alkyl constituents.




      Petrogenic PAHs primarily consists of 2- and 3-ring compounds and alkyltated forms. The alkyltated forms can make up to 90% of the PAHs found in crude oil. It is important to note that alkylated PAHs have higher toxicity than other forms of PAHs.




      The concern over the toxicity of PAHs resulted in U.S. EPA (Environmental Protection Agency) establishing the narcosis model for protecting the benthic community [8]. These guidelines require the measurement of the so-called 34 PAHs in sediment sample (i.e. 18 parent PAHs and 16 alkyl PAH derivatives) to evaluate the impact of PAH contamination on benthic species [9].




      Knowledge and regulations have been improved since the introduction of the 16 EPA PAH concept in the 1970s and more research is focusing on toxicity, environmental and chemical analysis of other polycyclic aromatic compounds, e.g. alkylate PAHs, amino-PAHs, cyno-PAHs [10 - 12].


    




    

      BIOACCUMULATION OF PAHs IN AQUATIC ORGANISMS




      Petrogenic PAHs are bioavailable compounds in the aquatic environment and their presence in biota represents a problem. The estimation of the total PAH load entering the aquatic environment is clearly quite difficult and the value of 0.5 million tons/year suggested in the 1980s is now at least one order of magnitude greater.




      Most studies related to the measurement of PAH concentration in aquatic organisms are linked to the risk they pose on human health [13 - 17]. Therefore, the management of aquatic resources have been traditionally based only on the quantification of PAHs in biota. PAHs are included in the often referred to as the Hygiene Package from the European regulation, which reports the limits for contaminants in shellfish as foodstuff. Table 1 reports the maximum level of benzo[a]pyrene (B[a]P) allowed in food (EC regulation No 1881/2006). A recent review from Guéguen et al. summarises the chemical hazard of shellfish (e.g. oysters, mussels, scallops) collected along French coasts [14]. The authors concluded that the chemical monitoring of contaminants is important for evaluating the risk to human health from the consumption of contaminated food, however it is not sufficient to estimate the real risk. Moreover, they highlight the necessity to monitor PAH compounds.




      

        Table 1 Maximum level of benzo[a]pyrene allowed in foodstuff (EC regulation No 1881/2006).




        

          

            

              	



              	µg/kg wet weight

            


          



          

            

              	Bivalves



              	10

            




            

              	Crustaceans, cephalopods



              	5

            




            

              	Fish meat



              	2

            


          

        




      




      Bioavailability is a key element when discussing aquatic environment contaminations. Adverse biological effects need to be considered and possibly predicted [18]. The bioavailability of a chemical depends on biogeochemical and physiological processes and determining the amount of pollutants that are capable of entering the target (i.e. organism).




      The degree of bioavailability also dependents on the possibility that PAHs make a stable complex with dissolved organic matter in the water and in the sediment (i.e. pore water). This affinity is known to increase with the PAH MW and the hydrophobicity of the compounds.




      It is well-known that a prediction of PAH bioavailability can be done by taking into account key factors such as partitioning of the compound between sediment, water and tissue compartments (which is controlled by lipid and organic carbon) and the octanol-water partition coefficient [19]. The organic carbon associated with the sediment or dissolved in water influences the bioavailability (Fig. 1). Since this is the crucial step for both exposure and effects of PAH on biota, scientific knowledge regarding the bioavailability of PAH in aquatic organisms is regularly reviewed [20 - 22].
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        Fig. (1))


        PAH uptake into aquatic organisms depends on the fraction of bioavailable PAHs. Schematic representation of factors that influence bioavailability.

      




      If PAHs are bioavailable in the environment, there will be an uptake of PAHs into the organism (i.e. bioaccumulation). Bioaccumulation occurs in all the aquatic organisms, and the level of exposure is highly dependent to the capability of the target species to metabolise PAHs [20]. Being hydrophobic compounds, they tend to accumulate in lipid rich tissues. The lipid reservoir also makes the maximum level of accumulation into an organism (i.e. maximum body burden).




      In fish e.g., PAHs and their metabolites can be found in most tissues, however higher levels are normally found in the liver (metabolic site) and the bile (excretion site).




      In invertebrates, the highest concentrations of PAHs are found in the hepatopancreas or the digestive gland.




      In general, benthic species have been found to have higher levels of PAHs in their tissues compared to pelagic species, due to the ingestion of contaminated particles.




      Various studies have shown that PAH bioaccumulation follows a clear seasonal variation [23 - 27]. This seasonal variability is related to different factors, including the lipid content of organisms that varies with reproduction cycles [28].




