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Abstract 

Taihu Lake is the third largest freshwater lake in China, playing an important role for flood control, 

tourism, shipping and especially as a drinking water source for its neighboring cities, but the lake has 

been seriously polluted and drinking water supply has been threatened. Polycyclic aromatic 

hydrocarbons (PAHs) are ubiquitously distributed in the environment with petrogenic and pyrogenic 

sources, and they are carcinogenic and mutagenic to humans and other organisms. With the 

development of economy and industries, the rapid increase of fuel and biomass consumption results in 

significant PAH emission to the environment. In this study, we focus on PAHs in the sediments and 

water body in the northern part of Taihu Lake where is more polluted than the other part of the lake.  

We analyzed the concentration patterns of 20 PAHs in 25 surface sediments, 11 sediment cores and 

41 water samples which were collected from the northern part of Taihu Lake during 4 times of field 

campaign (2015-11, 2016-06, 2017-02 and 2017-09). Three of the cores were dated based on 
137

Cs 

activity for the deposition age of the sediment. The data on energy consumption and type of vehicles 

in the lake catchment in the last two decades were collected from regional official websites to explain 

potential PAH emission histories in the area. The literature data on PAH emissions from their 

potential sources and on PAH distributions in particle sizes were collected to generalize PAH 

emission and distribution features. PAH patterns from different emission sources and also from the 

sediment results of this study were combined to verify the two assumptions for the methods of PAH 

source track in the environment.  

The spatial distributions of the PAH concentrations (perylene excluded) show that the inflow rivers 

into Zhushan bay and Meiliang bay were the main pathways for PAHs and sediments input into the 

northern part of the lake. This results in substantially higher PAH concentrations (up to 5000 ng/g) 

and sedimentation rates (higher than the average of 3 – 4 mm/a) in the area close to the river outlets. 

In addition, the results also show that PAH concentrations in the sediments considerably increased 

from the late 1950s due to the development of economy and industries, but the relatively decreased or 

stable concentrations in the upper layers of the sediments could be attributed to the gradual changes in 

energy structures, emission control in coal combustions since the 1990s and emission control in 

vehicle exhaust since ca. 2000 in this area.  

PAHs determined in the sediment cores (perylene excluded) are dominated by 4 light ones 

(phenanthrene (phen), anthracene (anthra), fluoranthene (fluor), pyrene) and 6 heavy ones 

(benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), benzo[b]fluoranthene (BbF), benzo[e]pyrene 

(BeP), indeno[1,2,3-c,d]pyrene (INcdP), benzo[g,h,i]perylene (BghiP)) whose concentrations 

typically reach up to 70% – 80% of that of the 19 PAHs. The concentration fractions of the 6 heavy 

PAHs are almost double of the fractions of the 4 light ones, and the fractions of the heavy PAHs 

increase with decreasing depth in the cores, but the fractions of the light PAHs show the opposite 

trends (except cores GH38 and ZS23 with special features). PAH emission patterns from wood 

combustion, coal combustion and vehicle exhausts together can, to a great extent, illustrate the 

distribution patterns of the concentration fractions between the light and the heavy PAHs in the cores. 

Wood combustion has evidently higher emission fractions of the 4 light PAHs than the fractions of 

the 6 heavy PAHs compared to the emission patterns from coal and oil combustions, but wood has 

been gradually phased out as an important energy source since the beginning of industrialization in 

the 1950s. PAH patterns from coal combustions can somewhat explain the concentration fraction 

distributions of the two groups of PAHs in the cores through four points: the continuous decrease of 
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residential coal consumption and the significantly increased consumption of emission-controlled coal 

combustion in this area during the last decades, relatively more ultrafine particles emitted from 

emission-controlled coal combustion, heavy PAHs bond more in ultrafine particles. Meanwhile, PAH 

patterns from vehicle exhausts contribute to the distributions of the concentration fractions in the 

cores through three points: the linear increase of oil consumption in transport, around 24-time increase 

in the number of light-duty vehicles but only 2-time increase in the number of heavy-duty vehicles in 

this area during the last two decades, and noticeably higher emission fraction of the heavy PAHs from 

light-duty vehicle exhausts than that from heavy-duty vehicle exhausts.  

Several methods are frequently used to interpret PAH source track in the environment, and these 

methods are based on two assumptions: PAH patterns from different sources are specific and 

distinguishable from each other; the patterns maintain stable after emission to the environment. The 

first assumption was mainly verified by the PAH patterns from different emission sources, which 

shows that PAH patterns from different sources indistinguishably overlap from each other. The 

second assumption was verified by the spatial and temporal distributions of PAH patterns in the 

sediment of this study, which shows that PAH patterns in the sediment are ambiguous and variable. 

Therefore, both of the two assumptions are not valid for PAH source track in the sediment. 

There were both anthropogenic and biogenic origins of perylene in the lake sediments, which were 

distinguished based on its spatial distribution patterns and also the concentration proportions of 

perylene to the sum of the 20 PAHs. In the cores collected close to the river outlets, the concentration 

proportions of perylene typically range from 0.02 to 0.18 and there are significant positive linear 

correlations between the concentration of perylene and three anthropogenic PAHs (BaP, BeP, Pyrene), 

suggesting that perylene was dominated by anthropogenic input. However, the cores collected further 

away from the river outlets show the concentration proportions between 0.13 and 0.96, and present 

significant negative correlations or no correlations between perylene and the three PAHs, suggesting 

that perylene was mainly formed by biogenic activities. Furthermore, the different perylene sources 

accompanied with the core location distributions imply that anthropogenic activities could inhibit its 

biogenic formation. 

In the water samples, naphthalene (naph), 1-methylnaphthalene (1methylnaph) and 2-

methylnaphthalene (2methylnaph) have considerably higher concentrations in the samples (2016-06 

and 2017-09) taken in warm seasons than the concentrations in the samples (2015-11 and 2017-02) 

taken in cold seasons, but the concentrations of the other PAHs do not vary with seasonal variations. 

The distribution patterns of these PAHs might be mainly attributed to ambient temperature effects on 

the PAH solubility in the water body. It is noteworthy that in the campaign 2017-09, the 

concentrations of 2methylnaph are particularly around twice as high as the concentrations of naph and 

reach up to 1350 ng/L. As the emission rates of naph are generally higher than methylnaph from 

anthropogenic activities, so it is suspected that the relatively higher concentrations of 2methylnaph 

should be attributed to additional biogenic input in the lake water. Furthermore, the samples collected 

in cold seasons show that high concentrations are mostly located in the northwestern part of the lake 

and relatively low concentrations are in the northeastern part of lake, but the concentrations from the 

warm season samples are homogeneous in the whole sampling area. The reason for the different 

spatial distributions between the cold and warm seasons is that during the sampling campaigns in cold 

seasons, there was water recharge from the Yangtze River through the Wangyu River connecting the 

northeastern part of Taihu Lake, which diluted PAH concentrations in the northeastern part of the lake. 
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1 Introduction 

1.1 Motivation  

In the recent decades China has been rapidly industrialized and passed as the second largest economy 

in the world. This has led to increasing prosperity and living standards of a large fraction of the 

population, but also to a heavy exploitation, and even over-exploitation of natural resources, 

accompanied with a sharply increasing consumption of energy. As a result, significant and complex 

environmental problems arose, affecting all environmental compartments, from air pollution to 

contaminated soils and water resources. Especially, the contamination of water resources is of concern 

as China is partly a water scarce country with unevenly distributed water availability. The rapidly 

growing population in industrialized centers further amplifies local water demand, already resulting in 

serious water shortages in many cities.    

The Taihu Lake catchment located in the Yangtze River Delta plain is one of the most developed 

areas in China with dense population and industries, hosting several large cities such as Changzhou, 

Wuxi, Suzhou and Shanghai (Fig. 1.1). 

Environmental pollution has been a major 

factor influencing the further development of 

the region and received ample attention over 

the last years. Taihu Lake itself is the third 

largest freshwater lake in China and it plays a 

crucial role for flood control, irrigation, 

tourism and especially as a drinking water 

source for the neighboring cities. However, 

due to high nutrient loads in inflowing rivers 

the Lake has experienced massive algal 

blooms, with the most severe ones in 1990 

and 2007, causing the shutdown of several 

water supply facilities.  

Besides these obvious environmental impacts 

that require immediate environmental 

measures, the lake and its connected 

ecosystems are also threatened by the constant 

input of persistent organic pollutants (POPs) through contaminated inflowing rivers and atmospheric 

deposition. The long-term effects of these contaminant inputs are worrisome, as they may accumulate 

in the lake sediments and therefore pose a risk to ecosystems within. In addition, as Taihu Lake is 

very shallow with an average depth of less than 2 m only, contaminants might be mobilized through 

turbulences in the water column and reenter the water cycle.  

PAHs are one group of POPs that ubiquitously exist in the environment. They are emitted since early 

history through open burning and wildfires, but individual PAHs, like perylene, might also be formed 

by microbial activities. However, industrialization and the associated combustion of tremendous 

amounts of organic materials have significantly raised their abundances in environmental 

compartments. Due to their hydrophobicity, PAHs tend to sorb on particulate matter after emission. 

As lakes are typically a final trap of particulate matter, lake sediment potentially contain an archive of 

PAH input from the catchment.  

 

Fig. 1.1 Taihu Lake surrounded by densely populated 

cities, with the Yangtze River in the northeastern 

boundary of the catchment. Figure is from google earth. 

More information about the catchment is presented in 

Fig. 2.1. 
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Due to their carcinogenicity and mutagenicity, once PAHs accumulate in environmental 

compartments, they might enter the food chain and pose a serious risk to human health and 

ecosystems. Therefore, some studies on PAH distributions in Taihu Lake have been conducted in the 

past. Most of these studies focus on PAHs in the surface sediment only, addressing the current PAH 

input into the lake. However, especially the evolution of PAH concentrations in the lake sediments 

and the alteration of background concentrations due to anthropogenic activities, have not been studied 

in detail. Also, a closer look into the distribution of individual PAHs might reveal potential emission 

sources or might allow to distinguish between anthropogenic or biogenic PAH formation. 

The research presented in this dissertation was supported by the SIGN project (Sino-German water 

supply Network-Clean water from the source to the tap), funded by the German Ministry of Education 

and Research (BMBF-02WCL1336C), and by the International Science & Technology Cooperation 

Program of China (2016YFE0123700).    

1.2 Objective  

The main objective of this work was to investigate the spatial and temporal distribution of PAH 

concentrations and patterns in the sediments of the northern part of Taihu Lake. The intention of 

analyzing the spatial distribution of PAH concentrations was to conclude on their main input 

pathways. The temporal distribution of the PAH concentrations should allow to conclude 

anthropogenic impacts on PAH input and deposition in the lake over time. The PAH patterns in the 

sediment were compared with the patterns from different sources to explore the temporal changes of 

PAH emissions in Taihu Lake catchment in the last decades.    

For this, surface sediments, sediment cores and also water samples were collected from the northern 

part of the lake during four field campaigns. The samples were analyzed for their PAH contents and 

patterns. In addition, three of the cores were dated using the artificial radionuclide
 137

Cs to determine 

the deposition age of the sediments. PAH potential sources in the sediment were interpreted using 

literature data on energy consumptions in the area, PAH emission patterns from different sources and 

PAH distributions in particle size. Specific attention was paid to the concentration distribution of 

perylene in relation to the other PAHs in order to distinguish between biogenic and anthropogenic 

origins of perylene. Furthermore, PAHs in the water samples were analyzed to delineate their spatial 

and seasonal variations in the lake.   
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1.3 Framework of this dissertation 

This dissertation consists of five chapters, the structure is described in Fig. 1.2. 

 

Fig. 1.2 Framework of this dissertation. 
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2 Background 

2.1 Study area 

The Taihu Lake catchment, located in the Yangtze River Delta plain, covers an area of about 36,500 

km
2
 in the southern part of the Jiangsu Province and in the northern part of the Zhejiang Province (Fig. 

2.1). It is bound in the north and northeast by the Yangtze River, and in the south and west by 

mountainous ridges with altitudes reaching up to 1,200 m. The south-western part of the catchment is 

mainly covered by agriculture, while the lowland plains in the north-eastern part are densely 

populated with the cities of Changzhou, Wuxi, Suzhou and Shanghai, hosting large industries. 

Precipitation is the main surface water recharge in the catchment. Due to the topographic 

characteristics, the western area of the catchment receives more precipitation than the northeastern 

area. The average precipitation is ca. 1181 mm/a, of which 60% occurs in the month of May to 

September due to typhoon and southeastern monsoon. Monthly average temperature in the hot and 

humid summer can reach above 30°C. In the cold and dryer winters, average monthly temperature 

around the lake is as low as 1°C. 

Taihu Lake is located in the center of the catchment, covering an area of about 2,340 km
2
 with an 

average water depth of 1.9 m and a rather flat lake bottom. It is the third largest freshwater lake in 

China and plays an important role for flood control and irrigation in the region, also for tourism, 

shipping, aquaculture and especially as a drinking water source for its neighboring cities (Qin et al., 

2007; Tao et al., 2010). There are more than 110 inflows and outflows around the lake. The inflows 

are mostly located in the northern and western part of the lake, while the outflows are in the eastern 

and southern part, partly connecting Taihu Lake with the Yangtze River (Qin, 2008). Some of the 

flow directions are occasionally reversing depending on the lake water level. The spatial distribution 

of the inflows and outflows results in a general water circulation in the lake from the northwest to the 

southeast. However, the shallowness of the lake and the hydraulic conditions lead to complex flow 

patterns, and the spatial and temporal current patterns in the lake are not fully understood (Qin et al., 

2007). The water retention time in Taihu Lake is even longer than 10 months, which is rather longer 

than many other lakes and results in more potential of water deterioration (Qin, 2008). Due to the 

shallowness of the lake, hydrodynamics are important factors influencing sediment deposition and 

contaminants and nutrients release from sediment to water column, which can also threaten the 

improvement of its water quality and ecosystem. For example, the concentration of total phosphorus, 

total nitrogen and heavy metals in overlying water increase significantly because of sediment release 

and particle resuspension during water turbulence (Qin et al., 2006; Zheng et al., 2013). 

The contaminants exchange between water and sediment is closely related to sediment distribution 

and physicochemical properties. In most parts of the lake, the soft sediment thickness varies between 

0.5 and 2 m, and the greater sediment thicknesses are located in the northern and western parts, 

reflecting the prevailing wind and resulting water circulation patterns (Luo et al., 2004). The different 

thicknesses of the sediment indicate varying sedimentation rate in the lake. In the upper layers, 

sediment textures are dominated by clayey silt and clay, and the particle sizes are dominantly below 

0.1 mm (Jin et al., 2006; Qin et al., 2004). The high water content and porosity occur in the surface 

around 5 cm in the northern and western part of the lake and in the surface around 15 cm in the 

southeastern part of the lake (Qin, 2008). It is, however, likely that during strong winds or floods 

sediment scouring and resuspension can alter the sediment stratigraphy (Qin et al., 2004).  
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Fig. 2.1 Map of the study area, (a) location of Taihu Lake catchment in China; (b) the catchment boundary; (c) 

lakes, main inflowing and outflowing rivers, major cities in the catchment. 

2.2 Energy consumption and environmental pollution in the catchment 

In the last decades, China has achieved considerable growth in GDP (Wu, 2007), and has become the 

largest coal consumer and second-largest oil consumer in the world (Bloch et al., 2015). Especially, 

the eastern/costal area of China is in general more developed with several times higher energy 

consumption than the other areas of China (Hu and Wang, 2006). The over-consumption of 
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energies and natural resources has been inevitably accompanied with serious and complex 

environment degradation since the last 2 – 3 decades (Liu and Diamond, 2005; Shao et al., 2006). To 

mitigate environmental stress and deterioration, the Chinese government introduced a series of 

environmental measures and technologies (Wang and Chen, 2010; Zhang and Wen, 2008), and the 

indexes of energy intensity have greatly decreased since the 1980s (Feng et al., 2009; Wu, 2012). 

However, various contamination problems still occur in all environmental compartments and threaten 

the ecosystem and human health. For example, N-pollution in groundwater has posed a critical threat 

to drinking water safety and supply, especially in the northern area of China where the main drinking 

water source is groundwater (Zhang et al., 1996; Han et al., 2016); fuel combustion and mining 

contribute a risky amount of heavy metals to the atmosphere and soil in the eastern and middle area of 

China (Jiang et al., 2006; Li et al., 2014).  

Taihu Lake catchment is one of the areas with the highest level of urbanization and rural 

industrialization in China (Yeh et al., 2011; Shen and Ma, 2005), and contributes around 10% of 

national GDP. It has a population of around 40 million accounting for more than 3% of the Chinese 

population. With the rapid development of economy and society, energy consumption has 

correspondingly increased. Coal is the main energy source and will continue to dominate the energy 

proportion in the near future in China (Wang and Feng, 2003). Jiangsu province is located in the 

developed East China and contributes significant GDP growth during the last decades of reform and 

opening-up policy implementation in China (Herrerias and Ordoñez, 2012; Zhang and Zou, 

1998). The southern area of the province is severalfold developed in industries and economy than 

that in the northern area (Wei and Fan, 2000; Long and Ng, 2001; Huang and Leung, 2002). 

Therefore, the energy consumption of the whole province can, to a great extent, describe the situation 

in the developed southern area, and are reasonably used to explain the history of potential 

contaminant input to the northern part of Taihu Lake in the last decades.  Considering the structure of 

energy consumption in this area, data are collected on coal consumption in residential combustion, 

coal coking, heating, industries and power generating, on oil consumption in industries and transport, 

and on the number of heavy-duty and light-duty vehicles (Fig. 2.2). Due to the limited data 

availability in the southern area of Jiangsu province, here the collected data is documented the 

consumption of the energies in the whole province.  

Energy production from coal is orders of magnitude higher than from other sources in this province, 

and the total coal consumption remained rather stable with around 270 million tons after 2010 (Fig. 

2.2a). The amount of coal used for power generating, heating and industries accounted for more than 

90% of the total coal consumption in the period of 2000 – 2010, the rest consumption was in coal 

coking and residential coal combustion. After 2010, however, the proportion structure of coal 

consumptions somewhat changed. The consumptions in heating and power generating remained 

relatively stable, in coal coking kept slightly increasing, but in industries somewhat decreased. 

Especially, the consumption in residential coal combustion constantly decreased to negligible amount 

(from 3.88 million tons in 1995 to 0.063 million tons in 2015) compared to the coal consumption in 

the other compartments. The main oil consumption is gasoline and diesel in industries and transport 

and the amount of consumption in transport was linearly increasing, but the consumption in industries 

decreased after 2010 (Fig. 2.2b). From 2002 to 2016, there was an exponential increase in the number 

of light-duty vehicles (minimum number: 1.02 million in 2002 and maximum number: 25.80 million 

in 2016), but the number of heavy-duty vehicles only increased to around twice over (minimum 

number: 0.4 million in 2002 and maximum number: 0.96 million in 2013) (Fig. 2.2c).  
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The significant amount of energy consumption is accompanied with serious and complex pollutants 

emission. For examples, one of the emissions is smoke which is composed of soot, aerosols, CO, 

VOC and some POPs; there are several kinds of NOx formation during combustion, such as NO, NO2, 

NH3, HCN and HNCO; heavy metals and SOx are also the alarming emissions, such as Pb, Cr, Mn, As, 

SO2 and SO3 (Williams et al., 2012; Zhao et al., 2008; Chan and Yao, 2008). Most of these pollutants 

initially emit to the atmosphere with both gaseous and particular phases, and part of the contaminants 

enter aquatic systems through wet and dry atmospheric deposition (Leister and Baker, 1994). River 

input and atmospheric deposition are the two main pathways transporting human-derived 

contaminants and particles to lake systems. Lake ecosystems are particularly sensitive to 

anthropogenic impacts as they can act as repositories for contaminants in the aquatic environment. 

