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DETERMINATION OF PAH POLLUTION AND ANAEROBIC PAH 

DEGRADATION ACTIVITY IN MARMARA SEA SEDIMENTS 

SUMMARY 

This investigation represents the first extensive study of the spatial distribution and 

sources of polycyclic aromatic hydrocarbons (PAHs) in marine sediments from the 

Marmara Sea. To assess the status of polycyclic aromatic hydrocarbon (PAH) 

contamination in Marmara sea sediments 10 marine sediment samples were collected 

in two years and analyzed for PAHs with 2–6 benzene rings by gas chromatography–

mass spectrometry (GC-MS). Comparison of the concentration range with a 

worldwide survey of sedimentary PAH concentrations, ranked PAH contamination in 

Marmara sea sediments as high to extreme and chronic pollution. The concentrations 

of PAHs (sum of 17 isomers) in Marmara Sea sediments are high by comparison 

with those observed in other regions. The highest concentrations of total PAHs were 

observed at sites Haliç and Tuzla (1694-2154 ppm), Ġzmit (825-1081 ppm). In all 

sampling locations more than 3 rings PAHs are more abundant than smaller rings 

PAHs, which was due to higher biodegradation rate of low moleculer weight PAHs.  

Fingerprinting analysis indicates that PAHs in the sediment were mostly petrogenic 

in origin likely due to shipping activities, whereas pyrogenic origin was found for 

PAHs in some sediment probably due to the high combustion inputs and urban 

runoffs from urbanized areas. 

Biodegradation can achieve complete and cost effective elimination of aromatic 

pollutants through harnessing diverse microbial metabolic processes. Aromatics 

biodegradation plays an important role in environmental cleanup and has been 

extensively studied since the inception of biodegradation. This study reported the 

comprehensive abundance of bcrA functional genes responsible for the key aromatic 

hydrocarbon biodegradation metabolic processes in marine sediments. Functional 

gene(bcrA) was quantified using real-time PCR as the microbial AnArHC process 

indicators. Abundance and activity of AnArHCD organisms were related to level and 

composition of aromatic petroleum hydrocarbons, which were evident from a 

statistically significant correlation between bcrA abundance and PAH concentration 

(r=0,98, n=9,5, p<0.5).  

In conclusion, the total petroleum HC levels were similar to those from extremely 

polluted marine environments; the microbial cell contents were very high compared 

to the other marine environments; the sediments were dominated by anaerobic 

hydrocarbon degraders, and these microbes were active. A less human intervened, 

sustainable and cost effective remediation strategy can be used to overcome the 

chronic hydrocarbon pollution in Marmara Sea. The best candidate for this purpose is 

bioremediation under anaerobic/anoxic conditions, because oil-degrading anaerobes 

are abundant and active in the sediments. 
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MARMARA DENĠZ SEDĠMANLARINDA PAH KĠRLĠLĠĞĠNĠN VE 

ANAEROBĠK PAH YIKIM AKTĠVĠTELERĠNĠN TESPĠT EDĠLMESĠ  

ÖZET 

Bu araştırma, Marmara Denizi sedimanlarındaki polisiklik aromatik hidrokarbonların 

(PAH) mekansal dağılımı ve kaynağıyla ilgili ilk kapsamlı çalışmayı temsil eder. 

Marmara Denizi‘ndeki sedimanlarda PAH kirliliğinin durumunu değerlendirmek için 

2 yılda 10 tortu numunesi toplanmış ve gaz kromografi – kütle spektrometrisi (GC-

MS) ile 2 - 6 benzen halkalı PAH‘lar analiz edilmiştir. Derişim aralığının dünya 

çapındaki sedimantal PAH konsantrasyonları ile karşılaştırılması sonucu Marmara 

Denizi‘ndeki sedimanlardaki PAH kirliliğinin yüksekten son derece yüksek ve 

kroniğe doğru bir eğilim sergilediği gözlemlenmiştir. Marmara Denizi 

sedimanlarındaki PAH konsatrasyonları (17 izomerin toplamı) diğer bölgelerdeki 

gözlemlenenlere göre çok yüksektir. Toplam PAH‘ların en yüksek konsantrasyonları 

Haliç ve Tuzla (1694-2154 ppm), Ġzmit‘te (825-1081 ppm) gözlemlenmiştir. Tüm 

numune alma lokasyonlarında 3‘ten fazla halkalı PAH‘lar,  düşük moleküler ağırlıklı 

PAH‘ların yüksek biyolojik bozunma hızına  sahip olmasından dolayı daha küçük 

halkalı PAH‘lardan daha fazladır. 

Parmak izi analizi, sedimandaki PAH‘ların gemi faaliyetlerin dolayı daha fazla 

petrojenik olduğunu göstermektedir; öte yandan PAH konsantrasyonlarındaki 

pirojenik orijin, şehirleşmiş alanlardaki yüksek yanma girdilerinden ve kentsel 

akıştan kaynaklanmaktadır.   

Biyolojik bozunma çeşitli mikrobiyal metabolik  proseslerden faydalanarak aromatik 

kirleticilerin tam ve maliyet etkin giderilmesi sağlar. Aromatik biyolojik bozunma 

çevresel temizlikte önemli rol oynar ve biyolojik bozunmanın başlangıcından beri 

kapsamlı olarak irdelenmektedir. Bu çalışma; deniz sedimanlarında anahtar aromatik 

hidrokarbon biyolojik bozunma metabolic proseslerinden sorumlu bcrA fonksiyonel 

genlerin kapsamlı çokluğunu raporlar. Fonksiyonel gen (bcrA) mikrobiyal AnArHC 

process indikatörü olarak gerçek zamanlı PCR kullanılarak ölçümlenmiştir. 

AnArHCD organizmalarının çokluğu ve aktivitesinin, aromatik petrol 

hidrokarbonlarının seviyesi ve bileşimi ile ilgisi, bcrA bolluğu ve PAH derişimlerinin 

istatiksel olarak birbirleriyle pozitif ilişkili olmasıyla ispatlanmıştır(r=0,98, n=9,5, 

p<0.5). 

Sonuç olarak, toplam petrol HC seviyeleri; aşırı kirli deniz ortamlarıyla benzerlik 

göstermektedir; mikrobiyal hücre içeriği, diğer deniz ortamlarına gore çok daha 

yüksektir; sedimanlarda ağırlıklı olarak aktif anaerobik hidrokarbon indirgeyicileri 

bulunmaktadır ve bu mikroplar aktiftir. Marmara Denizi‘ndeki kronik hidrokarbon 

kirliliğini gidermek için insanın daha az müdahale edeceği, sürdürülebilir ve maliyet 

etkin remidasyon stratejisi kullanılabilir. Bu amaç için en iyi seçenek; anaerobik/ 

anoksik koşullarda biyoremediasyondur; çünkü sedimanlarda petrolü ayrıştıran 

anaeroblar bol ve aktiftir. 
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1. INTRODUCTION 

Petroleum and petroleum products have been utilized by humans throughout history. 

By the Industrial revolution, relationship between man and this valuable energy 

source became so irreplaceable that searching and the refining the crude oil have 

been a great competition all around the nations. The annual world production of 

crude oil is around 70 million barrels per day (Kilpatrick, 2007). Transportation of 

such quantities of crude oil has been aroused pollution risks to aquatic environments 

since nearly 50% of petroleum transported by sea. Accidents occasionally result in 

large-scale marine pollution such as the recent explosion on an off-shore drilling 

platform in the Gulf of Mexico. Main sources of marine oil pollution are 

uncontrolled releases during crude oil production and refining, discharges during 

transportation, natural seepage from reservoirs, disposal by end users, and freshwater 

and terrestrial run-off (Diez et al., 2007; Lara and Martin, 2007; Short et al., 2007). It 

has been estimated that 1.7-8.8 x 10
6
 tons of petroleum hydrocarbons impact marine 

waters and estuaries annually (McKew et. al., 2007). With world oil demand 

expected to grow by 50% by 2025 (US Department of Energy, 2006), oil pollution is 

likely to remain a significant threat to marine ecosystems. 

Among hydrocarbons, PAHs are a widespread class of environmental pollutants that 

are carcinogenic and mutagenic. They arise from the incomplete combustion of 

organic material, especially fossil fuels (pyrolytic origin), from the discharge of 

petroleum and its products (petrogenic origin) and from the post-depositional 

transformation of biogenic precursors (diagenetic origin). Terrestrial plant waxes, 

marine phytoplankton, volcanic eruptions, biomass combustion and natural oil seeps 

contribute natural inputs of hydrocarbons, including aliphatic and aromatic 

hydrocarbons (Saliot, 1981; Neff, 1979). 

Marmara sea is one of the unfortunate inland sea that has been extremely and 

chronically polluted via mainly oil transportation related accidents (these accidents 

includes the ones that happened in Blacksea because currents carry petroleum to the 

Marmara Sea), and discharges of petroleum hydrocarbons and related products 
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without any treatment (Tolun, 2006; Alpar, 2004; Kucuksezgin, 2006). Pollution in 

the Marmara Sea has become chronic and renewal capacity is not enough to remedy 

the pollutants. As the pollution rate increases, oxic sediments are gradually become 

anoxic in the Marmara Sea so anaerobic and anoxic processes became dominant 

throughout the years (DSI, 2004). To estimate the severity of oil contamination, a 

number of indicators have been proposed: (i) high concentrations (>100 ppm of total 

hydrocarbons) (ii) PAH contents can be described as low, moderate, high and very 

high when total PAH concentrations are 0–100, 100–1000, 1000–5000 and >5000 

ppm, respectively (Baumard et al., 1998). 

Majority of spilled petroleum hydrocarbons sink to bottom of the sea floor, called 

sediments through the water column. When the hydrocarbons reaches the sediments, 

they are absorbed and/or adsorbed within the particles of the sediments so these 

carbon rich organics began to accumulate on the subfloor of the marine 

environments. If renewal capacity of aquatic environment is lower than organic 

pollution rate, oxygen concentration of the sediments can reach critically low values. 

As a result of decreasing oxygen concentration values, marine sediments become 

anoxic (Kilpatrick, 2007). 

Marmara Sea is a semi-enclosed water body connecting Black Sea to Aegean Sea. 

Inspite of its potential, the microbial ecology of Marmara Sea sub-seafloor has not 

been studied yet. In this study, bcrA gene abundance of functional genes responsible 

for the anaerobic aromatic hydrocarbon degradation key metabolic processes 

(microbial abundance and activity) as well as physiochemical characteristics of the 

Marmara Sea Sediments (MSS) were monitored for two years. The purpose of this 

thesis is to assess the level of contamination by hydrocarbons, in particular PAHs 

and to investigate anaerobic aromatic degradation activity via Q-PCR. 

Anaerobic biodegradation processes are a significant component of natural 

attenuation owing to the abundance of anoxic electron acceptors relative to dissolved 

oxygen (Safinowski, 2006; Zwolinski, 2000). Furthermore, clean-up systems based 

on anaerobic biodegradation require less human intervention. Despite its economical 

advantages, bioremediation strategies based on anaerobic microbial processes are 

very limited because they proceed at much lower rates than the aerobic ones (Prince, 

2007).  

 



  

3 

 

An aerobic bioremediation strategy is unfeasible for Marmara Sea since oxygen 

penetration into anoxic MSS is poor and oxygen mass transfer enhancement by 

mechanical means is inappropriate for the inaccessible sediments. Under these 

conditions anaerobic hydrocarbon degradation (AnHD) is the only alternative as long 

as oil-degrading anaerobes are abundant and active in MSS. 
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2. POLLUTION PROFILE OF THE MARMARA SEA 

2.1 General Characteristics of The Marmara Sea 

The Marmara Sea is a small (size 70 × 250 km) intercontinental basin connecting 

Black Sea and the Aegen Sea.The deepest water is an underwater through that 

extends 1300 meters below the surface. Being an intracontinental sea on a waterway 

between Mediterranean Sea and Black Sea, the sediments of the Sea of Marmara are 

believed to have been a rather sensitive recorder of climatic, biological and chemical 

changes and water-mass movements in the region (Çagatay et al., 1996). 

The Sea of Marmara has a volume of 3,380 km
3
 and consists of a complex 

morphology including shelves, slopes, ridges and deep basins (Algan et al., 2004). It 

has a relatively broad shelf (40 km) in the South and a narrow one (10 km) in the 

North. The Marmara Sea is connected to Black Sea in the northeast via the Istanbul 

Strait (Bosphorus) and to the Aegean Sea in the southwest via the Çanakkale Strait 

(Dardanelles). 

The oceanographic features (chemical, biological) of the basin are influenced by the 

Black Sea and the Aegean Sea via the Bosphorus Strait and the Dardanelles, 

respectively. The waters of the Bosphorus are strongly stratified, with the upper layer 

comprising low salinity outflow from the Black Sea and the bottom denser layer 

generated by northerly, highly saline flow from the Mediterranean. Mixing between 

the two layers along the Bosphorus / Marmara junction, is strongly affected by the 

main features related to the physical oceanography of the area, namely the respective 

salinity of the approaching currents, the topography of the strait and the prevailing 

meteorological conditions which results in a permanent two-layer flow system with 

halocline at a depth of 20 - 25 m (Orhon, 1995). The stratification of the water 

column, together with the topographic restriction of the two straits, prevents the 

efficient circulation of the sub-halocline layer. As a result, the dissolved oxygen 

concentration of the bottom waters decrease by microbial oxidation of organic matter 

from 7-10 mg/l near Çanakkale Strait towards east to about 1 mg/l above the deep 
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basins, and 2.5 mg/l near the Ġstanbul Strait (Ünlüata and Özsoy, 1986). The water 

that came from the Mediterranean Sea is vitalizing to Marmara Sea, because it has 

more oxygen and more salt (Algan et al., 2004). The significant feature of the 

hydrodynamics of the Bosphorus is the intense mixing of the deeper Marmara waters 

into the upper layer at the Bosphorus/Marmara junction (Orhon, 1995). The oxygen 

saturation of water below 25-30 meter depth from the surface varies between 20%- 

30% which is problematic for the mineralization of organic matter and coastal 

discharges from the Black Sea. 

In terms of primary production, the Sea of Marmara is intermediate between the 

Black Sea and Aegean Sea, with values of 60-160 g/ cm year (Yılmaz, 1986; Ergin et 

al., 1993), the highest values being located in the inner southern shelf. 

2.2. Pollution of the Marmara Sea 

The Marmara Sea is now a critically polluted water body and the recipient of a large 

number of wastewater discharges from landbased sources located along the coastal 

line, including the Ġstanbul metropolitan area (Orhon, 1995; Albayrak et al., 2006) 

and subject to several other anthropogenic activities that primarily cause severe 

hydrocarbon and heavy metal pollution.  

The pollution in the Marmara Sea is due to the sewages, industries and vessels. 

Sewage pollution is the most important between them. The Marmara Sea turned into 

an open sewage, because there is not a purification system for sewages. Industrial 

pollution is mostly based on government-run factories (Algan et al., 2004). The water 

quality measurements indicate severe signs of present and future eutrophication 

problems (Orhon, 1995). There is dying species in the Marmara Sea over 50, such as 

monk seals, sturgeons, shrimps and crabs (Turkish Marine Research Foundation, 

2004). 

The contaminants are introduced through water ways by a surface current from Black 

Sea and a deep current from the Mediterranean, respectively (Ünlü et al., 2006).The 

Bosphorus, a strongly stratified natural channel between the Marmara Sea and Black 

Sea, with significant mixing at the entrance to the Marmara Sea is also a major 

polluter for the Marmara basin, since it carries the highly polluted waters of the 

Black Sea (Orhon, 1995).  
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The Marmara Sea receives via the natural exchange from the Black Sea roughly 15 

times more organic matter than what is contained in the sewage discharges from 

Ġstanbul (Orhon, 1995). The basin receives a total of 1.9 x 10
6
 tons of TOC (total 

organic carbon) and 2.7 x 10
5
 tons of TN (total nitrogen) per year from the Black Sea 

inflow (Albayrak et al., 2006). Nutrient input from the Black Sea, however, is much 

more significant then coastal wastewater discharges according to the experimental 

evidence on the basis of extensive observations (Orhon, 1995). 

Furthermore, aside from coastal areas, the main pollution problem in the Marmara 

Sea is the nutrient accumulation which can not be remedied (Orhon, 1995). The 

Marmara Sea, being an internal water body with close interactions with the Black 

Sea and the Mediterranean, is permanently and strongly stratified with totally 

different characteristics between the euphotic layer in the upper 30 m and the lower 

layer showing typical properties of the Mediterranean. The primary productivity in 

the upper layer can also be considered as a significant index of pollution in the 

Marmara Sea (Orhon, 1995). 

Increasing industrial and domestic activities in the Marmara Region mainly influence 

the coastal and shelf areas of the Marmara Sea (Algan et al., 2004). Meanwhile rapid 

urbanization on the coastal zone of the Marmara Sea has attracted congested 

population influx since the 1970‘s (Ünlü et al., 2006). Pollution loading from 

Ġstanbul alone makes up the major portion (40–65%) of the total anthropogenic 

discharges (Polat and Tugrul, 1995). Anthropogenic activities in the coastal area of 

the North Marmara Sea include, urban effluent, summer resorts (untreated effluent 

discharged into the sea), agricultural run off, sunflower oil and cement factories, 

fishing and shipping (Öztürk et al., 2000).  

Aside from Ġstanbul, the Ġzmit Bay area, the Gemlik Bay area, which are also 

included within the scope of the Tabitha Project covering this present study, the 

Susurrus River and the adjacent residential areas, and the Tekirdag area contribute 

different degrees to the pollution of the Marmara Sea (Orhon, 1995). There are major 

rivers in the South (the Biga, Gönen and Kocasu rivers) flowing into the Sea of 

Marmara that are responsible for high input of nutrients and allactonous organic 

matter to the southern shelf (Çagatay et al., 1996).  

Another important contaminant of Marmara Sea is petroleum hydrocarbons. Mainly 

oil pollution of Bosphorus occurred due to currents from the Black Sea. It has been 
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estimated that 410.000 tons of oil products are discharged into Black Sea each year. 

The estimated inflow from the Black Sea was calculated as total of 1.9x10
6
 tons of 

TOC and 2.7x10
5
 tons of TN per year. Addition to oil pollution caused by inflow 

from Black Sea, heavy sea traffic and various refineries and facilities located around 

Marmara Sea increases the oil pollution dramatically (Fashchuk, 1991; Tugrul and 

Polat, 1995). The oil concentration increased with years gradually as the sea traffic 

increases with years. The oil concentration at Bosphorus increased from 9.5 µg/L to 

33.5 µg/L from 1995 to 1996. Dardanelles showed a higher increase in concentration 

from 5.25 µg/L to 42.5 µg/L in the same period. The concentration of Marmara Sea 

increased from 36.9 µg/L to 103.7 µg/L at the same time (Guven, 1998). 

In addition, tanker traffic of several thousand oil carrying vessels, via the Bosphorus 

Strait is a constant threat to the marine ecosystem (Albayrak et al., 2006).There is a 

heavy traffic of shipping approximately 60 000 vessels per year involving tankers 

(10%). Tankers from oil exporting countries surrounding the Black Sea have only 

one exit to the Mediterranean Sea: via the Bosphorus Strait, the Marmara Sea and the 

Dardanelle Strait. The Bosphorus and the Dardanelle‘s are typical narrow water 

channels and navigation route through the Sea of Marmara. This route therefore 

increases the risk of collisions and running aground (Tan and Otay, 1999). Many 

accidents of merchant ships and tankers occurred in the strait. Nine tanker accidents, 

which resulted in almost 193 tons oil spill, occurred in Bosphorus and Sea of 

Marmara between 1964-2002 (Güven et al., 2004). The major accidents happened by 

large tankers Independenta in 1979 and Nassia in 1994. In the Independenta accident 

at the exit of the Bosphorus to the Sea of Marmara in 1979, 95 000 tons of crude oil 

was spilt and burnt (Etkin, 1997).  

In the Nassia accident at the northern exit of the Bosphorus to the Black Sea in 1994, 

13 500 tons of crude oil were spilt (Oguzülgen, 1995). M/V GOTIA sank into 

Bosphorus and 25 tons fuel oil was spilt and pollution spread out into a large area by 

winds (Güven et al., 2004). Bilge water discharge is also a major problem for the 

Straits of _stanbul and Çanakkale, and the Sea of Marmara. Increase in petroleum 

hydrocarbon levels mainly from oil spills, sewage outfalls and ship bilge water, has 

been observed in the Sea of Marmara (Güven et al., 1997). 

The levels of pollution, particularly the heavy metals, have increased dramatically 

due to large inputs from the Black Sea (Kut et al., 2000). At the same time, the 
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Marmara Sea has been subject to very high levels of pollution due to industrial and 

municipal waste disposal. Recent study of Topçuoglu et al. (2004) on heavy metal 

levels in biota and sediments in the northern coast of the Marmara Sea revealed that 

the levels of Zn, Fe, Mn, Pb and Cu in the macroalgae are higher than previous 

studies in the Marmara Sea, however, studied sediments from the relevant sampling 

points showed lower heavy metal levels than other areas in the Marmara Sea.  

Metal contents (Al, Fe, Mn, Cu, Pb, Zn, Ni, Cr, Co and Hg) of the surface sediments 

from the shelf areas of the Marmara Sea generally do not indicate shelf-wide 

pollution. The variability of the metal contents of the shelf sediments is mainly 

governed by the geochemical differences in the northern and southern hinterlands. 

Northern shelf sediments contain lower values compared to those of the southern 

shelf, where higher Ni, Cr, Pb, Cu and Zn are derived from the rock formations and 

mineralized zones. However, besides from the natural high background in the 

southern shelf, some anthropogenic influences are evident from EF(enrichment 

factor) values of Pb, Zn and Cu, and also from their high mobility in the semi-

isolated bay sediments (Algan et al., 2004). Anthropogenic influences are found to be 

limited at the confluence of Ġstanbul Strait in the northern shelf. However, Algan et 

al. (2004) found that suspended sediments along the shallow parts of the northern 

shelf were enriched in terms of Pb and Hg and to a lesser degree in terms of Zn, 

reflecting anthropogenic inputs from Ġstanbul Metropolitan and possibly from the 

Black Sea via the Ġstanbul Strait. 

Industrial activities, municipal wastewater, agricultural chemicals, oil pollution and 

airborne particles have been the main reasons for the pollution that has affected 

primarily the estuaries and bays of the Marmara Sea and has ultimately spread along 

the shoreline and continental shelf that constitutes 50% of its total area (Unlu, 2006). 

Anthropic pollution trapped in bays, in particular, has created significant ecological 

damage resulting in the decrease or extinction of marine species (Unlu, 2006). The 

northern shelf of the Marmara Sea is more subjected to increasing human 

interferences in the form of industrial (metal, food, chemistry, and textile) waste 

disposal, fisheries, dredging, recreation and dock activities, than to the southern 

shelf. It receives pollution not only from various local land-based sources, but also 

from the heavily populated and industrialized Ġstanbul Metropolitan and from 

maritime transportation (Algan, 2004). Because Marmara Region is an important 
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coastal settlement in Turkey with rapidly increasing population and industrial 

activities, the Sea of Marmara and the Turkish Straits are subject to intensive 

navigation activity. With the recent increases in sea traffic, these waterways have 

become a prime site for oil spill pollution (Kazezyılmaz, 1998). 

2.3. Pollution at the sampling points 

Samples were taken from the most polluted areas in Marmara Sea; Haliç, Ġzmit Bay, 

Tuzla, Moda, Gemlik Bay and Küçükçekmece. Haliç is an 8 km-long arm of the 

Bosphorus that goes right into the heart of Ġstanbul and it is surrounded by the Black 

Sea, the Bosphorus, and the Marmara Sea. During the 1950s it constituted the 

industrial center of the city. It covers an area of 25 million m
2
 and has a water 

surface area of 2.6 million m
2
. The deepest region reaches 60 m under Galata Bridge 

decreasing to 2-3 m in certain regions due to the sedimentation of municipal waste 

deposits over the years. The pollution in Haliç started to increase as a consequence of 

discharges of industrial and domestic wastewaters, and sediments carried by streams. 

Domestic wastewater had been discharged to Halic by more than 200 drains. Halic, a 

historic site also known as Golden Horn, had turned to an extremely polluted marine 

environment with a highly anaerobic deep sludge (Akarsubası et al., 2006). 

Ġzmit Bay, located in south of Ġstanbul on the southeast of the Marmara Sea, is the 

centre of burgeoning industrial development accompanied naturally by a rapid 

growth of population (Tolun et al., 2001). It is an important semi-enclosed 

embayment, and has been strongly affected by growing population and 

industrialization (Pekey, 2006). 

Tuzla is located on the Asian side, 60 km east of Ġstanbul, on the Sea of Marmara 

coast. Along the coast of Tuzla, there are agricultural lands and industrial plants 

(iron–steel plants, LPG plants, oil transfer docks, and cargo ship‘s ballasts water). 

Moda is located within the the Kadıköy district in Ġstanbul, Turkey on the Northern 

coast of Marmara Sea. Moda is at the junction of Kurbagalıdere which used to be an 

historical old rivulet surrounded by a recreational area connecting to Marmara Sea 

and a sanctuary for fisheries and boathouses. 

The Gemlik Bay is the second most polluted hot spot in this semi- enclosed sea 

connecting the Black Sea to the Aegean Sea via the Turkish straits (Bosphorus and 
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Dardanelles). It is surrounded by areas of high population growth and rapid 

economic developments in the Marmara Sea and receiving natural and anthropogenic 

discharges via rivers and atmosphere. The bay,with a total surface area of 349 km2,is 

most particularly subject to high anthropogenic pressure due to inputs from 

rivers,atmosphere,coastal shipping and industrial activities (Ünlü and Alpar, 2006). 