      Bioaccumulation models have been developed, resulting in a great improvement in the modelling of bioaccumulation of PAHs [29, 30]. Their application is still not accurate enough to predict the risk since many factors can influence the performance of the model (e.g. exposure duration, biotransformation, abiotic factors) [30, 31]. Therefore, their use should be considered in combination with experimental data.




      Aquatic organisms are capable of metabolising PAHs and different species use different metabolic systems, consequently having different efficiency. It is well known that fish have very efficient metabolic pathways to transform PAH and up to 99% of the uptaken compounds are metabolised within 24 hours. Nevertheless, these processes can also bring to the creation of more toxic forms capable of damaging the organisms metabolism, tissue or even physiological processes. For an accurate estimation of PAH exposure, it is therefore desirable to determine the presence of both PAHs and their metabolites. This clearly represents a challenge in the determination of PAHs in biota.




      PAH concentration also increases due to bioaccumulation at the different trophic levels (i.e. biomagnification). Biomagnification is still not a fully understood process and research efforts are directed to fill the knowledge gaps [32]. A recent study regarding the biomagnification of PAH included Daphnia magna, zebrafish and cichlids as test organisms. Results showed that predation of contaminated D. magna increased the uptake and elimination rates of PAHs in fish. However, predation did not change the bioaccumulation equilibrium, which in fish species depended on the freely dissolved PAHs in water. The authors concluded that biomagnification occurred due to an increased uptake (caused by predation) if the bioaccumulation equilibrium was not reached [32].




      Once more, the risk posed by the biomagnification has a high priority because of the risk to human health through consumption of aquatic organisms and various knowledge gaps have been identified [33]. A critical review has been recently published regarding the potential sources, risk and effects of PAHs in marine food [17].


    




    

      QUANTIFICATION OF PAHs IN BIOTA




      Quantification of PAHs in biota has been carried out for many years in both laboratory exposure and monitoring surveys.




      Studies have been conducted all over the world, however remote areas like the Arctic and sub-Arctic still have a need for baseline studies. With the opening of sailing routes (as a consequence of global warming) and new oil field explorations, these previously pristine regions are coming under increasing pressure from contamination and the scope for disaster only increases with increasing activities. Researchers have therefore started to collect information regarding background level of PAHs in these areas [34 - 36].




      The Biota Sediment Accumulation Factor (BSAF) is commonly used to measure the bioaccumulation of PAHs [37], allowing the comparison of sediment contaminations in different locations of the world. A recent publication from Szczybelski et al. is providing BSAF values from the Arctic [38], where petrogenic PAHs are of concern [39].




      An overview of the available techniques for chemical evaluation of PAHs in biota (body burden quantification) includes:




      

        	gas chromatography–mass spectrometry (GC–MS) operated in selected ion mode;




        	high-performance liquid chromatography (HPLC);




        	gas chromatographic tandem mass spectrometric method (GC–MS/MS) (developed by Kasiotis et al. [40];




        	HPLC with Fluorometric detection, and atomic absorption spectrophotometry [41].


      




      The European Commission has recently published, under the Water Framework Directive, guidelines regarding analytical methods for the determination of PAHs in biota.


    




    

      BIOLOGICAL EFFECTS OF PAHs




      Once entering the organism, these compounds are metabolised and partly excreted via the bile as PAH metabolites. Methods to detect and quantify PAH metabolites in biota are therefore presented in detail in this book, especially in relation to their endocrine disruption potential (see Chapter 5).




      Different species metabolise PAHs differently giving rise to various products. The diverse oxidation products also have different toxicity. These events result in a range of exposure molecules in the organism and large variation of toxicity for a given PAH between species. This represents significant information for establishing concentration limits, since different parts of a geographical region can tolerate different levels of PAH contamination. Biomarker analyses are available and commonly used in monitoring programs to help understand the effects of PAH contamination. A comprehensive review of the ecotoxicological effects of PAHs was written by Hylland [4].