The inflows around Taihu Lake discharge a large amount of industrial effluents, improperly treated 

municipal sewage, diffused pollutants from agriculture and aquaculture, and accumulated atmospheric 

depositions into the lake. These discharges attaching complex pollutants gradually lead to serious 

ecological and water quality deterioration in the lake ecosystems, especially in the northern part of the 

lake where more inflows are located and which is surrounded by more developed areas (Wilhelm et 

al., 2011; Tao et al., 2018; Wang et al., 2003; Xu et al., 2014; Jiang et al., 2012). For example, it is 

found that nitrogen in the surface water in this region is mainly from urban domestic sewage and rural 

human and animal excreta (Xie et al., 2007), and water leachate from wheat crop also contains high 

concentration of nitrogen (Zhao et al., 2012); the concentrations of total phosphorus and nitrogen in 

Fig. 2.2 Temporal variation of coal (a) and oil (b) 

consumption and the number of light-duty and 

heavy-duty vehicles (c) in Jiangsu province. The 

data were collected from China Statistical 

Yearbooks Database http://tongji.cnki.net/kns55/ 

and from National Bureau of Statistics of China 

http://data.stats.gov.cn/easyquery.htm?cn=E0103. 

 

http://tongji.cnki.net/kns55/
http://data.stats.gov.cn/easyquery.htm?cn=E0103
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the Taihu Lake sediment increased significantly after the 1950s (Yuan et al., 2014); the duration and 

covering area of algal bloom were increasing in the last two decades (Duan et al., 2009; Qin et al., 

2015); in 2007, excessive nutrient input into the lake caused a massive cyanobacterial bloom with the 

formation of volatile sulfide compounds, resulting in a serious drinking water crisis for half month in 

Wuxi City whose main drinking water intake is in Gonghu Bay (Zhang et al., 2010).  

POPs are notable contaminants in aqueous environment and have had hazardous effects on water 

quality in China (Bao et al., 2012; Han and Currell, 2017; Wang et al., 2003). They are composed of 

many families of organic pollutants such as polychlorinated biphenyls (PCBs), polychlorinated 

dibenzo-p-dioxins and furans (PCDDs/PCFs), polybrominated diphenyl ethers (PBDEs), 

perfluorinated compounds (PFCs) and PAHs, and they mainly originate from deliberate manufacture 

and application, combustion processes and industrial activities (Jones and Voogt, 1999). These 

compounds are ubiquitously distributed in global environmental compartments, even in circumpolar 

arctic through atmospheric and oceanic transport (Muir and de Wit, 2010). Due to their 

hydrophobicity, POPs can easily bind to organic matter and then deposit in sediments. After 

deposition, such contaminants are less susceptible to microbial degradation due to their strong 

sorption and ageing, which reduces contaminant bioavailability (Erickson et al., 1993; Hatzinger and 

Alexander, 1995). Lake sediments therefore may contain continuous archives of such inputs with an 

annual to decadal resolution. With this, the analyses of lake sediments that may have accumulated 

over decades or centuries can provide insights into background conditions, and into historical, present 

and potentially future anthropogenic impacts (Hollert et al., 2018). 

   

Fig. 2.3 Picture of the water body in Taihu Lake (a, general look; b, waterworks pump station in Gonghu bay). 

2.2 PAHs 

PAHs consist of two or more aromatic rings bound in linear, cluster or angular arrangement, and the 

simplest PAH structure is two-ring naph. The 2-ring and 3-ring PAHs are more volatile and 

hydrophilic, while with molecular mass increase PAHs become hydrophobic and lipophilic. The 

logKow ranges over 5 orders of magnitude from 3.4 for naph at 25 °C (Ma et al., 2010). PAHs are 

solid at ambient temperature, and their melting temperatures increase with the increase of molecular 

mass and rational symmetry number δ. 2-ring PAHs such as naph and alkyl naphs have half-lives of 

days in the atmosphere, weeks in water, months in soils and about a year in sediments (Mackay and 

Callcott, 1998). With molecular mass increase PAHs are more persistent and their half-lives are 

severalfold longer in environmental compartments. 

b a 
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PAHs are ubiquitously distributed in the environment. They have been emitted since prehistoric time 

through e.g. wild fires (Vila-Escalé et al., 2007) or volcanic eruption (Kozak et al., 2017). They are 

also indicators of anthropogenic activities resulting from incomplete combustion of fossil fuels 

(Zhang et al., 2008; Wu et al., 2017) and biomass such as wood (Shen et al., 2012), sewage sludge 

(Mininni et al., 2004), garbage (Besombes et al., 2001). In addition, they can also originate from wear 

of tires (Wik and Dave, 2009), asphalt pavements (Boonyatumanond et al., 2007), oil spills (Ke et al., 

2002) or metallurgical industries (Yang et al., 2002). Nowadays, due to the considerable amount of 

energy consumption, PAH sources in the environment are mainly attributed to pyrogenic processes. 

Pyrogenic PAH emission rates and patterns are not only related to fuel types but also to combustion 

conditions such as combustion temperature, equipment used, oxygen access, catalyst addition. For 

example, PAH emission from vehicle exhaust is related not only to aromatic hydrocarbon content of 

added fuel but also to engine load, engine operating conditions and air-fuel ratios in the combustion 

chamber (Baek et al., 1991; Borras et al., 2009); PAH emission rates and patterns from lignite 

combustion vary with combustion temperatures ranging between 600 °C and 1000 °C, with air/coal 

ratios between 1 m
3
/kg and 3.5 m

3
/kg, and with lignite particle sizes ranging between 0.25 mm and 10 

mm (Liu et al., 2012).  

The broad anthropogenic emission sources have substantially raised PAH abundance in the 

environment since industrialization. After PAHs are emitted, gas-phase PAHs mainly contribute to the 

formation of PAH derivatives in the atmosphere (Tsapakis and Stephanou, 2007; Atkinson and Arey, 

1994), and most particle-bound PAHs deposit on the ground (Bae et al., 2002; Demircioglu et al., 

2011), so the partitioning of PAHs in gas and particle phase is a significant factor for PAH existence 

in the environment. The partitioning is dependent on both sub-cooled liquid vapor pressure 

(Fernandez et al., 2002; Sofowote et al., 2010; Tsapakis and Stephanou, 2005) and the properties of 

carbonaceous sorbents like soot and organic matter (Dachs and Eisenreich, 2000). Soil and aquatic 

sediments are sinks for the deposition of particle-bound PAHs. For the more volatile and hydrophilic 

2-ring and 3-ring PAHs, the sinks are potentially the second sources for these compounds to escape to 

other compartments. Due to their physicochemical properties and bioavailabiliy in the sinks, however, 

the other heavier PAHs are particularly resistant to desorption and biodegradation in contaminated 

and aged soil and sediments (Readman et al., 1982; Cornelissen et al., 1998; Shuttleworth and 

Cerniglia, 1995). Therefore, the distribution of PAH contents in environmental matrixes can certainly 

play as an archive for PAH emission history. 

As a specific PAH, perylene abundance in some investigations is noticeably higher than that of other 

anthropogenic PAHs, so it suggests that perylene can additionally originate from biogenic formation 

(Venkatesan and Kaplan, 1987; Slater et al., 2013; Fan et al., 2011). Due to the consistent presence of  

abundant perylene and anoxic indicators of elemental sulfur and pyrite in deep marine sediments, it is 

speculated that anoxic conditions are the requirement for biogenic formation of perylene (Venkatesan 

and Kaplan, 1987). On the contrast, it was also found that specifically high concentrations of perylene 

relative to that of the other PAHs occur in forest soils, surface sediments of wetlands and bird eggs 

around bird breeding colonies (Zamani et al., 2015). The potential origins of perylene currently raised 

are diatom (Louda and Baker, 1984), fossil wood degrading fungi (Suzuki et al., 2010; Marynowski et 

al., 2013; Bechtel et al., 2007), crinoids (Wolkenstein et al., 2006) and termite (Wilcke et al., 2000; 

Krauss et al., 2005). However, the suspicions on these potential sources are, to a large extent, based 

on the consistent occurrence and distribution of perylene and these potential sources, and there is no 

certain evidence for these biogenic formation processes of perylene. In addition, it was also suspected 
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that biogenic formation of perylene is probably more dependent on microbial activities rather than on 

aquatic or terrigenous sources of specific organic matter, as the concentration distribution of perylene 

is not correlated to that of biogenic silica, calcium carbonate, TOC or total phosphorus (Silliman et al., 

1998; 2001; Hites et al., 1980). Therefore, a significant amount of research on biogenic perylene 

origins has been conducted so far, but the conclusions are still ambiguous.  

Some of PAHs such as BaP, dibenzo[a,h]anthracene (DahA), benzo[a]anthracene (BaA) are classified 

as mutagenic, carcinogenic and genotoxic contaminants, and 16 of PAHs are listed as priority 

pollutants by US EPA (Boffetta et al., 1997; Kim et al., 2013; US EPA, 1993). It has been studied that 

bioconcentration factors of hydrophobic organic pollutants including PAHs are positively correlated 

with their partitioning coefficient Kow (Geyer et al., 1984; Axelman et al., 1999), so heavier and more 

toxic PAHs have higher potentials to be bioaccumulated in organisms. In addition, cellular 

metabolism can be inhibited by catacondensed PAHs such as naph, phen and anthra rather than 

pericondensed PAHs probably due to molecular structure differences, tested with bioluminescent 

bacteria (Lee et al., 2003). Toxic equivalency factors/quotients are commonly adopted as indicators 

for toxicity assessment of mixed PAHs in environmental compartments, and the toxicity potential is 

expressed as BaP equivalent (Nisbet and Lagoy, 1992) or phen equivalent (Fisher et al., 2011). 

Humans can be exposed to PAHs through e.g., inhalation of PAHs from the atmosphere, oral uptake 

of PAH contaminated food and water, and dermal contact with PAH contaminated environmental 

compartments (Jongeneelen, 1994; Domingo and Nadal, 2015).  

A significant amount of studies on PAHs in Taihu Lake have been conducted, covering PAH 

concentration distributions, sediment-water partitioning characteristics and toxicity assessment in both 

the water bodies and the sediments. PAHs in the surface sediments have been investigated in the 

whole lake and the higher concentrations mainly occur in the northern part of the lake (Qu et al., 2002; 

Qiao et al., 2006; Lei et al., 2014; Tao et al., 2010; Zhang et al., 2012; Tang et al., 2015). Meanwhile, 

a few sediment cores were analyzed for PAH deposition histories and the PAH concentration 

distributions are somewhat related to the regional GDP growth (Lei et al., 2016a; Tang et al., 2015; 

Peng et al., 2005). The PAH partitioning coefficient logKoc between sediment and water in Taihu 

Lake is well correlated with their logKow (Zhang et al., 2011; Qiao et al., 2008). The biological 

thresholds and toxic equivalency factors are frequently used to assess the sediment toxicity in Taihu 

Lake, and the most results showed that PAHs in the lake sediments are not detrimental to benthic 

organisms (Qiao et al., 2006; Lei et al., 2014; Qu et al., 2002; Tao et al., 2010; Zhang et al., 2012; 

Zhang et al., 2011; Tang et al., 2015). In addition, PAH toxicity was also assessed in overlying water 

and sediment pore water in the northern and central part of the lake, and their hazard index values 

show no or rather low potential ecological risk (Lei et al., 2016b). 
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3 Materials and methods 

3.1 Sample collection  

3.1.1 Sediment sampling 

During four sampling campaigns (2015-11, 2016-06, 2017-02 and 2017-09), a total of 25 grab surface 

sediments and 11 sediment cores ranging between 12 cm and 40 cm in length, were collected from the 

northern part of Taihu Lake, covering Gonghu Bay, Meiliang Bay and Zhushan Bay (Fig. 3.1 and Tab. 

3.1). The cores were taken using a gravity corer with a core loss preventer (uwitec, Austria). The 

surface samples were stored in polyethylene bags, and the cores were sliced into 2 cm segments (147 

in total) and were stored in aluminium screw top jars. Before further analysis, the samples were stored 

at –20 °C, except during the air shipping process from China to Germany.  

 

Fig. 3.1 Sampling location of the surface sediments and the sediment cores. The rivers and canals around the 

sampling area are generally only inflow, except the Wangyu River connecting Taihu Lake and the Yangtze 

River can act as an outflow in rainy season. 
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Tab. 3.1 Coordinate of the sampling locations of the surface sediments and the sediment cores 

surface sediment sediment core 

location sampling time N E location sampling time N E 

1-1 2015-05 31.3897 120.2127 ML6 2017-02 31.5128 120.1935 

1-3 2015-05 31.3787 120.2559 ML7 2017-09 31.5310 120.2100 

1-5 2015-05 31.4662 120.1802 ML24 2017-02 31.5029 120.1277 

3-12 2015-11 31.3683 120.2064 ML35 2016-06 31.4936 120.1928 

3-13 2015-11 31.3574 120.1697 ML36 2016-06 31.4006 120.1758 

3-15 2015-11 31.4755 120.1966 ML43 2016-06 31.3617 120.0997 

3-16 2015-11 31.3581 120.1434 GH4 2017-09 31.4362 120.3784 

3-17 2015-11 31.3514 120.0800 GH11 2017-02 31.4337 120.3745 

3-18 2015-11 31.4021 120.0379 GH38 2016-06 31.3761 120.2736 

3-20 2015-11 31.3951 120.2784 ZS23 2017-02 31.4718 120.0435 

3-21 2015-11 31.3651 120.2494 ZS42 2016-06 31.3708 120.0367 

3-22 2015-11 31.3979 120.1902 

    3-23 2015-11 31.4476 120.1931 

  
  

4-41 2016-06 31.4592 120.0372 

    8-6 2017-02 31.5128 120.1935 

    8-7 2017-02 31.4904 120.1966 

    8-8 2017-02 31.3921 120.2247 

    8-9 2017-02 31.3374 120.2060 

    8-10 2017-02 31.3762 120.2756 

    8-11 2017-02 31.4337 120.3745 

  
  

8-19 2017-02 31.3996 120.1755 

  
  

8-21 2017-02 31.3717 120.0373 

  
  

8-22 2017-02 31.4204 120.0436 

  
  

8-23 2017-02 31.4718 120.0435 

  
  

8-24 2017-02 31.5029 120.1277         

Geographic Coordinate System: GCS_WGS_1984. 

3.1.2 Water sampling 

During the 4 field campaigns, 41 water samples in total were collected from the northern part of Taihu 

Lake covering Gonghu bay, Meiliang bay and Zhushan bay (Fig. 3.2 and Tab. 3.2). In each location, 2 

L of water samples were taken at 0.5 m depth and kept in 2 1-L amber glass bottles for PAH 

measurement and backup, respectively. After sampling, the samples were immediately transported to 

the laboratory for PAH extraction.  
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Fig. 3.2 Sampling location of the water samples. 

Tab. 3.2 Coordinate of the sampling locations of the water samples 

location sampling time N E location sampling time N E 

11-2 2015-11 31.3793 120.3805 2-2 2017-02 31.3753 120.3889 

11-3 2015-11 31.4627 120.3479 2-4 2017-02 31.4627 120.3479 

11-12 2015-11 31.3683 120.2064 2-6 2017-02 31.5128 120.1935 

11-13 2015-11 31.3574 120.1697 2-9 2017-02 31.3374 120.2060 

11-14 2015-11 31.4189 120.2133 2-11 2017-02 31.4337 120.3745 

11-15 2015-11 31.4755 120.1966 2-14 2017-02 31.4552 120.0109 

11-18 2015-11 31.4021 120.0379 2-21 2017-02 31.3717 120.0373 

11-20 2015-11 31.3951 120.2784 2-22 2017-02 31.4204 120.0436 

11-21 2015-11 31.3651 120.2494 2-23 2017-02 31.4718 120.0435 

11-23 2015-11 31.4476 120.1931 2-24 2017-02 31.5029 120.1277 

6-1 2016-06 31.0033 120.4681 9-2 2017-09 31.3753 120.3889 

6-2 2016-06 31.4626 120.3480 9-3 2017-09 31.3718 120.2686 

6-5 2016-06 31.4936 120.1928 9-4 2017-09 31.4362 120.3784 

6-6 2016-06 31.4006 120.1758 9-6 2017-09 31.5009 120.1296 

6-7 2016-06 31.3358 120.2058 9-7 2017-09 31.5310 120.2100 

6-8 2016-06 31.3761 120.3761 9-8 2017-09 31.3847 120.1890 

6-9 2016-06 31.3950 120.2247 9-10 2017-09 31.3666 120.0407 

6-10 2016-06 31.4458 120.1811 9-11 2017-09 31.4209 120.0464 

6-11 2016-06 31.4592 120.0372 9-12 2017-09 31.4708 120.0368 

6-12 2016-06 31.3708 120.0367 9-14 2017-09 31.4626 120.3480 

6-13 2016-06 31.3617 120.0997 

    Geographic Coordinate System: GCS_WGS_1984 . 

3.2 Sample preparation 

3.2.1 Sediment samples 

The samples were freeze-dried and then milled in a vibratory disc mill. Between 7 – 12 g of each 

sample was then extracted using Accelerated Solvent Extraction (Dionex ASE 300) in static 

conditions (100 °C and 10 MPa) for 30 min with 35 mL of acetone. After the extraction, 100 µL of 

internal standard (4002.25 ug/L) was spiked to each sample extract. Extracts were then cleaned using 
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a glass column filled with glass wool, 2 g silica gel, 2 g Al2O3 and 0.5 g Na2SO4 to remove the 

residual water and interfering compounds. After the clean-up, the column was eluted with 15 mL of n-

hexane, followed with 5 mL of a 9:1 (v/v) mixture of n-hexane and dichloromethane, and 20 mL of a 

4:1 (v/v) mixture of n-hexane and dichloromethane. The eluate was concentrated to around 2 mL 

using an automatic evaporation-dryer with nitrogen. Then 1 µL of each concentrated eluate was 

injected into a gas chromatography-mass spectrometry (GC-MS) (Agilent 7890A/5975C) for PAH 

concentration measurement. Pictures on the collection and preparation of the surface sediments and 

the sediment cores are shown in Fig. 3.3 and Fig. 3.4, respectively. 

3.2.2 Water samples 

Around 1 liter of each sample were filtered with 0.45 µm pore size filters, then 1 ml (400.2 ng PAH 

standards) of stock solution was injected as internal standard to each sample before PAH extraction. 

PAHs were extracted with ISOLUTE® ENV+ 200 mg/3 mL SPE cartridge which was activated with 

3 * 3 mL ethyl acetate before PAH loading, and the extraction speed was around 1 L/h. After 

extraction, the cartridge was dried naturally and then kept in sealed polyethylene bag. The loaded 

cartridges were transported to Germany by flight for further PAH analyses.  

The cartridges were eluted with 3 * 3 mL of acetone, and the eluates were immediately concentrated 

to around 1 mL with nitrogen stream. Then 1 µL of the concentrated eluate was injected into a GC-

MS (Agilent 7890A/5975C) for PAH concentration measurement. Pictures on the water sample 

collection and preparations are shown in Fig. 3.5. 

          

Fig. 3.3 Picture on the surface sediment sample collection (a, surface sediment sampler; b and c, surface 

sediment sample). 
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Fig. 3.4 Picture on the sediment core collection and process (a, sediment core sampler; b, core sampling; c and d, 

sediment core; e, core slicing; f, PAH extract; g, PAH concentrate). 
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Fig. 3.5 Picture on the water sample collection and process (a, raw water sample; b and c, water sample 

filtration; d, PAH extraction; e, cartridge with PAH loaded).    

3.3 PAH analyses 

PAH concentrations were measured with GC-MS and the compounds were carried by helium in 

pulsed splitless mode and detected in the selected ion monitoring (SIM) mode of the MS. The column 

is HP- 5MS 5% Phenyl Methyl Silox with 30 m length, 250 µm i.d. and 0.25 µm film thickness. The 

running time of one complete sequence is 43.333 min. The oven temperature is 75 °C for 3 min, and 

a b 

d 

c 
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is further programmed to 235 °C at 20 °C/min for 18 min and then to 300 °C at 15 °C/min for 8 min, 

finally to 320 °C at 10 °C/min. 