Küçükçekmece is a large, crowded suburb on the Eurepean side of Ġstanbul, Turkey. 

Küçükçekmece is on the Marmara coast and is the eastern shore (nearest they city) of 

an inlet of the Marmara called Küçükçekmece. The inlet is highly polluted but there 

are efforts to going on. 

Biogenic, diagenetic and anthropogenic components contribute to shelf sediments 

after their delivery to the marine environment. In coastal areas of densely populated 

large cities, the anthropogenic component of the sediments mostly exceeds the 

natural one. The surface sediments become a feeding source for biological life, a 

transporting agent for pollutants, and an ultimate sink for organic and inorganic 

settling matters (Algan, 2004). 

Marine sediments, particularly those in coastal areas, are commonly polluted 

withpetroleum hydrocarbons (PHC) as a consequence of the extensive use of 

petroleumcompounds by mankind (Miralles et al., 2007). In aquatic sediments, the 

depth of oxygen penetration through diffusion is controlled mainly by the 

consumption of degradable organic matter within the sediment and in coastal 

ecosystems rarely exceeds more than a few millimeters (Jorgensen, 1983). With the 

exception of the most superficial layer, the bulk of organic matter-rich marine 

sediments contaminated by PHC are assumed to be anoxic (Canfield et al., 1993).  

Consequently, microbial processes depending on the availability of free dissolved 

oxygen are constrained to the uppermost surface or, in deeper sediment layers, are 

coupled to irrigation and bioturbation processes of burrowing microorganisms 

(Freitag and Prosser, 2003). During the last decade, studies have shown the potential 

of coastal marine sediments for anaerobic hydrocarbon degradation under sulphate-

reducing conditions (Coates, 1997; Townsend et al., 2003).  

Industrial activities, municipal wastewater, agricultural chemicals, oil pollution and 

airborne particles have been the main reasons for the pollution that has affected 

primarily the estuaries and bays of the Marmara Sea and has ultimately spread along 

the shoreline and continental shelf that constitutes 50% of its total area (Ünlü et al., 
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2006) Anthropogenic pollution trapped in bays, in particular, has created significant 

ecological damage resulting in the decrease or extinction of marine species (Ünlü et 

al., 2006). The northern shelf of the Marmara Sea is more subjected to increasing 

human interferences in the form of industrial metal, food, chemistry, and textile 

waste disposal, fisheries, dredging, recreation and dock activities, than to the 

southern shelf. It receives pollution not only from various local and-based sources, 

but also from the heavily populated and industrialized Ġstanbul Metropolitan and 

from maritime transportation (Algan et al., 2004). Because Marmara Region is an 

important coastal settlement in Turkey with rapidly increasing population and 

industrial activities, the Sea of Marmara and the Turkish Straits are subject to 

intensive navigation activity. With the recent increases in sea traffic, these waterways 

have become a prime site for oil spill pollution (Kazezyılmaz et al., 1998). 

Haliç is an estuary of two small streams, namly Kagıthane and Alibeyköy, in the 

European part of Ġstanbul. The pollution in its vicinity dates back to 15th century 

with erosion on the hills of the creeks and accumulation at the bottom. The estuary 

became the center of industrialization of the city with the onset of the twentieth 

century where municipial wastewaters of the populated city were being discharged 

for many years by two streams flowing in. The major polluting indutries were 

painting, textile, metal finishing and steel industries. Today, pollution is causing 

unbearable and unhealty conditions and accumulation is at such a degree that the 

depth is very small and the two streams are completely filled (Karpuzcu et al., 1996). 

Tuzla has undergone heavy environmental stress due to expansion of the Ġstanbul 

Metropolitan City in terms of industrial and human settlement through this area over 

the past 25 years. Many buildings were built on the marshy rim of the Tuzla despite 

heavy criticism from environmentalists. Due to heavy industrial and agricultural 

activities in the region, the bay has the polluted coastal waters of Turkey. Therefore, 

mainly untreated agricultural municipal and industrial wastes affect the lagoon direct 

or indirectly. 

Moreover, on February 13th, 1997, a tanker named TPAO exploded in Tuzla 

shipyards located on the northeastern coast of the Sea of Marmara. During the fire, 

an estimated amount of 215 tons of oil was spilled in to the Aydınlık Bay and 250 

ton oil burnt (Kazezyılmaz et al., 1998; Ünlü et al., 2000). The oil pollution was 

investigated and the pollution level was determined in seawater, sediments and 
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mussels in Tuzla Bay after the TPAO tanker accident. The highest pollution was 

found as 33.2 mg/L in seawater and 423.0 μg/g in sediment on the first day after the 

accident (Ünlü et al., 2000). 

Around the Ġzmit Bay several industries have been developing rather rapidly. In 

addition to untreated or partially treated domestic wastes originating from the 

increasing population, the sunstantial industrial development, the heavy maritime 

traffic and the agricultural activities in the surrounding areas have caused a 

considerable pollution burden. Furthermore, some factory and urban sewage systems 

were damaged by  earthquake of August, 1999. The bay ecosystem was strongly 

affected by the quake and subsequent refinery fire, as were the settlements and 

industrial regions (Aktan and Aykulu, 2005). 

The easternmost part of the Gemlik bay is subject to chronic severe contaminations, 

among which hydrocarbons play a major role. The main sources are ship traffic, 

fishery activities, domestic and industrial sewage waters and riverine inputs. The 

Karsak creek which discharges into the Gemlik port is the most important pollution 

source. Not only the discharges of a wide range of industrial plants in Gemlik town, 

but this creek also carries the waters of Lake Iznik, domestic and industrial 

wastewater discharges of Orhangazi town located 15 km in the west of the Gemlik 

Bay. The total load carried by Karsak River is therefore variable seasonally. The 

share of industrial wastewater inputs is even higher, 13–20millionm
3
/year (Solmaz et 

al.,2000). The total discharge of textile and chemistry plants is seemingly lower, but 

they introduce an important industrial pollution into the bay since they do not use 

treatment systems. The impact of such an anthropogenic pre ssure can be observed 

often in summer with the phenomenon of red waters, resulting from eutrophication 

and disequilibrium processes for the exploitation of natural resources (Alpar and 

Ünlü, 2006). 

Küçülçekmece is connected to the Marmara Sea via a narrow channel. This lagoon is 

a brackish water lake. The lagoon water has been contaminated by municipal, 

agricultural and industrial activities (Esen et al., 1999). On December 29, 1999, the 

Volgoneft-248, a 25-year old Russian tanker, ran around and split in two in close 

approximitly to the southwest shores of Ġstanbul. More than 800 tons of the 4,300 

tons of fuel oil on board spilled into the Marmara Sea, covering the coast of Marmara 

with fuel oil and affecting about 5 square miles of the sea. The amount of heavy fuel 
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oil spilled from the Volgoneft-248 tanker to the Marmara Sea is estimated to be 

1,290 tons. Approximately 1,000 tons of the remaining oil was discharged ashore, 

leaving another 2,000 tons in four tanks located in the sunken bow section. Field 

observations on the accident day evidenced that the spilled oil contaminated the 

shorelines between the grounded ship sten off the Menekse Coast and the rock groin 

at Çiroz Park five kilomeers to the East of the accident. Beaches, fishing ports, 

restaurants, recreation facilities, the Atatürk Pavilion, piers,groins and seawalls 

located in this area are directly affected (Otay and Yenigün, 2000). 

Moda is relatively considered as a less polluted area in comparison to other locations. 

However, Moda has been densely exposed to domestic wastewater discharges since 

the end of 1970s and has gone under amendment by ĠSKĠ since the early 2000. Based 

on the water quality monitoring projects, it has been showed that anoxic conditions 

have been occurred within the marine sediment samples taken from Moda region. 

Nevertheless, hydrocarbon rich wastewater discharge of cyanide containing 

wastewater has recently occurred in this region which was only exposed to 

pretreatment (Algan, 2004). 
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3. MICROBIAL DIVERSITY AND ACTIVITY IN MARINE SEDIMENTS 

 

Aquatic environments cover %70 of the earth surface and most marine bottom is 

covered with sediments which can consist of different particular size and type. Some 

sediment is composed of uniform particles and some of them are mixed particles 

ranging from fine clay to sand. Differentiation in the particle size makes marine 

sediments largest habitat of the entire planet that marine sediments can cover more 

than 2-3 times of the earth surface. Most of the sediments lay in the 1000 m depth 

(Snelgrove, 1997). Marine sediment habitats within these depths are confronted with 

extreme conditions such as lower temperatures at 2°C, very high pressure (can be up 

to 1100bar) and absence of appropriate light intensity which has crucial role for 

photosynthesis.  

These extreme conditions may arouse the suspicion that no biological activity can 

take place in so no life form can exist at the bottom of the oceans however this is not 

reflecting the truth. Marine sediments provide good chemical components which 

supports diverse range of living conditions for their inhabitants.  

First indication of metabolically active microorganisms leans upon 1980s. During 

pore water chemistry studies, samples that were obtained by core sampling from 167 

meters below the sea floor indicated the potential prokaryotic sulphate reduction and 

methanogenic activity even though the results were inconclusive (Oremland, 1982; 

Whelan, 1986). First publications about comprehensive depth profiles of microbial 

activity, total and viable prokaryotic numbers and estimates of cultured biodiversity 

was started to be submitted at early 90s. Several studies showed certain connections 

between activity of the cells and bioavailability of organic carbons with electron 

acceptors (Cragg, 1990; Parkes, 1995). In 1994, mathematical model was constructed 

for the logarithmic decline of total prokaryotic cell numbers with sediment depth 

(Parkes, 1994). Afterwards the first culture-independent molecular study to reveal 

biodiversity in the deep marine subsurface was reported (Rochelle, 1994).  
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During the 1990s, the importance of the marine sediment habitat were began to 

realized when it was estimated that the deep subseafloor biosphere embraced to one-

third of the Earth's total biomass and the majority (c. 65%) of the global prokaryotic 

biomass (Parkes, 1994 ; Whitman, 1998). 

The aim of this chapter is to provide a summary of common properties of typical 

sediment and current knowledge of prokaryotic activity and biodiversity in 

subsurface marine sediments. 

3.1 Common Characteristics of Marine Sediments 

Sediments share some properties with soils and yet are distinct from soil 

environments for a variety of reasons, which carry great importance to the microbial 

communities that reside there. The sediments share common property of being 

continuously wet. Even though chemistry of the water may vary according to the 

level of primary production and inputs from intrinsic and/or extrinsic factors such as 

runoffs and anthropogenic activities, all sediments create moisturized habitat. 

Depending on water temperature, oxygen solubility in waters is limited around 300-

400 µM so firstly  organic matter is present in the water column  should be  

aerobically degraded which is energetically favourable , when oxygen is depleted, 

residual organics must be degraded via various  electron acceptors for survival. 

Because of that reason undisturbed sediments almost universally become anoxic with 

depth. After depletion of oxygen, a series of almost stable horizontal gradients is 

formed within the sediments. Different electron acceptors (NO
3-

, SO4
2−

, CO2, H2 and 

acetate), usually in the order of decreasing redox potentials, are dominant at relevant 

depth of the sediment. The stratification of marine sediments is a function of either 

anthropogenic or/and intrinsic organic inputs, microbial metabolic abilities, and the 

geochemistry of the environment (mineral content, salinity, currents etc.). Assuming 

that mixing is minimal, gradients will be formed whenever the production or 

consumption of any product or nutrient exceeds the diffusion rate of that product or 

reactant. Figure 3.1 describes vertical nutrient profiles of Lake Michigan and 

Blacksea that their profiles are accepted as guidelines for what might be expected 

while analysis of chemical component of marine or fresh pore water (Froelich, 1979; 

Reburgh, 1983). 
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(a)      (b) 

Figure 3.1: Vertical nutrient profiles of (a) Lake Michigan and (b) Blacksea marine 

environment. 

In Figure 3.1 The upper regions are oxic whereas lower portions are anoxic and 

where anaerobic conditions become dominant and methane production is observed. 

The amount of organic carbon that reaches the sediment is the major function of the 

oxygen depletion. The primary difference between the freshwater and marine 

sediments relates to the amount of sulfate in the latter and the resulting dominance of 

the sulfur cycle, whereas in the freshwater sediments, methane formation is the 

terminal step, which dominates carbon metabolism at depth. The numbers presented 

here are percentages of maximum values that may be encountered in these 

environments: freshwater/marine: O2, 300–400 µM for both; NO3
-
 and NO2

−
, a few 

µM for
 
both; SO4

2-
 , 100–200 µM in freshwater; 25mM in marine systems (for this 

reason sulfate depletion
 
is often not seen until deep in profiles, and methane 

production often is minor in marine systems);
 
Mn

++
, 100µM/10µM; Fe

++
, 10µM/25 

nM; NH4 , few micromoles in both; H2S, usually not seen
 
in freshwater, and rarely 

exceeds a few micromoles in marine systems—in this system, the H2S is
 
in the 

micromolar range and will not reach micrometer values until very deep (hundreds of 

meters).
   

Thus, no significant sulpfate depletion (sulfate profile not shown) will 
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occur over this range. CH4, this will range from a few nanomoles to saturation, 

forming bubbles that are exported out of thesystem; because of the high sulfate in 

marine systems, methane is not usually a major component (Nealson, 1997).
 

The typically stratified sediments give historical information about geochemical and 

biological events that may reveal the chronological record of what had occurred 

above the sediments to the some degree because of the microbiological activities 

which includes competitions for the rich source of energy and minerals deposited in 

the sediments.  

Another important common characteristic of marine sediments is the fact that they 

are major deposits of both organics and pollutants. Between 5 and 10 billion tons of 

particulate organics are abundant in oceans. These organics is continuously sinking 

to the subfloor of the oceans and accumulating as sediments. Even though vast 

majority of them is degraded by the aerobic community that located near surface, 

sediments are still the largest global reservoir (15 000 × 10
18 

g C) due to 

accumulation that derived from geological times. Accumulation in the sediments is a 

function of organic inorganic sources and grain size of the sediments. Sediments 

which composed of fine-grained clays or silts are more prone to accumulate organics. 

For example Barent sea is the first in terms of total annual sediment burial, with an 

average burial rate of  259 x 10
6
 t/yr is consist of  fine- grained clays and silts 

interspersed with layers of sand, representing typical marine, hemipelagic 

sedimentation (Wellsbury, 2002). 

A final important characteristic of sediments that the abundance of minerals (clays, 

carbonates, silicates, metal oxides, etc.). Minerals can be both reactants with land/or 

products of microbial metabolism, and they undoubtedly impact the microbial 

ecology and metabolism of the surrounding environments, both structurally and 

functionally.  

Those are all the common characteristics of marine sediments that make microbial 

activity possible in the extreme conditions of deep subseafloor. Following section in 

this chapter will provide brief information about investigation methods for revealing 

prokaryotic diversity in the sediments. 
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3.2 The Importance of microorganisms 

 

Prokaryotes are an essential part of the earth‘s biota for they catalyze unique and 

indispensable transformations in the biogeochemical cycles of the biosphere, produce 

important components of the atmosphere, and exhibit a large portion of life‘s genetic 

diversity (Whitman et al., 1998). Results obtained through the Deep Sea Drilling 

Project and Ocean Drilling Program(ODP) have revealed that the activities of 

subsurface prokaryotes have profound implications for the global carbon cycle 

(Sorensen and Teske, 2006). One critical impact of microorganisms on the 

geochemical cycles is that microorganisms inhabiting anoxic marine sediments are 

significant in the consumption of more than 80% of the methane produced in the 

world‘s oceans (Orphan et al., 2001). Due to the amount of essential nutrients present 

in prokaryotes, they represent the largest living reservoir of C, N, and P on earth 

(Whitman et al., 1998). Microbial communities in marine sediments are responsible 

for various important biochemical functions, including the degradation of pollutants, 

transformation and mineralization of organic matter, one of which is the most 

important in freshwater sediments (Urakawa et al., 2000; Schwarz et al., 2007). 

Sediment bacteria also play a significant ecological and biogeochemical role in 

marine ecosystems (Polymenakou et al., 2005) for they are instrumental in the 

marine food web, where they are the key players for recycling of nutrients and 

degradation of pollutants. This is largely a result of their high abundance relative to 

the overlaying water column and their key function in mediating and regulating the 

transformation and speciation of major bioactive elements (e.g. carbon, nitrogen, 

phosphorus, oxygen, and sulphur) in these environments (Polymenakou et al., 2005). 

Sediment bacteria also represent a major genetic variability with a local diversity 

equal to soil systems (Torsvik et al., 2002). 

Since microorganisms have various important properties as mentioned above and 

may influence the maintenance of environment, amendment of polluted sites and 

have the potential to serve as cleaner energy resources, microbial and intraterrestrial 

life is the center of interest for general social, professional and industrial motives. 

First, the unknown diversity hides novel metabolisms (e.g. the recently discovered 

photoheterotrophy discovered in the sea) that force a re-evaluation of carbon and 

energy fluxes in the oceans (Fenchel, 2001), and it requires to be understood in order 
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to be able to construct precise models of global change. Investigating the ecology of 

Archaea and bacteria is vital to understanding the functioning of global 

biogeochemical cycles. Thus the recognition of particular microbial groups that 

prevail under distinctive subseafloor environment is a significant step toward 

determining the role these communities play in Earth‘s essential biogeochemical 

processes (Inagaki et al., 2006). Secondly, the unknown microorganisms are the 

largest potential reservoir of useful genes for medicine and biotechnology and draw 

the attention of microbiologists for either their metabolisms or industrially interesting 

genes (Pedros-Alio et al., 2006). At last but not least, knowledge of microbial 

diversity will provide essential information to understand evolution and create a 

catalogue of microbial diversity. As it was estimated that up to 90% of all microbial 

cells on earth occurred in ―deep biosphere‖ environments, interest in microbial 

communities inhabiting deep subseafloor sediments has increased rapidly (Leloup et 

al., 2007). Recent observations have been made for a diversity of microorganisms 

which perform complete and unassisted biodegradation of certain anthropogenic 

contaminants in the subsurface for they are capable of carrying out almost any 

thermodynamically favorable reaction (Krumholz et al., 2000). There are also 

expectations to aid in predicting the fate of contaminants in different subsurface 

systems and to aid in developing procedures designed to stimulate the activity of 

endogenous microbiota for bioremediation purposes (Krumholz et al., 2000). Both 

the possible negative (e.g. through corrosion and well souring) and positive (e.g. 

through surfactant production) effects of microbial activity on oil extraction in oil 

wells, draws the attention of oil industry to deep oil reservoir microbiology 

(Pedersen, 2000). There is a widespread interest, that has been triggered as a result of 

contamination of groundwater from surface and underground disposal sites, 

accidental spills, leakage and other human activities, in the possibilities of restoring 

contaminated underground sites with the help of autochthonous and/or allochthonous 

microorganisms (Heath, 1999). Disposal of radioactive wastes and heavy metals in 

deep geological formations requires in-depth knowledge about the host rock 

environment and the effects of microbes in future repositories (Pedersen, 1997). 

Moreover, microbes living deep below the deposits are supposed to produce most of 

the methane (Waseda, 1998) found in methane gas hydrates that are enormous 

reservoirs of energy, possibly twice the amount of energy contained in known oil and 
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gas reservoirs (Kvenvolden, 1995). Another reason for the increased interest in 

subsurface life lies in the interest to find the origins of life. An increasing number of 

scientists propose an under-ground origin of life, possibly in the vicinity of 

hydrothermal-vents that suggests life on other planets should be searched for 

underground rather than on the surface (Pedersen, 2000). There is a publication of 

work proposing the hypothesis that extraterrestrial life existed within a Martian 

meteorite (Mckay et al., 1996). 

3.3 Distribution and abundance of prokaryotes 

Prokaryotes are an essential and abundant component of the earth‘s biota (Whitman 

et al., 1998). There were several studies on indirect estimates of prokaryote 

abundance. Since prokaryotes are highly ubiquitous, estimating the number of 

prokaryotes on earth requires analysis on numerous habitats.  

Habitats other than subseafloor are of interest in their own and such habitats 

associated with prokaryotes include animals (birds, mammals, insects, 

gastrointestinal tracts of animals), leaves and air (Whitman et al., 1998). Diversity of 

microorganisms is highly controversial and even the right order of magnitude is 

unknown (Pedros-Alio, 2006). The known diversity of approximately 6000 species 

of prokaryotes and 100 000 species of protists have been previously described 

(Margulis et al., 1990).A significant microbial biomass exists buried deep within the 

marine sediments that cover more than two thirds of Earth‘s surface where microbial 

life is widespread (Parkes et al., 1994; Whitman et al., 1998). The subsurface 

biomass of prokaryotes is proposed to be enormous based on circumstantial evidence 

(Gold, 1992). Studies of Ocean Drilling Program (ODP) cores have identified 

abundant prokaryotes in deeply buried oceanic sediments during the past 15 years 

(Parkes et al., 2000). Microorganisms have been proved to exist by intact cells and 

intact membrane lipids and have been recovered at depths as great as 800 m below 

the seafloor (D‘Hondt et al., 2004). The number and mass of prokaryotes in 

subseafloor sediments have been estimated by extrapolation from direct counts of 

sedimentary organisms at a small number of ODP sites (Parkes et al., 1994; Whitman 

et al., 1998). ODP estimates of the biomass in subseafloor core sediments were more 

than 105 microbial cells/cm3 even at a depth close to 1,000 m below seafloor (Parkes 

et al., 1994). Values ranging in between 103 to 108 per ml groundwater, formation 
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water from petroleum deposits(Whitman et al., 1998), or g sediment are commonly 

reported for the total number of intraterrestrial microorganisms depending on the site 

studied (Pedersen, 1993). In summary, the number of prokaryotes is very large and 

on the basis of the exploration of prokaryotes, this ―unseen majority‖ of 

microorganisms constitute onetenth to one-third of Earth‘s biomass and accounts 

about 30% of the total living biomass (Parkes et al., 1994; Whitman et al., 1998). 

3.4 Methods to Study Prokaryotic Diversity in Marine Sediments 

Like all habitats, revealing the diversity of prokaryotes found in the sediment 

biosphere is a difficult mission to accomplish. Traditional methods in microbiology 

are not sufficient enough to identify the diversity of microbial community in the 

marine sediments. Traditional methods are based on cultivation that solid or liquid 

media are used to stimulate the growth of the microorganisms. The taxa obtained by 

standard laboratory cultivation methods surely represent only a small fraction of the 

actual community due to low mimic ability to represent microbial interaction in the 

nature of commercially available media. Cultivation methods can generally  

represent lower than 0.1% of the entire microbial community (Wellsbury,  2002; 

Engelen, 2008). Thus most microbial ecology studies have used molecular methods, 

involving direct extraction of nucleic acids from sediments and PCR amplification 

and or quantification  of 16S rRNA genes (Giovannoni, 1990) and/or functional 

genes indicative of key anaerobic sedimentary processes  such as methanogenesis 

(mcrA) and sulphate reduction (dsrp). These amplified genes are then analysed for 

diversity by either the construction of gene libraries by cloning and sequencing or by 

more rapid and reliable profiling methods such as DGGE (Muyzer, 1993). 

In spite of indispensible utilization of molecular methodologies, they are especially 

difficult to use in the studies of marine sediments because of  high concentrations of 

inhibitory substances such as humic acids and fulvic acids that have potential to 

interfere the molecular methods. On the other hand, extraction of  nucleic acids from 

sediments results in relatively lower DNA and/or RNA concentrations due to 

physicochemical properties of the sediment and low prokaryotic cell number 

(sediments typically have  10
6
–10

7
 cells cm

−3
) (Parkes, 2000). Sampling such a low 

biomass may cause significant problems for the reliable Polymerase Chain Reaction 

(PCR) amplification. Low biomass samples are suscetiple to PCR bias by random 
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amplification (Chandler, 1997) and also reagents used in PCR amplification and 

DNA extraction are often contaminated with exogenous nucleic acids. Even if small 

amounts of exogenous nucleic acids contaminate sediment samples, consequences of 

contamination cause over estimation of the microbial community (Kormas, 2003; 

Webster, 2003).  

Developments in biotechnology contribute to solve contamination problems. 

Carefully optimized DNA extraction protocols, kits have been  improved and also 

sensitivity of PCR  have been improved  via nested PCR (Rochelle, 1992; Reed, 

2002; Webster, 2003; Sørensen, 2006) to ensure that sequences retrieved are 

representative of subsurface prokaryotes.  

Subsampling of sediment cores is also important for both microbiological and 

molecular analyses to ensure that sediment samples are in good quality and 

uncontaminated with sea water, drilling fluids etc. which may affect subsequent 

DNA extraction.  Hence, it has now become a routine procedure for deep subsurface 

drilling to use a combination of a water soluble chemical tracer and fluorescent 

microspheres to mimic penetration of bacterial sized particles to monitor possible 

contamination from seawater and drilling disturbance. (Smith, 2000; House, 2003; 

Lever, 2006). 

3.5 Distribution of Archaea and Bacteria in marine sediments 

Although around 70% of the Earth‘s surface is marine, little is known about the 

microbiology of underlying sediments (Parkes et al., 1994). During the past 15 years, 

studies using the small subunit rRNA (SSU rDNA) encoding gene sequences as a 

molecular tool have revealed a wealth of new marine microorganisms that belong to 

the three realms of life (Pedros-Alio et al., 2006):  

 Bacteria,  

 Archaea and  

 Eukarya  

as shown in Figure 3.2. 
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Figure 3.2 : Universal phylogenetic tree (http://www.oceanexplorer.noaa.gov). 