      A search for existing literature quickly shows that biomarkers have been used since the 1980s to evaluate PAH contamination and the list of analysed parameters has been adjusted to fit environmental cases. The following list of biomarkers has been successfully used in the evaluation of petrogenic PAH effects [21, 42]:




      

        	Metabolites occurrence:



          

            	PAH metabolites in bile;


          


        




        	Biomarkers of xenobiotic transformation:



          

            	cytochrome P4501A (CYP1A), ethoxyresorufin-O-deethylase (EROD), glutathione-S-transferase (GST), gene expression related to the aryl hydrocarbons receptor (AHR) activation;


          


        




        	Antioxidant defences:



          

            	glutathione-S-transferase (GST), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), glutathione reductase (GR), glutathione (GSH), NADPH-dependent isocitrate dehydrogenase (IDP), pyruvate kinase (PK), phosphoenolpyruvate carboxykinase (PEPCK), TOSC (total oxyradical scavenging capacity);


          


        




        	Oxidative damages:



          

            	malondialdehyde (MDA) production, lipid peroxidation (TBARS);


          


        




        	Genotoxicity



          

            	DNA adducts, comet assay, micronucleus assay;


          


        




        	Immuno responses:



          

            	total hemocyte count (THC) (including Percentage of different cell types); hemocyte mortality (apoptosis), phagocytosis, parasitic infection;


          


        




        	Enzyme activity:



          

            	Acetylcholine esterase (AChE) (i.e. in relation to neurotoxic effect), acyl CoA oxidase (AOX);


          


        




        	Histological evaluation of target tissues:



          

            	alteration of internal tissues;


          


        




        	Physiological measurements:



          

            	Swimming performance, metabolic rate, escape capacity (e.g. valve closing/opening in scallops, growth).


          


        


      




      Some emerging approaches are related to omics techniques (genomics, transcriptomics, metabolomics, proteomics, adductomics). As an example, Deng et al. published a research article related to the reproductive toxicity of benzo[a]pyrene in scallops using digital gene expression analysis. Results showed a clear response in gene expression related to the exposure and consolidate the idea to use this approach in relation to other PAH compounds and in other aquatic species [43]. Similarly, the transcriptional responses of zebrafish due to PAH exposure has been reported. In this case, the omics method was suggested as useful for classifying the PAH toxicity [44].




      The omics approach seems to be particularly useful when the contamination is due to a mixture of PAH compounds, which is what organisms are generally exposed to in the natural aquatic environment. Our research group has also been developing a method for using the bile proteome as biomarker of exposure to PAHs [1, 45] (detailed information can be found in Chapter 2).




      A major advantage in using biomarkers is the possibility to have a time-integrated response of the organism, even at very low PAH contamination level (concentration below detection limit for quantification in the water and/or in the biota). The correlation between body burden and biological effects is definitively not straight forward [46]. Therefore the chemical quantification of PAH in an organism does not provide enough information about biological effects or the risk for the organism. Being sub-lethal measurements, biomarkers are good early warning system for monitoring the ecosystem and are capable of highlighting the long term effects of contamination.




      Factors as seasonal variations can cloud results and cause confusion. These factors have been studied and the conclusion is that they are within acceptable limits in environmental monitoring, as far as the origins are known (e.g. reproduction state, temperature) [47, 48].




      A summary of the effects of PAHs on marine organisms can be found in the review from Mearns et al., where the authors reviewed more than 2000 scientific contributions [49]. This study aimed to give an overview of studies conducted both in the laboratory and the field on various species. In Mearns et al. review, a special attention was dedicated to the effects of oil spill events and PAHs in form of dispersed crude oil.


    




    

      CONCLUDING REMARKS




      Considerable research has been done to evaluate the presence and effects of petrogenic PAHs in the aquatic environment as confirmed by the large number of scientific publications (e.g. scientific articles, books, reviews). Tools are available for monitoring petrogenic PAHs and they include both chemical and biological measurements. Most environmental monitoring activities nowadays include both approaches, when aiming to provide information for decision makers. It is far more common now for legislation and regulation to take a broader more comprehensive approach to preserve the health of both humans and ecosystems.




      Nevertheless, the research effort needs to continue towards the identification and quantification of PAHs and their metabolites in aquatic organisms, in order to fill knowledge gaps regarding the toxic effects and long term consequences of PAH contamination.




      The tracking of sources of PAH contamination is a topic of great interest both for regulating the input into the aquatic environment and for predicting/estimating the biological effects of the pollution.




      In general, the current knowledge starts to allow us to predict the adverse effects of petrogenic PAH contamination both in short term (acute event like an oil spill) and long term (chronic contamination due to anthropogenic activities).
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      The Presence of Petrogenic PAHs in the Aquatic Environment, a Focus on Monitoring Studies


    


  




  

    

      INTRODUCTION




      Monitoring of the aquatic environment is extremely important for providing concrete information for the preservation of ecosystems against the adverse effect of anthropogenic sources of contamination. Great attention is focused nowadays on the cocktail of chemicals present in the aquatic environment and their potential




      detrimental influence [1]. Within the cocktail of contaminants, the presence of polycyclic aromatic hydrocarbon (PAH) compounds are of particular concern due to their proven carcinogenic properties [2, 3]. Some refer to PAHs as PBT substances: Persistent, Bioaccumulative and Toxic substances. Sensitive and solid source of contamination trackers are still under development. This is particularly relevant for legal issues and chronic contaminations.