For quantification, PAH standards (PAH-mix 14, PAH-mix 45 and deuterated PAH-mix 31) were 

obtained from Dr. Ehrenstorfer Augsburg, Germany. The three standards were diluted together in 

cyclohexane to four different concentrations for external calibration and response factors calculation. 

The internal standard (dilution of deuterated PAH-mix 31) with 5 deuterated PAHs was then used to 

quantify the analytes. All solvents and cleanup chemicals were purchased from Carl Roth GmbH + 

Co.KG, Germany. 

Including 16 US EPA PAHs, a total of 20 PAHs were analyzed (2-ring: naph, 2methylnaph, 

1methylnaph; 3-ring: acenaphthylene (acenaphthy), acenaphthene (acenaphthe), fluorene, phen, 

anthra; 4-ring: fluor, pyrene, BaA, chrysene (chry); 5-ring: BbF, BkF, BeP, BaP, perylene, DahA; 6-

ring: BghiP, INcdP). The molecule structure and physicochemical properties of the 20 PAHs show in 

Fig. 3.6 and Tab. 3.4. 

For testing the reliability of this method, a certified soil from a gas works site (European Reference 

Material ERM-CC013a) was purchased from the Federal Institute for Materials Research and Testing 

BAM (Berlin, Germany). The reported uncertainties for the concentrations of the different PAHs in 

the certified soil were between 5% and 20%. The certified soil was extracted and measured identically 

to the field samples. The recovery rates (9 replicates) in our tests were typically above 100% and 

higher than the reported recovery (Tab. 3.3), which might be because of more efficient extraction or 

other unknown reasons. However, the recovery rates are rather stable in the 9 replicates, so it still 

indicates reliable detection qualification.  

Tab. 3.3 Average concentration recovery rate of the PAHs tested with certified soil 

PAH compound naph fluorene phen anthra fluor pyrene BaA 

Recovery rate (%) 126.69 121.04 110.07 141.96 110.64 113.39 114.00 

PAH compound chry BbF BkF BaP IncdP BghiP 

 Recovery rate (%) 131.56 150.82 117.73 102.80 171.53 139.44 

 

The quantification limit for the GC-MS analysis was between 10 and 25 pg of injected mass in a 

standard, depending on the PAH compound. For soil samples the detection limit is also dependent on 

the background noise of chromatograms. This corresponds to 3 – 7 ng/g of individual PAHs in the soil 

samples, depending on the amount of soil extracted and the volume of the eluates concentrated. The 

limit corresponds to 10 – 25 ng/L of individual PAHs in the water samples.  

3.4 Sediment core dating  

Three of the cores were dated using the thermonuclear by-product 
137

Cs with a half-life of 30.17 years. 

The three cores are located in Meiliang Bay (ML35 and ML36) and Zhushan Bay (ZS42) (Fig. 3.1). 

Since a certain mass was required for the determination of 
137

Cs activities, some adjacent layers of 

core samples were combined and each dating sample ranges between 2 and 8 cm in length and 

between 15.1 and 29.9 g in weight. 
137

Cs activity measurements were carried out with low-level 

gamma-spectroscopy based on the distinct 
137

Cs gamma emission energy of 661 keV, using a n-type 

coaxial Low-Energy HPGe detector (ORTEC) with an active volume of 39 cm
3
 and a 0.5 mm Be 

window. The detector efficiency and measuring geometry were calibrated with the certified reference 

material “IAEA-375 SOIL”. Each of the samples was measured at least 24 hours in 32 cm
3
 cylindrical 

capsules, and spectra analysis was performed with the software GAMMA-W
®
.  
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Fig. 3.6 Molecule structure of the 20 PAHs.  

Tab. 3.4 Physicochemical properties of the 20 PAHs
*
 

PAH 

compound 

molecular 

formula 

molecular 

mass 

(g/mol) 

vapor 

pressure 

(Pa) 25 °C 

water 

solubility 

(mg/L) 25°C 

Henry 

constant  (–) 

25 °C 

logKow 

(–) 

naph C10H8 128 11.3 31 1.80*10
-2

 3.35 

2methylnaph C11H10 142 7.33 24.6 2.12*10
-2

 4 

1methylnaph C11H10 142 8.93 25.8 2.10*10
-2

 3.87 

acenaphthy C12H8 152 8.90*10
-1

 16.1 4.66*10
-3

 3.94 

acenaphthe C12H10 154 2.87*10
-1

 3.9 7.53*10
-3

 3.92 

fluorene C13H10 166 8.00*10
-2

 1.69 3.93*10
-3

 4.18 

phen C14H10 178 1.61*10
-2

 1.15 1.73*10
-3

 4.46 

anthra C14H10 178 1.07*10
-3

 4.34*10
-2 

2.27*10
-3

 4.45 

fluor C16H10 202 1.23*10
-3

 2.6*10
-1

 3.62*10
-4

 5.16 

pyrene C16H10 202 6*10
-4

 1.35*10
-1

 4.87*10
-4

 4.88 

BaA C18H12 228 2.8*10
-5

 9.4*10
-3

 4.91*10
-4

 5.76 

chry C18H12 228 8.3*10
-7

 2.00*10
-3

 2.14*10
-4

 5.81 

BbF C20H12 252 6.67*10
-5

 1.5*10
-3

 2.69*10
-5

 5.78 

BkF C20H12 252 1.05*10
-7

 8.00*10
-4

 2.39*10
-5

 6.11 

BaP C20H12 252 1.03*10
-4

 1.62*10
-3

 1.87*10
-5

 6.13 

BeP C20H12 252 2.59*10
-6

 6.3*10
-3

 1.23*10
-5

 6.44 

perylene C20H12 252 1.33*10
-3

 4.00*10
-4

 1.49*10
-4

 6.25 

DahA C22H14 278 1.33*10
-8

 2.19*10
-3

 5.03*10
-6

 6.75 

BghiP C22H12 276 1.33*10
-8

 2.6*10
-4

 1.35*10
-5

 6.63 

INcdP C22H12 276 1.67*10
-8

 1.9*10
-4

 1.42*10
-5

 6.7 

*
: Achten, C. and Andersson, J.T., 2015. Overview of polycyclic aromatic compounds (PAC). Polycyclic 

aromatic compounds, 35(2-4), pp.177-186. 
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4 Results and discussion 

The results and discussion chapter consists of three parts. First, the spatial and temporal distribution of 

PAHs in the sediments is discussed without considering perylene (4.1). Then the perylene 

distributions in the sediments are interpreted (4.2). Finally, the PAHs in the water body are presented 

(4.3).  

4.1 Sedimentary archive of PAHs in the sediments 

To understand the PAH distribution in the sediments, first the results of a literature review on the 

industrial development with the associated emission sources in China and the region of Lake Taihu 

are presented. Also, the response of the Chinese government to the increased environmental pollution 

in terms of legislation that might have affected the PAH emissions and therefore deposition of PAHs 

in the sediments are explained (4.1.1). Then, the dating results of three sediment cores are presented 

that allow for a temporal resolution of the sediment deposition (4.1.2). Based on this, the spatial and 

temporal distributions of PAH concentrations in the sediments are discussed without considering 

perylene (4.1.3). In addition to the total PAH concentrations, also the profiles of PAH patterns 

(concentration fraction of 4 light PAHs and 6 heavy PAHs) in the cores are interpreted for the history 

of PAH input variations (4.1.4). Furthermore, concentration ratios of four groups of isomers 

(phen/anthra, fluor/pyrene, BaA/chry and INcdP/BghiP) were calculated from both the sediment 

results and literature data with different emission sources to validate the methods applied for PAH 

source track in the environment (4.1.5). Finally, the PAH concentrations were compared with toxicity 

thresholds from three national guidelines (4.1.6).  

4.1.1 Potential PAH emissions in the area 

In principal, the PAH concentration patterns together with the information on sediment age can be 

used to reveal the historical input of PAHs into the sediments. Coal and oil are the major energy 

sources in China (Crompton and Wu, 2005; Wang and Feng, 2003), hence PAH abundance in the 

sediments is a crucial indicator of energy consumption and industrial and economic development. 

After the People's Republic of China was established in 1949, China started intensifying the 

development of industry and economy, particularly in coastal areas (Fan, 1995), which was 

accompanied with a considerable increase in consumption of coal and oil (Liu, 2008; Jiang and Zhang, 

2005). Furthermore, the reform and opening-up Policy in China, implemented from 1978, was 

associated with rapidly growing urbanization and industrialization (Yeh et al., 2011; Chen et al., 

2013). 

PAH concentration profiles in the sediment should be somewhat consistent with PAH emissions, 

energy consumptions, energy structure changes (Fig. 2.2) and also with the effects of environmental 

measures in this area. PAH emission rate (emissions per kg of coal) from residential coal combustion 

is generally two to three orders of magnitude higher than that from coal power plant and industrial 

coal boiler (Zhang et al., 2008; Liu et al., 2009; Yang et al., 1998), so PAHs from 

residential coal combustion should be carefully considered. In this area, the consumption of 

residential coal combustion continuously decreased from 3.88 million tons in 1995 to 0.06 million 

tons in 2015, and the sum of the consumptions in heating, power generating, industries and coking 

increased from 81.72 million tons in 1995 to the maximum 275.68 million tons in 2013. The 

decreased PAH emissions from residential combustion could therefore have at least partly 

compensated the increased emissions from the other coal combustion sources.  
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To control atmospheric pollution, the Chinese government enacted the first environmental standard 

“Discharge and emission standards of three industrial wastes” (GB J4-73) in 1973, and thereafter 

specifically introduced a series of updated emission standards for coal power plants and boilers (Yuan 

et al., 2017). Soot and dust emission is one of the main concerns in all of the standards, so the 

emission of PAHs bound in these particles are also controlled. Due to the dramatic increase of coal 

consumption and serious pollution situations in China, more stringent environmental policies and 

advanced technologies have been implemented to mitigate pollution since the late 1990s. For example, 

to develop clean coal technologies, Chinese government conducted some programs to replace small 

inefficient units with large power projects, and to apply supercritical and ultra-supercritical pulverized 

coal technology and coal transfer technologies in the last 2 – 3 decades (Chen and Xu, 2010; Chang et 

al., 2016; Qi et al., 2012; Horbach et al., 2014); some equipment have been installed to improve 

combustion efficiency and prevent particle emission from coal combustion after 2000, such as 

electrostatic precipitator (ESP), circulating fluidized beds (CFB), integrated gasification combined 

cycle (IGCC) and carbon capture and storage (CCS) (Chen and Xu, 2010; Qi and Yuan, 2011; Chang 

et al., 2016). Therefore, the structural change of coal consumption and the application of the clean 

coal measures might mitigate environmental pollution from the significant increase of coal 

consumption (Fig. 2.2a). 

With the sharp increase in the number of vehicles (Fig. 2.2c), exhaust contamination also poses 

considerable stress on environmental quality in China, so great efforts have been made on the 

improvement of vehicle emission control and fuel quality in the last two decades. Emission factors of 

hydrocarbons and particles decrease noticeably from vehicle emission levels of China 0 to China V, 

the China I was implemented in around 2000, the China II was in around 2004, the China III was in 

around 2008, the China IV was after 2010, and the China V was started from 2018 (Shen et al., 2015; 

Lang et al., 2014; Wu et al., 2017). Accordingly, upgraded fuel quality standards have been 

promulgated step by step to meet vehicle emission standards (Yue et al., 2015; Wu et al., 2017). In 

addition, some typical control technologies have been gradually adopted to vehicles, such as 

electronic fuel injection, three-way catalyst and on-board diagnosis in gasoline passenger cars, and 

turbo-charge, inter-cooling, exhaust gas recirculation, diesel oxidation catalyst and diesel particulate 

filter in heavy-duty diesel vehicles (Wang et al., 2012).  

Vehicle exhausts contain PAHs in both gas and particle phases, and their emission rates can also be 

reduced by the advanced environmental measures. For example, vehicles equipped with catalyst 

perform over 20-fold lower PAH emission rate than that without catalytic converter (Rogge et al., 

1993; Westerholm et al., 1989; Schauer et al., 2002); vehicles equipped with diesel particle 

filter can significantly reduce hydrocarbon and particle/soot emissions (Tan et al., 2017; 

Tzamkiozis et al., 2010; Caliskan and Mori, 2017; Biswas et al., 2009; Ayala et al., 

2002). In addition, heavy-duty vehicles present one to two orders of magnitude higher emission 

factor (per liter fuel) than light-duty ones in some specific PAHs (Marr et al., 1999; Phuleria et 

al., 2006). Therefore, due to these environmental measures on vehicle emissions, the increase of 

PAH emissions from vehicles could be lower as expected from the increase of oil consumption in 

transport from 1.47 million tons in 1995 to 12.25 million tons in 2015 (Fig. 2.2b) and the increase of 

the number of vehicles from 1.42 million in 2002 to 26.64 million in 2016 (Fig. 2.2c).  
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4.1.2 Dating of the cores 

The presence of anthropogenic 
137

Cs in the environment of the northern hemisphere can be traced both 

to the atmospheric testing of nuclear weapons in the late 1950s and the early 1960s and to major 

accidents in nuclear power stations, i.e. the Chernobyl accident in 1986. The latter produced a less 

uniform and laterally more limited pattern since the fallout was associated with complex short-term 

weather patterns (in particular rain). Whereas (for this reason) no Chernobyl fallout is known for the 

southern hemisphere, the nuclear weapon testing fallout is traceable in both the north and the south, 

appearing in the south about two years later (Rowntree and Foster, 2012). 

 

Fig. 4.1 Vertical distribution of 
137

Cs activities in the three dated cores. 

Sediment deposition rates in the three locations were measured based on 
137

Cs activities in the cores 

taken from that locations. Fig. 4.1 shows that the 
137

Cs activities are rather low and only detectable in 

the upper around 20 cm of the three cores, which is comparable to the results reported by others (Xue 

and Yao, 2011; Liu et al., 2004). Although the detected 
137

Cs activities in the cores do not show any 

distinct peak related to any of the events, the deepest layer (at ca. 20 cm depth) at which 
137

Cs was 

detected can be consequently dated to around the 1960s. This would indicate that an average 

sedimentation rate at these three locations is around 3 – 4 mm/a, which is similar to the rates reported 

by Xue and Yao (2011) and Liu et al. (2009), and is also reasonably consistent with the chronological 

results of spheroidal carbonaceous particles (Cao et al., 2013; Liu et al., 2012). These three locations 

are some km away from the lakefront and also away from the inflows into the lake. The sedimentation 

rates therefore represent most likely the average rate in the northern part of the lake, but might not be 

representative for the areas close to the lakefront and river outlets due to more intense sediment input. 

4.1.3 PAHs in the surface sediments and the cores 

Riverine runoff and atmospheric deposition are the two main pathways responsible for PAHs and 

sediment input to a lake (Zakaria et al., 2002; Ferrey et al., 2018). Riverine runoff may potentially 

contribute more significant pollutant and particle loads to lake systems, as rivers typically receive 

treated or untreated domestic wastewater, industrial effluents, and surface runoff (Pal et al., 2010; 

Wolf et al., 2013). These factors may lead to higher deposition rates and PAH concentrations in the 

sediment close to river inflows.  

Fig. 4.2 shows the spatial distribution of the total PAH concentrations, without considering perylene, 

in the surface sediments. The concentrations range from around 150 ng/g to around 2300 ng/g. The 

higher concentrations (above 1000 ng/g) are found close to the inflow in Zhushan Bay (locations 8-23, 
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4-41 and 3-18) and in the northwestern part of Meiliang Bay (location 8-24). The concentrations at the 

other locations are typically below 1000 ng/g. These distribution patterns, with the higher 

concentrations located close to the inflows, reveal that the inflow rivers are the major current 

pathways for PAH input. 

 

Fig. 4.2 Concentration distribution of the sum of the 19 PAHs (without perylene) in the surface sediments. 

Three sediment cores were also taken close to the inflows in Zhushan Bay (ZS23), and in the 

northwestern and northeastern part of Meiliang Bay (ML7, ML24) (Fig. 3.1). In line with the results 

of the surface sediments, the three cores show the by far highest PAH concentrations (without 

perylene), reaching up to 5000 ng/g in core ML24 (Fig. 4.3). These three cores have a length of 40 cm 

(ZS23), 34 cm (ML7) and 18 cm (ML24), respectively, and their concentrations remain high 

throughout the cores. The other cores (ML6, ML35, ML36, ML43, ZS42) collected further away from 

the inflows in the two bays, however, show consistently low background concentrations (below 

around 150 ng/g) in the deeper layers and comparably high concentrations only in the upper 10 – 20 

cm. These results suggest that the sedimentation rates in the area close to the inflows are substantially 

higher than the average rate of 3 – 4 mm/a in the other locations, and that the rivers connected to the 

northern part of these two bays are the main pathway for PAHs and sediment input into the lake. 

These general findings are also reflected in the three cores (ML6, ML35 and ML36) located with 

increasing distances from the river outlets in Meiliang Bay (Fig. 3.1). These cores present similar 

concentration profiles, with background concentrations in the deeper layers and higher concentrations 

in the upper layers (Fig. 4.3). The concentrations increase from a depth of 28 cm (ML6), 26 cm 

(ML35) and 22 cm (ML36), respectively, which indicate that the sedimentation rates in the three 

locations decrease with increasing distances from the river outlets. In addition, core ML36 has lower 

concentrations in the upper layers compared to the other two cores, in line with the greater distance 

from river inflows. The two cores located in the south of Zhushan Bay (ZS42) and Meiliang Bay 

(ML43) show even lower sedimentation rates and also lower PAH concentrations (350 – 450 ng/g) in 

their upper layers. Their consistent concentration distributions coincide with their close location 

distribution and the water flow direction from the northwestern to the eastern area of the lake (Hu et 

al., 2010), that is, from location ZS42 to ML43. Consequently, combining the PAH concentration 
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profiles and the dating results with an average sedimentation rate of 3 – 4 mm/a in the sediments away 

from inflows, the significant increases of the PAH concentrations documented in cores ML6, ML35, 

ML36, ML43, and ZS42 would start from the late 1950s.  

 

Fig. 4.3 Concentration profiles of the sum of the 19 PAHs (without perylene) in the cores. 

Three cores (GH4, GH38 and GH11) were taken from Gonghu Bay (Fig. 3.1). Taihu Lake is a crucial 

drinking water source in this region, especially Gonghu Bay provides water to 4 major water 

treatment works covering 80% of drinking water supply in Wuxi City (Qin et al., 2010; Tao et al., 

2010). Gonghu Bay is connected to the Yangtze River through the Wangyu River. In order to alleviate 

algae blooms in Taihu Lake, a project (WTYT project) was started in 2002 to transfer water from the 

comparatively low nutrient status Yangtze River to Taihu Lake through the Wangyu River (Zhai et al., 

2010). In addition, sediment dredging was conducted around ten years ago to remove contaminated 

sediments from the bay (Liu et al., 2010; C. Liu et al., 2016; Chen et al., 2018). These activities likely 

had an impact on the contamination patterns and thickness of the sediments. The three cores show 

significantly different concentration profiles that consequently might be influenced by the activities in 

this bay and may not represent the original stratification.  