Bacteria and Archaea in sub-seafloor sediments make up about 70% of the global 

number of prokaryotes (Whitman et al., 1998), however these haven‘t been 

extensively studied. Today, marine coastal sediments are known to contain a rich 

diversity of microorganisms from different physiological and phylogenetic groups 

(Musat et al., 2006). Recent molecular analysis show that microbial communities of 

deep marine sediments harbor members of distinct, uncultured bacterial and archaeal 

lineages, in addition to Gram-positive bacteria and Proteobacteria that are detected 

by cultivation surveys (Teske, 2006). On the basis of 16S rRNA sequences, 52 

phylum-level bacterial and 20 phylum level archaeal phylogenetic lineages, most of 

them with no or very few cultured representatives were listed up. 

3.6 Microbial Activity in Marine Sediments 

D‘Hondt et al. (2004) now report evidence for metabolically diverse and active 

microbial communities buried deep within marine sediments nearly 0.5 km below 

seafloor (DeLong, 2004). Studies on samples collected during Deep Sea Drilling 

Project (DSDP) and Ocean Drilling Program (ODP) cruises have consistently 

demonstrated microbial activity in deep marine sediments millions of years after 

their initial deposition on the seafloor and several hundreds of meters below the 

sediment surface (Parkes et al., 1994, 2000; D‘Hondt et al., 2002). In general, the 

http://www.oceanexplorer.noaa.gov/
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depth-related gradient of physical and chemical properties provides niches for a wide 

variety of metabolically diverse microorganisms in marine sediments (Urakawa et 

al., 2000). In such environments, syntrophic and competitive interactions occur 

between different physiological types of microorganisms (Fenchel and Finlay, 1995). 

3.6.1 Diversity of metabolic activities in deep subsurface sediments 

Dissolved electron acceptors such as SO4
2-

 and NO3
-
 exhibit subsurface depletion, 

whereas dissolved metabolic products such as dissolved inorganic carbon, ammonia, 

sulphide, methane, manganese, and iron consistently exhibit concentration maxima 

deep in the drilled sediment columns, indicating the consumption and release of 

metabolites in the sediment column as a result of biologically catalyzed reactions 

(D‘Hondt et al., 2004). 

Sulfate reduction, methanogenesis and other activities (organic carbon oxidation, 

ammonification, methanotrophy and manganese reduction, iron reduction) have been 

detected in cores from the subsurface (Whitman et al., 1998). Prokaryotic activity, in 

the form of sulphate reduction and/or methanogenesis, occurs in sediments 

throughout the world‘s oceans (D‘Hondt et al., 2002). SO4
2-

 reduction, 

methanogenesis and fermentation are the principal degradative metabolic processes 

in subsurface (> 1.5 mbsf) marine sediments, for three reasons (D‘Hondt et al., 

2002): (i) Concentrations of dissolved SO4 
2-

 at the sediment-water interface are 

more than 50 times as great as concentrations of all electron acceptors with higher 

standard free energies combined (Pilson, 1998). (ii) External electron acceptors that 

yield more energy than SO4 
2-

 typically disappear within the first few centimeters to 

tens of meters sediment depth. (iii) Once all SO4 
2-

has been reduced, methanogenesis 

and fermentation are the principal remaining avenues of metabolic activity (D‘Hondt 

et al., 2002). Other microbial processes in deep subseafloor sediments include 

organic carbon oxidation, ammonification, methanotrophy and manganese reduction, 

iron reduction, and the production and consumption of formate, acetate, lactate, 

hydrogen, ethane, propane (D‘Hondt et al., 2004). Previously mentioned metabolic 

activities such as carbon oxidation, Fe and Mn reduction ultimately rely on electron 

acceptors from the photosynthetically oxidized surface world. O
2
, NO

3
 - and SO

4
 2- 

ultimately enter sediments by diffusing down past the seafloor, and at the open ocean 

sites, by transport upward from seawater flowing through the underlying basalts. The 
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oxidized Mn and Fe were originally introduced to the sediments by deposition of Mn 

and Fe at the seafloor (D‘Hondt et al., 2004). Normally, electron acceptors (oxidants 

such as oxygen, sulphate and nitrate) diffuse into the sediments from the overlying 

seawater and then consumed sequentially in a series of metabolic reactions which 

results in a predictable series of oxidant/depletion profile, with those yielding the 

greatest free energy being the first to be consumed, in which oxygen is reduced first, 

then nitrate, manganese, iron, sulphate and finally carbon dioxide (DeLong, 2004). 

However, D‘Hondt et al. (2004) report that oxidants which normally diffuse 

downward from overlying seawater appear to have entered the sediments from 

subseafloor sources such as brines below sediment base generating sulfates and deep 

basaltic aquifers below the sediment base from where nitrate and oxygen enters as 

it‘s shown in Figure 3.3. 

 

Figure 3.3 : The ups and downs of organic matter (DeLong, 2004). 
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3.6.1.1 Anaerobic respiration 

Aerobic oxidation of organic matter in marine sediments is generally accepted to be 

the most important form of respiration in most situations (Sorensen et al., 1979; 

Jorgensen and Revsbech, 1989). Aerobic respiration takes place in the oxic surface 

layer and is followed by nitrate reduction and sulfate reduction (Hansen and 

Blackburn, 1991). However, the oxic zone is only a few millimeters thick, and 

almost all very deep environments are anaerobic, with the exception of places where 

radioactivity may cause radiolysis of water, producing hydrogen and oxygen, thus 

anaerobic respiration becomes dominant. Furthermore, much of the oxygen uptake is 

used to reoxidate the products of anaerobic respiration (H2S, NH4 +, CH4) at the 

oxic/anoxic interface (Jorgensen, 1983). 

Anaerobic respiration is the process in which case a variety of other electron 

acceptors can be used instead of O2. The energy released from the oxidation of an 

electron donor using O2 as electron acceptor is higher than if some compound is 

oxidized with an alternate electron acceptor.  

3.6.1.2 Anoxic decomposition 

Anaerobic degradation is a process of microbial decomposition in which a 

community of microorganisms converts organic matter into methane, carbon dioxide, 

inorganic nutrients and humus. During this microbial process known as 

biomethanogenesis. Microorganisms including protozoa, fungi and bacteria, 

decompose organic matter using carbondioxide and the methyl group of acetate as 

electron acceptors in the absence of dioxygen or other compounds. This microbial 

activity is responsible for carbon recycling in anaerobic environments, including 

wetlands, rice fields, intestines of animals, aquatic sediments and manure (Chouari et 

al., 2005). In the absence of methanogens to utilize these substrates, both hydrogen 

and acetic acid build up back-up for the reactions. Organic acids accumulate causing 

a decrease in pH, which ultimately inhibits and stops fermentation. The overall role 

of biomethanogenesis in the atmosphere is to complete the degradation process by 

removal of inhibitory fermentation products (Chouari et al., 2005). The process 

involves a consortium of different species of microorganisms, which decompose 

organic matter in a series of steps that ultimately produce methane and carbondioxide 

as terminal products as shown in Figure 3.4. 
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Figure 3.4 : Overall process of anoxic decomposition (Madigan et al., 2003). 

Hydrolysis: It‘s the decomposition of complex organic matter into simple soluble 

organic molecules using water and hydrolase enzymes (glucosidases, lipases, 

proteases, sulphatases, and phosphatases). 

Fermentation: It‘s the anaerobic catabolism of an organic compound in which the 

compound serves as both an electron donor and an electron acceptor and in which 

ATP is produced by substrate-level phosphorlylation. If adequate supplies of electron 

acceptors like SO
4
 2-, NO

3
 -, Fe

3
+, and the others are not available in such anoxic 

environments, much of the carbon will be catalyzed by fermentation.  The oxidation 

in fermentation is coupled to the reduction of a compound generated from the initial 

substrate; thus no externally supplied electron acceptor is involved. In terms of ATP 

synthesize mechanisms in fermentation, substrate-level phosphorlylation is the 

process in which ATP is synthesized during steps in the catabolism of an organic 

compound through the transfer of high energy phosphate bonds from organic 

intermediates of fermentation to ADP. (Madigan et al., 2003) Fermentations are 

either classified on the basis of products formed or substrate fermented. 

Acetogenesis: CO
2
 is common in nature and usually abundant in anoxic habitats 
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because it‘s a major product of energy metabolism of chemoorganothrophs. There 

are two major groups of strictly anaerobic prokaryotes, homoacetogens and 

methanogens that can use CO
2
 as electron acceptor in energy metabolisms In 

addition to the major electron donor H2, a variety of C1 compounds, alcohols, and 

certain nitrogen bases depending on the organism serve as electron donors for 

acetogenesis as well. Many homoacetogens can also reduce NO
3 

- and S2O
3
 -2; 

however CO
2
 reduction is probably the major reaction of ecological significance 

(Madigan et al., 2003). 

Methanogenesis: It‘s the biological production of methane (CH
4
) carried out by a 

group of strictly anaerobic Archaea called the methanogens. Research on 

methanogenesis has revealed that the biological production of methane occurs 

through a series of reactions involving novel coenzymes and amazing complexity. 

Methane is formed from two primary substrates, acetate and hydrogen/carbon 

dioxide (or formate). 

Methane is produced both in sulfate-rich open-ocean province and in an oceanmargin 

province, but is abundant only in sulfate-depleted sediments and CH
4
 concentrations 

below a few tens of mbsf along ocean margins are high because microbial activity is 

generally limited to fermentation and methanogenesis (D‘Hondt et al., 2002). 

Generally, methanogenesis becomes the dominant terminal oxidation process when 

sulfate is depleted (Wilms et al., 2007). The methane flux to the atmosphere is 

influential in moderating the Earth‘s climate over a variety of timescales due to the 

strength of methane as a greenhouse gas (Coolen et al., 2004). Under anoxic 

conditions, methanogenesis is one of the most important processes in the 

mineralization of organic compounds and perhaps the most dominant microbial 

process in marine sediments, because of rapid depletion of other electron donors in 

seawater (D‘Hondt et al., 2002). Global methane production in marine sediments is 

very significant at between 75 and 320 Tg year
-1

 (Valentine, 2002) and these 

sediments contain the largest global reservoir of methane. Methanogenesis in cold 

environments is an important source in the global methane budget (Franzmann et al., 

1997). Low temperatures apparently inhibit hydrogenotrophic methanogenic archaea 

and shift sedimentary metabolism toward acetogenesis and acetoclastic 

methanogenesis (Schulz and Conrad, 1996; Nozhevnikova et al., 1997).  
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Methanegesis accounts for almost up to 50% of organic matter degradation in fresh 

water sediments. Methane in cold seep fluids can have a biogenic origin resulting 

from the microbial degradation of organic matter as previously mentioned or a 

thermogenic origin resulting in the transformation of organic matter caused by high 

temperatures (Martens et al., 1991). Results from the study of Inagaki et al. (2004) 

indicate that methanogenesis occurs in close proximity with anaerobic methane 

oxidation and aerobic methane oxidation in the relevant sediments investigated. 

3.6.1.3 Sulfate reduction 

Several inorganic sulfur compounds are important electron acceptors in anaerobic 

respiration. Sulfate, the most oxidized form of sulfur, is one of the major anions in 

seawater and is used by the sulfate-reducing bacteria. The end product of sulphate 

reduction is H2S, an important natural product that participates in many 

biogeochemical processes. The ability to use sulfate as an electron acceptor for 

energy-generating processes, however involves a large scale reduction of S04 -2 and 

is restricted to sulfate-reducing bacteria. Nevertheless, sulfate is a much less 

favourable electron acceptor than either O2 or NO3 -. H2, lactate and pyruvate are 

also some of the other electron donors used by a wide variety of sulfate-reducing 

bacteria. Sulfate reducing bacteria are widespread in nature; however in many anoxic 

habitats, such as freshwaters and many soils, their activities are limited by the low 

levels of sulphate present. Populations of SRB are a major component of the 

microbial community of the upper layers of marine sediments. Sahm et al. (1999) 

found that 20% of the total prokaryotic rRNA in a coastal marine sediment originated 

from sulphate reducing bacteria. Because of the necessity for electron donors (or 

molecular hydrogen, which is a product of the fermentation of organic compounds) 

to derive sulfate reduction, sulfide production only occurs where significant amounts 

of organic material are present. In many marine sediments, the rate of sulfate 

reduction is carbon limited, and the rate can be greatly increased by the addition of 

organic matter. This is important because disposal of sewage, sewage sludge, and 

garbage in the sea can lead to increases in marine sediments, leading to marine 

pollution. Since sulfide  is a toxic substance to many organisms, formation of HS
-
 by 

sulfate reduction is potentially detrimental. Sulfide is commonly detoxified in the 

environment by combination with iron, forming the insoluble FeS which gives the 

black color of many sediments where sulfate reduction takes place (Madigan et al., 
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2003). Sulfate reducing prokaryotes (SRP) are metabolically highly diverse, and 

have been shown to be abundant in marine sediment and should dominate in the 

sulfate-containing upper sediment layers (Barnes et al., 1998). They share the 

capability to reduce sulfate, but may also reduce alternative electron acceptors such 

as nitrate, iron and manganese oxides, sulfur and even oxygen (Mußmann et al., 

2005). Under anoxic conditions, sulfate reduction is considered to be the most 

important process in organic matter mineralization (Lobet-Brossa et al., 2002). In 

particular, sulfate reduction are perhaps one of the two other dominant process, the 

other being methanogenesis, in marine sediments because of the overwhelming 

abundance of sulfate in seawater (D‘Hondt et al., 2002). In the study of Reinhard et 

al.(1997), tidal flats that are characterized by high production and sedimentation rates 

and intense reminalization, in contrast to open-ocean sites, step chemical gradients, 

with oxygen generally being depleted within a few millimeters below sediments 

surface, sulfate appears to be the most important one among a sequence of electron 

acceptors governing the microbial processes that are strictly anaerobic in layers 

beneath the oxic zones of 20 cm depth (Wilms et al., 2006). The dissimilatory sulfate 

reduction is regarded as the major anaerobic bacterial respiration process, accounting 

up to 50% of total carbon mineralization. The dissimilatory sulphate reduction was 

believed to be confined to anoxic environments (Postgate, 1984). However, repeated 

observations of high numbers of SRB and significant sulphate reduction rates in oxic 

zones are inconsistent with this assumption (Wieringa et al., 2000). The dissimilatory 

reduction of sulfate can be linked to the oxidation of substrates that are difficult to 

degrade under anoxic conditions, such as alkanes and aromatic compounds (Hansen, 

1994), or even to the anaerobic oxidation of methane at sulfate-methane transition 

zones. In most sediments, the sulfate-depleted zone is located at a depth of tens of 

centimeters to several meters (Wilms et al., 2007). 

3.6.1.4 Anaerobic oxidation of methane 

The microbially mediated anaerobic oxidation of methane (AOM) is the major 

biological sink of the greenhouse gas methane in marine sediments and serves as an 

important control for emission of methane into the hydrosphere. The AOM metabolic 

process is assumed to be a reversal of methanogenesis coupled to the reduction of 

sulfate to sulfide (Knittel et al., 2005). In methane-rich environments a large part of 
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the methane is oxidized aerobically by methanotrophic bacteria or anaerobically in 

marine sediments by a consortium of methane oxidizing archaea and sulfate reducing 

bacteria (Coolen et al., 2004). Microorganisms living in anoxic marine sediments 

consume more than 80% of the methane produced in the world‘s oceans (Orphan et 

al., 2001). Nearly all the methane moving upwards to the sediments surface is 

microbially oxidized, with anaerobic oxidation coupled to sulphate reduction (80%) 

playing the major role (Orphan et al., 2001). 

 

Anaerobic oxidation of methane is widespread and geochemically well documented 

process, yet very little is known about the physiology, biochemistry and identity of 

microbes involved (Orphan et al., 2001). It‘s hypothesized that the use of hydrogen 

as an electron donor by the SRB results in low partial pressure of H2, creating 

thermodynamically favorable conditions for methanogenic archaea to act as 

methane-oxidizers (Hoehler et al., 1994; Hoehler and Alperin, 1996). Most of our 

knowledge about the microbiology and controls on anaerobic oxidation of methane 

(AOM) have come from studies and experiments on seep and gas hydrate sediments 

(e.g. Hinrichs et al., 1999; Knittel et al., 2005; Niemann et al., 2005). According to 

these studies, a unique group of Archaea, ANME, mainly within the methanogenic 

Methanosarcinales, is responsible for AOM usually in association with SRB, which 

are often members of Desulfosarcina-Desulfococcus (DSS) group (Orphan et al., 

2001; Knittel et al., 2005). Syntrophic partnership between methanogens and SRB in 

anaerobic methane oxidation or ‗reverse methanogenesis‘ have been demonstrated 

both by laboratory and field experiments. (Hinrichs et al., 1999; D‘Hondt et al., 

2002). These consortia of ANME and DSS oxidize methane with sulfate, yielding 

equimolar amounts of carbonate and sulfide (Nauhaus et al., 2002). Recently, 

different groups of ANME (1a, 1b, 2a, 2b, 2c, 3a) have been detected which seem to 

dominate AOM in various locations such as a mat and a field in Hydrate Ridge, a 

microbial mat in Black Sea (Knittel et al., 2005) and a gas seep in North Sea 

(Niemann et al., 2005). Nevertheless there are much larger areas of non-seep marine 

sediments with a discreet sulfate-methane-transition-zone (SMTZ) associated with 

AOM that have been much less studied (Parkes et al., 2007). 
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4. POLYAROMATIC HYDROCARBONS 

Polycyclic aromatic hydrocarbons (PAHs)-sometimes referred to as polynuclear 

aromatic hydrocarbons (PNAs), condensed ring aromatics, or fiised ring aromatics-

are a class of organic compounds consisting of two or more fused aromatic rings 

(Figures 4.1 and 4.2). Naphthalene, consisting of two fused benzene rings, is the 

simplest PAHs. Commonly, PAHs are depicted without labeling the carbon and 

hydrogen atoms. Polycyclic aromatic hydrocarbons most commonly encountered in 

the environment contain two (naphthalene) to seven (coronene) fused benzene rings, 

though PAHs with greater number of rings are also found (Sander and Wise, 1997). 

The "ultimate" PAH is graphite, an inert material comprised of planes of fused 

benzene rings. Like all hydrocarbons, PAHs contain only hydrogen and carbon. 

However, closely related compounds called heterocyclic aromatics, or polycyclic 

aromatic compounds (PACs), in which an atom of nitrogen, oxygen, or sulfur 

replaces one of the carbon atoms in a ring, are commonly found with PAHs from 

most sources. Dibenzothiophene, for example, is a sulfur-containing heterocycle.  

Polycyclic aromatic hydrocarbons often occur with aliphatic (straight chain) 

hydrocarbons attached to the rings at one or more points. These compounds are 

referred to as "branched" or "alkylated" PAHs. The aliphatic chains are depicted as 

lines attached to the PAH with the end of the line representing a methyl group          

(-CH3-) and an angle at an intermediate carbon (-CH2-).  

Since numerous combinations of the location of the alkyl chain on the parent PAH, 

the number of chains on the molecule, and the length of the chains are possible, 

alkylated PAHs are often classified by the number of alkyl carbons they contain. 

Thus methybaphthalene as depicted above is a C^-naphthalene, while ethylpyrene is 

a C2-pyrene. 
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Figure 4.1 :  Environmental protection agency priority pollutant PAH compounds   

(non-alkylated). 
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Figure 4.2 :  Some common PAH structures-unsubstituted (parent), heterocycle and  

alkylated homologs. 

 

4.1 Polycyclic Aromatic Hydrocarbon Sources  

 

Hundreds of PAH compounds present in nature have been identified and named 

(Bjorseth, 1983, 1985; Sander and Wise, 1997). Polycyclic aromatic hydrocarbons 

are produced by natural processes and by anthropogenic processes. Similar 

compounds are introduced by both sets of processes, and these similarities, along 

with key diagnostic tools to differentiate sources, must be carefully understood and 

considered in any PAH environmental forensics investigation. 

Polycyclic aromatic hydrocarbons are produced through four generalized pathways: 

1. Relatively rapid (days to years), low temperature (<70°C) transformation or 

diagenesis of organic matter as part of the changes undergone by biomolecules and 

related organic matter after initial deposition in sediments. 

2. Slow, long-term, moderate temperature (100-300 °C) formation of fossil fuels—

petroleum and coal (i.e.,petrogenic). 
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3. Rapid, high temperature (>500°C), incomplete or inefficient (i.e., oxygen-starved) 

combustion of organic biomass (pyrolysis) such as that which occurs naturally in 

forest and grass fires and anthropogenically in, for example, fossil fuel combustion 

(i.e., pyrogenic). 

4.The biosynthesis by plants and animals of individual PAH compounds or relatively 

simple mixtures.  

Natural sources of petrogenic PAHs arise from oil seepages and erosion of 

petroliferous shales (NRC, 1985; Bence and Kvenvolden, 1996) while natural 

sources of PAHs from combustion or pyrolysis (i.e., pyrogenic sources) include 

PAHs from incomplete (i.e., insufficient oxygen availability) combustion of wood 

and biomass via forest and grass fires (Hites et al., 1977). While diagenesis and 

biosynthesis are solely natural processes, anthropogenic sources of PAHs arise 

through a multitude of pathways. Anthropogenic (pollution) related PAHs inputs can 

result in similar, but not identical, PAH compounds and assemblages of PAHs to 

those of natural origin. Anthropogenic inputs of PAH arise from the release into the 

environment of petrogenic PAHs through accidental acute petroleum spillages and 

through chronic non-point source and point-source inputs such as urban (stormwater) 

runoff and municipal waste treatment plane discharges (NRC, 1985). The most 

common and ubiquitous sources of anthropogenic PAHs, however, are those 

associated with pyrogenic inputs. One of the most widespread categories of 

pyrogenic PAH inputs relates to the high temperature combustion of motor 

(automobile), bunker (shipping), and power plant (coals and petroleum) fuels 

(Bjorseth, 1985). The combustion processes introduce large amounts of PAHs 

globally, but in more concentrated amounts in urban areas. Residential burning of 

wood is one of the largest sources of atmospheric pyrogenic PAHs. Other important 

sources in indoor air include environmental tobacco smoke, unvented radiant and 

convective kerosene space heaters, and gas cooking and heating appliances. 

Stationary sources account for about 80% of total annual PAH emissions; although 

mobile sources (vehicular exhaust) are often the major atmospheric sources in urban 

or suburban areas (ATSDR, 1995). Pollutant pyrogenic inputs also arise fi-om the 

high temperature processing of fossil fuels, such as coal tar and tar products (e.g., 

creosote) formed from coals (Emsbo- Mattingly and Boehm, 2003) and from fugitive 

emissions released from aluminum smelters with most of these emissions being 
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released from smelters that use the Horizontal Stud Soderberg process (Naes and 

Oug, 1998). Other uses of these products provide other potential entry routes. For 

example, the use of creosote in the treatment of wood has resulted in the association 

of wood treatment facilities with potential release of creosote-related (pyrogenic) 

PAHs. What primarily differentiates the origins of petrogenic and pyrogenic PAHs, 

whether natural sources of PAHs or anthropogenic sources is the temperature of 

formation. During the generation of PAHs, the degree of alkylation in a given PAH 

assemblage is inversely proportional to the temperature of formation (Blumer, 1976; 

Figure 4.3). Because the degree of alkylation and the resulting distribution of PAHs 

depend on the temperature of formation, the characteristic compositional profiles of 

these different sources can be used to help distinguish among different sources of 

PAHs in the environment. Once produced, PAHs are introduced into the environment 

through a number of pathways. 

 

4.1.1 Diagenic PAHs 

Diagenic PAHs are those produced by natural processes that occur when organic 

matter is deposited in nature—in soils or sediments. These processes, collectively 

called diagenesis, begin shortly after deposition of the organic matter (Wakeham et 

al, 1980). These are low temperature processes that occur after oxygen is depleted, 

and are believed to involve microorganisms, such as bacteria, though nonbiological 

processes may occur in tandem. These processes are generally termed 

"aromatization" reactions and produce a range of aromatic biomarkers that can be 

found in some recent sediments, but which increase in both amount and complexity 

in fossil fuels. These early diagenic processes produce relatively few individual 

PAHs. One of the most notable PAHs produced in this manner is the 5-ringed PAH, 

perylene. Perylene is commonly found in sediments of rivers, lakes, and oceans at a 

depth in the sediment where oxygen is reduced. Diagenesis of organic matter derived 

from diatoms and other plant material is thought to be a major source of perylene in 

anoxic marine sediments (Gschwend et ai, 1983; Louda and Baker, 1984; 

Venketesan, 1998). Retene (l-methyl-7-isopropylphenanthrene) and smaller amounts 

of other Co through C^ alkyl phenanthrenes occur frequently at trace concentrations 

in near shore marine sediments, particularly adjacent to forested shorelines. These 

phenanthrenes and some chrysenes are derived from the dehydrogenation of abietic 

acids, pimaric acids, and diterpenoid and triterpenoid precursors that are abundant in 
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pine rosin, terrestrial plants, and wood ash (Tan and Heit, 1981). The PAH 

assemblages produced by early diagenesis of these biological precursors have a 

simple composition involving only a few PAH species and, for this reason, can be 

distinguished from the complex multi-species petrogenic and pyrogenic PAH 

assemblages, described below. Retene has also been shown to be of biogenic origin 

(Wen et ai, 2000) 

 

4.1.2 Fossil fuel (petroleum and coal) PAHs 

Over geological time and within petroleum reservoirs and coal beds in geological 

structures, another type of PAH is produced—petrogenic PAHs. Coal is derived from 

the remains of land plants that accumulated at first as peat Upon burial, peat is 

converted to coal by millions of years of exposure to elevated temperatures and 

pressures during which diagenesis converts plant debris into a highly aromatic, three-

dimensional structure (Teichmuller, 1987). The number of fused aromatic rings per 

structural unit within the coal structure varies; most coals contain three to five rings 

per structural unit, with some individual units containing up to 10 aromatic rings 

(Davidson, 1982; Berkowitz, 1988). While PAHs represent a small percentage of the 

overall hydrocarbon content of petroleum (e.g.. Figure 4.4), petrogenic PAHs are 

nevertheless a significant contributor to the PAH assemblages of most environmental 

samples. A typical crude petroleum may contain from 0.2% to more than 7% PAHs 

(Figure 4.3). Petrogenic PAHs are formed at elevated pressures (and at higher 

temperatures than diagenic PAHs) within deeply buried layers of sediments. 