      Due to the large number of publications related to techniques and approaches for monitoring the presence of PAHs in the aquatic environment [4], this book chapter will focus on giving an overview of the most recent successfully applied strategies in sediment, water and biota. In particular, the chapter will highlight new promising methodologies for tracking PAH contamination sources in biota that concurrently provide information about the real effect of PAH contamination on the aquatic ecosystem and about the source of contamination.




      

        Causes of the Presence of PAHs in the Aquatic Environment




        Petrogenic PAHs are present in the marine environment in significant concentrations [5]. They are naturally present in crude oil and coal. In coastal areas, they enter the water primarily from sewage, runoff from roads, smelter industries and oil spills while the presence of PAHs offshore is mostly related to oil seeps, oil spills and produced water discharge from oil and gas installations [3] (Fig. 1).




        Evaluation of PAH sources and their effects has been reported since the ‘80s, as shown for example in the National Research Council (US) Committee on pyrene and selected analogues [6]. Examples of sources of PAHs in the aquatic environment are reported herein and a selection of relevant references is proposed.




        

          Natural Occurrence




          PAHs are naturally found in aquatic plants, in bottom sediments, in fresh and marine waters, and in emissions from volcanoes and forest fires. The natural occurrence of PAHs in the aquatic environment does not represent an environmental risk per se. A good example is the study of Olivella et al. [7]; the authors reported the evaluation of exceptional leakage of ashes from a forest fire into riverine waters in Catalonia (Spain) in 1994. Even if the studied areas were clearly affected by extensive forest fires (and consequently exceptional emission of PAHs), levels of PAHs in sampled drinking water were always below the limit established by the European Community. This confirms that naturally occurring PAHs are most likely not harmful to the aquatic environment or to human health.
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            Fig. (1))


            Anthropogenic sources of PAH contamination in the Sea (figure courtesy of J. Beyer).

          




          Natural processes are also in place to preserve a functional aquatic environment (i.e. biodegradation processes, see Chapter 7 of this book and [8]). Nevertheless, the knowledge gained studying the natural presence of PAH represents a good base for the establishment of monitoring tools [9, 10]. Developments in molecular and analytical chemistry have been improving the understanding of the microbial metabolic networks, providing valuable tools to both verify and assess the presence of PAHs [11].




          It is important to note that bioremediation, which exploits the natural microbial degradation of organic compounds, is also considered the most cost-effective and sustainable cleaning technology related to PAHs [12].


        




        

          Oil Exploration and Production




          Discharges from oil and gas exploration and production have been subjected to intense PAH monitoring studies in the last three decades worldwide [13, 14], and in particular in the Norwegian Continental Shelf [15 - 19], to control and eventually minimize the environmental impact of these activities. Organisms living in waters and sediments around oil and gas production facilities are potentially exposed to various chemicals, especially through the discharge of produced water (PW) [20]. Data from offshore oil production platforms in the North Sea have shown that PAHs are one of the major organic components in PW [20, 21].




          Special attention has been given to the extraction of petroleum hydrocarbon resources in vulnerable areas like the Arctic. A review by country of the Arctic region’s oil and gas potential activities, including information about environmental regulation related to controlling, monitoring and mitigating the impact of these activities, reported severe local and regional environmental risk related to the operational and accidental release of contaminants and in particular PAHs [22].




          It is important to note that the ability to track the source of PAH contaminations is key. During the development of the offshore oil exploration activities in the Alaskan Beaufort Sea, the US authority sponsored a multiyear monitoring program to evaluate the chemical and biological characteristics of the Arctic marine environment. It was reported that the hydrocarbons found in amphipod tissues collected between 1999 and 2006, throughout the oil development area, were a mix of natural sources (coastal erosion of natural diagenic and fossil materials including seep oil) and other contamination sources (diet, river runoff), but no link was found with the offshore oil production [23].