As PAHs are mainly input by river runoff in the northern part of Taihu Lake, so PAHs in the sediment 

deposited after 2000 should, to a great extent, explain the same period of PAH input and discharge 

from the local area. The energy consumption increased significantly after 2000 (Fig. 2.2), but the sum 

of the 19 PAH concentrations are rather stable in the sediment layers deposited in the corresponding 

period (Fig. 4.3). In addition to the change of the energy structure and the environmental measures in 

coal combustion and vehicle exhaust (explained in 4.1.1), which could contribute to the rather stable 

PAH concentrations in the sections of the cores deposited in the last three to four decades, another 
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contribution might be sediment disturbance in the lake. Wind-driven waves can result in upper-layer 

sediment disturbance and resuspension in shallow aqueous environment (Bachmann et al., 2000; Cai 

et al., 2012; Li et al., 2018), which is accompanied with contaminants and nutrients release and 

remobilization in sediments (Qin et al., 2006; Søndergaard et al., 1992; Bogdan et al., 2002). 

Therefore, that the PAH concentration profiles do not match the significant increase of energy 

consumptions in this area might be somewhat attributed to the sediment disturbance and PAHs 

resettlement in the lake sediments. In addition, there might be other reasons which can explain the 

unmatched PAH concentrations in the sediment and the amount of energy consumptions in the study 

area, but they are not known yet. 

4.1.4 PAH patterns in the cores  

The concentration profiles of the sum of the 19 PAHs present the background level of PAH 

abundance in the deeper layers of the sediment and also confirm anthropogenic impacts on PAH 

existence and distributions in the upper layers of the sediment. Considering general PAH sources and 

the changes of the energy structures in the study area, PAH input to the sediment should be certainly 

altered corresponding to the potential sources during the last decades. Especially, in addition to the 

concentration profiles in the cores, there should be more interpretable information to explain PAH 

input resulting from energy consumptions. Based on this surmise, PAH patterns in the cores are 

further interpreted to illustrate the historical PAH input corresponding to the varying PAH sources 

and energy structures in the local area.  

The concentrations of 4 light PAHs (phen, anthra, fluor, pyrene) and 6 heavy ones (BkF, BaP, BbF, 

BeP, INcdP, BghiP) typically account for 70% – 80% of the concentrations of the 19 PAHs 

determined in the cores (perylene is excluded) (Fig. 4.4b), so these ten PAHs are selected as 

references for PAH input interpretation in the sediment. The concentration profiles of the two groups 

of PAHs are shown in Fig. 4.4a. In Fig. 4.4b, except cores GH38 and ZS23, the concentration 

fractions of the heavy PAHs are typically double of the fractions of the light ones in the other cores, 

and it is consistent that the fractions of the heavy PAHs increase with decreasing depth of the cores, 

but the fractions of the light ones present the inverse trends. In core GH38, however, the fraction 

distributions of the two groups of PAHs are as opposite as that in most of the cores, but the reason for 

this remains unclear. In addition, the concentration fractions of the light PAHs in core ZS23 remain 

around 40% in the whole core, but the heavy ones present certain variations in the upper layers. 

According to the dating results (Fig. 4.1) and the PAH concentration profiles (Fig. 4.3), the deeper 

layers of cores ML35, ML36, ML6, ZS42, GH4 and GH11 with higher concentration fractions of the 

light PAHs compared to the fractions of the heavy PAHs were deposited before the 1950s (before 

industrialization). 
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Fig. 4.4 Profile of concentrations (a) and concentration fractions (b) of the 4 light molecular PAHs (178 + 202: 

phen + anthra + fluor + pyrene) and of the 6 heavy ones (250 + 252 + 276: BkF + BaP + BbF + BeP + INcdP + 

BghiP) in the cores. 

Since sediments can act as archives for contaminant input from anthropogenic activities, the trends of 

PAH patterns in these cores should strongly indicate the variations of PAH emissions in this area 
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during the last decades. As coal and oil have been the main energy sources and wood has been 

gradually phased out since industrialization in this area, their PAH emission patterns are specifically 

taken into account to explain the potential reasons for the variations of the PAH patterns in the 

sediment. Literature data on PAH emissions from heavy-duty vehicle exhaust (HDVE), light-duty 

vehicle exhaust (LDVE), coal coking (CC), coal power plant (CPP), residential coal combustion 

(RCC) and wood combustion (WC) were collected to show the differences of their emission patterns 

between the groups of the light and the heavy PAHs (Fig. 4.5a). Due to the gradual application of 

particle intercept equipment and their intercept effect on the emissions of particle fraction and PAHs, 

the distributions of the ten PAHs in ultrafine and fine particles are shown in Fig. 4.5b.  

There is noticeably higher emission rate of the light PAHs than the emissions of the heavy ones from 

wood combustion compared to the emission patterns from the other sources shown in Fig. 4.5a. This 

could be the main reason that higher concentration fractions of the light PAHs occur in the deeper 

layers of cores ML35, ML36, ML6, ZS42, GH4 and GH11 with background PAH concentration 

levels, which were deposited before industrialization (the 1950s) when wood was an important energy 

source in this area. Thereafter, when industrialization started, coal and oil gradually took over the 

energy sources, especially coal was the dominant energy source, which changed the concentration 

profiles (Fig. 4.3) and the PAH patterns (Fig. 4.4b) in the sediment. Considering the energy structure 

and economic development, the consumption in RCC should continuously decrease, but the other 

parts of coal consumption should rapidly increase during the last decades, which should be, to a great 

extent, consistent with the structure trends of coal consumption before 2010 shown in Fig. 2.2a. 

Comparing the emission patterns from CC, CPP and RCC, the emission fraction of the heavy PAHs 

from CC and CPP are slightly higher than that from RCC (Fig. 4.5a). Therefore, combing the amount 

and the structure of coal consumption and their respective emission patterns, the emission fractions of 

the heavy PAHs from coal combustion are certainly increasing compared to their emission fractions 

of the light PAHs.  

 

Fig. 4.5 a, Emission rate ratios between the 4 light molecular PAHs (178 + 202: phen + anthra + fluor + pyrene) 

and the 5 heavy ones (250 + 252 + 276: BkF + BaP + BbF + INcdP + BghiP) (BeP is not involved in the 

calculation due to data limit from literature data) from different emission sources (HDVE: heavy-duty vehicle 

exhaust; LDVE: light-duty vehicle exhaust; CC: coal coking; CPP: coal power plant; RCC: residential coal 

combustion; WC: wood combustion); b, concentration ratios of PAHs bound in ultrafine particles (1 µm + 0.35 

µm/– 0.05 µm) and fine particles (> 1 µm). The number of data and literatures involved in these two figures are 

presented in Tab. 4.1 and Tab. 4.2, respectively.  
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Tab. 4.1 Number of literatures and data batches involved in the calculation of the emission ratio in Fig. 4.5a 

data involved LDVE HDVE CC CPP RCC WC 

number of literature 3 5 6 10 7 9 

number of data batch 9 12 17 32 37 45 

The data references are presented in literature data reference part (Fig. 4.5a data reference). 

Tab. 4.2 Number of literatures and data batches involved in the calculation of PAH distribution patterns in 

particle size in Fig. 4.5b 

data involved phen anthra fluor pyrene BkF BbF BaP BeP INcdP BghiP 

number of literature 8 7 9 8 9 10 9 7 9 9 

number of data batch 27 23 31 27 37 39 28 23 35 35 

The data references are presented in literature data reference part (Fig. 4.5b data reference). 

It is worthy to point out that the samples for PAH analyses from CPP were typically collected from 

combustion ash in the power plants rather than from the plant emissions in the environment. A series 

of particle intercept equipment have been applied to coal power plants and boilers in China, but these 

equipment cannot effectively intercept ultrafine particles (< l.0 µm) (You and Xu, 2010; Chen and Xu, 

2010; Zhao et al., 2010; Yi et al., 2006). Around or even more than 50% of emitted PAHs are bound 

to organic particles with less than 1 µm diameter from the combustion of various fuels (Shen et al., 

2010a; Chen et al., 2004; Wang et al., 2016a; Shen et al., 2011; Venkataraman et al., 2002; 

Venkataraman et al., 1994), hence a certain amount of PAHs associated with ultrafine particles are 

still emitted from coal combustion boiler with emission-controlled equipment to the environment. 

Meanwhile, the six heavy PAHs tend to be associated more with ultrafine particles rather than with 

fine particles compared to the distributions of the four light PAHs (Fig. 4.5b), that is, higher fractions 

of the heavy PAHs are emitted through the particle intercept equipment. Consequently, the factors 

from coal combustion contributing to the concentration fraction profiles of the heavy and the light 

PAHs in the sediments can be summed as the decrease in the consumption of RCC, the significant 

amount of coal consumption in CPP and other industrial boiler, the particle intercept effect on the 

emission fraction of particle size, and the heavy PAHs and the light PAHs distribution in the particle 

size.      

Comparing the PAH patterns from LDVE and HDVE, there is noticeably higher emission fraction of 

the heavy PAHs from LDVE than the fractions from HDVE (Fig. 4.5a). Combing the linear increased 

oil consumption in transport (Fig. 2.2b), the exponentially increased number of the light-duty vehicles 

(Fig. 2.2c) and the differences of the emission patterns between LDVE and HDVE, vehicle exhaust, 

especially from light-duty vehicles should also contribute to the consistent concentration fraction 

profiles between the light and the heavy PAHs in the cores.  

The reason is not clear for the different concentration fraction patterns of the two groups of PAHs in 

cores GH38 and ZS23 yet (Fig. 4.4). Core ZS23 is located close to the river outlet in Zhushan bay 

where is surrounded by agricultural area, so there still could be some straw burning activities, even 

though they have been banned in China. In addition, there should be residential coal combustion in 

the rural area. Straw burning and residential coal combustion can emit higher concentration fraction of 

the light PAHs than the heavy ones into the environment, which might be the reason that there are 

higher fractions of light PAHs than the fractions of the heavy ones in core ZS23. However, core 

GH38 shows the opposite trend as that in most of the cores. Some special activities should occur in 

this location, since the trend of the sum of the 19 PAH concentrations also presents differently from 

that of the other cores.   
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4.1.5 Applicability of PAH source track methods  

With the intensive energy consumption, pyrogenic processes dominantly contribute PAH input to the 

environment, and environmental compartments act as sinks for PAH input from various sources. 

Some methods have been frequently employed to identify PAH input sources such as coal combustion, 

vehicle exhaust and wood combustion in the environment. The methods include isomer ratios (Pies et 

al., 2008; Liu et al., 2010; Yunker et al., 2002), chemical mass balance model (CMB) (Hanedar et al., 

2011; Lee and Kim, 2007; Li and Kamens, 1993) and statistics such as principal component analysis, 

cluster analysis, positive matrix factorization, unmix (Liu et al., 2009; Pies et al., 2008; Liu et al., 

2010; B. Yang et al., 2013; Zhang et al., 2012). The application of these methods is based on two 

assumptions: one is that PAH patterns emitted from different combustion materials are specifically 

distinguishable; another one is that PAH patterns maintain stable after emitted to the environment. To 

validate the efficiency of these methods, we use literature data on PAH emission patterns from 

different sources to validate the first assumption, and use our sediment results to validate the second 

assumption.  

4.1.5.1 PAH patterns in potential emission sources 

The emission ratios of four groups of isomers, phen/anthra, fluor/pyrene, BaA/chry and INcdP/BghiP 

from different sources are presented in Fig. 4.6, and the numbers of literatures and data batches 

involved in the calculations are shown in Tab. 4.3. These data are used to characterize the PAH 

emissions from various anthropogenic activities including coal coking (CC), coal power plant (CPP), 

residential coal combustion (RCC), vehicle exhaust (VE) and wood combustion (WC). The four 

groups of the isomer ratios from these sources overlap obviously and even cannot be qualitatively 

distinguished. Therefore, PAH patterns from different sources are not specific and the first assumption 

is not valid for the methods of PAH source track in the environment. This can also be somewhat 

supported by the ambiguity of the emission ratios between the four light PAHs and the six heavy 

PAHs from these sources in Fig. 4.5a. 

The data describing the emission ratios from wood combustion are collected from the combustion of 

various kinds of wood with different combustion equipment, hence the wide range of the four isomer 

ratios should be attributed to the different wood and combustion condition involved in the 

experiments. By contrast, even though coal coking requires very strict coal quality and certain 

temperature (Díez et al., 2002), the four ratios are still in rather wide ranges comparable to that of 

the other sources, especially fluor/pyrene and INcdP/BghiP. The large variations of the ratios from 

coal power plant and residential coal combustion can be attributed to several factors such as the 

maturity and type of the coal (Chen et al., 2005; Masclet et al., 1987; Shen et al., 2010b), combustion 

temperature (Liu et al., 2009; Pergal et al., 2013), oxygen excess (Mastral et al., 2000; 1999), 

residence time (Liu et al., 2000) and the combustion equipment (Pergal et al., 2013; Wang et al., 

2016b). The wide range of the ratios from vehicle emissions can result from different fuels, lubricant 

oil, catalyst effect, ambient temperature, engine model, operation mode, vehicle mileage 

(Westerholm et al., 1988; Rogge et al., 1993; Mi et al., 1996). Furthermore, the general 

reason for the wide variations of the emission ratios could be that the data were collected from a 

considerable number of literatures whose samples were processed in different laboratories. However, 

the variation ranges of the ratios from VE and WC with large number of data are comparable to the 

ranges of the ratios from the other sources with less number of data, so the variation ranges of the 

ratios are not significantly dependent on the number of literature and data involved. The reasons for 
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the ratio variations, therefore, should be principally attributed to combustion materials, equipment and 

conditions.  

The isomer ratios from the sediment cores are also presented in the right side of each figure (Fig. 4.6). 

They are the concentration ratios from all of the sediment cores (ASC), from two cores ZS23 and 

ML24 with markedly high concentrations (SCHC), and also from the deepest layers of six cores ZS42 

(19 – 24 cm), ML43 (15 – 16 cm), ML36 (21 – 24 cm), ML35 (27 – 38 cm), ML6 (27 – 30 cm) and 

GH11 (11 – 12 cm) with background PAH concentration level (SCBC). As explained in Fig. 4.3, the 

sediments in cores ZS23 and ML24 were probably only deposited during the last three to four decades 

and PAHs in the cores mainly originate from pyrogenic processes, but PAHs in the deepest layers of 

the six cores deposited before industrialization should have a high proportion of petrogenic origins. 

The ratios from the three groups of samples are plotted to explain that whether PAH sources can be 

somewhat distinguished with the isomer ratios. However, only the ratio of phen/anthra presents 

certain discrepancy between samples SCHC and SCBC, and the ratios from these sediment samples 

overlap with the ratios from all of the combustion sources.  

 

Fig. 4.6 Isomer ratios of PAH emissions from different sources (the circles are outliers and the asteroids are 

extreme outliers. The abbreviations, CC: coal coking; CPP: coal power plant; RCC: residential coal combustion; 

VE: vehicle exhaust; WC: wood combustion; ASC: all of the sediment core samples; SCHC: the sediment core 

samples with high concentrations; SCBC: the sediment core samples with background concentration level). The 

data and literatures involved in the figure are presented in Tab. 4.3. 

In these literatures, their samples for PAH emission measurement were collected directly at the 

sources, so the ratios are assumed to be the initial values without alteration. However, the ratios from 

same source vary largely and there are in most cases no distinct differences among the different 
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sources in the four groups of ratios (Fig. 4.6). As a result, if different sources simultaneously emit 

PAHs and the emissions mix in the environment thereafter, then it will be even more complicated to 

distinguish the different sources based on the simple PAH source track methods. In addition, once 

PAHs enter the environment, the fractions of their homologues and the isomer ratios will keep 

altering during transport and deposition due to partitioning characteristics (Dachs and Eisenreich, 

2000; Lohmann and Lammel, 2004), photolysis (Kim et al., 2009; Behymer and Hites, 1988) 

and biodegradation conducted by white-rot fungi, algae and bacteria (Wang et al., 2018; Ren et 

al., 2016; Haritash and Kaushik, 2009) . 

Tab. 4.3 Number of literatures and data batches involved in the calculations of the four groups of isomer ratios 

from different sources in Fig. 4.6 

         sources CC CPP RCC VE WC ASC SCHC SCBC 

ratios a b a b a b a b a b a a a 

phen/anthra 17 6 23 10 52 9 90 13 62 12 147 29 15 

fluor/pyrene 17 6 40 12 58 10 101 15 83 13 147 29 15 

BaA/chry 17 6 33 11 58 10 75 10 70 11 147 29 15 

INcdP/BghiP 17 6 22 9 47 8 82 14 66 13 147 29 15 

a: the number of data values; b: the number of literatures; the data references are presented in literature data 

reference part (Fig. 4.6 data reference) 

Different combustion materials emit various size fractions of particles (Helble and Sarofim, 1989; 

Chang et al., 2004; Maricq et al., 1999)  and PAH distributions in different particle sizes are 

somehow dependent on seasonality, for example, more PAHs were found in smaller particles in 

winter than in other seasons (Pierce and Katz, 1975; van Vaeck and van Cauwenberghe, 

1978). Atmospheric deposition is one of the main pathways that contaminants bound to particles 

enter soils or aqueous environment compartments (Ferrey et al., 2018), and deposition processes 

incline to scavenge a certain size range of particles (Andronache, 2003; Kauppr and Mclachlan, 

1999; Main and Friedlander, 1990). Therefore, the effect of particle bind and atmospheric 

deposition can, to a large extent, change the gas/particle partitioning and deposition rate of individual 

PAHs (Allen et al., 1996; Masclet et al., 1988). PAHs with longer-residence time in the 

atmosphere, either sorbed to particles or in gas phase have higher potential to be photodegraded. In 

addition, it has been found that PAHs bound to different adsorbent materials such as black carbon, 

coal fly ash, graphite and diesel particles with different carbon content or physicochemical properties, 

have different potentials to be degraded by NO2 and OH radicals in the atmosphere (Behymer and 

Hites, 1988; Weissenfels et al., 1992; Esteve et al., 2006; Esteve et al., 2004) . 

Consequently, before deposition into soil or aqueous environment, ambient effects in the atmosphere 

have changed initial PAH patterns depending on PAH properties and sorbent substrate, which should 

not be neglected in PAH source interpretation in the environment. The patterns change from emission 

sources to environmental receptor medias has also been verified by fugacity models in some selected 

PAHs (Zhang et al., 2005) 

The general used isomer ratios phen/anthra < 10, fluor/pyrene > 1, INcdP/BghiP > 1 and BaA/chry > 

0.5 suggest pyrogenic PAH sources (Yunker et al., 2002; Chen et al., 2012), but the isomer ratios 

originating from pyrogenic processes shown in Fig. 4.6 are not consistent with these indicator values. 

Especially, the ratios of fluor/pyrene and INcdP/BghiP are noticeably out of the thresholds of the 

common-used isomer ratios. As a consequence, the three aspects, the overlap of the isomer ratios 
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from different PAH sources, the indistinguishable ratios in the sediment and the ambient effect 

varying PAH patterns during transport and deposition, demonstrate that the two assumptions for the 

PAH source track methods (isomer ratios, CMB model, statistic analyses) are not reliable. Moreover, 

the spatial and temporal variations of the isomer ratios from the sediment results are further analyzed 

to verify this conclusion. 

4.1.5.2 PAH patterns in the sediment 

Spatial variation of the patterns 

Considering the area of the northern part of Taihu Lake, it is reasonable to assume that PAH 

deposition from the atmosphere in this part of the lake is spatially similarly distributed, hence the 

different PAH patterns in this part of the lake should be attributed to different input by river runoff 

and/or to degradation/partitioning effects occurring in the lake system. Combing the inflow 

distributions around the northern part of the lake (Fig. 3.1) and the PAH concentration profiles in the 

sediment cores (Fig. 4.3), the cores (ML6, ML7, ML24, ML35, ML36, ML43 and ZS42) located in 

Meiliang bay and the southern area of Zhushan bay are taken into account to discuss the spatial 

variations of the PAH patterns in the lake. PAHs in these locations are related to distinct river inputs 

and transport pathways explained in 4.1.3 part, from the two locations ML24 and ML7 located close 

to the river outlets to locations ML6, ML35, ML36 with water flow direction, and from location ZS42 

to ML43. To be temporal consistent, only the upper layers of cores ML6, ML35, ML36, ZS42 and 

ML43 with relatively stable and high PAH concentrations are considered to interpret the spatial 

variations of PAH patterns. The whole lengths of cores ML24 and ML7 are considered, as they show 

consistently high concentrations throughout the cores whose deposition age should correspond to the 

age of the upper layers of the five other cores. As a result, PAH patterns variation among these 

locations can be attributed to degradation/partitioning effects in the lake system rather than to input 

differences in these locations. Here, we use the four groups of the isomer ratios as indicators to verify 

the spatial variations of PAH patterns in the sediment (Fig. 4.7).   