Petrogenic PAHs are formed, for example, when biological organic matter from 

plankton is converted to petroleum. Petroleum or petrogenic PAHs and coal-derived 

PAHs are "fossil fuel" PAHs. The nature of the processes and their dependence on 

initial organic matter, burial conditions of temperature and pressure, subsurface 

migration, and biodegradation, which convert organic matter to fossil fuels, involves 

semirandom chemical processes. These facets result in the great molecular 

complexity of petroleum itself, the many chemical and physical properties and 

compositions of crude oil and coals, and the complexity of the many PAH structures 

that are found in fossil fuels. Hundreds to thousands of individual PAHs may be 

produced by nature during the processes that form fossil fuels. Nevertheless, while 

their compositions vary greatly, fossil fuels (crude oils and coal) have in common the 

existence of 2-6+ ringed PAHs. The abundance of aromatic hydrocarbons in 
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petroleum usually decreases markedly with increasing molecular weight with a 

preponderance of alkylated structures associated with the 2-4 ringed compounds (see 

Figure 4.4). The types of PAHs formed as fossil fuels are produced include a 

complex variety of parent (i.e., unsubstituted) and alkylated PAHs. Series of PAHs 

comprised of parent and substituted PAHs form many families or homologous series 

of PAHs. The phenanthrene homologous series of PAHs includes, for example, 

phenanthrene itself, plus a series of alkylated homologues of phenanthrene with 

many alkyl substitutions. The relative abundance of the alkylated PAHs within the 

petrogenic PAHs far exceeds the abundance of the parent (i.e., unsubstituted) 

compound or Co-phenanthrene. The fact that alkylated PAHs > parent PAHs is a 

main feature of petrogenic PAHs. This is illustrated in the first chart of Figure 4.3 for 

a typical alkyl homologue distribution. 

 

4.1.3 Pyrogenic PAHs 

High temperature natural and anthropogenic processes also form PAHs. During these 

higher temperature processes, those organic compounds that escape complete 

combustion (oxidation to carbon dioxide and water) include the pyrogenic PAHs. 

Grossly similar pyrogenic PAHs are produced during wood burning (stoves, 

campfires) and the combustion of fossil fuels in internal combustion engines 

(gasoline, diesel, heated motor oils, etc.). The smoking of foods with certain woods 

produces pyrogenic PAHs, which become incorporated in the smoked food. Included 

in this pyrogenic category are the products of high temperature processing of coals in 

coal gasification processes. The residuals of the coal gas processes are termed coal 

tars, and they are rich in the pyrogenic PAHs (Emsbo-Mattingly et al, 2001). 

Because the high temperature processes tend to destroy the more reactive alkylated 

PAHs, the production of unsubstituted PAHs are favored in pyrogenic processes. 

TTius, a major feature of pyrogenic PAHs is that the parent PAHs » alkylated PAHs 

(Figures 4.3 and 4.4).  

As a result, PAH distributions that are produced by the hotter and more rapid 

pyrolysis or combustion-related processes are markedly different from those 

produced by petrogenic processes (see Figures 4.3 and 4.4). Also, pyrogenic PAHs 

are characterized by the higher abundance of the 4, 5 and 6+ ringed PAHs relative to 

PAHs found in most petroleum types. During the combustion of organic matter, the 

organic compounds in the biomass/fuel are fragmented forming smaller compounds 
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that react and build aromatic ring systems based on a series of benzene rings. The 

formation of PAHs and soot particles during the combustion processes are 

interrelated (Richter and Howard, 2000) with high molecular weight PAHs acting as 

molecular precursors to soot.  

The generation of PAHs during combustion appears to be independent of the actual 

fuel source Qenkins et ai, 1996), the composition being more dependent on 

temperature and oxygen. Polycyclic aromatic hydrocarbons are produced in wood 

burning, both in natural forest fires and in emissions from wood stoves in residential 

heating. The amounts of PAH emissions can vary by 2 orders of magnitude 

depending on the type of vegetation burnt Qenkins et al, 1996). The PAH 

compositional differences attributable to fuel types vary only slightly although fuel 

type can affect the amount of PAHs produced (Ramdahl et al, 1982; Jenkins et al, 

1996; Lima et al, 2005).  

The composition of PAHs produced from biomass and/or fossil fuel burning depends 

on burning conditions (e.g., oxygen content, moisture content, etc.) with oxygen 

content being the most important factor determining the amount of PAHs produced. 

However, it appears that temperature is the most important factor in determining the 

composition (fingerprint) of pyrogenic PAHs produced in combustion processes. 

Lower burning temperatures, such as those which characterize some forest fires and 

cigarette smoking, generate alkyl-enriched pyrogenic PAH assemblages, while 

higher temperature favor the production of unsubstituted or parent compounds 

(Blumer, 1976).  

In diesel fuel combustion emissions, Jenkins and Hites (1983) showed that alkylated 

PAHs increased with decreasing combustion temperature. Automobile emissions 

result in pyrogenic PAH emissions as a result of various factors: the type of fuel, the 

type of engine, age of the vehicle, and other factors. Typically uncombusted fuel in 

emissions of the more inefficient diesel engines contribute petrogenic PAHs to the 

pyrogenic emissions (Miguel et al, 1998; Williams et al, 1986, 1989), and pyrogenic 

PAHs also accumulate in waste crankcase oil, resulting in a mbcture of petrogenic 

and pyrogenic PAHs (Pruell and Quinn, 1988). 
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 Figure 4.3 : Polycyclic aromatic hydrocarbons in Alaska north slope crude oil (from   

Boehm et al, 2001a).  

 
 

Figure 4.4 Representative distribution of alkylated PAHs formed at different 

temperatures within the phenanthrene homologous series (CQ -

phenanthrene) (Boehm et al, 2001a).  
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    Table 4.1 : Concentrations of Individual and Total PAHs in a Typical Crude OIL, 

Coal, Coal Tar and Creosote. Concentrations are mg/kg. From NeffeX 

al. (1998). 

 
PAH Crude Oil Coal Coal Tar Creosote 

Naphthalene 1.268 21 4.044 60.274 

C1-Naphthalenes 3.886 46 1.814 17.987 

C2-Naphthalenes 4.511 74 1.193 8.229 

C3-Naphthalenes 2.988 54 619 2.987 

C4-Naphthalenes 1.000 31 213 775 

Biphenyl 233 2 411 NA 

Acenaphthylene ND ND 45 5.248 

Acenaphthene 47 ND 3.817 22.699 

Dibenzofuran 54 NA 3.053 NA 

Fluorene 267 1,8 4.761 18.774 

C1-Fluorenes 521 4,3 896 2.735 

C2-Fluorenes 682 5,6 485 1.295 

C3-Fluorenes 420 7,3 5,7 ND 

Anthracene ND 3,7 5.217 7.073 

Phenanthrene 370 18 16.231 44.572 

C1 -Phenanthrenes/Anthracenes 718 32 1.733 12.605 

C2-Phenanthrenes/Anthracenes 716 36 1.856 4.372 

C3-Phenanthrenes/Anthracenes 460 23 526 1.425 

C4-Phenanthrenes/Anthracenes 154 16 1.383 ND 

Dibenzothiophene 29 3,1 926 6.103 

C1-Dibenzothiophenes 63 5,1 278 1.671 

C2-Dibenzothiophenes 83 10 172 876 

C3-Dibenzothiophenes 49 6,5 79 428 

Fluoranthene 14 3,2 10.988 29.232 

Pyrene 18 3,5 8.517 21.131 

C1 -Fluoranthenes/Pyrenes 101 16 5.399 12.106 

C2-Fluoranthenes/Pyrenes 137 17 NA NA 

C3-Fluoranthenes/Pyrenes 99 16 NA NA 

Benz (a) anthracene 2 4,4 4.218 5.149 

Chrysene 32 3,2 4.032 4.108 

C1-Chrysenes 51 13 2.151 2.228 

C2-Chrysenes 67 17 687 605 

C3-Chrysenes 38 15 260 ND 

C4-Chrysenes 25 7,6 ND ND 

Benzo (b) fluoranthene 9 3,0 3.848 2.414 

Benzo (k) fluoranthene ND ND 1.524 2.159 

Benzo (e) pyrene 12 1,3 1.894 NA 

Benzo (a) pyrene ND 3,1 2.932 2.222 

Perylene ND ND 658 NA 

Indeno(l,2,3-c,d) pyrene ND 0,53 1.597 718 

Dibenz (a,h) anthracene ND ND 469 208 

Benzo (g,h,i) perylene 4 1,8 1.355 574 

Total PAHs 19.156 526 103.287 302,981 
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4.1.4 Biogenic PAHs 

Certain PAH precursor compounds are biosynthesized in nature, although the 

importance of direct biosynthesis of PAHs per se, remains uncertain. Though the 

contribution of microorganisms to the production of PAHs in nature has been 

reported, their contribution may be more to the oxygen-containing aromatic 

compounds rather than to PAHs themselves. It is well known that other PAH 

precursor compounds (e.g., abietic acid) exist in abundance in certain tree resins 

(e.g., conifer resins) and that specific PAHs are formed from the diagenesis or the 

combustion of these resins. For example, retene, a specific C4-phenanthrene isomer 

(l-methyl-7-(l-methylethyl)-phenanthrene), is ubiquitous in residues from these 

plants and can be found in high relative abundance in sediments of pristine northern 

environments. Retene has also been shown to have an algal and/or bacterial origin 

(Wen et al, 2000). Simoneltite, a substituted PAH compound, is also found in 

abundance where organic conifer residues exist. These specific, singular PAHs are 

found in coastal sediments around the world. 

 

4.2 Polycyclic Aromatic Hydrocarbon Source Assemblages  

 

Once they are produced by petrogenic and pyrogenic processes, PAHs may be 

introduced into the environment through a number of pathways (Figure 4.5). These 

include: 

• Natural oil seeps (NRC, 1985); 

• Erosion of source rocks (shales) (Boehm et al, 2001a); 

• Petroleum spills and releases (NRC, 1985); 

• Urban and municipal runoff (NRC, 1985) inclusive of atmospheric deposition of  

combustion products; 

• Industrial emissions—e.g., smelters (Naes and Oug, 1997, 1998); 

• Historical-coal gasification (i.e., manufactured gas plant residues) seepages and 

runoff (EPRI, 2001); 

• Creosote preservation-based leaching and runoff (Emsbo- Mattingly et al, 2001) 

• Biomass burning (wood waste, controlled bums; trash and waste burning) (ASTDR, 

1995). 
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Polycyclic aromatic hydrocarbons can enter the environment on local, regional, and 

global scales (Neff, 1979). Point sources, such as municipal or industrial outfalls, are 

on the local scale, and are generally made up of mixtures of PAHs that are 

combustion- or oil-related. Non-point sources (e.g., rainfall runoff or atmospheric 

deposition) are found on regional scales, and are also made up of PAHs from 

multiple primary sources. Wide-field atmospheric deposition is a global source that 

distributes primarily pyrogenic PAHs (Ohkouchi, et al, 1999) to remote regions of 

the earth. Airborne transport of PAHs on soot particles from forest fires and the 

combustion of coal and oil have been established as a major mechanism for the 

distribution and delivery of PAHs to soils and sediments on the regional and global 

scales. The source (s) of PAH in coastal and urban sediments was first investigated in 

the early to mid-1970s. The origins of PAH in sediments were shown to be both non-

alkylated and alkylated PAH distributions (Giger and Blumer, 1974; Youngblood 

and Blumer, 1975), rather than individual, nonalkylated PAH. These petrogenic and 

pyrogenic source categories could be readily distinguished on the basis of their alkyl 

PAH distributions (Figure 4.5) (Youngblood and Blumer, 1975; Lee et ai, 1977; 

Laflamme and Hites, 1978). The petrogenic and pyrogenic PAH can be derived from 

both "point" and "nonpoint" sources. In the latter half of the 18th and first half of the 

20
th

 centuries, manufactured gas plants (MGP) produced gas from oil and from coal, 

resulting in residues collectively referred to as "coal tar". These coals tars contain 

large quantities (up to 70-80% by weight) of pyrogenic PAHs as a result of the high 

temperature processing of coal in the plants, largely dominated by the 2- and 3-

ringed compounds (e.g., naphthalene, anthracene) in fresh coal tars and 3- to 6-

ringed PAHs in more weathered material. These PAHs have entered the environment 

via groundwater flow and runoff to coastal rivers and sediments. Other point sources 

might include direct or indirect discharges from former or existing industrial 

facilities (e.g., petroleum handling, aluminum smelting, manufactured gas 

production, tar distillation, rail yards, etc.) as well as loading/ unloading facilities 

(e.g., creosote pilings), marinas, discharge canals, and storm water outfalls. Storm 

water runoff from paved urban and suburban roadways and developments, as they 

are discharged into surface waters, serve as local, point sources for PAH that are 

derived from 'non-point' sources, for example, atmospheric (combusted) particulates 

and fugitive (dripped and leaked) petroleum washed from the surrounding urban 

roadways, parking lots, vegetation, and structures during rainfall events. Other non-
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point sources of PAH can include recreational boat traffic, commercial ship traffic, 

general runoff (i.e., not entering from a specific outfall location), and direct 

atmospheric particulate deposition to the waterway.  

Understanding how and where PAHs enter the environment is important in 

conducting environmental forensic studies and especially in determining the PAH 

background into which emissions from a specific PAH source are added. On a global 

basis and in areas remote from urban influence, PAHs fi-om pyrogenic processes 

transported over large distances are the principal source of background 

concentrations—more important than petrogenic PAH inputs—though the levels tend 

to be very low. On more localized scales, background PAH concentrations are 

generally much higher, and PAHs from urban runoff together with combustion-

related PAH inputs are very important contributors to most receiving environments. 

In selected geologically active environments, oil seeps and erosion from oil source 

rocks and coal result in elevated concentrations from natural sources of PAHs. These 

background concentrations of PAH are of particular significance when the potential 

effects (i.e., incremental addition) of PAHs ft-om new oil and gas exploration 

projects or effects of oil spills are being evaluated as part of new project plans or 

environmental impact and damage assessments. 

 
 

Figure 4.5 : Generalized PAH forensics flow chart (Richter and Howard, 2000). 
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5. ANAEROBIC HYDROCARBON DEGRADATION                                               

5.1. Anaerobic Aromatic Hydrocarbon Degradation 

5.1.1.  Aromatic hydrocarbon degrading microorganisms 

Aromatic hydrocarbons enter the global environment through human activities such 

as crude oil spillage, fossil fuel combustion and gasoline leakage as well as natural 

inputs like forest fire smoke and natural petroleum seepage. These hydrocarbons 

comprise simple aromatics like benzene and toluene as well as polycyclic aromatic 

hydrocarbons (PAHs) from naphthalene to pyrenes, as well as myriad alkyl-

substituted isomers.  

Annually, large inputs of such compounds impact both aerobic and anaerobic 

environments such as aquifers, surface freshwater bodies, soils, and terrestrial and 

marine sediments. Whereas aerobic biodegradation of both aromatic and saturated 

hydrocarbons has been well known and studied for many years, the documentation of 

anaerobic degradation is relatively recent within the last two decades) and is 

constantly generating new insights. This activity is widespread, having been reported 

under nitrate-, iron-, manganese- and sulfate-reducing conditions as well as 

methanogenic conditions. Initial observations were limited to enrichment cultures 

and in situ sediments or ground waters, but a few pure cultures capable of anaerobic 

degradation of aromatic hydrocarbons have now been isolated and characterized. 

Such cultures have initiated the elucidation of degradative pathways, intermediates, 

and genes encoding key enzymes. At the same time, pathways and metabolites have 

been inferred from complementary studies of mixed populations using analytical 

chemical methods to demonstrate that laboratory results are relevant in situ.  

It is now clear that some key enzymatic steps in anaerobic hydrocarbon 

biodegradation involve novel biochemistry and versatile microbiota. The list of 

organisms reported to degrade specific hydrocarbons was given in Table 5.1 and can 

be found in Rabus (2005) and Bonin (2004). 
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5.1.2 Substrates, pathways and terminal electron acceptors 

Initial activation of hydrocarbons is crucial for anaerobic biodegradation, and four 

general enzymatic reactions are recognized:  

1) addition of fumarate, catalyzed by a glycyl radical enzyme to yield aromatic-

substituted succinates, 

2) methylation of unsubstituted aromatics, 

3) hydroxylation of an alkyl substituent via a dehydrogenase,  

4) direct carboxylation, which may actually represent a combination of reaction 2) 

followed by reaction 1) (Foght, 2008).  

These activation reactions feed into pathways that result in ring saturation, oxidation 

and/or ring cleavage reactions, producing central metabolites such as benzoyl-coA 

that are eventually incorporated into biomass or completely oxidized. 

5.1.2.1 Monoaromatics 

BTEX components (benzene, toluene, ethylbenzene and xylene isomers) are the best-

studied substrates of anaerobic biodegradation. Interest in these compounds results 

from the fact that they comprise a significant proportion of conventional fuels such 

as gasoline, are the most water-soluble of the aromatic hydrocarbons and (therefore 

most likely to be mobile in situ and biodegradable) and also are reported to have 

acute toxicity as well as long-term potential carcinogenic effects (Snyder, 2000). The 

major pathways for anaerobic-BTEX degradation are presented in abbreviated form 

in Figures 5.1. 
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Table 5.1: Anaerobic aromatic hydrocarbon degrading bacteria (Cao, 2009). 

Pollutants Bacteria Comments 

Benzene Geobacter spp. 

Oxidize benzene in Fe(II)-reducing 

conditions 

 
Desulfobacterium Mineralize benzene into CO2 in 5 

 
spp. 

 Toluene G. metallireducens First pure culture for toluene oxidation 

 

Azoarcus spp. Facultative toluene-oxidizing nitrate-reducers 

 
Thauera spp. 

 Ethylbenzene Thauera-related Denitrifying bacteria completely mineralize 

  
methylbenzene 

Xylene D. acetonicum- Mineralizes o- and m-xylene 

 
related 

 

 
Desulfosarcina 

 

 
variabilis-related 

 PAHs Acidovorax Complete degradation for naphthalene and 

 
Bordetella partial for three to five ring PAHs 

 
Pseudomonas 

 

 
Sphingomonas 

 

 
Variovorax 

 

 
P. stutzeri Mineralizes 7-20% naphthalene 

 
Vibrio pelagius- 

 

 
related 

 PCBs Desulfitobacterium Dehalogenates flanking Cl of OH-PCBs 

 
dehalogenans 

 PCP Desulfitobacterium 90-99% PCP removal forming 3-CP 

 
frappieri 

 

 

Desulfitobacterium Dechlorinates at o- and m-position 

 
halogenans 

 

 
Desulfitobacterium 

 

 
chlororespirans 

 

 
Desulfomnile 

 

 
tiedje 

 Chlorinated Clostridium sp. Degrades DDT as the sole C source; degrades 

pesticides 

 
other chlorinated pesticides 

 
Aerobacter Degrades DDT 

 
aerogenes 

 

 
Klebsiella 

 

 
pneumoniae 

 

 
Nocardia vulgaris 

 

 
Dehalospirilum Preferentially dechlorinates technical 

  multivorans toxaphene 
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    a: Hydroxylation to form phenol, cyclohexanone, or hydroxybenzoate and benzoyl-CoA.  

  b: Alkylation to form toluene and fumarate addition to form benzylsuccinate and benzoyl- CoA  

    c: Carboxylation to form benzoate and benzoyl- CoA. 

Figure 5.1: Anaerobic degradation pathways proposed for benzene (Snyder, 2000). 

5.1.2.2 Polycyclic aromatic hydrocarbons (PAHs) 

To date, only a limited number of PAHs definitively have been shown to biodegrade 

anaerobically in situ or in microcosms containing soil, river sediment, aquifer 

material or marine sediment using nitrate, iron, manganese, sulfate or carbon dioxide 

as TEAs (Foght, 2008). These include the unsubstituted PAHs naphthalene and 

phenanthrene as well as some alkyl-PAHs. However, as noted by Safinowski (2006), 
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detailed information on anaerobic degradation of PAHs is scarce, and there is debate 

whether PAHs having three or more aromatic rings can support growth or whether 

they are only partially oxidized through co-metabolism with growth substrates. 

Cultivation of denitrifying or sulfate-reducing PAH-degrading pure cultures and 

enrichments has proven difficult, and only within the last decade have a few pure 

cultures (Galushko et al., 1999) and stable mixed cultures been obtained to enable the 

study of anaerobic degradation pathways. For most PAHs only circumstantial 

evidence for anaerobic degradation currently exists and it is not clear whether 

substrate losses represent partial oxidation by individual organisms to generate 

transient or dead-end metabolites, or complete oxidation by sequential activity of 

consortium members, or a combination of these processes. 

Unsubstituted PAHs: naphthalene, phenanthrene and other PAHs 

Mihelcic and Luthy (1988) were the first to report loss of naphthalene from soil 

enrichments incubated with nitrate as the electron acceptor. In later studies, Bregnard 

(1996) confirmed anaerobic naphthalene degradation by measuring mineralization of 

14 C-naphthalene under nitrate-reducing conditions in microcosms containing 

material from a chronically diesel-fuel contaminated aquifer. Coates et al., (1996) 

detected 14 C-naphthalene mineralization by sulfate-reducing marine harbour 

sediments and, interestingly, found that amendment of these sediments with 

insoluble iron oxides did not enhance contaminant degradation over the indigenous 

sulfate levels ,possibly due to the lower proportion of iron-reducers in the sediments 

compared with sulfate reducers. Subsequently, Bedessem (1997) observed 

mineralization of 14 C-naphthalene incubated with nine different enrichment cultures 

under sulfate-reducing conditions, although the lag times and degradation rates 

varied widely among enrichments. Nitrate-, manganese- and sulfate-reducing as well 

as methanogenic conditions also resulted in partial degradation of naphthalene in 

sediment columns (Langenhoff et al., 1996). In these studies using continuous 

upflow columns infused with a mixture of benzene, toluene and naphthalene, the 

naphthalene was not measurably degraded under methanogenic or iron-reducing 

conditions and was only partially degraded with manganese. Slightly more 

degradation was observed with nitrate or sulfate as TEA, with approximately 60% of 

14 C-naphthalene mineralized under sulfate-reducing conditions. Addition of 

benzoate as a co-substrate accelerated naphthalene removal under nitrate-reducing 
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conditions, either by providing an additional electron donor for naphthalene ring 

reduction, by inducing appropriate genes, or by providing an additional carbon 

source for growth (Langenhoff et al., 1996). Rockne et al. (2000) found that 

naphthalene and phenanthrene could be degraded by a denitrifying enrichment 

culture originally derived from creosote-contaminated soil. Radiolabel recoveries 

detected incorporation of carbon from 14 C-hydrocarbon into biomass and 

production of 14 CO2 confirmed metabolism (Rockne and Strand, 2001). However, 

the degree of mineralization varied considerably between substrates, with only partial 

mineralization of naphthalene versus 96% of phenanthrene; likewise, the proportion 

of PAHcarbon incorporated into biomass varied between substrates, with 

naphthalene contributing the most to biomass- carbon. Anderson and Lovley (1999) 

were the first to demonstrate naphthalene degradation in aquifers dominated by iron 

reduction, but they found that this activity also was site-specific. 

Only a few pure naphthalene-degrading cultures have been isolated, including the 

sulfate-reducing marine delta-proteobacterium strain NaphS2 (Galushko et al., 1999) 

and three nitrate-reducing, naphthalene-degrading strains isolated from a marine 

sediment enrichment culture of which two were characterized: strain NAP-3-1 

phylogenetically related to Pseudomonas stutzeri coupled partial naphthalene 

mineralization to complete denitrification whereas strain NAP-4-1 related to Vibrio 

pelagius reduced nitrate to nitrite. Both cultures produced a small amount of 14 CO2 

from labeled naphthalene initially (7–22%), with significant label (30–50%) 

incorporated into biomass.  

Two pathways have been proposed for the initial anaerobic attack on naphthalene: 

carboxylation  versus methylation followed by fumarate addition (Safinowski and 

Meckenstock, 2006). The two pathways converge at 2- naphthoic acid, and thereafter 

the aromatic rings are sequentially reduced, starting with the unsubstituted ring, to 

produce octahydronaphthoic acid (before ring cleavage or production of the dead-end 

product decahydronaphthoate. Under sulfidogenic conditions a third pathway not 

shown), initiated via hydroxylation of naphthalene to naphthol, has been proposed 

but not verified (Bedessem et al, 1997). Evidence for the carboxylation pathway 

comes from incubation of naphthalene-utilizing sediment cultures with 13 C-

bicarbonate under sulfidogenic conditions. Zhang and Young (1997) observed that 

the label was incorporated into the carboxylic group of 2-naphthoic acid and inferred 
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that the initial activation reactionwas direct carboxylation of naphthalene, a 

conclusion echoed by Meckenstock (2000).  