        




        

          Accidental Releases




          Large amounts of PAHs can be released by leakages or accidents during extraction, transportation or refinery of petroleum. We have experienced dramatic cases of environmental contaminations since the ‘60s [24]. Some of the most widely known accidental releases of oil have been brought to the attention of the scientific community and the public alike due to extensive media coverage. Two examples among many are: 1) in 1989, the Exxon Valdez oil tanker ran aground releasing about 42 million L of oil into a pristine area of Alaska [25]; 2) in 2010 about 600000 tons of oil were spilled into the Gulf of Mexico following the disaster at Deepwater Horizon [26, 27] (Fig. 2). In both cases, a large part of the marine ecosystem was surveyed and monitored for years, proving the long term effects of such accidents. Authorities are well aware of the risks posed by accidental PAH contamination, and collaborate to provide common knowledge and response/restoration efforts (see for example the EPA website containing information in response to the Deepwater Horizon oil spill: https://archive.epa.gov/bpspill/web/html/). Massive marine oil spills are usually followed by an increase in PAH research.
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            Fig. (2))


            Deepwater Horizon oil spill accident, Gulf of Mexico 2010 (from Wikipedia By Unknown - US Coast Guard - 100421-G-XXXXL- Deepwater Horizon fire,https://commons.wikimedia.org/w/index.php?


            curid=10089914).

          


        




        

          Other Anthropogenic Sources




          As oil combustion is still one of the major sources of energy production, the presence of PAHs in the environment is linked to many anthropogenic activities. Sediment contamination in harbor areas is recognized worldwide and well documented [28 - 31]. Certain key elements are worthy to mention. The 16-PAHs (US Environmental Protection Agency (EPA) pollutants) are largely found in harbor sediments. Their availability varies, being linked to resuspensions, sediment sizes, and other abiotic factors. Sedimentary organic matter with different origins and maturities also have different PAH sorption characteristics, which will influence the PAH distribution and the long term environmental impact [28]. Harbors are both highly impacted environments and critical areas with strategic economic value, and therefore water quality assessment criteria, especially regarding important classes of contaminants such as PAHs, are important. In this case, sediment chemistry, bioaccumulation, biomarker evaluation and bioassays are recognized as fundamental, and only their integrated information can reveal the environmental impact of PAHs [31 - 33].




          In general, PAH contamination from land due to various sources/activities is to be expected all around the world. Leaks of crankcase oil from poorly maintained automobiles and/or illegal dumping of waste crankcase oil have been for example documented in Malaysia [34]. Monitoring activity can help in recognizing the presence of PAH contamination, and also contribute in identifying the source of the contamination.
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            Fig. (3))


            Structure of the U.S. EPA 16 PAHs listed as priority pollutants.

          




        


      




      

        Monitoring of PAHs in the Aquatic Environment




        In 1977, the U.S. EPA added 16 PAHs to the list of priority pollutants in the Clean Water Act [35] (Fig. 3). Since then, the presence of PAHs in the aquatic environment has been subject to monitoring activity. In the last 20 years, increasing concern about the environmental impact of these compounds on both the ecosystem [36] and human health [37] has brought focus not only on assessing and quantifying their presence, but also on evaluating their biological effects [38].




        

          Table 1 - Physical and chemical properties that influence bioavailability for aquatic organisms for the 16 PAHs of the EPA priority list (modified from Nagpal et al. 1993) [42].




          

            

              

                	PAH compound



                	Molecular weight



                	Solubility at 25 °C (µg/L)



                	Log KOW


              


            



            

              

                	Naphthalene



                	128.2



                	12500 to 34000



                	3.37

              




              

                	Acenaphthene



                	154.2



                	-



                	3.98

              




              

                	Acenaphtylene



                	152.2



                	3420



                	4.07

              




              

                	Fluorene



                	166.2



                	800



                	4.18

              




              

                	Anthracene



                	178.2



                	59



                	4.5

              




              

                	Phenanthrene



                	178.2



                	435



                	4.46

              




              

                	Fluoranthene



                	202.3



                	260



                	4.90

              




              

                	Pyrene



                	202.1



                	133



                	4.88

              




              

                	Benzo[a]anthracene



                	228.3



                	11



                	5.63

              




              

                	Chrysene



                	228.3



                	1.9



                	5.63

              




              

                	Benzo[b]fluoranthene



                	252.3



                	2.4



                	6.04

              




              

                	Benzo[k]fluoranthene



                	-



                	-



                	-

              




              

                	Benzo[a]pyrene



                	252.3



                	3.8



                	6.06

              




              

                	Dibenzo[a,h]anthracene



                	278.3



                	0.4



                	6.86

              




              

                	Benzo[g,h,i]perylene



                	276.4



                	0.3



                	6.78

              




              

                	Indeno[1,2,3-cd]pyrene



                	276.3



                	-



                	6.58
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