The four isomer ratios from the 7 cores vary noticeably from location to location (Fig. 4.7). There are 

some researches on the resistance differences between each group of the isomers. For example, Phen 

is more resistant than anthra in adsorbed particles under photolysis (Behymer and Hites, 1988; 

Bertilsson and Widenfalk, 2002) , ozonation (Perraudin et al., 2007; Vollmuth and Niessner, 

1995) and degradation and uptake by specific microorganisms (Schützendübel et al., 1999; 

Sanseverino et al., 1993; Moody et al., 2001; Tang et al., 2007); fluor is more resistant than pyrene by 

the degradation of some specific organisms (Schützendübel et al., 1999; Juhasz et al., 1997), but it is 

inverse by the degradation of some other organisms (Somtrakoon et al., 2008; Zhong et al., 2011); 

chry is more resistant than BaA in photochemical degradation (Behymer and Hites, 1988), 

atmospheric decay (Masclet et al., 1986; Kamens et al., 1988), ozonation (Vollmuth and Niessner, 

1995) and biodegradation (Wolter et al., 1997; Baldrian et al., 2000) in various particles. In addition, 

there are rather consistent differences in the half-lives of phen and anthra (phen > anthra), fluor and 

pyrene (fluor > pyrene), BaA and chry (BaA < chry) bound in different substrates such as black 

carbon, cyclone dust, fly ash, silica gel, neutral alumina and biochar, but the half-lives differences 

between INcdP and BghiP are more related to the properties of these substrate they are bound 

(Behymer and Hites, 1988; Kuśmierz et al., 2016). Therefore, the differences in their resistance and 

half-lives between each group of the isomers should be the main reasons for the spatial variation of 

the isomer ratios from location to location.  
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Fig. 4.7 Spatial variation of the concentration ratios of PAH isomers in the sediment cores. 

It is noteworthy that the ratios of phen/anthra and fluor/pyrene in the cores typically increase with the 

PAH transport by water flow in both Zhushan bay and Meiliang bay, but there are no specific spatial 

variation trends in the ratios BaA/chry and INcdP/BghiP. As the light molecular PAHs (phen, anthra, 

fluor and pyrene) are several orders of magnitude more hydrophilic than the heavier PAHs (BaA, chry, 

BghiP and INcdP) (Tab. 3.4), the patterns of the light PAHs might be more influenced by water-

particle partitioning effect during water transport, but the heavy ones might be more influenced by in 

situ degradation. As a consequence, it can be concluded that after PAHs are input to the lake sediment, 

their patterns are still variable during transport and/or after settlement, and the initial ratios calculated 

at emission sources are not applicable for emission source track in the sediment any more.  

Temporal variation of the patterns 

In line with the four groups of the isomer ratios explained above, the concentration ratios are also 

calculated and plotted in each of the cores with depth (Fig. 4.8 a, b, c, d). As explained in 4.1.3 and 

4.1.4 part, PAH input patterns in the sediment have been changed during the last decades, so there 

should be certain trends in the isomer ratios with depth to imply the source changes. However, the 

isomer ratios do not show interpretable trends in all of the cores and the ranges of each of the isomer 

ratios vary significantly from core to core. Therefore, the spatial and temporal variations of the isomer 

ratios in the sediment suggest that PAH patterns maintain varying after settlement in the sediment. 

Consequently, after verifying the two assumptions, it indicates that isomer ratios, some statistics and 

CMB models are not the reliable methods for PAH source track in the sediment. The invalidity has 

also been affirmed by Kim et al. (2009) with illumination experiment in a laboratory, which shows 

that PAH patterns in same samples can imply different source input with varied duration of 

illumination, that is, photodegradation effect.   
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Fig. 4.8 Temporal variations of the concentration ratios of the PAH isomers in the sediment cores. 
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4.1.6 Toxicity assessment of the sediment  

In general, sediment quality guidelines (SQGs) refer to the total concentration of a substance in the 

dry mass of the upper sediment layers (CCME, 1999). Several PAH SQGs have been proposed and 

the threshold concentrations of the concerned compounds vary in different countries or areas. The 

guideline from the Netherlands only concerns the total concentration of 10 PAHs, while Canadian 

Council of Ministers of the Environment (CCME) and consensus-based SQGs consider both the total 

PAH concentration and also the concentration of individual PAHs (Tab. 4.4).  

The threshold value for sediments/soils in the Netherlands equals 1% of the HC5 (Hazardous 

Concentration for 5% of the species in the ecosystem), as this hazardous level is considered to pose a 

negligible risk to the ecosystems (Swartjes, 1999). According to this guideline, only 2 of the 25 

surface sediments sampled in the northern part of Taihu Lake exceed the threshold value of 1000 ng/g 

and 72% of the samples are even below 500 ng/g. However, the guidelines from CCME are more 

stringent with lower threshold values. The concentrations of more than 50% of the concerned PAHs 

are higher than interim sediment quality guidelines (ISQG) in 3 locations 3-18, 8-23 and 8-24, 

especially the concentrations of all the compounds are above this threshold in 8-23. Among the 13 

PAHs listed in CCME, fluorene, phen, pyrene, BaP and DahA are more risky in Taihu Lake, as their 

concentrations more frequently exceed the ISQG thresholds. Nevertheless, the concentrations of all 

the PAHs in the 25 samples are much lower than the probable effect level (PEL) values. In addition, 

compared to the consensus-based threshold effect concentration (TEC) and probable effect 

concentration (PEC), the concentrations of the concerned PAHs are much lower than TEC values 

except that the concentrations of some PAHs are slightly higher in locations 8-23 and 8-24, but the 

concentrations of all the PAHs are far below the PEC thresholds.  

Tab. 4.4 PAH concentration levels of SQGs and the PAH concentration ranges in the sediments of this study 

 Netherland 
CCME consensus-based SQG 

range of this study 
concerned PAH ISQG PEL TEC PEC 

naph 
 

34.6 391 176 561 4.1 – 184.5 

2methylnaph – 20.2 201 – – ND – 83.1 

acenaphthe – 6.71 88.9 – – ND – 27.8 

acenaphthy – 5.87 128 – – ND – 35.6 

fluorene – 21.2 144 77.4 536 ND – 60.0 

anthra 
 

46.9 245 57.2 845 ND – 169.7 

phen 
 

41.9 515 204 1170 12.8 – 211.9 

fluor 
 

111 2355 423 2230 20.3 – 218.3 

BaA 
 

31.7 385 108 1050 4.5 – 107.1 

chry 
 

57.1 862 166 1290 5.6 – 122.9 

pyrene – 53 875 195 1520 15.3 – 208.4 

BaP 
 

31.9 782 150 1450 5.1 – 135.2 

BkF  – – – – 3.3 – 63.1 

DahA 
 

6.22 135 33 – ND – 39.3 

BghiP 
 

– – – – 9.1 – 153.3 

INcdP 
 

– – – – 6.5 – 156.1 

total PAHs 1000 468 7107 1610 22800 101.3 – 1466.7 

–: the PAH compound is not considered; the guidelines of the first 7 light PAHs in CCME are provisionally 

derived from marine ISQGs and PELs use the modified  National Status and Trends Program (NSTP) approach, 

because information was not sufficient; ND: concentration are below the quantification limit. 
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Therefore, combining the evaluations with the three guidelines, the sediment in Taihu Lake is rarely 

associated with adverse biological effects on sediment-dwelling organisms, although the 

concentration of some PAHs in one location (8-23) are risky compared to the threshold of ISQG and 

TEC. However, for safety and health concern, PAHs around location 8-23 need to be further studied 

and the inflow rivers should be the potential contaminant sources. What is more, the concentration of 

contaminants in sediments is not the single factor influencing the toxicity to aqueous organisms, the 

properties of organic compounds and the type of substrate in sediments are also significant factors 

(McGroddy et al., 1996). 

4.2 Sedimentary archive of perylene in the sediment 

4.2.1 Perylene in the surface sediment and the cores 

Perylene concentrations in the surface sediments are typically below 200 ng/g, except in the five 

locations 8-6, 8-7, 8-21, 3-17 and 3-21 with higher concentrations (200 – 300 ng/g) (Fig. 4.9). 

Compared to the other PAHs (Fig. 4.2), perylene concentrations are relatively high in most of the 

sampling locations and the higher concentrations are generally located in the area close to the central 

part of the lake. The spatial distribution of perylene concentrations is somewhat inverse to the 

distribution of the other PAHs, which is especially obvious in Zhushan Bay.  

 

Fig. 4.9 Concentration distribution of perylene concentrations in the surface sediments. 

As in the case of the surface sediments, perylene concentrations in the cores are generally below 200 

ng/g, except cores ML35, GH38 and ZS42 (Fig. 4.10). In some sections of cores ML35 and GH38, 

perylene concentrations reach over 1000 ng/g, accounting for up to 96% of the sum of the 20 PAH 

concentrations. Concentration patterns, however, in the three cores are different. In core ML35, the 

high concentrations occur in the deeper layers and the relatively low and stable ones (around 200 ng/g) 

in the upper layers, while in core GH38 perylene concentrations generally increase from the deeper to 

the upper layer of the core with the highest concentration at 8 cm depth. In addition, the 

concentrations in core ZS42 decrease linearly from the deeper layer (around 450 ng/g) to the upper 

one (around 150 ng/g). Nevertheless, in the other cores, perylene concentrations are low and vary 

slightly, particularly in the upper 15 – 20 cm. 
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Fig. 4.10 Concentration profiles of perylene concentrations in the cores (QL--- quantification limit). 

4.2.2 Perylene sources 

Compared to the other PAHs, the concentration profiles of perylene are specific in each core, which 

might result from two potential sources, anthropogenic input together with the other PAHs and 

biogenic formation in the sediments after deposition. Three anthropogenic PAHs, BaP, BeP and 

pyrene are selected as references to distinguish anthropogenic and biogenic sources of perylene 

(Venkatesan, 1988). The five cores ZS23, ML24, ML7, GH11 and GH4 collected close to the river 

outlets show significant positive linear correlations with the three anthropogenic PAHs (Fig. 4.11a), 

while the other six cores ZS42, ML6, ML35, ML36, ML43 and GH38 collected far away from the 

river outlets show significant negative correlations (Fig. 4.11b) or no significant correlations (Fig. 

4.11c). The significant positive linear correlations indicate that perylene, to a large extent, originated 

from the same sources as the three anthropogenic PAHs.  

Tab. 4.5 describes the correlation calculations between the concentration of perylene and the three 

anthropogenic PAHs in the cores. The correlations were calculated with Pearson correlation method 

or Spearman’s rho correlation method depending on the normality of the data set. The values labelled 

with (p) were calculated with Pearson correlation method and the values labelled with (s) were 

calculated with Spearman’s rho correlation method. Meanwhile, the residual’s normality was tested in 

the samples with significant positive correlations to confirm the linear regressions between the 

concentration of perylene and the three PAHs.  
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Fig. 4.11 Concentration correlations between perylene and the three anthropogenic PAHs (BaP, BeP and pyrene) 

with (a) significant positive linear correlations, (b) significant negative correlations and (c) no correlations (Four 

points from core GH4, one point from core ML7, one point from core ZS23, two points from core ML6, and two 

points from core ML36 (labeled with grey color) are outliers and were excluded from the correlation and 

regression calculations, the details about the outliers are explained as follows.). 

In Fig. 4.11a, it is presented with determination coefficient R
2 

in the significant positive linear 

correlations between the concentrations of perylene and the three PAHs. However, the significant 

negative correlated ones are described with correlation coefficient R (Fig. 4.11b). The correlations in 

cores ZS42 and ML6 could also be linear, but linear correlation cannot fit the distributions of the data 

points from cores ML35 and GH38, as their perylene concentrations are mainly distributed in high 

values and low values. Meanwhile, the negative correlations indicate perylene originated from 

biogenic formation, which implies that many possible and unknown factors could influence the 

formation processes. Therefore, considering the consistent data plot in one graph and also proper 

interpretation of the results, it is more reasonable to just show the correlation coefficient in the 

negative correlated groups. The concentration correlations are not significant only in cores ML36 and 

ML43 (Fig. 4.11c) with the furthest location distance from river outlets compared to the other cores 
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(Fig. 3.1), which might be explained by that anthropogenic impacts are minor and the inhibition 

effects are relieved in these areas. However, the perylene concentrations in these two cores are rather 

low compared to the other four cores with significant negative correlations, the conjecture for the 

unexpected low concentrations is that nutrient supply limited the biogenic formation of perylene in 

this area.  

For the outliers in Fig. 4.11 a, b, c, except the one point in core ML7 from the surface layer, all the 

other outliers are from the deepest layers of the cores. The reason for the outliers from core GH4 

could be that anthropogenic impacts were weak in the deeper layers of the sediment in this location, 

so perylene with higher concentrations in these layers could originate from both anthropogenic and 

biogenic activities. However, the reasons for the outliers with significantly low perylene 

concentrations in cores ML6 and ML36 could be that there was no proper nutrient supply for its 

biogenic formation. 

Tab. 4.5 Statistic calculation results of the correlation and regression between the concentration of perylene and 

BaP, BeP, pyrene 

location 

perylene & BaP perylene & BeP perylene & pyrene 

corre. 
sig. of 

corre. 

sig. of 

residuals’ 

norm. test 

corre. 
sig. of 

corre. 

sig. of 

residuals’ 

norm. test 

corre. 
sig. of 

corre. 

sig. of 

residuals’ 

norm. test 

ZS23 0.893 (s) ** 0.336 0.874 (s) ** 0.446 0.758 (s) ** 0.099 

ML24 0.957 (p) ** 0.460 0.961 (p) ** 0.460 0.849 (p) ** 0.755 

ML7 0.846 (p) ** 0.217 0.503 (p) * 0.066 0.758 (p) ** 0.963 

GH11 0.971 (p) ** 0.840 0.982 (p) ** 0.884 0.974 (p) ** 0.878 

GH4 0.986 (p) ** 0.064 0.979 (p) ** 0.834 0.915 (s) ** 0.142 

ZS42 –0.905 (p) ** – –0.804 (s) ** – –0.894 (p) ** – 

ML35 –0.726 (s) ** – –0.800 (s) ** – –0.763 (s) ** – 

ML6 –0.654 (s) * – –0.632 (s) * – –0.571 (s) * – 

GH38 –0.789 (s) ** – –0.811 (s) ** – –0.768 (P) ** – 

ML43 –0.144 (s) 0.734 – 0.214 (s) 0.610 – 0.071 (s) 0.867 – 

ML36 –0.030 (s) 0.934 – 0.188 (s) 0.603 – –0.224 (s) 0.533 – 

**: P < 0.01; *: P < 0.05. corre.: correlation; sig.: significance; norm: normality. 

There are wide ranges of the concentration proportion of perylene to the sum of the 20 PAHs (Fig. 

4.12). The concentration proportions are typically lower (0.02 to 0.18) in the five cores ZS23, ML7, 

ML24, GH4 and GH11 collected close to the inflow river outlets than that (0.13 to 0.96) in the other 

six cores ML6, ML35, ML36, ML43, GH38 and ZS42 collected far away from the river outlets. This 

is in agreement with the perylene concentration distributions in the surface sediment (Fig. 4.9) that the 

lower concentrations are generally located in the areas near the outlets of the inflow rivers, while the 

higher ones are mainly located far away from the outlets of the inflows. The lower perylene 

abundance relative to the other parent PAHs indicates perylene mainly originates from pyrogenic 

processes instead of diagenetic sources (Readman et al., 2002; Baumard et al., 1998).  

Consequently, these three aspects, the lower concentration proportions, the positive linear 

concentration correlations and the locations with short distance from inflow river outlets, together 

strongly imply that perylene in these locations close to the river outlets originated mainly from 

anthropogenic activities and were input by river runoff. Furthermore, the different correlation slopes 

(Fig. 4.11a) and the different perylene proportions (Fig. 4.12) in the five cores suggest that there are 

different composition of anthropogenic PAH sources in the inflow rivers. In addition, the conclusion 

that anthropogenic perylene dominates the perylene origins in the river runoff indicates that there is 
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no or negligible amount of perylene input from terrigenous compartments by surface runoff, such as 

termite, wood substrate and wood-rotting fungi. 

 

Fig. 4.12 Vertical distribution of the concentration proportions of perylene to the sum of the 20 PAHs in the 

cores. 

However, in the other six locations ML6, ML35, ML36, ML43, GH38 and ZS42, perylene could be 

mainly formed in situ by biogenic activities without obvious spatial transport and interaction. This is 

supported by the negative or no correlations between the PAH concentrations and also the higher 

perylene concentration proportions on one hand, and on the other hand by the specific perylene 

concentration profiles. As explained, there are similar PAH concentration profiles between cores ML6 

and ML7, cores ML6, ML35 and ML36, cores ML43 and ZS42, cores GH4 and GH38, due to the 

water flow direction and/or spatial distances of these core locations (Fig. 4.3), while the distributions 

of perylene concentration do not show the similarities in the core groups (Fig. 4.10).  

Some studies suggested that phytoplankton, particularly diatom, could be perylene precursors in deep 

aquatic sediments (Venkatesan and Kaplan, 1987; Louda and Baker, 1984; Soma et al., 1996). 

Massive nutrient inputs have resulted in the rapid proliferation of phytoplankton in Taihu Lake since 

the 1980s and the occurrence of phytoplankton bloom became more frequent and severe after ca. 2000 

(Duan et al., 2009; Duan et al., 2015; Dong et al., 2008). However, perylene concentrations fluctuate 

slightly or even decrease in the upper layers of the cores. This implies that the distribution of perylene 

is not consistent with the accumulation of phytoplankton, which agrees with Silliman’s report (1998) 

that there is poor correlation between the mass accumulation rates of perylene and biogenic silica (an 

indicator of diatom production) in Lake Ontario. 

Some researchers speculated that perylene was preferably formed in anaerobic condition in lake and 

marine sediment, as its concentrations showed increasing trend with depth in sediments (Tan and Heit, 

1981; Silliman et al., 2001; Slater et al., 2013). In this study, however, perylene concentration 

distributions in the cores are not consistently related to depth. Taihu Lake is so shallow that the 

overlying water is usually under oxic condition (Jiang et al., 2008; Xu et al., 2010). Bioturbations 

modify the porosity, permeability and spatial heterogeneity of the upper sediment, which increase the 



 
 

43 
 

oxygen uptake from overlying water and create aerobic condition in the upper layer of the sediment 

(Zhang et al., 2011). Therefore, the distributions of perylene concentrations and the oxygen conditions 

in the sediment together imply that the biogenic formation perylene seems not to be so closely related 

to aerobic or anaerobic condition in Taihu Lake.  

The results also indicate that biogenic formation of perylene might be inhibited in the sediments 

where anthropogenic impacts are stronger, which is close to the river inflows and also in the upper 

layer of the sediments. Nutrients, organic matter and pollution levels can influence the diversity of 

microbial communities and mineralization in sediments (Haller et al., 2011; Xu et al., 2018; Zeng et 

al., 2005) and therefore could also affect biogenic formation of perylene in sediments. 

4.3 PAHs in the water body 

4.3.1 Seasonal variation of PAH concentrations  

The PAHs detectable in the water samples are dominated by naph, 2methylnaph and 1methylnaph, 

and then fluorene and phen are the relatively abundant molecules compared to the other heavy PAHs 

(Fig. 4.13). Comparing the four campaigns, the concentrations of naph, 2methylnaph and 

1methylnaph in the samples collected in warm season (2016-06 and 2017-09) are up to one order of 

magnitude higher than that in the samples collected in cold season (2015-11 and 2017-02). 