However, because the 2-naphthoic acid was detected in a mixed culture it possibly 

represents the product of sequential enzymatic steps rather than primary attack. 

Subsequently, Safinowski and Meckenstock (2006) examined the sulfate-reducing 

culture N47, enriched from a tar-oil-contaminated aquifer. The culture was observed 

by phase microscopy to comprise a single cell morphology but was not considered to 

be axenic, and a demonstrably pure isolate could not be obtained by dilution. The 

culture could utilize naphthalene or 2-methylnaphthalene as the sole carbon and 

energy source individually but not simultaneously. When parallel cultures were 

incubated with deuterated naphthalene or 2-methylnaphthalene, the same fumarate 

addition pathway metabolites predicted by the 2-methylnaphthalene pathway were 

detected in both cultures, suggesting that naphthalene is first methylated to form 2-

methylnaphthalene then undergoes fumarate addition. This is analogous to the 

proposed pathway for methylation of benzene to toluene before further metabolism. 

Interestingly, these two reported modes of attack may actually represent a single 

pathway, since the methyl group may derive from bicarbonate via a reverse CO-

dehydrogenase pathway (Safinowski and Meckenstock, 2006) eventually producing 

2-naphthoic acid, consistent with Zhang and Young‘s observations but involving 

additional enzymatic steps.  

Despite the possible analogy to the benzene methylation pathway, Coates (1997) 

found that sulfidogenic benzene-degrading sediments were unable to mineralize 

naphthalene, suggesting that the microbial populations were different and that initial 

enzymes for attack of these unsubstituted aromatics are substrate-specific. 

Phenanthrene degradation has been observed under nitrate- and sulfate-reducing 

conditions in marine sediments (Tang et al., 2005). By analogy to naphthalene the 

initial attack on phenanthrene may be carboxylation as proposed by Zhang and 

Young (1997), or methylation as proposed by Safinowski et al. (2006) with 

subsequent fumarate addition and oxidation to phenanthroic acid. Also, because 

some studies have documented concomitant naphthalene and phenanthrene 

degradation, it might be assumed that the same enzymes effecting 2-ring naphthalene 

attack could be recruited for 3-ring phenanthrene oxidation in parallel pathways. 

However, when Chang (2006) characterized the microbial communities in PAH-
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contaminated methanogenic marine sediments demonstrating naphthalene and 

phenanthrene degradation, they found that the two communities were distinct, 

suggesting that different species were responsible for naphthalene and phenanthrene 

degradation. Lack of pure cultures has hampered further elucidation of a 

phenanthrene pathway. McNally et al. (1998) used three Pseudomonas spp., isolated 

through their ability to degrade PAHs aerobically but also shown to reduce nitrate, to 

examine the degradation of phenanthrene, anthracene and pyrene under denitrifying 

conditions. They found that when the PAHs were provided at concentrations below 

their water solubility limit so as to eliminate the effects of dissolution and mass 

transport degradation occurred surprisingly quickly within hours and usually without 

a lag. However, because the substrate concentrations used in this study were very 

low and the cell density high (108 cells/ml), the possibility of substrate loss through 

partitioning into the cell membranes may be a factor, especially since degradation 

products were not determined to verify anaerobic oxidation. Thus, the pathways for 

anaerobic phenanthrene degradation remain cryptic. 

Other unsubstituted PAHs also have been shown to be removed by enrichments 

using nitrate or sulfate, including acenaphthene (Yuan and Chang, 2007), fluorene 

and fluoranthene. Coates et al. (1997) determined that 14 C-labelled naphthalene, 

phenanthrene, fluorene and fluoranthene but not pyrene or benzo(a)pyrene) were 

mineralized to 14 CO2 by sulfate-reducing sediments from San Diego Bay.  

Rothermich et al. (2002) demonstrated that several indigenous as well as added 

PAHs were degraded in situ under sulfate-reducing conditions in harbor sediments. 

The substrates monitored comprised a suite of 14 PAHs having 2–5 rings, including 

naphthalene, phenanthrene, and the high molecular weight PAHs chrysene, pyrene 

and benzo( a )pyrene, among others, including alkyl-substituted naphthalenes. All 

substrates monitored eventually showed at least some depletion 9% for 

benz(a)anthracene to 89% for acenaphthene, with the smaller PAHs generally 

degrading faster than the larger PAHs. This study demonstrated for the first time that 

high molecular weight unsubstituted PAHs could be degraded under sulfate- 

reducing conditions (Rothermich et al., 2002). However, because signature 

metabolites were not assessed, and because the larger PAHs were not radiolabeled 

for measurement of 14 CO2 evolution, it is not clear whether the PAH depletion was 

due to microbial growth resulting in complete mineralization, or to partial oxidation 
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through co-metabolic processes, as has been suggested by Meckenstock et al. (2004) 

and Safinowski et al. (2006). More research involving mass balance of metabolites is 

required to resolve this question. 

Although Meckenstock et al. (2004) concluded that unsubstituted PAHs are not 

attacked under methanogenic conditions, Christensen et al. (2004) assessed the 

potential for PAH removal under methanogenic conditions, applying molecular 

modelling to calculate the free energy of reaction for naphthalene and (1-

methylnaphthalene) degradation using pathways proposed in the literature. Their 

calculations indicated that naphthalene oxidation should be thermodynamically 

feasible under methanogenic conditions. They then incubated naphthalene or 1-

methylnaphthalene in microcosms inoculated with various anaerobic inocula. The 

mass of both substrates decreased in all microcosms at a rate proportional to 

temperature, up to 65 ° C for thermophilic enrichments. Similarly, Trably et al. 

(2003) measured removal of 13 unsubstituted PAHs from municipal sewage sludge 

in anaerobic stirred tank bioreactors under thermophilic methanogenic conditions and 

found that removal was enhanced at 55 ° C compared with 35 ° C and 45 ° C, 

particularly for the larger PAHs.  

However, in that study abiotic losses accounted for a significant portion of the total 

loss of the smaller PAHs at high temperatures, and no attempts were made to 

unequivocally demonstrate complete mineralization rather than partial cometabolic 

oxidation, so the results must be interpreted cautiously. Additional evidence was 

compiled by Chang et al. (2002) who followed the degradation of five 3-ring 

unsubstituted PAHs in soil under methanogenic, nitrate- or sulfate-reducing 

conditions. Over a period of 3 years, anaerobic cultures were established by periodic 

transfer with phenanthrene, and subsequently pure pyrene, anthracene, fluorene or 

acenaphthene were added individually or in combination for an additional year of 

enrichment with different TEAs. Significant removal of the PAHs from 100% to 

(approx. 60%) was observed for all compounds in the order phenanthrene 1 pyrene 1 

anthracene 1 fluorene 1 acenaphthene, and PAH removal decreased in the order 

sulfate-reducing 1 methanogenic 1 nitrate-reducing conditions. Recently, Yuan and 

Chang (2007) documented removal of unsubstituted PAHs in anaerobic river 

sediment microcosms, again incubated under methanogenic, nitrate- or sulfate-

reducing conditions. 
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The order of degradation differed from the previous study, with degradation rates 

decreasing from acenaphthene 1 fluorene 1 phenanthrene 1 anthracene 1 pyrene, but 

similar order of TEA efficacy sulfate-reducing 1 methanogenic 1 (nitrate-reducing 

conditions). From these microcosms, 12 strains were reported to degrade these PAHs 

anaerobically (although the TEA was not stated). The pure isolate with the best 

degradative ability, strain ER9, was identified morphologically and biochemically as 

a Clostridium sp. (Yuan and Chang, 2007). Notably, in both these studies (Chang, 

2002; Yuan and Chang, 2007) neither mass balance using radiolabelled substrates 

nor detection of characteristic metabolites were attempted, nor was cell growth or 

mineralization determined; therefore, even though the initial inoculum had been 

enriched by repeated transfer on phenanthrene which was likely utilized as a carbon 

source, the measured decrease in the other PAH concentrations arguably could be 

ascribed to co-metabolic oxidation, as proposed by Meckenstock et al. (2004) and 

Safinowski et al. (2006). 

Resolution of this controversy over utilization versus cometabolism of unsubstituted 

PAHs requires more study using enrichment cultures, including metabolism under 

sulfidogenic and methanogenic conditions because much of the literature has been 

generated with denitrifiers. It also demands studies in which mass balance is 

achieved, to determine whether the PAHs are being completely mineralized and 

serving as growth substrates, or are merely being co-metabolized. Finally, isolation 

of pure cultures that unequivocally oxidize these substrates anaerobically would 

allow pathways to be proposed and enzyme substrate ranges to be inferred. 

5.1.3 Enzymes and genes 

The fumarate addition pathway appears to be predominant in anaerobic 

transformation of alkyl-monoaromatics  and -PAHs  and may also be involved in 

catabolism of unsubstituted aromatics following methylation (Safinowski et al., 

2006; Ulrich et al., 2005) (Figure 4.2). The enzymatic hydrocarbon activation 

reactions forming benzylsuccinates from monoaromatics are discussed briefly below, 

but for comprehensive coverage of the fumarate addition reactions and 

corresponding enzymes. No enzymes specific to attack on PAHs or alkyl-PAHs have 

been described, due at least in part to paucity of pure cultures to study. The initial 

enzyme in the toluene pathway, benzylsuccinate synthase Bss, belongs to a novel 

group of glycyl radical enzymes. Its activity, i.e. adding fumarate to the methyl group 
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of toluene, has been demonstrated in enrichments incubated under nitrate- (Beller 

and Spormann, 1997), iron- (Kane et al., 2002), and sulfate-reducing (Beller and 

Spormann, 1998) as well as methanogenic conditions (Beller and Edwards, 2000; 

Washer and Edwards, 2007). The enzyme isolated from T. aromatic K172 has been 

characterized as has that from Azoarcus sp. strain T (Beller and Spormann, 1999). 

The gene encoding the alpha subunit of the enzyme, bssA , has been detected in all 

anaerobic toluenedegrading isolates surveyed to date, including T. aromatica K172, 

Azoarcus sp. strain T and Geobacter metallireducens and recently was used to 

develop a functional gene marker to screen for anaerobic toluene degraders (Winderl 

et al., 2007). Ethylbenzene dehydrogenase (EBD) catalyzes the initial attack in one 

pathway of ethylbenzene biodegradation, producing 1-phenylethanol. This was the 

first enzyme shown to hydroxylate an aromatic hydrocarbon in the absence of 

molecular oxygen, deriving the hydroxyl group from water (Ball et al., 1996). The 

membrane- associated enzyme of the denitrifying organism Azoarcus sp. strain EB1, 

which grows only on ethylbenzene and no other BTEX compounds, oxidizes a 

limited number of fluorinated and nonaromatic homologs of ethylbenzene such as 4-

fluoro-ethylbenzene and ethyldienecyclohexane, demonstrating a relatively broad 

substrate range, but does not transform either toluene or propylbenzene nor the 

saturated homolog ethylcyclohexane (Johnson et al., 2001). The enzyme is produced 

only during growth of strain EB1 on ethylbenzene or the direct pathway metabolites 

1-phenylethanol and acetophenone. In contrast, the enzyme isolated from Azoarcus 

sp. EbN1 is reported to be periplasmic and can hydroxylate propylbenzene with low 

efficiency (Kniemeyer and Heider, 2001). The ethylbenzene-degrading Azoarcus sp. 

strain PbN1 also grows on propylbenzene with the intermediates postulated to be 

analogous to those of ethylbenzene i.e. phenylpropanol and propiophenone, its initial 

enzyme also can hydroxylate propylbenzene (Kniemeyer and Heider, 2001). 

Enzymes responsible for subsequent catabolism of central metabolites of the BTEX 

pathways (i.e. benzylsuccinates and benzoyl-coA) have been studied in denitrifying 

bacteria such as T. aromatica K172 and the photosynthetic bacterium 

Rhodopseudomonas palustris (Egland et al, 1997). Many of these central steps 

require activation of the free acid by addition of co-enzyme A. Recent studies on the 

activity of a new type of benzoyl-coA reductase suggest that G. Metallireducens 
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could be a model organism for coupling dearomatization to iron reduction (Carmona 

and Diaz, 2005). 

The cellular location of pathway enzymes has been addressed by only a few 

researchers, even though this has implications for release of intermediates into the 

extracellular medium and therefore availability of metabolites or co-metabolites for 

further oxidation by other consortium members or for diffusion and mobility in the 

environment. Chakraborty and Coates (2005) proposed that hydroxylation of 

benzene occurs on the outer membrane or in the periplasm of D. aromatica RCB, 

allowing diffusion of phenol into the external medium during benzene degradation. 

Likewise, Rabus et al. (2002) have proposed a periplasmic location for ethylbenzene 

dehydrogenase in Azoarcus sp. EbN1. These locations would explain the appearance 

of pathway metabolites in culture supernatants and in the aqueous phase of 

contaminated environments, and limited uptake of the extracellular intermediates for 

further metabolism would explain accumulation of such compounds in situ. 

However, neither a mechanism nor a biological rationale for excreting potential 

growth substrates has been examined; this aspect of anaerobic hydrocarbon 

biodegradation requires considerable experimental attention. 

5.2 Applications of Anaerobic Hydrocarbon Degradation 

5.2.1 Natural attenuation and bioremediation 

Natural attenuation is a strategy for managing decontamination of soils, sediments 

and groundwaters, in which intrinsic physical and biological processes result in 

amelioration of the contamination. Biological processes typically comprise the major 

contributor to this treatment method. The term ‗bioremediation‘ usually implies 

active intervention at the contaminated site to enhance biodegradation processes 

through, (for example, addition of limiting nutrients biostimulation) or of competent 

(microbes bioaugmentation). Because hydrocarbon-contaminated sites commonly 

include anaerobic sectors due to oxygen consumption during organic carbon 

metabolism, the importance of anaerobic biodegradation processes at such sites is 

obvious. Understanding the underlying principles discussed in previous sections of 

the Chapter 4 may enable prediction and manipulation of microbial processes to 

ensure or accelerate natural attenuation. Numerous reports have been published 
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documenting natural attenuation of hydrocarbons in anaerobic aquifers, groundwater 

and sediments (Meckenstock et al., 2004). 

Demonstration of natural attenuation requires at least three lines of evidence: 

documented loss of the contaminants from the site; laboratory data (e.g. microcosms 

or microbial enumeration methods) indicating the presence of competent microbiota 

in situ; and evidence of appropriate microbial activity in situ e.g. production of 

predicted metabolites, depletion of TEAs and/or accumulation of reduced TEA 

products. However, demonstrating anaerobic biodegradation in situ by measuring 

depletion of parent compounds can cause major technical problems because of 

difficulty distinguishing between losses due to biological transformation versus 

abiotic processes such as sorption, dilution or volatilization. To complement and 

augment depletion measurements, Beller (1995) proposed that specific anaerobic 

metabolites produced and excreted during degradation of the substrate be used as 

indicators of biodegradation. Ideally, anaerobic biomarkers are intermediates highly 

specific to the substrate‘s degradation pathway (i.e. are not products of metabolism 

of other compounds or abiotic processes); are produced only anaerobically; are not 

normally found in the environment unless the substrate is present; are water soluble 

so that they can be recovered from groundwater or saturated sediments; and are 

relatively stable chemically so that they can be detected, but are also relatively 

biologically labile so that their presence is an indicator of recent rather than relict 

metabolism (Phelps and Young, 2002). Through studies with pure cultures and 

substrates it has been possible to identify candidate biomarkers such as those shown 

in figures 1–3 , then correlate them with metabolites detected in situ (Beller, 1995).  

The alkyl benzylsuccinates (i.e. the products of fumarate addition) fit these criteria 

and have been adopted as potentially universal signature metabolites for anaerobic 

biodegradation of BTEX compounds. In contrast, the alkylbenzoates (i.e. lower 

pathway intermediates) are not sufficiently specific because they can be formed 

aerobically or by metabolism of nonhydrocarbons like aromatic amino acids 

(Meckenstock et al., 2004). As new substrates and degradative pathways are 

identified, it is clear that we are still adding to the catalogue of potential biomarkers 

for anaerobic metabolism (Chakraborty and Coates, 2005). Technical difficulties 

with inconsistent detection and dentification of signature metabolites still hamper 

characterization of anaerobic biodegradation in situ, due to their low concentrations 
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typically orders of magnitude lower than the parent hydrocarbons, heterogeneity and 

their transient nature due to biodegradation by other members of the consortium 

(Beller, 2000). In addition, authentic standards of many hypothetical intermediates 

are not commercially available, preventing incontrovertible identification in culture 

extracts, groundwater, etc. Several current methods involve solvent extraction of 

relatively large volumes of groundwater with subsequent derivatization and GC-MS 

analysis (Gieg and Suflita, 2002).  

Although well-established and definitive, these analyses can be costly and time-

consuming. New sophisticated methods are being developed and combined to 

streamline analysis of signature metabolites, including liquid chromatography 

combined with stable carbon isotope or deuterated substrates, solid-phase extraction 

SPE and direct injection methods coupled with LC-MS to increase sensitivity of 

detection (Griebler et al., 2004). 

The appearance of signature metabolites in the aqueous phase in situ or in culture 

medium is intriguing, because it is not clear why pathway intermediates that are 

potential growth substrates should be found outside the cell. Beller (2000) noted that 

benzylsuccinate and E -phenylitaconate, products of toluene metabolism, accumulate 

in growth medium and are more stable than expected in comparison with, (for 

example, benzoate), and speculated that after they leave the cell they are not taken up 

efficiently from the extracellular medium. For example, benzylsuccinate was not 

metabolized by toluene- grown cells but could be oxidized to phenylitaconate and 

benzoate by permeabilized cells (Beller and Spormann, 1998). Phelps et al. (2001) 

observed that exogenous benzoate was utilized less efficiently than benzene by a 

benzene- degrading enrichment culture, and suggested that it indicates inefficient 

uptake of benzoate by the cells. Similarly, Safinowski and Meckenstock (2006) 

observed that the fumarate addition pathway metabolites of 2-methylnaphthalene a 

carbon source for culture N47 accumulated in the medium with incubation. They 

proposed that the metabolites are continuously excreted from the cells and, once 

released, cannot be taken up again by culture N47 for metabolism. This raises the 

question of how efficiently the culture can grow on 2-methylnaphthalene if a 

proportion of the substrate is excreted as metabolites that cannot be re-acquired as 

carbon source. It also begs the question of the mechanism and biochemical rationale 



  

61 

 

of export of catabolic pathway metabolites, although this is also observed during 

aerobic growth on aromatic hydrocarbons and heterocycles. 

However, it is necessary to remember that the signature metabolites, at least, are 

typically found at low concentrations in the aqueous phase and probably represent 

only a small proportion of the total oxidized substrate. Obviously, further 

investigation of enzyme locations, metabolite export and uptake is warranted as more 

pure cultures are isolated and enzymes characterized. The implications for 

prediction, implementation and detection of natural attenuation processes are 

important for at least two reasons: excretion of polar metabolites without re-uptake 

will mobilize the aromatic skeleton because of increased water solubility compared 

with the parent hydrocarbon and may either enhance bioavailability in situ or 

increase mobility of the metabolite; conversely, excretion with re-uptake and further 

metabolism (by the same or different organisms in a consortium) may enhance 

biodegradation. Hydrocarbon-impacted environments usually experience complex 

mixtures of contaminants that can influence the overall activity of the microbial 

community (Zheng et al., 2001). In a survey of various aquatic sediments incubated 

under four different redox conditions, Phelps and Young (1999) found that 

degradation of a mixture of BTEX compounds was site and TEA specific: whereas 

toluene was degraded in all enrichment cultures under all conditions, benzene 

degraded only in sulfidogenic cultures from one site, and pristine sediments 

generally did not degrade BTEX whereas chronically contaminated sediments 

usually yielded active cultures. In cultures amended with gasoline which contains a 

large proportion of aliphatic hydrocarbons (in addition to aromatics) BTEX 

degradation was slower and incomplete, indicating that degradation of complex 

mixtures is influenced by site microbiota, redox conditions and the substrate itself. 

This observation could be explained by either inhibition of BTEX degradation by the 

other hydrocarbons in the gasoline through toxicity, gene expression effects, or shifts 

in the microbiota composition), or to their preferential degradation over BTEX 

compounds (Phelps and Young, 1999).  

The negative effect of gasoline on BTEX degradation in the aquatic sediments 

contrasts sharply with the stimulatory effect of gasoline on aromatic hydrocarbon 

degradation noted by Prince and Suflita (2007) in microcosms under methanogenic 

and especially sulfidogenic conditions. These conflicting observations emphasize the 
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unpredictability of site-specific responses to mixed substrates and the need for new, 

comprehensive approaches that do more than simply document substrate depletion. 

Enhancing natural attenuation 

The type and concentration of TEAs available in a contaminated environment will 

affect the outcome of natural attenuation or bioremediation. Common indigenous 

TEAs in impacted environments include nitrate, iron, sulfate and carbon dioxide, as 

discussed above, and in some cases also perchlorate and chlorate, quinones and 

humic acids although, to date, the latter TEAs have only been linked to 

biodegradation of certain aromatics (like toluene). Understanding the potential role 

of various TEAs in anaerobic biodegradation can inform remediation strategies such 

as amendment with TEAs to enhance natural attenuation. Sulfate, for example, has 

several potential advantages as a TEA amendment (Anderson and Lovley, 2000): 

unlike O2, sulfate is not consumed by abiotic reactions with ferrous iron or sulfide; it 

does not form iron oxide precipitates in situ that can cause plugging; it is more 

soluble than O2 and therefore can be added at higher concentrations, and furthermore 

accepts twice as many electrons as O2; and it can be applied to groundwater at higher 

levels than nitrate, which is potentially toxic.  

The disadvantage is that some contaminated sites may lack the microbes that initiate 

attack on benzene under sulfatereducing conditions (Weiner and Lovley, 1998). 

Notwithstanding that potential limitation, Weiner (1998) showed in laboratory 

microcosms. Then Anderson and Lovely (2000) demonstrated in situ that adding 

sulfate as a TEA to a petroleum-contaminated aquifer stimulated benzene oxidation 

whereas addition of nitrate completely inhibited benzene degradation in preliminary 

experiments. These effects were noted despite the fact that the sediments, 

contaminated with hydrocarbons for more than 50 years, were methanogenic when 

the TEAs were injected. This indicates that the potential for anaerobic degradation 

coupled to sulfate reduction persisted regardless of prevailing TEAs, and points to a 

possible role for sulfate-reducers activating aromatic hydrocarbons in methanogenic 

consortia.  

Schreiber and Bahr (2002) added nitrate to a petroleum- contaminated aquifer and 

detected biodegradation of toluene, ethylbenzene and m- and p-xylenes but not 

benzene over a 60-day monitoring period. Interestingly, the stoichiometry of nitrate 

reduced to TEX oxidized was greater than predicted, and may have resulted from 
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oxidation of other organics in the aquifer at the expense of the added nitrate. Ball and 

Reinhard (1996) also observed nonstoichiometric reduction of nitrate when 

amending microcosms containing BTEX. This common phenomenon can complicate 

calculation of TEA demand for natural attenuation. Phenanthrene biodegradation in 

marine sediments was enhanced two- to three-fold by the addition of controlled-

release TEAs, specifically nitrate as nitrocellulose and sulfate as gypsum (Tang et al., 

2005). This approach may lead to refined ‗capping‘ strategies in marine harbour 

sediments, where a slow-release TEA would be incorporated directly into otherwise 

undisturbed contaminated sediments, thus avoiding the issues associated with 

multiple applications of highly soluble, potentially inhibitory TEAs, particularly 

nitrate (Tang et al., 2005). Cunningham et al. (2001) enhanced in situ bioremediation 

of BTEX-contaminated groundwater by combining the advantages of nitrate and 

sulfate through amendment with both TEAs. The combination of TEAs accelerated 

the natural attenuation of the BTEX petroleum hydrocarbon contaminants; nitrate 

was used preferentially and so was rapidly consumed near the injection well, but 

sulfate had an effect outside the denitrifying zone.  

Degradation of xylene isomers appeared to be linked specifically to sulfate reduction, 

validating the choice of amending with two TEAs rather than just nitrate. Benzene 

was the most recalcitrant contaminant in situ but eventually showed evidence of 

biodegradation after approximately 15 months. This study illustrates how 

understanding the potential diversity of in situ anaerobic processes and adjusting the 

remediation method to suit the contaminants and the indigenous microbial 

community can be used to relieve the limitations encountered by injection of a single 

TEA. The stimulatory effect of providing nutrients, such as fixed nitrogen and/or 

phosphate, has not been as thoroughly studied under anaerobic conditions as under 

aerobic conditions. However, at least two cases show the benefit of fertilizing 

nutrient-poor anaerobic environments contaminated with diesel fuel: Cross et al. 

(2006) observed enhanced anaerobic degradation when contaminated groundwater 

microcosms were amended with nutrients, specifically ammonium, nitrate and 

phosphate. Powell et al. (2006) noted the stimulatory effect of nutrients (nitrate, 

ammonium, calcium, sulfate and phosphate) on denitrifying hydrocarbon degraders 

in nutrient- poor Antarctic soils.  
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Whereas biostimulation through TEA addition has been studied, bioaugmentation 

with bacteria capable of anaerobic degradation is virtually untested. Da Silva and 

Alvarez (2004) inoculated flowthrough aquifer columns with enrichment cultures 

and demonstrated increased benzene degradation under methanogenic conditions 

only in the bioaugmented columns, but this activity required a very long acclimation 

period and the observation was not verified in the field. It is possible that versatile 

degraders such as D. aromatica RCB, which can mineralize BTEX components 

under aerobic, nitrate-, perchlorate- and chlorate-reducing conditions (Chakraborty et 

al., 2005), may be valuable as bioaugmentation agents in certain applications. 