Particularly, the concentrations of 2methylnaph in the campaign 2017-09 are even up to 20 folds 

higher compared to that in the samples collected in cold season. However, the concentrations of 

fluorene and phen do not show noticeable seasonal variations, and the concentrations of the other 

PAHs are typically below the quantification limit in both warm and cold seasons.  

The water temperature in cold and warm seasons is around 10 °C and 30 °C, respectively. It has been 

studied that the water solubility of some PAHs including naph increase with the increase of 

temperature (Pérez-tejeda et al., 1990; Whitehouse, 1984), and also, the water partitioning of PAHs is 

temperature dependent (Slmonich and Hites, 1994; Tsapakis and Stephanou, 2005; Jenkins et al., 

1996). For example, the partitioning of naph and methylnaph from diesel, gasoline and coal tar to 

water is significantly higher than the partitioning of the other heavier parent PAHs in ambient 

temperature, and the temperature effect on partitioning of the other PAH cannot be detected until 100 

ºC or even higher (Lee et al., 1992, a, b; Yang et al., 1997). Therefore, the noticeably high 

concentrations of naph and methylnaphs in warm seasons should be mainly attributed to temperature 

effect on PAH existence in the water body. 

It is noteworthy that the concentration patterns between naph and methylnaphs are rather different in 

the cold and warm seasons. The concentration of naph is certainly higher than that of methylnaphs in 

the samples collected in cold seasons. On the contrary, the concentrations of methylnaphs, especially 

2methylnaph, are notably high in the samples collected in warm season, and the concentrations of 

2methylnaph from the campaign 2017-09 are typically double of the concentration of naph and reach 

up to 1350 ng/L. Generally, the combustion emission of methylnaph is severalfolds lower than that of 

naph (Jenkins et al., 1996; Herrington et al., 2012; Mcdonald et al., 2000), so it can be suspected that 

the dramatic abundance of methylnaphs in the warm season samples should originate from other 

additional sources besides from anthropogenic activities.  
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Fig. 4.13 Seasonal variation of PAH concentrations in the lake water (201511 and 201702 are the samples 

collected in cold season, 201909 and 201606 are the samples collected in warm season; there are 10 samples in 

201511, 10 samples in 201702, 11 samples in 201606 and 10 samples in 201709 seen in Fig. 3.2) 

4.3.2 Spatial distribution of PAH concentrations 

It is rather consistent in the spatial concentration distributions of naph, methylnaphs and the other 

PAHs in cold seasons that the higher concentrations are located in Zhushan bay, and the lower 

concentrations are located in Gonghu bay and the eastern part of Meiliang bay (Fig. 4.14 a, c, e). The 

spatial concentration distributions of naph and the other PAHs in warm season, however, are 

somewhat homogeneous (Fig. 4.14 b, f). In addition, the spatial distribution of methylnaph 

concentrations in warm season does not show specific spatial patterns, but it presents marked 

differences between the two campaigns, that is, significantly high concentrations in samples 201709 

and relatively low concentrations in samples 201606 (Fig. 4.14 d). The different distributions of 

methylnaphs with the other PAHs further support the suspicion that there are additional origins of 

methylnaphs particularly in September. 

Generally, from Nov to the following April is the dry season in this area and the water level in the 

lake decreases significantly, while there is rather more precipitation in the other months in the 

catchment, especially monsoon occurs almost in every summer and results in heavy precipitation and 

flood (Chen et al., 2001; Xu et al., 2007; Tao et al., 2012). The water level in Taihu Lake is somehow 

adjusted by water recharge from the Yangtze River through the Wangyu River connecting the 

Yangtze River and the northeastern part of Taihu Lake (Gonghu bay) (Fig. 2.1c) (Zhai et al., 2010; 

Wang and Wang, 2014). The time allocation of the water recharge and the recharge duration mainly 

depend on the lake water level, which can be obtained in the documents of monthly and yearly water 

regime downloaded from Taihu Basin Authority of Ministry of Water Resources 

(http://www.tba.gov.cn/channels/48.html). The sampling campaigns 2015-11 and 2017-02 were 

during the period of water recharge from the Yangtze River, but the other two campaigns 2016-06 and 

2017-09 were out of the period. 

http://www.tba.gov.cn/channels/48.html
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Fig. 4.14 Spatial variation of PAH concentrations in the water body (different scales in each of the figures). 

The general inflows are located around the northern and the southwestern part of the lake and the 

outflows are around the eastern and southeastern part of the lake (Qin, 2008), which result in the 

water flow direction in the lake typically from the western part to the southeastern part. In dry season, 

there is less water input from the inflow rivers in the northern and western part of the lake, so the 

water recharge from the Yangtze River to the northeastern part of Taihu Lake can somewhat change 

the water flow directions in the northern part of the lake. Therefore, the water recharge from the 

Yangtze River can explain the spatial patterns of the PAH concentrations in samples 2015-11 and 

2017-02 sampled within the water recharge period (Fig. 4.14 a, c, e). The higher concentrations are 

located in Zhushan bay and in the western of Meiliang bay close to the river outlet, and the lower 

concentrations are located in the eastern area of Meiliang bay and Gonghu bay. These spatial 
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distributions of the concentration patterns suggest that PAH abundance in the Yangtze River is lower 

than that in the northern part of Taihu Lake, and PAH concentrations in Gonghu bay and the eastern 

Meiliang were diluted by the water inflow from the Yangtze River.  During the other two campaigns 

in rainy season, however, there is more water input from the other inflow rivers and high water 

dynamics in the lake homogenize PAH concentration distributions in the water body.  

4.3.3 PAH toxicity in the water body 

The carcinogenic and adverse PAH compounds mostly are the heavier molecules such as BaA, chry, 

BaP, BbF, DahA, BghiP (Kim et al., 2013) rather than the compounds detectable in these water 

samples. In addition, the measured concentrations in the samples are orders of magnitude lower than 

the concentrations with potential adverse effect tested with some organisms (Kalf et al., 1997; 

Couillard et al., 2005). However, it has been studied that the toxicity of some PAHs could 

significantly increase in the environment due to metabolism and oxidation, such as anthra, fluor and 

pyrene (Arfsten et al., 1996; Pelletier et al., 1997). Therefore, even though the compounds and their 

concentrations are not toxic in the water body, it is not sufficient to assess the PAH toxicity in the 

environment only considering the concentration of parent PAHs.  

4.3.4 Review other studies on PAHs in water 

As this research is focused on dissolved PAHs in the lake water, the comparison and discussion from 

other publications are also based on dissolved PAHs in surface water bodies. Most researches only 

measured the 16 PAHs listed by US EPA, and few researches also measured other PAHs such as 

1mehtylnaph and 2methylnaph (Tongo et al., 2017; Guo et al., 2011). There are variable PAH patterns 

and orders of magnitude variations in their concentration levels in different studies. The detected 

PAHs are generally dominated by 2-ring and 3-ring PAHs, especially 2-ring naph and following with 

3-ring phen, which is similar with the PAH patterns in the current study (Li et al., 2010; Li et al., 2006; 

Sun et al., 2009), but the concentrations of 3-ring acenaphthy and acenaphthe in some studies are also 

found rather high even as the concentration of naph (Kabziński et al., 2002; Tongo et al., 2017; Sarria-

villa et al., 2016; Kafilzadeh, 2015). The 4-ring fluor and pyrene are generally the heaviest PAH 

compounds detected in water samples (Li et al., 2010; Li et al., 2006; Sun et al., 2009), but in some 

researches 5-ring and 6-ring PAHs also show relatively high concentrations (Dhananjayan et al., 2012; 

Guo et al., 2011). In addition, markedly high concentrations of 1methylnaph and 2methylnaph as 

found in current study have not been investigated and/or discovered in previous studies. The 

concentrations of individual PAHs range from several ng/L to thousands ng/L in different studies, and 

the variations mostly occur in the 2-ring and 3-ring PAHs (Tongo et al., 2017; Dhananjayan et al., 

2012; Patrolecco et al., 2010; Sarria-villa et al., 2016; Yang et al., 2013; Kafilzadeh, 2015). 

Furthermore, seasonal variations of PAH concentrations in water are also not consistent: higher PAH 

concentrations in warm season than in cold season (Qin et al., 2014; Montuori et al., 2016; Deng et al., 

2006), which is similar to this study; higher concentrations in cold season than in warm season 

(Guigue et al., 2014; S. Liu et al., 2016; Mzoughi and Chouba, 2011); no obvious differences between 

cold and warm seasons (Guigue et al., 2011; Kafilzadeh, 2015; M. Liu et al., 2016). Meanwhile, it 

was also found that naph was the dominant in cold season, but the 3-ring PAHs were the dominant in 

warm season (P. Li et al., 2015; Y. Li et al., 2015). Therefore, even though there are significant 

amount of researches on PAHs in water phase, it is difficult to conclude general characteristics of 

PAH distribution and existence in water bodies.   
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5 Summary and conclusion 

The sediment and water samples were collected from the northern part of Taihu Lake for PAH 

concentration analyses. The PAHs in the surface sediments and the sediment cores were interpreted 

for the current and historical PAH depositions in the lake. In addition, the four aspects, PAH patterns 

in the cores, energy consumption in this catchment, literature data on PAH emission patterns from 

different sources and PAH distributions in fine and ultrafine particle sizes together reveal 

anthropogenic impacts on the PAH existence and distributions in the sediments. 
137

Cs was used as a 

time indicator of the late 1950s for the sediment age measurement. Perylene in the sediment was 

interpreted separately to distinguish its biogenic and anthropogenic origins. Water samples were 

analyzed to interpret the seasonal variations of PAH concentrations and the spatial distributions in the 

lake. 

The spatial distributions of the PAH concentrations in both, the surface sediments and sediment cores, 

show that noticeably higher concentrations are located close to the inflow outlets in Zhushan bay and 

Meiliang bay, so the inflow rivers mainly contribute the PAH input to this area of the lake. This 

coincides with higher sedimentation rates close to the inflow rivers. Comparing the concentrations in 

the three bays, Meiliang bay is more polluted with PAHs than the other two bays. The temporal 

analyses of PAH concentrations in the cores show that increasing PAH input into the lake started from 

the late 1950s due to economic and industrial development. Over the years, PAH concentrations in the 

sediments increased fairly quickly by a factor of 10 or more compared to the background 

concentrations. However, quite stable PAH concentrations in the upper 10 to 20 cm of the sediments 

in several cores might indicate sediment resuspension due to currents and turbulences in the shallow 

water column of Taihu Lake. The resulting redistribution of the sediments could, to some extent have 

spoiled the functioning of the sediments as a temporal archive. This assumption is further supported 

by the quite rapid increase and then more or less constant 
137

Cs activities in the upper parts of the 

three dated cores. In addition, bioturbation could have further influenced the stratification of the 

sediments. To what extent the environmental measures implemented by the Chinese government since 

ca. 2000 are reflected in these concentration profiles is difficult to quantify. Some cores show even a 

decrease in concentrations in the uppermost parts, but local effects or sediment resuspension are also 

likely causes.  

PAHs in the cores are dominated by 4 light PAHs (phen, anthra, fluor, pyrene) and 6 heavy ones (BkF, 

BaP, BbF, BeP, INcdP, BghiP), and the concentration fractions of the light PAHs are decreasing with 

decreasing depth, but the fractions of the heavy PAHs are increasing. The structure change of energy 

consumptions in this area is considered as one of the reasons for the distribution trends of the PAH 

concentration fractions. The changes could be explained by three aspects, (i) the continuously 

increasing consumption of coal in emission-controlled combustion, (ii) the linear increase of oil 

consumption in transport and (iii) the exponential increase of the number of light-duty vehicles in the 

study area during the last decades. Another reason could be the introduction of particle intercept 

equipment for emission control, resulting in the emission of relatively more ultrafine particles, as 

heavy PAHs preferable bind to these ultrafine particles. In addition, the methods of PAH source track 

in the environment are verified with PAH emission patterns from their main sources and also with the 

PAH patterns in the sediments of this study. The methods are not applicable in this study area, 

because the two assumptions for the methods are not satisfied with the indistinguishable PAH patterns 

from different PAH emission sources and the varying patterns in the sediments. 
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The spatial distributions of perylene concentrations in the sediments and its concentrations in relation 

to the other PAHs suggest that perylene can originate from the same sources as the other 

anthropogenic PAHs in the locations close to the river inflows. However, in locations far away from 

inflows it may result from biogenic processes, as concentrations are typically higher compared to the 

other PAHs and in addition are not positively correlated to typical anthropogenic PAHs. Consequently, 

this could imply that the biogenic formation of perylene is inhibited by anthropogenic activities.  

There are markedly higher concentrations of naph, 1methylnaph and 2methylnaph in the summer 

water samples than in winter samples from the lake, which is most probably because of temperature 

effect on the solubility of these three PAHs in warm seasons. The spatial distribution of the PAH 

concentrations in cold seasons indicate that the water recharge from the Yangtze River through the 

Wangyu River diluted the PAH concentrations in the northeastern part of the lake.   

As it was shown, high PAH concentrations occur typically in the upper around 20 cm of the sediments 

in the northern part of Taihu Lake. If sediment dredging is applied to reduce PAH loading and 

improve the quality of the ecosystem in this part of the lake, the dredging depth should be below the 

layer with high PAH concentration. The importance of dredging depth has been verified by others in 

lab experiments (Liu et al., 2015; Zhong et al., 2008). The two different proposed perylene sources, 

anthropogenic input and biogenic formation, result in its distinctly different spatial distribution. This 

may serve as a tool to investigate which factors inhibit or promote the biogenic formation of perylene, 

such as the hydrochemical conditions, nutrient availability, or pollutants. Moreover, PAH distribution 

characteristics should be further investigated in the other areas of Taihu Lake to generate 

comprehensive information on the PAH distribution in the lake sediments. This could result in more 

effective strategies for environmental protection and governance in the basin. 
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Appendix 

Tab. 1 PAH concentration in the surface sediments (ng/g) 

location naph 2methylnaph 1methylnaph acenaphthy acenaphthe fluorene phen anthra fluor pyrene 

1-1 17.12 30.15 9.63 3.58 4.27 21.95 83.94 4.41 70.33 63.39 

1-3 16.84 26.28 10.19 3.22 6.32 40.16 151.13 8.12 76.08 58.54 

1-5 14.15 24.18 9.75 3.65 4.84 29.40 104.01 6.33 52.15 38.26 

3-12 6.29 6.75 5.06 4.33 5.69 3.97 38.71 ND 20.34 15.34 

3-13 16.74 19.33 11.81 5.15 ND 18.83 54.27 4.33 57.77 39.97 

3-15 21.43 11.92 10.53 4.52 ND 29.47 65.14 3.93 49.50 37.88 

3-16 34.33 22.06 11.78 9.53 3.30 21.64 75.06 9.74 73.08 53.72 

3-17 25.09 16.14 7.95 3.50 3.25 19.04 56.83 6.79 51.63 40.92 

3-18 55.40 28.08 13.44 10.13 4.77 37.96 105.24 34.59 120.69 94.71 

3-20 26.87 19.26 11.05 8.79 3.05 39.30 102.53 7.59 95.82 66.90 

3-21 13.37 13.90 8.72 5.45 ND 23.26 61.50 3.89 58.07 40.54 

3-22 33.42 24.13 12.42 4.61 3.84 56.04 131.10 6.56 90.77 67.55 

3-23 33.33 19.53 10.75 4.35 3.44 36.90 94.30 8.04 97.22 70.74 

4-41 24.97 12.90 9.22 4.73 3.57 9.38 41.27 30.10 53.55 54.60 

8-6 12.62 6.37 3.71 3.00 3.00 8.00 30.23 10.21 76.72 56.77 

8-7 10.92 6.39 4.22 3.54 3.76 10.03 28.48 9.75 78.37 50.77 

8-8 4.11 ND 5.14 ND ND ND 12.84 6.86 23.09 15.53 

8-9 9.43 9.25 5.02 ND ND 10.05 31.29 7.77 75.56 50.84 

8-10 8.09 3.63 4.48 ND 3.01 3.97 18.35 3.95 41.52 28.88 

8-11 18.68 10.71 4.49 3.92 3.59 12.99 45.52 12.43 112.81 81.09 

8-19 11.10 7.21 3.56 3.31 3.14 6.75 28.34 7.81 70.45 47.60 

8-21 9.88 6.55 3.32 4.06 ND 5.29 24.15 12.78 50.26 38.40 

8-22 21.14 13.54 7.09 3.77 3.64 10.89 46.12 36.25 82.93 71.25 

8-23 184.46 83.08 45.79 35.56 27.46 60.01 211.98 169.75 218.31 208.42 

8-24 30.38 14.08 7.78 4.57 6.56 15.46 94.22 51.29 199.25 173.47 

                             The other PAHs are in the following page. ND: below the quantification limit of the measurement, same labels in all of the appendix tables. 
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Tab. 1 PAH concentration in the surface sediments (ng/g) 

location BaA chry BbF BkF BeP BaP perylene INcdP DahA BghiP 

1-1 21.34 24.66 53.58 16.19 33.01 24.07 58.72 35.54 5.80 37.57 

1-3 24.17 27.51 67.50 20.03 41.01 31.45 107.01 48.36 7.68 48.12 

1-5 17.39 21.18 49.09 14.45 30.67 18.22 67.96 33.62 6.04 35.96 

3-12 4.50 5.59 11.85 3.32 7.29 5.08 23.36 7.99 ND 9.04 

3-13 15.43 20.77 51.89 14.38 33.29 25.25 176.91 28.34 7.17 44.04 

3-15 19.86 20.91 44.49 15.59 28.09 24.77 57.49 26.88 6.30 29.96 

3-16 30.32 35.90 91.29 36.35 47.82 39.19 187.11 54.51 15.09 71.99 

3-17 15.19 17.69 50.21 14.80 25.83 23.69 219.11 31.36 8.79 49.32 

3-18 49.90 51.91 137.21 41.55 73.75 67.36 94.45 108.09 30.65 139.58 

3-20 29.31 37.70 89.83 30.55 49.44 61.97 127.49 51.33 13.79 108.08 

3-21 17.75 21.85 53.68 16.20 34.77 60.43 258.87 29.97 6.98 93.59 

3-22 25.40 29.67 72.56 20.62 38.72 41.76 134.43 44.17 11.86 74.02 

3-23 30.06 34.68 84.36 30.10 43.23 51.07 121.08 57.06 15.45 82.76 

4-41 22.54 26.03 73.89 23.79 50.98 31.08 57.52 73.94 26.48 59.67 

8-6 29.00 30.52 81.55 23.76 54.63 34.74 201.19 61.95 13.92 62.03 

8-7 24.80 27.39 75.68 21.41 49.22 32.42 254.66 59.12 13.12 64.48 

8-8 7.08 8.62 21.69 5.72 14.33 10.66 37.91 17.39 3.90 20.26 

8-9 24.86 28.07 71.53 18.58 44.72 34.03 166.55 49.85 10.40 58.05 

8-10 12.92 15.40 46.02 10.95 27.77 17.75 103.60 37.94 7.87 38.28 

8-11 42.49 41.97 115.04 34.74 71.95 55.38 72.34 87.23 19.25 88.95 

8-19 22.79 25.78 74.38 21.63 49.16 30.28 133.13 58.59 13.21 59.57 

8-21 18.33 17.98 52.55 12.01 35.69 20.70 205.47 37.36 8.59 41.66 

8-22 34.35 34.79 93.78 25.28 62.27 44.37 89.55 72.05 16.88 74.96 

8-23 107.13 122.92 207.46 63.08 128.85 111.37 90.79 144.46 38.65 133.21 

8-24 106.56 104.22 212.41 61.79 131.17 135.00 77.53 156.07 39.28 153.27 
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                      Tab. 2 PAH concentration in the sediment cores (ng/g) 

location depth cm naph 2methylnaph 1methylnaph acenaphthy acenaphthe fluorene phen anthra fluor pyrene 