However, in general, added microbes are at a disadvantage in competition with the 

indigenous microbiota and, even under aerobic conditions, successful 

bioaugmentation trials are sparse. 

5.2.2 Treatment of aromatic hydrocarbon-containing wastes  

Processing of hydrocarbon-containing industrial wastewaters and municipal sewage 

sludge is another area that may benefit from increased understanding of anaerobic 

biodegradation. Soil-wash fluids from a wood preserving site containing both 

pentachlorophenol (PCP) and PAHs necessitated an integrated waste management 

system of soil washing and anaerobic bioremediation to deal with both classes of 

compounds (Miller et al., 1998). Removal of contaminants under anaerobic 

conditions was demonstrated with a simulated waste stream containing PCP 99.8% 

removal and four model PAHs. 

Naphthalene and acenaphthene were removed efficiently 86% and 93% removal, 

respectively), although negligible removal of pyrene and benzofluoranthene was 

measured. In a recent study, Siddique et al. (2007) documented methanogenic 

removal of BTEX and other hydrocarbons (both aromatic and aliphatic) from 

naphtha in a slurry of oil sands tailings waste, without prior laboratory enrichment. 

Although high concentrations of an artificial mixture of BTEX or of naphtha 

inhibited methanogenesis in the microcosms, lower concentrations similar to those 

normally present in the tailings waste supported methane production and resulted in 

hydrocarbon depletion and methane production in the microcosms. Methanogenesis 

in the large volume tailings basins, sustained by anaerobic hydrocarbon 

biodegradation, apparently is responsible for daily emission of millions of liters of 

methane at this site. It is possible that anaerobic pretreatment of the tailings to 
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remove hydrocarbons with capture of the produced CO2 and methane could reduce 

greenhouse gas emissions from the current open system. Similarly, domestic sewage 

sludge might be pretreated to remove hydrocarbons before diversion to other 

purposes such as application to agricultural soil (Trably et al., 2003). Chang et al. 

(2003) incubated samples from municipal and petrochemical sludge with a suite of 

five PAHs and found that degradation was slower in the municipal sludge, possibly 

due to the presence of more susceptible, competing organic compounds in the 

municipal sludge, or conversely the presence of a more competent microbiota in the 

petrochemical sludge. They also found that sulfate-reducing conditions were superior 

to methanogenic and denitrifying conditions for PAH removal. However, nitrate and 

sulfate are not usually practical or desirable TEAs for sewage sludge bioprocessing, 

and methanogenic conditions are considered more practical, even though evidence 

for PAH removal under these conditions is currently scarce. To test the ability of 

sludge to degrade PAHs under methanogenic conditions, enriched cultures from 

diverse sources: a wastewater treatment plant; digested manure and industrial food 

waste; leachate from a municipal landfill; or contaminated soils from gasoline 

stations. They found that each inoculum was able to degrade naphthalene and 1-

methylnaphthalene, but the contaminated soil enrichments performed the best. Trably 

et al. (2003) also observed PAH losses from municipal sludge incubated as 

mesophilic and thermophilic enrichments and found that bioaugmentation with an 

adapted inoculum enhanced PAH degradation. This limited number of studies 

indicates the potential for waste stream processing although more research in this 

area is required, especially demonstrating mass balance to document complete 

oxidation of the hydrocarbons. 

5.2.3 Petroleum reservoirs 

Head et al. (2003) have reviewed the literature on deep subsurface oil reservoirs and 

support the proposition that heavy oils have arisen through anaerobic biodegradation 

of conventional oils over geologic time, occurring in reservoirs with a water interface 

and an in situ temperature 80 °C or perhaps higher (Spark et al., 2000). Deep 

subsurface biodegradation, involving aliphatic as well as aromatic hydrocarbons, is 

generally deleterious to the economic value of the oil, resulting in increased oil 

density and viscosity, sulfur content, acidity and metals, and decreased saturated and 

aromatic hydrocarbons corresponding to the extent of in situ biodegradation (Larter 
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et al., 2006). Thus, archaic anaerobic biodegradation has had huge economic impacts 

on fossil fuel quality and crude oil recovery worldwide. Detection of anaerobic 

naphthalene signature metabolites, specifically 2-naphthoate and partially reduced 2- 

naphthoates, during a screen of 77 degraded oil samples from around the world lends 

more specific support to the inference that anaerobic hydrocarbon biodegradation has 

occurred in a large proportion of oil reservoirs (Aitken et al., 2004; Magot et al., 

2000). Despite this circumstantial evidence, no pure culture has yet been isolated that 

exhibits the ability to degrade hydrocarbons anaerobically under in situ reservoir 

conditions (Aitken et al., 2004; Roling et al., 2003). The succinate derivatives from 

fumarate addition pathways have not been confirmed yet in crude oils, possibly 

because these polar metabolites partition into the aqueous phase ,but they have been 

detected in production water from oil fields. Sulfidogenesis appears to dominate in 

sulfate-containing reservoirs, especially those undergoing waterflooding for 

secondary recovery. It is assumed that indigenous hydrocarbons support this 

detrimental sulfide generation (Rueter et al., 1994), perhaps by members of the 

family Desulfobacteriaceae (Rabus et al., 1996). Although pure aromatic 

hydrocarbon- degrading cultures demonstrating this activity have not yet been 

isolated. Chen and Taylor (1997) successfully enriched a thermophilic consortium 

from the produced water of an Alaskan oil field that could metabolize BTEX 

components to unknown water-soluble products concomitant with sulfide production, 

suggesting the potential for such activity in situ. Nitrate has been added to reservoirs 

as an alternate TEA for biological control of souring and has proved useful in some 

cases (Sunde and Torsvik, 2005); again, it is assumed that a portion of the oil in situ 

serves as carbon and energy source for the nitrate-reducers but this awaits proof. 

Rabus (1999) found that a succession of BTEX- and aliphatic-degrading bacteria 

grew on crude oil under nitrate-reducing conditions, and that degradation by the 

community exceeded that observed with individual strains and compounds.  

In contrast, Kodama and Watanabe (2003) isolated sulfide-oxidizing, nitrate-

reducing bacterial strains from underground oil storage facilities, but these strains 

apparently could not grow directly on crude oil as carbon source, so their importance 

in oil reservoirs is currently unknown. Nor has the possible role of biological iron 

reduction in reservoirs been well-addressed yet (Birkeland, 2004; Roling et al., 

2003). In reservoirs low in available sulfate, methanogenesis appears to be the 
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primary TEA process and is thought to have contributed over geological time to 

methane gas associated with heavily biodegraded petroleum such as the Canadian oil 

sands deposits (Head et al., 2003). It may be possible to exploit anaerobic activity (in 

situ through biostimulation or bioaugmentation) to produce methane from reservoirs 

with otherwise economically unrecoverable oil, such as wells that have undergone 

extensive waterflooding and are marginal producers (Suflita et al., 2004). The 

contribution of aliphatic hydrocarbons to anaerobic degradation is likely to be more 

important in such environments because of the higher mass ratio of alkanes to 

aromatics in most crude oils. Thus, the potential exists to control reservoir souring 

(and associated metal corrosion in production facilities) or to enhance energy 

production via in situ methanogenesis through judicious manipulation of anaerobic 

hydrocarbon biodegradation in oil reservoirs. Alternatively, oil reservoirs may be 

sources of isolates capable of anaerobic biodesulfurization to improve crude oil 

quality through removal of organic sulfur from sulfur heterocycles (Marcelis et al., 

2003). 
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6. TECHNIQUES FOR MONITORING AROMATIC HYDROCARBON 

DEGRADATION 

6.1 Molecular Techniques 

The development of molecular techniques using nucleic acids has led to many new 

findings in studies of microbial ecology (Amann et al., 1995). Microbial diversity 

studies were limited in the past by the lack of methodological tools, but the 

availability of the new molecular methods has made it possible to investigate the 

dynamics of the composition and structure of microbial populations and communities 

in defined environments, the phylogenetic relationships, and the impact of 

environmental or specific factors such as pollution by xenobiotics on microbial 

diversity (Morris et al., 2002), the origin and conservation of microbial biodiversity 

(Dorigo et al., 2005), allows enumeration, to study distribution and activity of 

microorganisms and detection of individual microbial taxa in natural habitats.The 

classical approach for identification of viable microorganisms in environmental 

samples, including sediments, is plate counting on agar medium (Edlund and Janson, 

2006). It would appear that only between 0.5% and 10% prokaryote diversity has 

actually been identified due to the small size and the absence of distinguishing 

phenotypic characters of prokaryotic organisms, and the fact that most of these 

organisms cannot be cultured which are the most important factors that limit the  

evaluation of prokaryotic biodiversity (Torsvik et al., 2002). There are many other 

short-comings and disadvantages of the past traditional microbiological techniques. 

Microscopy based and culture dependent techniques have only a limited use for 

classification and identification of microorganisms (Muyzer, 1999). Because many 

microorganisms are bound to sediment particles, they can not be detected by 

conventional microscopy. Unrecognized nutrient and growth conditions, the failure 

of selective enrichment cultures to mimic the environmental conditions required by 

particular microorganisms for proliferation in their natural habitat, interruption of 

intrinsic interdependencies such as syntrophic reactions and the low growth rates, 

fastidious nutritional and environmental requirements of anaerobes are the limits of 
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culture dependent methods (Hofman-Bang et al., 2003). Almost 99% of all 

microorganisms in nature can not be isolated and classified based on physiological 

and biochemical features mainly due to the previously mentioned limitations of 

cultivation (Muyzer, 1999). Recently more direct methods, such as immunology 

techniques have been developed for identification, quantification and localization of 

microorganisms in environmental samples (Hofman-Bang et al., 2003), yet still with 

disadvantages of the need for axenic cultures to produce specific antibodies, the high 

specificity limiting the detection to the species or subspecies level, and the 

occurrence of cross-reactions (Kemp et al., 1988). 

The development of molecular biological techniques has allowed us to study 

microbial diversity at a different level, the genetic level (Muyzer, 1999). Molecular 

evolution has provided a new basis for the direct identification and quantification of 

microorganisms (Olsen and Woese, 1993). Nucleic-acid based methods allow 

microbial community characterization without cultivation (Hofman-Bang et al., 

2003). Microbes are grouped according to similarities in their genes, which also 

reflect their evolutionary relationship (Woose, 1987). The most powerful and basic 

approach to explore microbial diversity and to clarifying microbial communities is 

cloning and sequencing of 16S ribosomal Rrna encoding genes. 16S rDNAs are 

amplified by PCR from nucleic acids extracted from environmental samples, and 

then the PCR products are cloned and sequenced (Urakawa et al., 1999). This 

approach can avoid the limitation of traditional culturing techniques for assessing the 

microbial diversity in natural environments (Urakawa et al., 1999) and has been 

applied to water columns (DeLong et al., 1994; Fuhrman et al., 1992, Fuhrman and 

Davis, 1997; Giovanni et al., 1990), hot springs (Barns et al., 1994; Hugenholtz et 

al., 1998), soils (Kuske et al., 1997), deep subsurface environments (Boivin-Jahns et 

al., 1995), hydrothermal vents (Moyer et al., 1995) and the gut of animals 

(McInerney et al., 1995). Molecular techniques have greatly increased our 

knowledge of marine microbial diversity, in contrast to the several attempts that have 

been made to describe marine sediment microbial communities based on cultivation 

(Parkes et al., 1994; Delille, 1995). Earlier studies based on traditional cultivation 

methods could not reveal the appropriate sedimentary microbial diversity due to the 

high selectivity of these methods.Such cultivation based approaches were subject to 

restrictions and biases leading to a distorted  representation of the true community 
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composition (Amann et al., 1995). Techniques such as reassociation analysis of DNA 

(Torsvik et al., 1996), denaturing gradient gel electrophoresis (DGGE) (Teske et al., 

1996), and restriction fragment length polymorphism (Moyer et al., 1994) have 

yielded insight into bacterial diversity and community composition. However, 

phylogenetically based oligonucleotide hybridization techniques permit not only the 

monitoring of individual phylogenetic groups but also a quantification of their 

abundance in natural habitats (Amann et al., 1995). Quantitative slot blot 

hybridization technique has been used to study marine sediment microbial diversity 

as well (Moran et al., 1995). In situ hybridization with rRNA-targeted fluorescent 

oligonucleotide probes not only permits the identification and quantification of 

individual cells, but also demonstrates great power in analysis of bacterial 

community composition in several environments (Llobet-Brossa et al., 1998). In 

recent years, there have been molecular approaches for linking activity and function 

or activity with identity (Edlung and Jansson; 2006). For example, Mar-FISH is 

based on combination of uptake of radioactive substrates with fluorescent in situ 

hybridization (FISH) (Kindaichi et al., 2004), and stable isotope probing can be 

combined with molecular fingerprinting approaches to link microbial identity 

(biomarker) and activity (Radajewski et al., 2003). Another promising molecular 

approach that has recently been used for identification of growing cells in 

environmental samples is based on incorporation of the thymidine analogue 

bromodeoxyuridine (BrdU) into the DNA of cells during DNA replication (Artursson 

and Jansson, 2003). The DNA with incorporated BrdU can be selectively extracted 

by immunocapture and analyzed by molecular fingerprinting techniques, such as 

TRFLP, to determine the composition of the growing members of the community 

(Artursson and Jansson, 2003). Culture independent approaches such as fluorescence 

in situ hybridization (FISH), denaturing gradient gel electrophoresis (DGGE), and 

16S rDNA sequencing which has given a leapt forward since its advent to the study 

of microbial diversity and community analysis, give a more realistic approach of the 

community structure (Schwarz et al., 2007), but only few studies exist (Koizumi et 

al., 2003; Wobus et al., 2003). The ability to determine microbial diversity at a high-

resolution level (groups, species and strains) without the need for cultivation will 

further our understanding of several issues; for example, it will help us to determine 

structurefunction relationships and to analyze the interactions formed between 

microbes and the abiotic environment and other organisms. 
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6.1.1 Most Commonly Used PCR-Based Molecular Techniques 

6.1.1.1 Polymerase chain reaction 

The polymerase chain reaction (PCR) can be used to amplify DNA sequences from 

environmental samples. The PCR products can be analyzed by techniques such as 

DGGE (denaturation gradient gel electrophoresis), TGGE (temperature gradient gel 

electrophoresis), T-RFLP (terminal restriction fragment length polymorphism), or 

SSCP (single stranded conformation polymorphism), which have the potential to 

separate the PCR products originating from different DNA sequences representing 

populations in the original samples. The PCR products can also be cloned and 

subsequently sequenced to allow identification of population (Hofman-Bang et al., 

2003). The development of synthetic DNA has spawned a new method for the rapid 

amplification of DNA in vitro, the polymerase chain reaction (PCR). In some 

molecular tools including the ones which will be discussed below, the initial step 

relies on the using PCR to amplify a target sequence. PCR can multiply DNA 

molecules up to a billion fold in the test tube, yielding large amounts of specific gene 

for cloning, sequencing or mutagenesis purposes. PCR makes the use of the enzyme 

DNA polymerase, which copies DNA molecules (Madigan et al., 2003). 

1. The PCR technique requires that the nucleotide sequence of a portion of a desired 

gene to be known. This is necessary because short oligonucleotide primers 

complementary to sequences in the genes of interest must be available for PCR to 

work (Madigan et al., 2003). 

 2. The choice of primers makes it possible to target the sequence at different 

taxonomic levels (strain, species, genus, etc.). The final PCR products obtained 

contain a mixture of the same fragment amplified at the chosen taxonomic level 

(strain, species, genus, etc.) (Dorigo et al., 2005). 

3. PCR technique is that each cycle literally doubles the content of the original target 

DNA. The extension products of one primer can serve as a template for the other 

primer in the next cycle. In practice, 20-30 cycles are usually run, yielding a 106 to 

109 fold increase in the target sequence. The PCR amplification step is known to 

introduce biases, with or sometimes without irrespective of the gene targeted. All 

techniques that are based on PCR (cloning, pattern analysis and sequencing) will be 

affected by the biases introduced by PCR (Dahllöf, 2002). Factors that cause bias of 

PCR are: Primer specifity is a major stumbling block, especially when attempting to 
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quantify a mixture of homologous target sequences (Becker et al., 2000). ―Universal‖ 

primers or other specific primers are designed based on sequence information 

available in databases (obtained from cultured organisms and clones) (Pace, 1996). 

However, primers targeting multiple groups of organisms may not amplify all target 

genes since the primer sites are not completely conserved (Hofman-Bang et al., 

2003). It was recently shown that the original sample template is amplified during 

the initial 5-6 cycles of the PCR reaction (Kurata et al., 2001), and that in the 

following cycles amplification occurs only on the PCR fragments produced earlier. 

This implies that sequences with a good primer match and high copy number will be 

selected for (Dahllöf, 2002). Even single mismatches in the middle of the primer can 

cause a preferential selection (Schafer et al., 2001). Degenerate primers could be 

used, but these are not suitable for techniques like DGGE as they produce multiple 

bands from one template, which gives the same problems when using heterogeneous 

genes (Dahllöf, 2002). 

• An inappropriate annealing stringency, which results in amplification of genes that 

are not intended to be amplified, can also cause a bias (Ward et al., 1992). Lowering 

the annealing temperature allows for mismatches and increases the diversity in PCR 

products (Ishii and Fukui, 2001), while increasing the risk of unwanted by-products. 

• There is some evidence that PCR does not amplify all rRNA sequences in the 

sample to the same extent (preferential amplification) (Amann et al., 1995; Ward et 

al., 1992). 

• Contaminating sequences from chemicals and enzymes can be erroneously included 

in the analysis (Hofman-Bang et al., 2003). 

• Chimeric sequences are often produced (Ward et al., 1992) due to the presence of 

partial fragments of rDNA in DNA extracts, partially reverse transcribed DNA 

when performing RT-PCR, or premature PCR products acting as primers in a 

subsequent PCR cycle (Amann et al., 1995). 

6.2. Chromatographic Techniques 

Gas chromatography coupled to mass spectrometry (GC–MS) is the technique most 

commonly employed today for the analysis of volatile organic pollutants in 

environmental samples. The very high number of applications is the result of the 

efficiency of gas chromatography separation and the good qualitative information 
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and high sensitivity provided by mass spectrometry (MS). The MS fragmentation 

pattern can often provide unambiguous component identification by comparison with 

library spectra. When gas chromatography (GC) and MS are combined, the GC 

separation usually provides isomer selectivity, while the MS shows compound class 

and homologue specificity. GC–MS was born in 1959, when Gohlke [1] first 

described the direct introduction of GC effluent into a time-of-flight (TOF) mass 

spectrometer equipped with an oscilloscope. In the mid-1960s the analysis of 

different volatile organic mixtures with the new technique was reported [2 and 3]. 

These procedures mainly involved using TOF and high-resolution mass 

spectrometers. Nevertheless, to couple packed columns to MS, a reduction of 

pressure was needed to meet the vacuum requirements of the mass spectrometer. At 

present, direct coupling of capillary columns to the ion source of the mass 

spectrometer is by far the most common interfacing method in use. High-resolution 

GC directly coupled to low cost bench-top MS instruments has made GC–MS one of 

the most attractive techniques for routine analysis of volatile organic pollutants. 

Several ionisation techniques are used in GC–MS. Among them, electron ionisation 

(EI) is the most popular because it often produces both molecular and fragment ions. 

In EI, gas analyte molecules are bombarded by energetic electrons (typically 70 eV), 

which leads to the generation of a molecular radical ion (M+) that can subsequently 

generate ionised fragments. This technique generally allows for the determination of 

both relative molecular mass and the structure of the molecule. One important feature 

of electron ionisation spectra is that they are highly reproducible, which means that 

mass spectral libraries can be used for identification of unknowns. However, in some 

cases, EI does not provide the sensitivity required for the analysis of very small 

amounts of compounds in environmental samples. This is mainly due to extensive 

fragmentation. To solve this problem, softer ionisation techniques such as chemical 

ionisation (CI) are applied. In CI, ion–molecule reactions take place between reagent 

gas ions and sample molecules. As a result, molecular ions, adduct ions and fragment 

ions can be generated. However, the degree of fragmentation is much less than in EI 

and can be controlled by varying the nature of the reagent gas. CI reagents vary from 

application to application, but the most popular are methane, isobutane and 

ammonia. The major reaction in positive-ion chemical ionisation (PCI) is proton 

transfer, which takes place in sample molecules with a higher proton affinity (PA) 

http://0-www.sciencedirect.com.divit.library.itu.edu.tr/science?_ob=ArticleURL&_udi=B6TG8-485PC5T-1&_user=691171&_coverDate=06%2F06%2F2003&_alid=1736868820&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5248&_st=13&_docanchor=&view=c&_ct=99665&_acct=C000038558&_version=1&_urlVersion=0&_userid=691171&md5=3f4cc0996ce74b439b22935e1d2f7051&searchtype=a#bib1
http://0-www.sciencedirect.com.divit.library.itu.edu.tr/science?_ob=ArticleURL&_udi=B6TG8-485PC5T-1&_user=691171&_coverDate=06%2F06%2F2003&_alid=1736868820&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5248&_st=13&_docanchor=&view=c&_ct=99665&_acct=C000038558&_version=1&_urlVersion=0&_userid=691171&md5=3f4cc0996ce74b439b22935e1d2f7051&searchtype=a#bib2
http://0-www.sciencedirect.com.divit.library.itu.edu.tr/science?_ob=ArticleURL&_udi=B6TG8-485PC5T-1&_user=691171&_coverDate=06%2F06%2F2003&_alid=1736868820&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5248&_st=13&_docanchor=&view=c&_ct=99665&_acct=C000038558&_version=1&_urlVersion=0&_userid=691171&md5=3f4cc0996ce74b439b22935e1d2f7051&searchtype=a#bib3
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than the reagent ions. Other reactions that can also occur include charge exchange, if 

the reagent gas does not contain available hydrogen, electrophilic addition and anion 

abstraction. In CI, negative ions can also be produced (NCI). These negative ions are 

formed by ion–molecule reactions between sample and reagent gas ions. Such 

reactions include proton transfer, charge exchange, nucleophilic addition or 

nucleophilic displacement. Moreover, the capture of the thermal electrons generated 

under CI conditions allows for the formation of molecular anions from compounds 

with a positive electron affinity (i.e. electron-capturing compounds). Chemical 

ionisation provides better sensitivity and selectivity than EI, but, given the special 

requirements of CI work, the number of applications is relatively low compared to 

EI. Nevertheless, CI is the technique of choice for the analysis of isomers in 

environmental samples, because different isomers have different reactivities towards 

the reagent gas, resulting in different spectra. In contrast, with EI, very similar 

spectra are obtained for different isomer compounds. Some examples of the 

applicability of CI in the analysis of isomers will be discussed in the next sections of 

this paper. 

Compound identification is currently performed by comparing an unknown electron 

ionisation MS spectrum with collections of reference spectra. Huge electron 

ionisation mass spectral libraries are commercially available, such as the NIST 

Library, which contains 230 000 spectra, and the Wiley Library, with 275 000 

spectra. The identification process is based on search algorithms that compare the 

obtained spectra with those of a library, which are generally implemented in the GC–

MS instrument. A spectral match and fit factor defines the certainty of the 

identification. Although the library search is a powerful tool for the identification of 

unknowns, for identification a series of conditions must be satisfied: the compound 

must be included in the library; the MS conditions at which both spectra have been 

obtained must be similar; and the GC separation must be sufficiently efficient to 

obtain a clean mass spectrum. In order to guarantee correct identification and prevent 

false positives, different strategies can be adopted. For instance, the U.S. 

Environmental Protection Agency (U.S. EPA) proposes the use of at least two 

different m/z for each analyte, and the relative abundance of both ions must be kept 

within the 15–20% range. Even if the spectrum is not in the library, the search 

procedure can yield valuable information that can be complemented with additional 
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MS experiments. Such complementary procedures may include CI, to provide 

molecular mass, high-resolution MS (HRMS), for accurate mass determination, or 

tandem mass spectrometry (MS–MS), for structure elucidation. 

A large number of publications have resulted from research on environmental 

applications of GC–MS. This technique is frequently used to study the behavior of 

environmental pollutants and to monitor their presence in the environment. GC–MS 

is currently a mature technique applied in the analysis of a significant number of 

pollutants in samples of different origin, such as air, atmospheric aerosols, water, 

soils, sludges, biological samples and others. The compounds most commonly 

analysed include alkanes, polycyclic aromatic hydrocarbons (PAHs), pesticides, off-

flavor compounds, water disinfection by-products, polychlorinated biphenyls 

(PCBs), polychlorinated dibenzo-p-dioxins and furans (PCDD/Fs), as well as other 

endocrine disrupting chemicals such as phthalates and short ethoxy alkylphenol 

etoxilates. GC–MS is also the technique of choice for the analysis of emerging 

pollutants such as polybrominated diphenyl ethers (PBDEs) or polychlorinated 

alkanes. In addition to the above-mentioned compounds, GC–MS has also been 

applied in the analysis of polar and non-thermal stable compounds after 

derivatisation. Derivatisation converts the analyte into a product with greater stability 

and superior chromatographic properties, such as improved peak shape. Moreover, in 

MS, derivatisation may result in improved ionisation efficiency, enhanced response 

and the production of fragmentation patterns related to the introduced organic group, 

which can help in the identification of families of compounds. 