ZS23 2 156.16 69.72 36.09 31.89 22.28 53.20 211.01 155.61 293.74 278.76 

ZS23 4 171.94 62.25 35.14 28.82 20.33 51.13 190.74 169.66 234.03 225.59 

ZS23 6 217.80 68.23 40.43 32.74 22.37 59.05 199.46 168.96 231.24 223.41 

ZS23 8 182.94 57.80 32.09 29.58 20.24 57.88 199.30 171.07 229.67 226.70 

ZS23 10 165.25 60.06 33.46 26.58 20.72 49.41 171.47 152.16 197.33 199.81 

ZS23 12 233.78 81.81 48.49 37.56 27.71 62.99 204.76 175.58 194.47 196.67 

ZS23 14 352.70 98.30 53.27 48.63 32.98 94.28 288.66 235.67 284.76 273.81 

ZS23 16 151.57 54.72 28.72 25.42 17.91 51.36 180.34 165.92 263.53 254.69 

ZS23 18 139.22 57.55 30.22 25.29 18.20 48.46 181.55 163.55 239.84 234.81 

ZS23 20 153.75 55.31 29.56 26.64 18.38 52.93 181.57 169.94 195.92 201.52 

ZS23 22 163.78 55.81 30.32 27.08 18.89 52.89 199.46 184.81 199.29 196.37 

ZS23 24 271.82 111.13 55.81 52.85 32.40 71.01 254.22 223.50 260.60 251.67 

ZS23 26 272.94 119.37 64.51 54.20 37.35 71.80 270.19 228.55 315.91 305.26 

ZS23 28 137.56 61.10 30.71 27.10 18.89 51.52 201.90 159.10 289.56 269.86 

ZS23 30 126.09 54.63 28.10 23.69 17.97 51.02 211.87 163.28 321.78 293.42 

ZS23 32 122.80 50.64 25.00 19.76 16.38 51.24 211.47 146.26 336.57 306.52 

ZS23 34 131.36 54.76 28.54 23.11 18.07 50.94 207.84 141.80 301.50 282.04 

ZS23 36 118.16 51.71 29.57 20.27 17.63 42.38 156.89 128.18 215.00 208.72 

ZS23 38 120.37 43.10 23.07 18.85 12.86 44.43 142.70 165.86 193.87 182.41 

ZS23 40 144.12 45.01 24.44 19.94 12.52 48.65 150.33 219.31 246.09 232.89 

ML43 2 9.76 6.81 5.50 ND ND 6.55 26.24 7.47 46.62 36.28 

ML43 4 8.37 6.61 4.02 ND ND 6.64 24.64 7.47 47.51 39.28 

ML43 6 7.39 5.70 4.49 ND ND 6.09 25.13 6.71 49.39 40.78 

ML43 8 9.03 6.42 4.27 ND ND 6.14 24.68 5.95 49.78 40.64 

ML43 10 8.59 4.69 3.42 ND 3.42 4.41 23.95 6.58 48.31 38.07 

ML43 12 8.86 3.84 ND ND ND 5.69 18.46 4.50 36.28 27.01 

ML43 14 4.34 3.79 ND ND ND 4.19 13.62 3.40 25.08 18.65 

ML43 16 5.91 3.35 ND ND ND 4.16 16.83 3.05 21.37 15.89 

                        The other PAHs are in the following page.  
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                                   Tab. 2 PAH concentration in the sediment cores (ng/g) 

location depth cm BaA chry BbF BkF BeP BaP perylene INcdP DahA BghiP 

ZS23 2 134.00 136.71 237.35 66.17 137.15 130.49 127.73 119.77 30.16 126.92 

ZS23 4 107.55 121.38 199.90 51.86 118.11 107.91 105.26 102.41 26.49 103.83 

ZS23 6 114.79 119.80 196.66 54.27 117.07 103.75 102.40 109.33 28.39 112.61 

ZS23 8 114.20 117.88 192.91 52.71 115.58 106.42 104.90 104.53 26.05 110.66 

ZS23 10 100.64 107.61 174.32 45.04 105.88 90.34 88.77 99.12 24.32 92.96 

ZS23 12 96.86 103.02 171.69 45.24 101.89 91.41 90.41 98.82 25.05 102.62 

ZS23 14 133.66 141.07 219.01 59.45 129.95 119.48 104.57 119.85 28.39 117.75 

ZS23 16 133.85 140.93 228.38 57.86 136.31 141.28 134.07 124.48 31.45 149.93 

ZS23 18 119.60 135.38 216.12 57.56 130.45 108.93 125.62 124.42 29.72 128.22 

ZS23 20 105.86 111.38 182.45 48.84 109.04 93.29 96.22 113.58 26.38 108.87 

ZS23 22 101.25 101.72 175.51 45.58 102.42 99.24 100.78 107.44 26.03 117.43 

ZS23 24 112.17 116.69 196.53 54.53 116.14 108.29 101.92 122.95 27.70 126.11 

ZS23 26 144.49 156.12 237.40 62.42 143.55 135.66 133.93 147.80 33.91 152.28 

ZS23 28 141.68 161.48 254.55 68.13 156.72 162.09 188.68 154.65 35.13 193.86 

ZS23 30 155.38 164.60 259.51 74.54 157.84 145.49 177.57 167.71 41.15 197.19 

ZS23 32 163.20 169.42 271.55 66.45 162.83 150.93 208.76 168.94 39.07 199.59 

ZS23 34 155.91 166.80 269.94 73.98 163.82 156.81 208.20 169.97 41.50 200.66 

ZS23 36 107.30 113.06 198.81 52.84 122.36 110.05 182.93 130.57 29.36 148.20 

ZS23 38 103.88 106.75 187.67 47.13 113.56 95.13 126.68 116.81 27.48 126.15 

ZS23 40 128.19 133.86 229.00 62.19 137.83 108.47 104.56 143.73 32.69 142.82 

ML43 2 13.94 17.10 49.57 14.57 32.41 18.25 144.51 26.48 5.41 30.27 

ML43 4 15.40 17.67 53.94 14.60 34.45 18.68 154.87 28.13 6.37 31.38 

ML43 6 15.74 17.03 52.50 14.08 33.24 19.51 147.84 27.72 5.83 30.98 

ML43 8 16.45 19.07 57.09 16.71 35.99 16.83 154.76 31.71 6.22 33.16 

ML43 10 15.91 18.13 52.01 15.49 32.30 18.68 139.13 27.36 5.49 29.80 

ML43 12 11.73 12.04 39.65 10.53 23.17 11.16 139.87 18.91 3.77 19.51 

ML43 14 7.35 8.19 25.55 7.90 14.57 8.74 142.07 11.55 3.04 11.60 

ML43 16 6.44 6.38 21.53 6.27 11.09 6.34 171.04 10.09 3.06 10.75 
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                     Tab. 2 PAH concentration in the sediment cores (ng/g) 

location depth cm naph 2methylnaph 1methylnaph acenaphthy acenaphthe fluorene phen anthra fluor pyrene 

ML35 2 23.21 11.17 8.00 4.48 3.82 10.93 44.37 11.88 92.48 66.70 

ML35 4 28.95 15.78 9.65 4.15 3.33 11.55 43.48 11.66 92.25 66.64 

ML35 6 24.87 13.17 7.85 4.12 3.13 12.47 46.87 10.88 91.85 66.03 

ML35 8 19.70 10.77 6.53 4.34 3.49 12.06 45.92 11.21 96.32 69.47 

ML35 10 18.71 9.20 6.33 5.65 3.90 11.08 42.13 12.53 115.80 88.97 

ML35 12 17.15 12.38 7.04 3.62 3.47 14.67 59.97 12.70 109.68 80.65 

ML35 14 16.13 8.90 6.04 3.00 3.59 12.04 42.68 10.75 99.13 70.23 

ML35 16 17.14 9.29 6.64 3.94 3.54 15.34 86.34 9.50 101.34 72.74 

ML35 18 13.21 7.35 3.55 3.03 3.03 9.69 33.51 10.47 95.30 70.37 

ML35 20 15.62 9.27 8.30 3.98 3.13 10.84 40.49 10.86 101.82 72.74 

ML35 22 39.61 13.22 13.46 4.48 6.66 10.62 36.97 10.95 87.97 64.93 

ML35 24 6.59 3.41 3.70 3.15 7.44 6.80 21.72 4.59 40.22 31.37 

ML35 26 6.85 3.24 3.01 ND ND 4.21 16.15 4.34 12.63 11.96 

ML35 28 7.51 3.29 3.61 3.08 ND 3.04 10.53 3.15 9.16 10.37 

ML35 30 19.63 4.67 13.47 3.79 ND 4.05 11.86 3.03 9.73 9.33 

ML35 32 5.83 ND ND 3.86 ND 4.24 16.24 3.26 8.63 7.57 

ML35 34 5.47 5.63 3.15 3.28 ND 3.13 13.07 3.30 7.57 7.12 

ML35 36 4.90 3.70 4.17 ND ND 3.61 11.23 3.11 6.00 5.17 

ML35 38 6.33 4.52 ND ND ND 5.98 21.32 5.01 6.16 5.37 

ML24 2 31.56 15.47 10.41 7.96 7.31 14.14 96.60 45.03 218.76 202.02 

ML24 4 30.46 15.84 8.48 8.67 10.12 15.97 105.73 56.36 227.05 207.24 

ML24 6 34.90 18.50 11.58 12.01 13.33 31.40 223.08 91.04 505.87 414.35 

ML24 8 64.72 20.48 12.79 7.82 23.53 46.14 272.32 128.95 601.10 478.97 

ML24 10 62.29 30.26 16.78 9.37 17.00 38.91 210.07 171.47 467.33 394.96 

ML24 12 57.44 28.56 16.22 9.68 18.49 40.72 269.92 167.08 541.58 445.19 

ML24 14 56.85 20.35 11.36 7.98 15.42 31.67 189.90 181.99 420.40 360.34 

ML24 16 45.73 23.57 13.27 8.13 14.93 36.08 215.21 177.90 467.31 394.34 

ML24 18 23.46 13.44 7.45 5.35 8.52 22.98 130.53 69.75 276.61 245.33 

                     The other PAHs are in the following page. 
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                      Tab. 2 PAH concentration in the sediment cores (ng/g) 

location depth cm BaA chry BbF BkF BeP BaP perylene INcdP DahA BghiP 

ML35 2 32.67 36.72 121.59 33.74 80.32 41.09 213.63 126.43 42.73 74.71 

ML35 4 30.41 36.99 103.02 28.85 73.91 47.63 213.94 105.01 32.07 65.18 

ML35 6 33.00 40.60 85.25 21.33 61.76 41.86 199.47 69.43 20.67 55.74 

ML35 8 33.52 39.37 99.44 24.55 75.84 47.23 188.85 94.31 30.57 69.88 

ML35 10 46.43 48.12 134.76 39.04 97.18 67.44 190.99 168.35 42.79 100.36 

ML35 12 37.19 40.72 121.67 31.09 94.33 55.05 198.65 168.58 53.59 95.31 

ML35 14 34.72 41.86 114.45 30.96 84.64 55.19 235.81 134.58 46.63 102.14 

ML35 16 31.90 37.69 113.76 30.53 81.72 43.36 214.29 127.77 40.26 91.18 

ML35 18 33.28 34.73 100.40 30.51 68.71 41.93 228.86 102.44 34.32 67.58 

ML35 20 34.83 40.54 117.08 43.43 74.73 45.31 237.27 111.86 34.86 80.47 

ML35 22 30.53 34.09 76.27 18.69 50.20 55.96 383.95 54.85 13.44 61.07 

ML35 24 13.55 14.63 43.33 13.31 29.91 17.63 685.36 37.42 13.59 29.73 

ML35 26 3.67 3.67 12.61 4.40 8.05 5.79 1074.00 10.89 5.37 8.98 

ML35 28 3.66 4.05 7.54 3.03 5.35 5.07 953.42 5.12 ND 3.86 

ML35 30 4.97 4.47 8.84 ND 7.21 ND 909.44 3.12 ND 3.86 

ML35 32 3.69 3.53 6.80 3.11 4.22 3.01 633.05 3.32 ND 3.33 

ML35 34 3.77 3.66 5.16 4.61 3.10 9.38 820.61 3.37 ND 3.19 

ML35 36 3.93 3.95 4.63 3.15 3.39 3.14 762.21 3.41 ND 6.47 

ML35 38 3.03 3.48 6.40 3.38 3.65 4.08 864.53 4.90 ND 4.39 

ML24 2 94.78 79.37 252.48 78.96 143.69 127.60 61.02 299.57 73.94 197.21 

ML24 4 125.36 122.83 277.84 87.02 173.39 141.64 76.75 314.33 74.84 272.40 

ML24 6 260.81 223.18 489.43 151.90 302.45 281.82 107.18 621.11 149.99 565.32 

ML24 8 283.48 252.41 561.51 169.91 340.20 333.21 121.17 699.89 161.04 598.13 

ML24 10 212.03 203.59 411.93 130.70 259.41 249.71 92.91 482.49 118.80 452.22 

ML24 12 248.50 262.57 526.47 160.36 321.12 285.32 99.70 541.80 138.84 497.11 

ML24 14 198.67 184.91 384.89 114.14 235.27 234.77 90.46 376.83 97.09 364.59 

ML24 16 199.43 195.59 347.50 108.43 217.33 211.11 73.98 292.84 84.68 266.81 

ML24 18 124.26 120.84 215.59 71.46 134.60 127.54 57.85 180.52 50.30 159.87 
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                     Tab. 2 PAH concentration in the sediment cores (ng/g) 

location depth cm naph 2methylnaph 1methylnaph acenaphthy acenaphthe fluorene phen anthra fluor pyrene 

GH4 2 11.87 10.60 5.79 3.57 3.57 10.63 31.56 9.71 84.32 65.03 

GH4 4 12.53 7.90 3.54 3.65 4.15 8.51 26.47 8.47 73.02 55.36 

GH4 6 12.47 6.15 4.64 3.42 3.97 7.64 23.65 6.96 67.60 50.90 

GH4 8 12.54 5.93 4.81 3.49 5.03 7.32 22.44 7.21 59.97 45.25 

GH4 10 11.81 5.82 4.05 3.48 3.90 7.49 22.34 7.33 62.06 46.05 

GH4 12 10.12 5.72 3.57 3.60 3.04 7.26 21.83 7.23 60.87 46.10 

GH4 14 18.13 10.53 5.91 3.28 5.55 9.97 32.48 11.44 90.29 67.50 

GH4 16 43.48 47.74 29.89 3.20 7.38 22.43 65.02 17.49 139.60 109.64 

GH4 18 24.12 12.74 7.08 3.62 5.19 14.89 44.10 14.43 138.94 105.05 

GH4 20 20.64 14.39 6.81 3.12 4.82 15.54 49.33 15.37 139.21 110.35 

GH4 22 18.07 9.84 4.44 3.05 3.54 10.61 37.14 10.92 103.02 82.68 

GH4 24 9.88 4.50 3.46 3.29 3.13 6.26 24.35 6.58 65.73 54.22 

GH4 26 7.05 4.25 ND ND ND 4.65 12.08 4.68 29.28 23.99 

GH4 28 23.35 7.69 5.42 3.15 4.71 4.61 12.55 3.44 22.19 19.97 

ZS42 2 11.56 9.40 4.48 4.37 3.66 7.65 57.44 9.78 42.04 34.23 

ZS42 4 11.86 7.00 3.54 4.30 ND 6.63 32.00 10.05 39.46 33.06 

ZS42 6 16.65 9.85 4.80 ND 3.23 6.74 42.04 13.54 48.49 39.41 

ZS42 8 17.54 8.99 4.88 3.44 3.01 6.94 40.52 14.82 49.81 42.70 

ZS42 10 13.95 8.16 4.04 ND 3.17 7.49 28.61 11.86 48.17 39.89 

ZS42 12 8.64 6.27 4.80 ND 3.09 4.73 29.80 9.99 36.82 31.07 

ZS42 14 5.87 3.23 3.47 ND 3.17 3.60 19.38 5.70 24.11 20.09 

ZS42 16 6.38 3.28 3.07 ND ND 5.73 22.91 4.72 23.04 17.23 

ZS42 18 7.85 3.63 3.88 3.42 3.15 4.55 24.58 6.58 21.12 15.40 

ZS42 20 7.48 4.67 ND ND 3.07 5.07 23.94 3.25 16.90 11.10 

ZS42 22 6.27 3.83 ND ND 4.41 3.20 19.65 3.11 15.07 9.79 

ZS42 24 4.94 3.06 3.68 ND 3.02 3.24 25.50 3.90 17.64 12.62 

                     The other PAHs are in the following page. 
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                      Tab. 2 PAH concentration in the sediment cores (ng/g) 

location depth cm BaA chry BbF BkF BeP BaP perylene INcdP DahA BghiP 

GH4 2 31.69 29.67 88.76 25.45 56.30 33.19 60.04 53.68 11.26 46.41 

GH4 4 27.43 26.24 78.51 24.80 48.21 29.35 46.94 47.20 9.67 40.44 

GH4 6 25.50 24.46 69.17 20.59 43.12 28.59 48.75 37.57 7.88 31.85 

GH4 8 21.98 19.82 60.23 16.89 38.31 23.03 41.79 29.32 6.48 27.55 

GH4 10 23.95 21.42 62.10 17.59 39.35 25.79 41.69 31.15 7.07 30.62 

GH4 12 23.75 20.72 64.68 17.87 39.80 23.02 39.56 33.01 6.99 27.91 

GH4 14 36.01 32.03 97.63 27.38 60.93 36.94 56.17 51.50 11.66 45.87 

GH4 16 53.19 48.59 140.14 42.36 90.59 51.88 77.32 78.07 17.98 69.80 

GH4 18 47.86 42.65 127.09 37.00 79.82 49.62 75.58 62.91 12.44 59.02 

GH4 20 49.76 44.04 130.93 40.00 80.55 49.69 76.09 63.67 13.59 55.52 

GH4 22 38.01 35.52 105.08 29.57 64.89 38.20 73.48 48.36 10.71 44.51 

GH4 24 24.22 23.43 66.70 19.64 39.59 21.09 93.53 27.97 5.69 25.38 

GH4 26 11.50 10.55 31.15 8.58 17.44 13.37 128.88 11.63 ND 10.68 

GH4 28 6.10 5.34 15.62 3.79 8.73 6.16 87.60 3.96 ND 3.71 

ZS42 2 16.15 17.11 46.23 15.59 31.42 20.56 149.25 27.94 7.00 38.91 

ZS42 4 16.23 17.95 45.89 13.81 30.25 21.65 143.74 29.10 7.15 35.37 

ZS42 6 18.10 20.94 52.41 12.42 34.00 22.53 200.75 28.51 8.37 46.97 

ZS42 8 17.49 21.24 54.66 15.61 36.55 25.56 185.29 34.70 9.21 45.57 

ZS42 10 18.41 23.21 51.34 16.08 33.49 22.30 181.01 24.69 7.38 42.59 

ZS42 12 14.32 15.25 46.04 12.02 30.28 17.53 231.28 28.28 6.34 35.59 

ZS42 14 7.34 7.62 22.22 6.18 14.70 10.29 263.81 12.29 ND 17.03 

ZS42 16 5.13 7.88 23.66 7.70 14.28 7.49 325.84 12.40 4.90 14.99 

ZS42 18 5.30 8.12 20.07 3.17 10.31 8.11 323.60 10.88 ND 15.14 

ZS42 20 3.01 4.33 9.24 3.75 5.02 3.56 358.05 4.85 ND 6.03 

ZS42 22 3.39 3.40 7.76 3.63 4.01 3.01 366.27 4.35 ND 4.33 

ZS42 24 3.08 4.91 11.15 3.06 7.61 4.62 449.61 6.19 ND 8.89 
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                     Tab. 2 PAH concentration in the sediment cores (ng/g) 

location depth cm naph 2methylnaph 1methylnaph acenaphthy acenaphthe fluorene phen anthra fluor pyrene 

ML36 2 11.38 8.61 5.20 3.40 3.83 7.68 38.00 7.04 71.21 52.81 

ML36 4 14.05 10.56 5.97 3.44 3.73 8.51 45.39 7.07 76.57 54.69 

ML36 6 15.36 6.74 8.32 3.57 3.49 8.63 34.75 7.45 75.97 54.22 

ML36 8 11.70 8.76 6.49 3.86 3.80 5.77 37.72 6.65 78.57 56.84 

ML36 10 14.69 7.84 5.91 3.46 3.16 8.48 41.16 8.10 81.31 59.35 

ML36 12 19.05 13.28 11.14 3.98 3.69 10.26 55.08 7.91 79.37 59.11 

ML36 14 12.49 7.00 8.68 4.03 5.09 6.73 38.38 7.40 79.47 58.59 

ML36 16 12.02 5.79 4.98 3.13 3.58 7.86 62.56 7.32 98.33 73.55 

ML36 18 20.97 7.37 7.19 3.52 3.68 7.78 46.00 9.19 93.25 71.17 

ML36 20 9.57 3.39 3.40 ND 3.20 3.85 28.34 5.01 51.41 38.78 

ML36 22 ND ND ND ND ND 3.89 8.28 3.11 5.00 3.46 

ML36 24 7.07 3.66 ND ND ND 5.33 12.85 3.06 6.08 4.28 

GH38 2 5.79 4.68 3.48 3.01 ND 5.17 23.40 3.64 41.36 28.47 

GH38 4 5.80 3.94 ND ND ND 4.87 21.97 3.09 19.11 12.75 

GH38 6 5.04 ND ND ND ND 4.64 11.59 3.11 6.86 5.62 

GH38 8 5.28 ND ND ND ND 6.29 12.41 3.14 6.46 4.92 

GH38 10 4.62 ND ND ND ND 4.69 10.74 3.19 6.97 5.85 

GH38 12 5.99 ND ND ND ND 5.79 13.07 3.90 15.48 12.38 

GH38 14 5.19 ND ND ND ND 4.61 9.39 3.19 6.75 6.28 

GH38 16 4.56 ND ND ND ND 4.70 8.85 3.12 6.36 6.75 

GH38 18 4.83 ND ND ND ND ND 5.50 3.05 7.38 5.91 

GH38 20 5.45 3.06 3.47 ND ND 5.18 20.10 3.85 44.33 32.79 

GH38 22 5.36 3.81 3.43 ND 3.11 4.60 22.87 4.71 53.75 41.14 

GH38 24 6.18 3.56 3.74 ND ND 4.68 21.98 5.02 52.00 37.89 

GH38 26 5.70 3.53 ND ND ND 4.91 18.59 3.79 41.24 30.21 

GH38 28 4.02 ND ND ND ND 3.45 10.67 3.51 26.12 21.28 

GH38 30 7.64 3.91 ND ND 3.18 3.55 20.07 3.78 41.22 29.35 

                    The other PAHs are in the following page.  
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                       Tab. 2 PAH concentration in the sediment cores (ng/g) 

location depth cm BaA chry BbF BkF BeP BaP perylene INcdP DahA BghiP 

ML36 2 24.71 28.12 78.56 22.30 52.13 30.43 113.12 52.52 12.94 49.81 

ML36 4 27.87 30.78 86.42 18.99 54.35 33.65 118.36 55.81 12.57 52.36 

ML36 6 28.04 28.89 85.56 21.62 54.84 28.34 115.76 57.40 13.45 49.53 

ML36 8 26.79 28.68 85.34 24.77 54.32 30.00 113.79 56.59 12.94 54.90 

ML36 10 29.71 31.55 89.07 25.08 57.65 35.43 110.85 50.91 14.39 42.26 

ML36 12 27.10 27.09 80.44 22.09 51.17 30.61 106.50 43.60 10.32 37.07 

ML36 14 28.48 29.78 83.15 23.69 52.25 31.84 98.48 45.12 11.36 38.03 

ML36 16 34.37 36.53 100.28 29.43 63.08 33.43 104.32 57.19 13.74 52.03 

ML36 18 35.20 36.11 101.40 28.24 61.26 39.66 103.59 44.20 11.36 39.75 

ML36 20 19.95 20.31 58.45 17.26 35.26 19.95 73.36 26.54 6.73 24.76 

ML36 22 3.95 4.25 ND ND ND ND ND 3.08 ND 3.02 

ML36 24 3.62 5.83 6.39 ND 3.15 ND 9.14 3.78 ND 3.98 

GH38 2 12.04 13.66 28.67 8.88 24.06 15.59 636.46 18.20 3.75 22.75 

GH38 4 4.87 5.56 15.82 4.57 9.56 6.28 898.04 8.22 ND 8.09 

GH38 6 3.45 4.29 7.21 ND 6.50 ND 1045.52 7.50 ND 7.75 

GH38 8 3.15 3.82 6.18 ND 4.28 ND 1126.35 6.80 ND 7.43 

GH38 10 3.73 4.24 7.26 ND 7.21 ND 1068.07 6.20 ND 7.13 

GH38 12 4.92 5.89 15.78 4.61 9.10 4.11 837.95 6.19 ND 7.00 

GH38 14 3.00 3.10 7.20 ND 4.23 4.57 845.58 3.08 ND 3.36 

GH38 16 3.67 3.88 6.54 ND 7.02 ND 946.60 3.00 ND 3.12 

GH38 18 3.77 3.18 7.03 ND 4.56 5.16 359.68 3.58 ND 3.82 

GH38 20 14.80 16.29 44.46 13.99 28.35 16.21 487.34 21.86 4.57 21.22 

GH38 22 17.99 18.63 52.84 15.41 32.71 21.62 301.09 29.68 5.78 28.46 

GH38 24 17.69 18.09 57.29 16.46 33.61 19.92 151.21 30.78 6.23 27.40 

GH38 26 13.13 13.84 43.13 11.17 25.48 14.19 137.34 22.94 4.21 22.19 

GH38 28 10.08 11.03 32.53 10.11 20.46 14.68 123.55 17.69 4.39 18.57 

GH38 30 14.76 15.97 45.75 14.06 28.02 16.92 201.95 23.57 5.01 21.69 
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                     Tab. 2 PAH concentration in the sediment cores (ng/g) 

location depth cm naph 2methylnaph 1methylnaph acenaphthy acenaphthe fluorene phen anthra fluor pyrene 

ML6 2 21.01 9.23 4.67 4.06 3.47 8.10 41.20 13.78 97.63 76.08 

ML6 4 11.54 8.54 5.51 3.83 3.24 8.74 39.39 12.92 95.74 74.29 

ML6 6 31.48 9.23 8.80 3.37 3.46 9.44 40.97 13.70 92.54 72.12 

ML6 8 20.19 6.93 4.74 2.65 3.30 10.63 37.41 13.33 88.16 68.18 

ML6 10 11.80 6.61 5.74 3.56 3.20 8.71 36.33 12.80 87.77 67.46 

ML6 12 18.55 8.10 5.84 3.96 3.23 10.49 38.49 13.14 84.97 64.43 

ML6 14 21.45 8.74 7.44 3.48 3.09 10.48 43.18 15.29 97.03 74.33 

ML6 16 18.59 7.29 5.31 3.40 3.32 9.58 39.58 14.46 99.60 76.95 

ML6 18 14.84 7.36 5.15 3.32 3.05 9.22 38.93 14.92 98.91 78.40 

ML6 20 10.29 6.46 6.90 3.17 3.31 8.83 39.77 14.28 97.29 80.46 

ML6 22 11.73 5.48 5.18 3.14 3.25 6.74 32.91 11.42 75.37 66.15 

ML6 24 10.22 5.71 3.10 3.35 3.45 5.62 30.27 9.16 61.07 51.46 

ML6 26 9.57 4.93 3.60 3.61 3.54 4.73 26.34 7.52 53.40 44.69 

ML6 28 4.43 ND ND ND ND 3.67 11.26 3.12 12.76 10.07 

ML6 30 3.88 ND ND ND ND 3.79 10.01 3.08 7.09 5.30 

GH11 2 24.93 12.96 9.73 4.28 3.82 10.13 43.60 8.50 97.04 71.39 

GH11 4 18.35 10.25 7.74 3.68 3.16 8.56 37.47 8.11 94.03 69.38 

GH11 6 11.76 5.32 5.46 3.43 3.88 7.50 38.91 6.55 85.22 64.20 

GH11 8 6.72 4.08 4.87 ND ND 5.81 19.45 3.62 35.15 27.58 

GH11 10 3.47 3.98 ND ND ND 4.60 13.36 3.28 22.51 17.39 

GH11 12 3.67 ND ND ND ND 3.31 6.15 4.54 ND ND 

                     The other PAHs are in the following page. 
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                        Tab. 2 PAH concentration in the sediment cores (ng/g) 

location depth cm BaA chry BbF BkF BeP BaP perylene INcdP DahA BghiP 

ML6 2 39.71 40.43 104.96 30.49 63.01 41.80 154.65 59.80 13.18 55.46 

ML6 4 37.17 39.98 100.30 27.98 62.01 42.97 149.32 60.06 12.80 55.41 

ML6 6 36.62 37.66 100.56 28.27 61.83 44.13 148.51 56.55 12.33 51.88 

ML6 8 37.07 38.61 99.55 26.97 61.99 42.13 145.07 56.53 12.07 54.44 

ML6 10 37.60 39.98 113.06 29.99 74.79 49.18 148.83 109.37 26.81 100.72 

ML6 12 35.21 37.73 99.89 23.16 67.33 41.15 144.97 82.77 20.75 78.30 

ML6 14 38.05 40.59 110.07 26.00 74.04 46.85 145.51 98.37 25.61 93.18 

ML6 16 40.07 40.68 114.84 29.71 72.55 47.96 142.49 94.31 24.49 90.65 

ML6 18 40.80 42.63 123.40 31.33 80.14 50.54 148.82 109.64 25.60 102.44 

ML6 20 40.02 45.23 118.15 33.56 74.94 52.67 138.60 88.74 22.70 85.05 

ML6 22 30.02 33.71 90.52 24.45 55.08 38.15 158.14 65.08 16.55 61.22 

ML6 24 26.94 28.90 73.40 22.07 45.59 31.90 182.24 54.36 14.07 49.44 

ML6 26 22.69 23.14 58.71 17.67 35.33 26.39 181.45 40.79 9.63 39.89 

ML6 28 5.01 5.16 11.99 3.15 7.27 5.43 54.21 7.79 3.16 8.33 

ML6 30 3.20 3.49 5.33 ND 5.00 ND 15.99 6.04 ND 6.73 

GH11 2 30.67 31.76 118.10 37.24 72.57 41.01 55.71 93.97 26.32 61.50 

GH11 4 34.27 32.27 125.35 36.71 75.51 46.01 66.79 121.28 27.48 86.29 

GH11 6 29.35 27.54 112.78 35.07 67.31 42.84 45.58 121.82 29.17 77.25 

GH11 8 14.37 11.96 49.38 16.95 29.23 22.08 25.71 48.39 13.37 32.39 

GH11 10 10.97 9.56 31.44 10.15 18.41 15.91 13.39 31.53 11.49 22.88 

GH11 12 3.61 3.46 ND ND ND ND ND 3.62 ND 3.31 
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                     Tab. 2 PAH concentration in the sediment cores (ng/g) 

location depth cm naph 2methylnaph 1methylnaph acenaphthy acenaphthe fluorene phen anthra fluor pyrene 

ML7 2 20.65 10.12 5.37 3.77 3.73 9.55 34.51 11.18 102.32 90.68 

ML7 4 21.15 9.82 6.69 3.59 3.05 10.63 37.07 12.00 90.32 77.37 

ML7 6 19.05 8.90 6.86 3.63 3.88 10.20 33.95 10.49 81.28 69.85 

ML7 8 18.02 9.74 6.62 3.74 3.03 10.79 36.19 11.08 86.23 73.90 

ML7 10 20.09 10.03 7.18 3.05 3.62 11.38 43.09 12.90 106.62 90.72 

ML7 12 20.22 8.57 6.01 3.20 3.00 11.98 39.46 12.03 105.99 88.43 

ML7 14 22.57 10.86 6.09 3.86 3.78 14.54 41.56 13.45 99.65 82.97 

ML7 16 18.72 8.92 5.32 3.95 3.45 11.51 36.79 13.27 98.50 83.38 

ML7 18 16.19 8.71 6.63 3.79 3.14 10.70 33.93 11.27 88.61 74.37 

ML7 20 18.24 9.26 6.43 3.94 3.37 12.53 39.37 13.86 111.00 94.52 

ML7 22 19.32 9.02 6.43 3.87 3.43 11.55 42.16 14.67 124.57 104.32 

ML7 24 22.22 9.87 6.57 3.74 3.56 14.70 53.70 17.44 113.41 93.82 

ML7 26 18.35 9.73 6.23 3.09 4.03 12.58 44.62 16.17 132.29 113.97 

ML7 28 21.87 10.85 7.34 3.96 3.84 12.88 48.33 16.36 139.08 119.38 

ML7 30 20.19 12.23 7.20 3.63 5.45 12.15 44.90 15.87 127.56 112.17 

ML7 32 19.21 11.53 7.02 3.11 3.84 11.96 45.81 16.12 129.98 111.58 

ML7 34 21.13 11.31 7.01 3.41 4.07 12.77 46.93 16.66 134.58 116.39 

                     The other PAHs are in the following page.  
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                        Tab. 2 PAH concentration in the sediment cores (ng/g) 

location depth cm BaA chry BbF BkF BeP BaP perylene INcdP DahA BghiP 

ML7 2 93.44 87.01 226.78 66.87 149.44 114.88 165.98 215.42 44.52 185.30 

ML7 4 46.83 42.53 122.45 33.77 82.21 56.70 156.95 110.23 23.79 101.71 

ML7 6 46.37 44.74 125.46 37.14 84.71 50.74 146.46 107.68 23.43 89.86 

ML7 8 45.78 43.25 123.88 35.21 80.70 49.66 143.65 108.87 20.59 85.95 

ML7 10 53.41 47.91 135.26 42.44 88.70 58.29 152.13 111.59 24.18 91.97 

ML7 12 50.73 46.94 128.61 39.68 87.59 48.21 141.87 94.81 20.63 76.19 

ML7 14 58.05 52.17 152.12 46.30 103.81 64.07 184.76 126.85 29.05 107.03 

ML7 16 51.30 47.70 136.69 38.13 92.71 50.37 147.59 105.15 23.05 80.01 

ML7 18 41.06 37.24 112.28 32.82 74.58 38.85 123.96 78.63 18.34 62.22 

ML7 20 59.80 55.11 153.60 41.62 103.12 55.00 151.31 113.91 21.14 80.36 

ML7 22 61.33 54.34 156.25 42.15 99.89 60.52 168.14 102.80 21.96 84.91 

ML7 24 55.84 54.54 131.21 34.64 83.32 50.49 131.85 79.36 17.76 67.93 

ML7 26 64.83 55.13 153.21 49.68 98.21 55.78 168.13 99.65 21.35 75.58 

ML7 28 64.24 58.70 159.61 47.02 100.75 65.83 198.89 100.73 23.75 84.44 

ML7 30 60.16 53.70 149.99 46.20 94.57 61.53 190.67 91.51 21.13 76.02 

ML7 32 61.03 54.78 138.75 41.03 86.23 56.70 199.09 75.32 17.04 65.16 

ML7 34 62.93 59.38 145.19 42.22 90.65 63.72 218.61 83.39 17.98 71.30 
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Tab. 3 PAH concentration in the water samples (ng/L) 

location naph 2methylnaph 1methylnaph acenaphthy acenaphthe fluorene phen anthra fluor pyrene 

11-2 81.84 46.10 27.18 ND ND ND 13.99 ND ND ND 

11-3 55.53 48.50 18.83 ND ND ND ND ND ND ND 

11-12 96.07 45.58 25.59 ND ND ND ND ND ND ND 

11-13 112.47 56.31 31.18 ND ND ND 11.51 ND ND ND 

11-14 109.31 50.27 29.18 ND ND ND ND ND ND ND 

11-15 48.25 32.29 20.33 ND ND ND ND ND ND ND 

11-18 60.38 62.98 21.03 ND ND ND ND ND ND ND 

11-20 41.62 42.22 19.16 ND ND ND ND ND ND ND 

11-21 51.24 34.18 19.57 ND ND ND ND ND ND ND 

11-23  57.93 35.78 21.16 ND ND ND ND ND ND ND 

6-1 255.34 262.39 165.85 ND ND 23.98 46.86 ND ND ND 

6-2 289.67 261.37 176.13 ND ND 32.64 51.47 ND ND ND 

6-5 379.00 362.97 233.63 ND 10.67 28.42 30.16 ND ND ND 

6-6 396.71 367.30 233.80 ND 12.42 28.75 48.80 ND ND ND 

6-7 393.13 386.71 247.58 ND 12.98 27.12 29.20 ND ND ND 

6-8 403.23 398.67 245.01 ND 13.18 30.36 37.98 ND ND ND 

6-9 434.72 387.20 260.57 10.14 15.53 32.37 35.78 ND ND ND 

6-10 373.41 311.60 208.16 ND 12.05 24.74 39.18 ND ND ND 

6-11 746.66 761.80 484.70 11.01 21.69 51.40 41.50 ND ND ND 

6-12 483.07 439.36 294.71 ND 10.12 28.74 23.39 ND ND ND 

6-13 358.75 327.86 213.10 ND ND 23.47 22.96 ND ND ND 
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Tab. 3 PAH concentration in the water samples (ng/L) 

location naph 2methylnaph 1methylnaph acenaphthy acenaphthe fluorene phen anthra fluor pyrene 

2-2 118.88 69.36 38.94 ND ND 12.16 33.27 ND ND ND 

2-4 97.85 72.39 41.89 ND ND 15.01 39.45 ND ND ND 

2-6 62.39 56.89 33.38 ND ND 12.74 20.90 ND ND ND 

2-9 66.70 66.57 36.49 ND ND 14.17 23.37 ND ND ND 

2-11 58.39 51.87 34.75 ND ND ND 20.35 ND ND ND 

2-14 91.26 62.19 51.58 ND 10.39 26.92 34.20 13.10 ND ND 

2-21 487.00 62.40 32.32 ND ND 18.12 27.60 ND ND ND 

2-22 483.15 61.92 32.46 ND ND 18.00 23.19 ND ND ND 

2-23 520.48 62.17 33.71 ND ND 18.50 26.85 ND ND ND 

2-24 491.00 87.69 44.51 ND ND 18.55 27.14 ND ND ND 

9-2 318.31 595.93 269.95 ND ND 11.48 29.52 ND ND ND 

9-3 488.26 1235.23 563.71 ND ND 15.04 29.81 ND ND ND 

9-4 423.70 1026.78 460.95 ND ND 13.03 33.69 ND ND ND 

9-6 440.91 1111.41 508.97 ND ND 15.90 34.73 ND ND ND 

9-7 559.06 1347.05 605.13 ND 10.27 17.93 32.23 ND ND ND 

9-8 341.20 601.94 265.84 ND ND 13.15 29.14 ND ND ND 

9-10 392.01 738.69 329.47 ND ND 13.79 33.17 ND ND ND 

9-11 359.56 477.20 188.30 ND ND ND 15.55 ND ND ND 

9-12 612.86 1018.76 446.67 ND 14.08 20.34 44.59 ND 11.88 14.47 

9-14 417.68 685.01 304.72 ND ND 14.14 28.21 ND ND ND 
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