Instruments with different mass analysers, e.g. magnetic sectors, linear quadrupoles, 

quadrupole ion traps and time-of-flight analysers have been used for coupling to GC. 

The great majority of GC–MS applications utilise bench-top instruments with linear 

quadrupoles and electron ionisation. There are, however, new and interesting 

applications using other mass analysers and ionisation techniques. As the number of 

GC–MS applications in environmental analysis is very large, only some selected 

examples of recent research are included in the following sections. These sections are 

organised according to mass analyser type, the characteristics of which, obtained 

from specifications of commercial instruments, are summarised;Gas 

chromatography–quadrupole mass spectrometry, Gas chromatography–ion-trap mass 
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spectrometry(GC–ITMS),Gas chromatography–high resolution mass spectrometry 

(GC–HRMS), GC–time-of-flight mass spectrometry (GC–TOF-MS). 

GC combined with MS provides reliable and conclusive analytical information for 

the identification and quantification of a wide range of organic contaminants in 

environmental samples. The GC–MS instruments used range from simple linear 

quadrupoles to multi-sector analysers with EI and positive/negative CI capabilities 

that allow for the achievement of low detection limits. At present, the linear 

quadrupole is still the most widely used MS analyser for GC–MS analysis of 

environmental samples because it offers high sensitivity and good qualitative 

information at low cost. However, HRMS is recommended when an enhancement of 

the selectivity of MS detection is required, because this technique has the capacity to 

remove the contribution of matrix-interfering compounds. In recent years, the use of 

MS instruments with quadrupole ion-trap or time-of-flight mass analysers has come 

to play an important role in environmental analysis. The use of these instruments is 

bound to increase in coming years due to their ease of operation, selectivity and 

detection limits down to parts per trillion (ppt). GC–ion trap tandem mass 

spectrometry (GC–ITMS–MS) has proved to be an attractive method for the analysis 

of some persistent organic contaminants, e.g. PCDDs and PCDFs, allowing high 

selectivity and low analyte detectability.  

Recent GC–ITMS–MS applications have shown that this technique can successfully 

be used as an alternative to GC–HRMS for the analysis of complex environmental 

samples, but further studies need to be carried out in order to determine the reliability 

of quantitative results and to ensure sufficient selectivity to prevent matrix 

interferences. 

The new generation of fast-scanning time-of-flight mass spectrometers are capable of 

working at high scan rates (500 scan/s). These are sensitive detection instruments 

that are ideal for combining with high-speed GC or comprehensive two-dimensional 

gas chromatography (GC×GC), the two most promising recent developments in GC. 

This coupling will provide a powerful technique for the identification and 

quantification of complex environmental samples which require an extremely fast 

acquisition rate. Moreover, the capability of TOF-MS to increase MS resolving 

power and perform accurate massmeasurements using a relatively high resolution 

makes this technique attractive to solve some analytical problems in environmental 
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analysis. It is expected that in the near future some GC–TOF-MS instruments will 

replace GC–HRMS instruments given that the former are easier to operate and less 

costly. 

The use of portable GC–MS is increasing in situations where an incident has 

occurred and rapid identification of chemicals with a high degree of certainty is 

required. As a consequence, portable GC–MS based on linear quadrupoles and on the 

new generation of time-of-flight analysers is expected to add to the capabilities and 

performance features of field-portable GC–MS instrumentation over the next few 

years. 
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7. MATERIALS AND METHODS 

7.1 Sampling and Preservation  

Sediment samples were taken from Haliç, _zmit, Tuzla, Moda, Gemlik and 

Küçükçekmece using a Van Veen grab sampler (Figure 7.1) on board of the RV Arar 

of Ġstanbul University, Institute of Marine Sciences during research cruises in years 

2005 and 2008 in order to monitor seasonal changes. In this study only one set of 

samples which was taken on November 2006 were analysed. 

 

    Figure 7.1 : The research ship, ARAR, of Ġstanbul University and Van Ween grab  

sampler 

Sampling locations, depths, dates and sample abbreviations were given in Figure 7.2, 

Table 7.1. All samples appeared visually similar possessing grayishblack color for 

anoxic sediments and had a noticeable odor of H2S and densely packed clay-sized 

particles. Samples were taken in three replicates from the top 10 cm of sediment 

from the grab using 50 ml sterile syringes, with top end removed. Samples were then 

subdivided for molecular analyses (10 ml) and sediment chemistry (40ml). Samples 

were stored in sterile polypropylene tubes at -20°C. 
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.  

 

Figure 7.2 : Sampling locations. 

 

Table 7.1: Sampling locations and depths. 

 

Location Abreviations Coordinates 

 
 Latitude 

(N) 

Longitude 

(E) 

Depth 

(m) 

Ġzmit ĠZ17 40˚43.30‘ 29˚37.00‘ 157 

Ġzmit ĠZ25 40˚44.00‘ 29˚47.00‘ 30 

Ġzmit ĠZ30 40˚44.20‘ 29˚53.50‘ 30 

Gemlik GEM 40˚33.17‘ 27˚56.49‘ 87 

Kucuk- 

cekmece KUC 40˚58.24‘ 28˚45.44‘ 22 

Moda MOD 40˚58.62‘ 29˚01.49‘ 8 

Tuzla TUZ 40˚50.60‘ 29˚13.60‘ 42 

Haliç HalAS 41˚19.38‘ 28˚57.99‘ 6 

Haliç HalEY 41˚24.24‘ 28˚56.92‘ 6 

Haliç HalVK 41˚33.66‘ 28˚56.64‘ 2 
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Table 7.2: Sampling locations, depths and dates, and sample abbreviations 

Location Coordinates Sampling dates and sample abbreviations 

 Latitude 

(N) 

Longitude 

(E) 

Depth 

(m) 

August  

2005 

November 

2005 

February 

2006 

November* 

2006 

February 

2007 

August  

2007 

Ġzmit 40˚43.30‘ 29˚37.00‘ 157 Iz17Aug05  IZ17Nov05 IZ17Feb06 Iz17Nov06      

Ġzmit 40˚44.00‘ 29˚47.00‘ 30 IZ25Aug05 IZ25Nov05 IZ25Feb06 IZ25Nov06     

Ġzmit 40˚44.20‘ 29˚53.50‘ 30 IZ30Aug05 IZ30Nov05  IZ30Feb06 IZ30Nov06      

Gemlik 40˚33.17‘ 27˚56.49‘ 87  GEMAug05 GEMNov05 GEMFeb06  GEMNov06      

Kucuk- 

cekmece 40˚58.24‘ 28˚45.44‘ 22 KUCAug05 KUCNov05 KUCFeb06 KUCNov06 KUCFeb07 KUCAug07 

Moda  40˚58.62‘ 29˚01.49‘ 8     MODFeb06 MODNov06 MODFeb07 MODAug07 

Tuzla 40˚50.60‘ 29˚13.60‘ 42 TUZAug05 TUZNov05 TUZFeb06 TUZNov06 TUZFeb07 TUZAug07 

Haliç 41˚19.38‘ 28˚57.99‘ 6       HalVKNov06 HalVKFeb07 HalVKAug07 

Haliç 41˚24.24‘ 28˚56.92‘ 6       HalEYNov06 HalEYFeb07 HalEYAug07 

Haliç 41˚33.66‘ 28˚56.64‘ 2       HalASNov06 HalASFeb07 HalASAug07 

* In this study only one set of samples which was taken on November 2006 were analysed. 

7.2 Analysis of Petroleum Hydrocarbons 

Dry sediment samples were Soxhlet-extracted with chloroform (1:2 m:v) for a period 

of 1 h at 50°C and concentrated on a rotary evaporator. The TPH content of extracts 

was quantified by infrared spectroscopy. The extracts were analysed using an 

Iatroscan MK-5 Thin Layer Chromatography-Flame Ionization Detector (TLC-FID) 

Analyzer (Iatron Laboratories, Tokyo) using the SARA (saturate, aromatic, resin, 

asphaltene) method described by Karlsen and Larter (1991). Values (blank corrected) 

of the aliphatic, aromatic, resene and asphaltene fractions were also corrected for 

relative response factors using squalane, anthracene and undecanol standards, 

respectively. The results were recorded and processed using a LabSystems XChrom 

data system. 

The extracts were fractionated into aliphatic and aromatic hydrocarbons by 

adsorption liquid chromatography using a column of alumina and silica-gel, and 

gradient solvents as eluent: n-hexane and 2:1 n-hexane/chloroform for aliphatic and 

aromatic fractions, respectively. Fourteen different polyaromatic hydrocarbons 

(PAHs) and benzene, toluene, ethylbenzene and m+p+o xylene (BTEX) were 

analysed in the samples. Certified Reference Materials (CRM 535) were used to 

assess the accuracy (> 85%) of the measurements. Another CRM (NIST-1647) was 

also used for recovery test and analysed three times.  
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Aliphatic hydrocarbon analyses were conducted on a Hewlett Packard (HP) 5972 II 

gas chromatograph-mass spectrometer (GC-MS). The samples were analyzed using a 

fused silica capillary column (25 m×0.32 mm, 0.52 μm) with nitrogen as carrier gas. 

The column temperature was programmed from 80°C to a final temperature of 280°C 

at a rate of 8°C/min. The MS operating conditions were: electron ionization of 50 eV 

and linear scanning over the mass range 35–500 Da were used. The samples were 

analyzed in the splitless mode. Compound identification was based on individual 

mass spectra and GC retention times in comparison to the literature, library data, and 

authentic standards. Standards were injected and analyzed under the same conditions 

as the samples. Quantification was made owing to internal standards such as n-C18, 

n-C20, n-C22 and n-C24. Blank analyses were carried out, and all values were 

corrected for these blank concentrations. 

Two sets of internal standards were added to the sediments to quantify the overall 

recovery of the aliphatic and aromatic fractions. The standards were n-C19D40 and 

n-C24D50 for the aliphatic hydrocarbon fraction, and hexamethylbenzene, 

naphthalene-d8, anthracene- d10, pyrene-d10 and perylene-d12 for the aromatic 

hydrocarbon fraction. Samples were Soxhlet extracted for 8 h into 250 ml of 

hexane/methylene chloride (1:1, v/v). Sulfur was removed using activated elemental 

copper. The extracts were then separated into two aliquots: 1/3 for hydrocarbon and 

2/3 for organochlorinated hydrocarbon analyses. For hydrocarbon analyses, the 

extract was passed through a prepared silica/alumina column. Silica and alumina 

were first activated at 200 _C for 4 h and then partially deactivated with water (5% 

by weight). The column was slurry packed using 10 ml each of silica and alumina, 

and finally, 1 g of sodium sulphate was added to form a protective surface layer. 

Elution was performed using 20 ml of hexane to yield the first fraction containing the 

aliphatic hydrocarbons. Then, 30 ml of hexane/methylene chloride (90:10) was 

eluted followed by 20 ml of hexane/methylene chloride (50:50). These two eluents 

containing the aromatic hydrocarbons (PAHs) were combined for analysis. Both 

aliphatic and aromatic hydrocarbon fractions were analysed using cGC-FID using a 

Hewlett Packard HP5890 series II with a flame ionisation detector (FID) and on 

column injector. An SE-54 fused silica capillary column was used (HP-Ultra 2 cross-

linked 5% Ph Me Silicone; 25 m· 0.32 mm i.d. · 0.17 lm film thickness). The 

temperature was programmed from 60 to 290 _C at 3 _Cmin_1 and was then 
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maintained at 290 
0
C for 25 min. Helium was used as the carrier gas at a flow of 1.2 

ml min
-
1. Both 5a-cholestane and friedeline were used as GC-internal standards for 

the aliphatic and aromatic fractions, respectively. The PAHs were analysed by GC-

MS using a Hewlett- Packard 5989B MS ‗‗Engine‘‘. Electron impact mass spectra 

were obtained at 70 eV of ionisation energy. Helium was the carrier gas at 1.5 ml 

min_1. Temperatures were: injector 270 
0
C, transfer line 280 

0
C, ion source 240 

0
C 

and analyser 100 
0
C. Oven temperature programme was: 60 

0
C initially, 60–100 Cat 

10
0
Cmin

-
1, 100–285 

0
C at 4 

0
Cmin

-
1, 285 

0
C for 20 min. Aromatic hydrocarbons 

were analysed using selective ion monitoring to enhance sensitivity according to 

UNEP/IOC/ IAEA (1992) and using a HP-5MS (cross-linked 5% Ph- Me Silicone) 

column (30 m· 0.25 mm i.d. · 0.25 lm film thickness). Chrysene-d12 was used as a 

GC-internal standard to quantify recoveries of the internal standards. Appropriate 

blanks were analysed with each set of analyses and in addition, reference material 

IAEA-408 was analysed simultaneously. This sediment has certified concentrations 

of chlorinated compounds and hydrocarbons 

7.3 Genomic DNA and Total RNA Extraction, and cDNA Synthesis 

Genomic DNA (gDNA) was extracted using the FastDNA Spin Kit for Soil 

(Qbiogene, U.K.), and total RNA was extracted using the ChargeSwitch® Total 

RNA Cell Kit (Invitrogen, Germany) by following the manufacturer's instructions. 

To test for a DNA contamination, the RNA extracts were used in Q-RT-PCR as a 

negative control. The first-strand cDNA was synthesized from the total RNA using 

random hexamers and SuperScript® First-Strand Synthesis System for RT-PCR 

according to the kit‘s manual (Invitrogen, Germany). 

7.4 Quantitative Real-Time PCR  

PCR primer sets for the Q-PCR assays were given in Table 7.3. 103-7 copies of the 

standard sequences were used to obtain the calibration curves. Roche LightCycler 

DNA Master SYBR Green I kit and Roche Light Cycler 2.0 (Roche Diagnostics 

GmbH, Mannheim, Germany) were utilized for all reactions. Reaction mixes 

contained 25 ng template DNA, 0.5 μM of each primer and 2.5 μM MgCl2. Q-PCR 

conditions for the primer sets were described previously (Table 7.3). The following 

thermocycling program was applied: 95°C, 10 min; 45 cycles of 10 s at 95°C, 5-10 s 
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at primer dependent annealing temperature, 15 s at 72°C. A melt curve analysis was 

performed from 55°C to 95°C to determine if only one amplified product was 

generated during Q-PCR. Q-PCR runs were analysed using Roche LightCycler 

Software 4.05. The efficiencies were between 1.8 and 2.0, and the correlation factors 

(r
2
) were not lower than 0.97 in all reactions. 

Table 7.3 : Q-PCR primer sets. 

Primer Target Gene Target Organism Reference 

BCRAf bcrA Degraders of Aromatics Song and Ward 2005  

BCRAr bcrA Degraders of Aromatics Song and Ward 2005  

Briefly, the major steps in PCR are as follows: 

1. a specific nucleic acid probe( primer) hybridizes to a complementary 

sequence in a target gene 

2.   DNA polymerase copies the target gene, and 

3. Multiple copies of the target gene are made by repeated melting of 

complementary strands, binding of primers, and new synthesis. 

Thus, each PCR cycle involved the following: 

Denaturation: heat denaturation of double stranded target DNA, 

Annealing: cooling to allow annealing of specific primers to target DNA, and 

Extension: primer extension by the action of DNA polymerase 

Amplification was done in a 50 μl reaction volume containing 200 ng of DNA, 10 

pmol of each primer, 10 mM of each deoxynucleoside triphosphate, 1.5 mM MgCl2, 

5 μl of 10×Taq buffer and 4 U of Taq DNA polymerase (Fermentas, Latvia). For the 

second-round nested amplification 0.1 μl of the first-round product was used as 

template, with reaction composition being the same as previously. PCR amplification 

was performed in a Techne TC-412/TC-512 thermal cycler (Barloworld Scientific 

Ltd., U.K.) with an initial denaturation at 94°C for 5 min followed by 30 cycles of 

denaturation at 94°C for 1 min, annealing for 1 min and extension at 72°C for 2 min 

and a final extension at 72°C for 10 min. PCR products were visualized by 

electrophoresis (Thermo-Scientific Ltd., U.K.) on a 1% (w/v) agarose gel in 1× Tris– 

borate–EDTA buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.3) at 7 V 

cm  and gel images were recorded using a Chemi-Smart 3000 gel documentation 

system (Vilber Lourmat, France) after staining with ethidium bromide. 
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Table 7.4 : Primers used in PCR amplifications. 

 

Primers Denaturation  Annealing  Elongation  # of Cycles 

bcrAf 

bcrAr 

 

94 
0
C 45 sec. 

94 
0
C 45 sec. 

 

55 
0
C 45 sec. 

55 
0
C 45 sec. 

 

72 
0
C 60 sec. 

72 
0
C 60 sec. 

 

30 

30 
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8. RESULTS AND DISCUSSIONS 

The major purpose of this research was to observe PAH pollution profile and 

anaerobic PAH degradation potential  via Q-PCR  targeting bcrA genes in Marmara 

Sea Sediments samples taken from Haliç, Tuzla, Moda, Ġzmit, Gemlik and 

Küçükçekmece. 

8.1  Microbial Characteristics of Marmara Sea Sediments 

8.1.1 Amounts of microbial cells present in the Marmara Sea  sediments 

Studies about characterization of microbial communities via molecular tools in 

Marmara Sea sediments were carried by Kolukırık (2010).Studies of Kolukırık and 

Cetecioglu (2010) have brought the novel knowledge about microbial communities 

of Marmara Sea sediments to literature.   

Total, active, archaeal and bacterial cell counts by using Fish method were given in 

Figure 8.1. Total cell counts of the TUZ, MOD, HAL and KUC sediments were 

higher than the previously reported total cell count ranges (10
8
 – 10

10
 cells/cm

3
) for 

marine sediments (Schippers and Neretin, 2006; Smith and D'Hondt, 2006). 

One of the main concerns about bioremediation is the abundance of local microbial 

communities. In this study quantification of microorganisms were done via Q-PCR 

and 4‘,6-diamidino-2-phenylindole (DAPI) staining of nucleic acid contents of the 

cells. Results obtained from this study showed that microbial cell contents of the 

sediments changed between 5×10
9
-1.5×10

11 
cells/cm

3
(According to DAPI counts). 

However Q-PCR results  were 6-12% higher than the DAPI cell counts. These results 

indicate that minority of microbial cells captured as detrital. In Marmara Sea 

sediments Bacteria population (1.6×10
9
-9.4×10

10 
cells/cm

3
)  were dominated over 

Archeae (4.5×10
8
-4.4×10

10 
cells/cm

3
).  

Another important component of bioremediation is the activity of microbial cells, 

since microbial metabolisms are responsible for the degradation of deleterious 

compounds. FISH results of the same study  showed that 60%-85% of the total cells 
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were  active which were  also correlated with bioavailable nitrogen and phosphorus 

in the porewater of the sediments( Kolukırık, 2010). 

 

 

Figure 8.1: Cell counts for Marmara Sea sediments according to Q-PCR and Fish 

methods 

 

8.2 Total Cell & bcrA Gene Activity and Abundance 

Quantitative real-time PCR (Q-PCR) have been widely used for quantification of 

gene abundances in environmental samples (Winderl et al., 2008; Higashioka et al., 

2009). To investigate gene expression, Q-PCR can be combined with an initial 

reverse transcription (RT) reaction (Q-RT-PCR) to determine gene transcript 

numbers in environmental systems. So far, such studies have been limited to the 
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analysis of gene expression in aqueous systems or to quantify gene expression in 

individual species (Fey et al., 2004). There were a few studies that quantify 

functional gene transcripts in marine sediments (Smith et al., 2007; Chin et al., 

2008). This study reported the most comprehensive study of functional genes in sub-

seafloor using Q-PCR. The target microbial processes and related functional genes 

were summarized in Figure 8.2. The Q-PCR primers for bcrA genes were designed in 

this study. 

 

 

Figure 8.2: Target genes and the relevant metabolic processes. 

 

Q-PCR and Q-RT PCR  methods were used to quantify key enzymes of anaerobic 

aromatic hydrocarbon degradation such as benzoyl coenzyme A reductase (bcrA). 

Bacteria which carry one of the functional genes for anaerobic hydrocarbon 

degradation were named as Anaerobic Hydrocarbon Degrading Bacteria. These 

group comprise 3-37 % of the total prokaryotic cells in Marmara Sea sediments. 

Figure 8.3 shows the Relative abundance bcr genes in MSS. 
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Figure 8.3 : Relative abundance of bcrA genes and total cell in MSS 

8.3 Petroleum hydrocarbons and the related microbes  

Components of aliphatic hydrocarbons (AlpH) and aromatic hydrocarbons (ArH) in 

MSS were shown in Figure 8.4. AlpH and ArH indices for determination of 

contributions from biogenic, pyrolytic and petrogenic pollution sources can be find 

elsewhere (Ahmed et al., 2006; Baumard et al., 1998). The calculated index values 

(data were not shown) were suggested that both AlpH and ArH in MSS originated 

from petroleum and its products. 

Genetic markers for anaerobic hydrocarbon degradation were shown in Figure 8.2. 

AnArHD was monitored by targeting genes and transcripts of bcrA (Higashioka et 

al., 2009). Bacteria which carry one of the functional genes for anaerobic 

hydrocarbon degradation were named as AnHDB.  

Natural attenuation (a bioremediation strategy) can be a cost effective solution for 

this pollution as long as oil-degrading microorganisms are abundant and active in the 

sediments. In this study, abundance and activity of anaerobic hydrocarbon degrading 
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bacteria (AnHDB) were monitored in MSS for two years in order to assess feasibility 

of natural attenuation. 

 

Figure 8.4: Levels of aliphatic and aromatic hydrocarbon fractions 

Levels of TPH and its fractions in MSS (Figure 8.5) were similar to those from 

extremely polluted marine environments (Guerra-García et al., 2003; Ahmed et al., 

2006; Tolun et al., 2006; Kolukirik et al., 2010). MSS can be considered as highly 

and chronically polluted with hydrocarbons. The total hydrocarbon concentrations as 

the sum of total aliphatic and total aromatic hydrocarbons at each sampling site are 

shown in Table 8.1. The total hydrocarbon concentration ranged from 1300 to 19500 

ppm, with the highest amounts in Tuzla and the lowest in Gemlik. Whereas total 

hydrocarbon concentrations higher than 500 ppm are generally indicative of 

significant pollution, values below 10 ppm are considered unpolluted sediments 

(Volkman et al., 1992). Levels of TPH (1000-20000 ppm), aliphatic hydrocarbons 

(200-8000 ppm) and aromatic hydrocarbons (500-10000 ppm) in the sediments 

indicated the extreme and chronic pollution in Marmara Sea. Marmara sea sediments 

TPH values are higher than the sample world‘s sea sediments TPH (Table 8.2) 
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Figure 8.5: Levels of total petroleum hydrocarbons and their fractions 

TPH levels, relative abundances of TPH components and aromatic and aliphatic 

hydrocarbon components‘ distributions were related to abundance and activity of 

AnHDB. It can be speculated based on the correlations that high sediment 

hydrocarbon content resulted in enrichment of AnHDB; higher abundance of 

AnHDB reduced the biodegradable fraction of TPH (aromatic and aliphatic 

hydrocarbons) and, thus, changed the distribution of hydrocarbon components.   

Table 8.1: TPH ranges of sediment.  
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Table 8.2: Worldwide concentration of total hydrocarbons in sediments(µg/gdry wt
-1

) 

 

 

 

  

Area 

Survey 

year 

Total 

hydrocarbons 

Oil 

‘‘equivalents’’ 

Total n-

alkanes 

Aliphatic 

UCM References 

Crete, Eastern 
Mediterranean 1994 0.5-5.7a - 0.1-0.9 0.3-4.8 Gogou et al. (2000) 

Offshore, Gulf 1994 - 5.4-92 - - 

Al-Lihaibi and Ghazi 

(1997) 

Saudi Arabia, Gulf 1991-1993 11-6900 5.3-26000 0.2-28 6.4-5300 Readman et al. (1996) 

Kuwait, Gulf 1992-1993 40-240 72-1400 0.3-2.2 28-150 Readman et al. (1996) 

Xiamen Harbour, China 1993 3.1-33a - 0.4-3.4 2.7-30 Hong et al. (1995) 

Victoria Harbour, Hong 
Kong 1992 60-646a - 3.1-20 56-626 Hong et al. (1995) 

Mississippi-Alabama 

Continental Shelf, USA 1987-1989 - - 0.1-3.2 1-131 Kennicutt et al. (1995) 

Eastern Harbour, 

Alexandria, Egypt - - - 7-143 54-1214 

Aboul-Kassim and 

Simoneit (1995) 

Western Coast, Taiwan 1990 869-10300a - - - Jeng and Han (1994) 

Rhone River, France, 
Mediterranean Sea 1985-1986 25-170 - 2-12 18-146 

Bouloubassi and Saliot 
(1993) 

Kuwait, Gulf 1991 28 13 0.2 24 Fowler et al. (1993) 

Saudi Arabia, Gulf 1991 19-671 5-1400 0.9-23 10-420 Fowler et al. (1993) 

Bahrain Gulf 1991 23-41 3-14 0.3-2.6 14-30 Fowler et al. (1993) 

UAE, Gulf 1991 16 5-7 0.3-0.5 9-12 Fowler et al. (1993) 

Oman, Gulf 1991 6-22 1-12 0.1-1.2 3-13 Fowler et al. (1993) 

UK estuaries 1990 - 0.4-750 - - Franklin (1992) 

Great Barrier Reef, 
Australia 1984 0.5-2 - - - Volkman et al. (1992) 

Antartica (pristine) 1988 < 0:5 - - - Lenihan et al. (1990) 

Dee Estuary, UK 1984 - - 02 10 Readman et al. (1986a) 

Tamar Estuary, UK 1984 - - 13 42 Readman et al. (1986a) 

Mersey Estuary, UK 1984 - - 11 104 Readman et al. (1986a) 

New York Bight, USA 1971-1975 35-2900 - - - 

Farrington and Tripp 

(1977) 

Black Sea 1988-1990 7-153a - - - Wakeham (1996) 

Danube River 1992 - - 1-40 4-530 Equipe Cousteau (1993) 

Bosphorus, Black Sea, 

Turkey 1995 12-76 6.5-340 1.3-2.6 4-38 Readman et al. (2002) 

Sochi, Black Sea, Russia 1995 7.6-170 52-680 0.7-3.4 2.9-140 Readman et al. (2002) 

Odessa, Black Sea, 

Ukraine 1995 110-310 220-1300 1.4-1.6 78-232 Readman et al. (2002) 

Coastline, Black Sea, 
Ukraine 1995 2.1-6.6 3.2-42 0.1-0.6 1-3.1 Readman et al. (2002) 

Danube Coastline, Black 

Sea, Ukraine 1995 49-220 66-1750 1.2-2.1 33-160 Readman et al. (2002) 

       a Total aliphatic hydrocarbons. 

      



  

94 

 

8.4 Polyaromatic Hydrocarbons 

PAHs are primarily products of incomplete combustion processes and comprise two 

to six fused aromatic rings. The low molecular weight (two and three ring) PAHs 

have a significant acute toxicity, whereas some of the higher molecular weight PAHs 

are carcinogenic (Neff, 1979; Witt, 1995). Low temperature thermal alterations of 

organic matter, such as in the formation of fossil fuels, results in PAHs with a 2 or 3 

ring structure and a large proportion of alkylated homologues. Conversely, high 

temperature combustion produces PAHs with a 4, 5 or 6 ring structure and minimal 

alkylated products.  

Some PAHs, however, occur naturally in minerals (e.g. coronene) (Onuska, 1989) 

and others (e.g. perylene) are synthesised by organisms, such as bacteria, algae and 

fungi. Inputs from these natural processes are generally low when compared to those 

from anthropogenic sources (Witt, 1995). Anthropogenic PAHs enter the marine 

environment through a variety of routes including atmospheric deposition, river 

runoff, domestic and industrial outfalls and the direct spillage of petroleum or 

petroleum products. The aqueous solubility of PAHs is low (Chu and Chan, 2000) 

and their hydrophobic nature log Kow ¼ 3–8 favours particulate associations. In 

addition, there is increasing evidence that PAH may be occluded in soot particles 

(e.g. Readman et al., 1984; American Chemical Society, 1997) hindering exchange 

and isomer specific alterations through microbial degradation, photo-degradation and 

chemical oxidation. 

The final repository of PAH is generally sedimentary deposition. In many 

environmental studies ‗‗total‘‘ PAH concentrationsare often reported as the sum of 

3–6 ring parent compounds. This facilitates comparisons, but can underestimate the 

total amount of PAHs occurring in environmental samples. Moreover, this parameter 

does not take into account lower molecular weight petrogenic PAHs derived mainly 

from fossil fuels, which are characterised by a high abundance of alkylated 

homologues and sulphur-heterocyclics (Bouloubassi and Saliot, 1993). 

Concentrations of ‗‗total‘‘ PAHs (the sum of 17 parental (non-alkylated) 

compounds) in sediments from the Marmara Sea are generally quite high (from 329 

to 2154 ppm) (Table 8.3). Petroleum derived PAH (containing three or less aromatic 

rings with a high proportion of alkylated homologues) and pyrogenic PAH (parental 
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compounds with four or more aromatic rings) are both present. Highest 

concentrations were observed at Tuzla sites (2154 ppm), Haliç (1600-2095 ppm), 

Ġzmit (800-1081 ppm).  

Highest concentrations of Total PAHs observed in Tuzla and Haliç. The 

concentration range of Total PAHs in Tuzla and Haliç was from 1600 to 2100 ppm, 

but the content never exceeded the NOAA Sediment Quality Guideline value for 

effects range low of 4000 ng g_1 dry weight (Long et al., 1995). Table 8.5. ∑PAHs 

concentrations in sediments from Bosphourus, Turkey was determined as 531 ppm. 

Moderately to highly PAH-polluted sites are typified by Arcachon Bay in France 

(900–4100 ng g
-
1: Baumard et al., 1998b); Fremantle Harbour in Western Australia 

(up to 3200 ng g
-
1: Burt and Ebell, 1995) and the Gironde Estuary in France (up to 

4900 ng g
-
1: Budzinski et al., 1997). In highly industrialised areas, such as Lazaret 

Bay on the Mediterranean coast, levels of Total PAHs ranged from 1600 to 48,000 

ng g-1 (Benlahcen et al., 1997). Concentrations of Total PAHs in most of the sandy 

sites of Kazakhstan and Russia did not exceed 100 ng g_1, with only a few 

exceptions (sites DP-6, 20, 45 in Kazakhstan and sites A-6, B-1 and B-4 in Russia) 

where values reached up to 345 ng g
_
1. These observations agreed with a limited 

study of the Gemlik sediments, in which Total PAHs content averaged 329ppm.  

Although the elevated levels of Total PAHs were likely to have been related to 

offshore oil production, source characterization must be done. 

The PAHs can be classified according to their source. Pyrolytic PAHs include all 

parent compounds other than perylene having MW>178, namely fluoranthene, 

pyrene, benzo½c_phenanthrene, benz½a_anthracene, chrysene/triphenylene, 

benzo½b_fluoranthene, benzo-½j_fluoranthene, benzo½k_ fluoranthene, 

benzo½a_fluoranthene, benzo½e_pyrene, benzo½a_pyrene, indeno[1,2,3-cd]pyrene, 

benzo½ghi_- perylene, benzo½ghi_fluoranthene, dibenz½a; h_anthracene. Fossil 

PAHs are defined as alkylated PAHs, naphthalene,phenanthrene/anthracene,  

fluorene, dibenzothiophene, acenaphthylene, and acenaphthene. Natural and/or 

diageneticPAHs comprise perylene and retene, although perylene might also be 

pyrolytic in origin. 

Other specific ratios of PAHs, e.g. phenanthrene/anthracene (Phen/An) and 

fluoranthene/ pyrene, have been used to distinguish petrogenic from pyrolytic 

sources (Benlahcen et al., 1997; Baumard et al., 1998a). Phen/An ratios higher than 
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10 are seen in petroleum input or diagenetic sources, whereas values lower than 10 

are characteristic of combustion processes.(Table 8.3) 

With the help of the data in Table 8.4, mixture of pyrolytic and petrogenic PAHs 

were observed in most of the Marmara sea sediments. PAHs in the sediment were 

mostly petrogenic origin was found for PAHs in some sediment probably due to the 

shipping activities(IZ17, IZ25,HalEY, HalAS, TUZ, MOD) whereas pyrogenic in 

origin likely due to high combustion inputs and urban runoffs from urbanized 

areas(IZ30, GEM,KUC,HalVK). 

Table 8.3: Characteristic values of molecular indices for pyrolytic and petrogenic 

origins of PAHs. 

 

PHE/ANT:phenanthrene concentration/antracene concentration. FLTH/PYR:fluoranthene 

concentration/pyrene concentration.MPHE/PHE: sum of the concentration of the methyl-

phenanthrenes against phenanthrene concentration.BaA/CHR:benz(a)anthracene concentration against 

chrysene concentration.(PHE/ANT)/(FLTH/PYR)(phenanthrene conc./antracene conc) vs. 

fluoranthene conc. against pyrene conc. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  PHE/ANT FLTH/PYR MPHE/PHE BaA/CHR (PHE/ANT)/(FLTH/PYR) 
Pyrolytic 

origin <10 >1 <2 >0.9 0-10 / >1 

Petrogenic 

origin >15 <1 >2 ≤0.4 >10 / <1 

Reference 

Soclo(1986), 

Gschwend 

and 

Hites(1981) 

Sicre et 

al.(1987), 

Baumard 

et 

al.(1998) 

Garrigues et 

al.(1995), Prahl 

and 

Carpenter(1983) 

Gschwend 

and 

Hites(1981) Baumard et al.(1998) 
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Table 8.4: Sources of PAHs in sampling locations 

 

Location Total PAH(ppm) Phe/Ant Flu/Pyr 

IZ17 825,44 0,8 0,75 

IZ25 1081,35 1 0,75 

IZ30 1039,65 1 1 

GEM 329,38 1 1 

KUC 863,44 1 1 

HalVK 1694,42 1 1 

HalEY 2095,2 1 0,75 

HalAS 1889,76 0,75 0,83333 

TUZ 2154,64 1 0,66667 

MOD 1045,8 1 0,75 

 

Three to six ring parent PAHs (m/z:178(phenanthrene/anthracene), 202, 

(pyrene/fluoranthene);228(benzo-½a_anthracene/chrysene);252 (benzofluoranthenes, 

benzo½e_pyrene, benzo½a_pyrene); 276 (indeno½1; 2; 3-cd_-pyrene, 

benzo½ghi_perylene)) <100 ng g_1 are indicative of low pollution, whereas values 

higher than 1000 ng g-1 correspond to chronically polluted industrialised . According 

to Baumard et al. (1998), PAH contents can be described as low, moderate, high and 

very high whenΣPAH concentrations are 0–100, 100–1000, 1000–5000 and N5000 

ng g−1, respectively. The comparison of the ΣPAH levels in the present this study 

are high compared with the international studies worldwide (Table 8.6). All locations 

except Gemlik, Küçükçekmece and Ġzmit17 have PAHs concentrations above 1000 

ng g−1 and are indicative of high contamination, whereas values higher than 1000 ng 

g−1 correspond to chronically polluted industrialized areas and harbour. So, all 

locations except Gemlik, Küçükçekmece and Ġzmit17 are chronically polluted areas. 

On the basis of classification adapted by Baumard et al. (1998), the sediments from 

the Gemlik, Küçükçekmece can be considered low to moderate polluted with 

PAHs.The concentrations of different PAHs at each sampling site from the Marmara 

Sea are summarised in Table 8.5. 
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Table 8.5 : PAH amounts (ppm) from the sampling locations. 

No of 

ring  PAH IZ17 IZ25 IZ30 GEM KUC HalVK HalEY HalAS TUZ MOD 

2 ring 
PAHs Naphtalene 46,90 60,75 59,75 22,98 60,24 55,86 93,12 40,64 46,84 58,10 

3 ring 

PAHs 
Acenaphtylene 56,28 72,90 71,70 22,98 60,24 74,48 93,12 60,96 93,68 69,72 

  

Acenaphtene 46,90 60,75 59,75 19,15 50,20 55,86 69,84 60,96 70,26 46,48 

  

Flourene 37,52 48,60 47,80 15,32 50,20 55,86 93,12 60,96 70,26 46,48 

  

Phenanthrene 37,52 48,60 59,75 19,15 60,24 74,48 93,12 60,96 93,68 46,48 

  

Antracene 46,90 48,60 59,75 19,15 60,24 74,48 93,12 81,28 93,68 46,48 

4 ring 
PAHs 

Flouranthene 28,14 36,45 35,85 11,49 30,12 74,48 69,84 101,60 93,68 34,86 

  

Pyrene 37,52 48,60 35,85 11,49 30,12 74,48 93,12 121,92 140,52 46,48 

  

Benz(a)Antracene 28,14 36,45 35,85 11,49 30,12 74,48 93,12 81,28 93,68 46,48 

  

Chrysene 28,14 36,45 35,85 11,49 30,12 74,48 69,84 101,60 93,68 34,86 

5 ring 
PAHs 

Benzo(b)Flourant
hene 56,28 72,90 59,75 19,15 50,20 148,96 186,24 182,88 187,36 81,34 

  Benzo(k)flourant

hene 46,90 85,05 59,75 19,15 50,20 148,96 162,96 162,56 187,36 81,34 

  

Benzo(a)Pyrene 75,04 97,20 95,60 22,98 60,24 167,58 209,52 182,88 210,78 92,96 

  DiBenz(a,h)Antra
cene 75,04 97,20 95,60 30,64 70,28 148,96 186,24 162,56 187,36 92,96 

  Benzo(g,h,i)Peryl

ene 75,04 97,20 95,60 30,64 70,28 167,58 209,52 182,88 210,78 92,96 

6 ring 

PAHs 

Indeno(1,2,3-

cd)Pyrene 103,18 133,65 131,45 42,13 100,40 223,44 279,36 243,84 281,04 127,82 

Total 

PAH 
  825,44 

1081,3

5 1039,65 

329,3

8 863,44 1694,42 2095,2 1889,76 2154,64 1045,8 
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Tuzla locations are located near the ship lift, common commercial cargo boats, dry 

dock as well as the naval ships facilities. So, the total Pah concentration is high. 

Ġzmit city is one of the main industrial areas along the coastal area of Marmara sea, 

having large fish processing works, power stations, and petroleum and chemical 

storage facilities in addition to numerous industrial facilities. They are in the form of 

petrol, diesel, gas, oil and kerosene for domestic use in the region (EPA, 2003). The 

geographic distribution of PAHs in Ġzmit indicates that PAHs contamination is 

closely related to oil spills and deblasting tankers and passing ships are major sources 

contributing to PAHs contamination. The other sources include the sewage effluents 

of oil supply stations, and other service installations that are mainly located at Ġzmit 

port. 

In contrast, PAH concentrations in most of the sediments sampled in Tuzla, Ġzmit, 

Haliç and in the vicinity of the Gemlik and Küçükçekmece are low (329-863 ppm), 

and are typical of locations distant from extensive anthropogenic activities (Figure 

8.9). Correlation between total hydrocarbons and PAHs p:0,91 indicates same 

primary sources and/or same transport processes for the two classes of 

compounds(Figure 8.6)  

 

 

Figure 8.6 : Total PAH concentration versus TPH. 
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The predominance of naphthalene and alkylnapthalenes at all sites of Marmara Sea 

was surprising since they are very volatile and easily degraded. Their distribution, 

typical of fresh oil products, and the low-level of hydrocarbons including the UCM 

might indicate the regional background of petroleum hydrocarbons derived from oil 

production platforms or recent oil spillages. Natural seep oils are normally 

characterized by a high percentage of UCM and low absolute concentrations of 

alkanes and naphthalenederived compounds, whereas the opposite is found in oil-

production (Steinhauer et al., 1994). 

High concentrations of perylene have been reported in anoxic aquatic sediments with 

high biological productivity and have often been associated with terrestrial inputs 

from rivers and estuaries (Venkatesan, 1988). 

 

Figure 8.7 : PAH Compound Distribution 

 

 

0,00

50,00

100,00

150,00

200,00

250,00

300,00

p
p

m
 

IZ17

IZ25

IZ30

GEM

KUC

HalVK

HalEY

HalAS

TUZ

MOD



  

101 

 

In Figure 8.7, in all sampling locations, 3-6 rings PAHs concentration is higher than 

the 2-3 ring PAHs. Biodegradion of 3-6 ring PAHs (high molecular weight) is more 

slowly than 2-3 ring PAH. Our findings on the anaerobic degradation hierarchy of 

hydrocarbons were coincided with the previous reports: the most easily degradable 

compounds are n-alkanes, followed by more resistant branched acyclic and 

monocyclic hydrocarbons, the most resistant polycyclic steroidal and triterpenoidal 

hydrocarbons, and aromatic hydrocarbons (Foght, 2008; Grossi et al., 2008).  

Most important and the most studied carcinogenic PAH is Benzo(a)Pyrene. 

Benzo(a)pyrene concentration is high in Haliç and Tuzla location which are highly 

polluted area(Figure 8.8) 

 

 

Figure 8.8. Benzo(a)Pyrene concentration 
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Table 8.6 :∑PAHs concentrations in sediments from different locations(ng/g dry wt) 

Area 

Survey 

Year Concentration References 

Gironde Estuary and Arcachon Bay, 

France - 3.5-853 (14 PAHs) Soclo et al. (2000) 

Cotonou, Benin - 80-1411 (14 PAHs) Soclo et al. (2000) 

France, Mediterranean Sea 1996 36-6900 (18 PAHs) Baumard et al. (1998) 

Spain, Mediterranean Sea 1996 1.2-8400 (18 PAHs) Baumard et al. (1998) 

Majorca, Mediterranean Sea 1996 0.3-100 (18 PAHs) Baumard et al. (1998) 

Kyeonggi bay, Korea 1995 9.1-1400 (23 PAHs) Kim et al. (1999) 

River Thames, United Kingdom 1993-1996 N.D.-6519(15 PAHs) 

Woodhead et al. 

(1999) 

River Mersey, United Kingdom 1993-1994 6-6230 (15PAHs) 

Woodhead et al. 

(1999) 

River Tyne, United Kingdom 1993-1996 260-43470 (15 PAHs) 

Woodhead et al. 

(1999) 

Crete Sea, Eastern Mediterranean Sea 1994 14.6-158.5 (28PAHs) Gogou et al. (2000) 

North-West Coast, Mediterranean Sea 1991 86.5-48090 (14 PAHs) 
Benlahcen et al. 

(1997) 

North-Western Gulf 1991-1993 < 20-4740 (13 PAHs) Readman et al. (1996) 

San Quintin Bay, Mexico 1992 N.D.-<50 (44 PAHs) Galindo et al. (1998) 

Xiamen Harbour, China 1993 70-33000 (9PAHs) Hong et al. (1995) 

Victoria Harbour, Hong Kong 1992 350-3450 (9 PAHs) Hong et al. (1995) 

Baltic Sea 1993 9.5-1871 (15 PAHs) Witt (1995) 

Sarasota Bay, FL, USA - 17-26771(11 PAHs) Sherblom et al. (1995) 

Western Coast, Australia 1991 1.0-3200(11 PAHs) Burt and Ebell (1995) 

Italy Coast, Adriatic Sea 1990 27-527 (9 PAHs) 
Guzzella and DePaolis 

(1994) 

Rhone River, Mediterranean Sea 1985-1986 1070-6330 (15 PAHs) 

Bouloubassi and Saliot 

(1993) 

Lake Burley Griffin, Australia 1989 80-538(8PAHs) 
Leeming and Maher 

(1992) 

Tabasco State Continental Shelf, Mexico 1989 454-3120 (15PAHs) Botello et al. (1991) 

Brisbane River Estuary, Australia 1986 2840-13470 (17 PAHs) 
Kayal and Connell 

(1989) 

Dee Estuary, UK 1984 490(13PAHs) 

Readman et al. 

(1986a) 

Tamar Estuary, UK 1984 8630(S13PAHs) 

Readman et al. 

(1986a) 

Mersey Estuary, UK 1984 5310(S13PAHs) 

Readman et al. 

(1986a) 

Boston Harbour, USA - 487-718360 (14 PAHs) 

Shiaris and Sweet 

(1986) 

Lake Woods, NY, USA 1978 12104(19 PAHs) Tan and Heit (1981) 

Lake Sagamore, NY, USA 1978 3660(19PAHs) Tan and Heit (1981) 

Abyssal Black Sea 1988-1990 200-1200 (28PAHs) Wakeham (1996) 

Danube River mouth, Black Sea 1988-1990 2400(28PAHs) Wakeham (1996) 

Danube River 1992 <10-3700(4PAHs) 
Equipe Cousteau 

(1993) 

Bosphorus, Black Sea, Turkey 1995 13.8-531 ( 17PAHs) Readman et al. (2002) 

Sochi, Black Sea, Russia 1995 61.2-368 (17 PAHs) Readman et al. (2002) 

Odessa, Black Sea, Ukraine 1995 66.9-635(17 PAHs) Readman et al. (2002) 

Coastline, Black Sea, Ukraine 1995 7.2-126 (17 PAHs) Readman et al. (2002) 

Danube Coastline, Black Sea, Ukraine 1995 30.5-608 (17 PAHs) Readman et al. (2002) 
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Figure 8.9 : Compound PAH concentration in IZ25, Gem, HalEY, TUZ. 
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monitoring bcrA gene. bcrA gene activity is important in order to bioremediate the 

chronic PAH pollution. 

Statistically significant abundance between bcrA and Pah concentration were 

positively correlated to each other. (r=0,98, n=9,5, p<0.5) (Figure 8.10 ) The amount 

of  bcrA gene which is responsible for aromatic biodegradation is high in locations 

where total pah concentration is high. The correlation parameter between these 

parameters is 0.98. PAH levels, relative abundances of PAH compounds and 

aromatic and aliphatic hydrocarbon components‘ distributions were related to 

abundance and activity of AnHDB. It can be speculated based on the correlations 

that high sediment hydrocarbon content resulted in enrichment of AnHDB; higher 

abundance of AnHDB reduced the biodegradable fraction of PAH and, thus, changed 

the distribution of PAH compounds.  Haliç AS and Tuzla locations have the highest 

potential for anaerobic hydrocarbon degradation. 

 

 

Figure 8.10 : Abundances of bcrA versus PAH amount. 
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9. CONCLUSION 

This study has provided data on the levels of PAHs in the marine sediments of 

Marmara Sea. PAHs contamination is closely related to petroleum spills, shipping, 

sewage input, runoff of intermittent stream and industrial activities. Fingerprinting 

analysis indicates that PAHs in the sediment were mostly petrogenic in origin likely 

due to shipping activities, whereas pyrogenic origin was found for PAHs in some 

sediment probably due to the high combustion inputs and urban runoffs from 

urbanized areas. Comparison of the concentration range with a worldwide survey of 

sedimentary PAH concentrations ranked PAH contamination in Marmara sea 

sediments as high to moderate pollution. The concentrations of PAHs (sum of 17 

isomers) in Marmara Sea sediments are high by comparison with those observed in 

other regions. The highest concentrations of total PAHs were observed at sites Haliç 

and Tuzla (1694-2154 ppm), Ġzmit (825-1081 ppm). High concentrations of perylene 

were recorded in many of the samples. The diagenetic origin of this compound was 

most notable in samples taken from the Ġzmit.  

In all sampling locations more than 3 rings PAHs are more abundant than smaller 

rings PAHs. Because of higher moleculer weight biodegradation occurs more slowly. 

The smaller PAHs generally degrading faster than the larger PAHs.  

Monitoring the sediments from 10 different locations in the Marmara Sea for 2 years 

revealed that microbial composition, abundance and activity were strongly related to 

the level and type of hydrocarbon and nutrients. The sediments were extremely 

polluted with hydrocarbons (2-20 g/kg), Microbial cell contents of the sediments 

were high (5×109-1.5×1011 cells/cm3) and a considerable fraction of the cells was 

active (60-85%).  

Functional gene(bcrA) was quantified using real-time PCR as the microbial AnArHC 

process indicators. The target gene was  abundant. Microbial activity and abundance 

differences were related to chemical divergence of the sediments. Abundance and 

activity of AnHD organisms were related to level and composition of petroleum 
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hydrocarbons. Statistically significant abundance between bcrA and Pah 

concentration were positively correlated to each other. (p=0,98 and n=9,5) Amount 

of  bcrA gene which is responsible for aromatic biodegradation is high in locations 

where total pah concentration is high. The correlation parameter between these 

parameters is 0.98.This study reported the most comprehensive abundance of 

functional genes responsible for the key metabolic processes in marine sediments. 

Although bcrA gene aboundance and activity is high, still HC pollution is continue. 

Why is the anaerobic aromatic hydrocarbon degradation is not enough to remediate 

the PAH pollution? In Kolukırık‘s study showed that hydrocarbon degradation 

activity of Marmara Sea sediments can be increased by N-P amendment under 

methanogenic and nitrate reducing conditions. Biostimulation of the sediments 

microbial community resulted with ~20× increase in hydrocarbon removal. The 

sediment microorganisms degraded wide range of aliphatic (n-C9-31 alkanes and 

acyclic isoprenoids) and aromatic (18 different 1-5 ring aromatics) hydrocarbons. 

PAHs having three or more aromatic rings could be anaerobically biodegradeded.  

The most important outcomes of the monitoring study which guided the next 

bioremediation feasibility studies were: (1) the total petroleum HC(Aliphatic, 

aromatic) levels were similar to those from extremely polluted marine environments; 

(2) the microbial cell contents were very high compared to the other marine 

environments; (3) Functional gene(bcrA) which is responsible for aromatic 

biodegradation was  abundant. Statistically significant abundance between bcrA and 

Pah concentration were positively correlated to each other.  

In conclusion, a less human intervened, sustainable and cost effective remediation 

strategy can be used to overcome the chronic hydrocarbon pollution in Marmara Sea. 

The best candidate for this purpose is bioremediation under anaerobic/anoxic 

conditions, because oil-degrading anaerobes are abundant and active in the 

sediments, and there is a way to increase activity of this population.  
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APPENDIX A: Figures of  concentration of PAH compound in representative 

samples from Marmara Sea Sediment  
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APPENDIX A 

 

Figure A.1 : PAH concentration of Ġzmit17 sample  

 

Figure A.2: PAH concentration of Ġzmit25 sample  
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Figure A.3: PAH concentration of Ġzmit30 sample  

 

Figure A.4: PAH concentration of Gemlik sample  
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Figure A.5: PAH concentration of Kucukcekmece sample  

 

 

Figure A.6: PAH concentration of HaliçVK sample  
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Figure A.7: PAH concentration of HaliçEY sample  

 

 

Figure A.8: PAH concentration of HaliçAS sample  
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Figure A.9: PAH concentration of Tuzla sample  

 

 

Figure A.10: PAH concentration of Moda sample  
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