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Abstract  
Heiam A. Mohamed HAMED 

Polycyclic Aromatic Hydrocarbons In Urban Soils From West Yorkshire, UK 

Investigation into Abundances, Sources and Determining Factors. 

Key words; PAH, Soil, GC-MS, Pollution Source, Multivariate Statistics and Seasonal 

Variation. 

This study aims to determine the concentration of 16 Polycyclic Aromatic 

Hydrocarbons (PAHs) in urban soils from West Yorkshire in order to determine what 

the factors are controlling their distribution and abundances. Although PAHs have 

been reported before from soils and sediments, the majority of these studies have 

come from China, sometimes with contrasting results, which emphasises the need to 

obtain equivalent data from other areas. Therefore this work provides the first 

measurements of their type from the area studied.  

Soil samples were collected from one hundred sites across an area from Bradford to 

Leeds on two occasions, one in autumn and one in the following summer. The soil 

samples were analyzed by X-ray diffraction and all found to have similar mineralogical 

composition, which was mainly silica and calcite. Trials using iodine as a marker for 

PAHs showed there were notable interactions between the minerals and PAHs, with 

calcium carbonate absorbing PAHs much more than silica. There is a negative 

correlation between the soil organic content (determined by loss on ignition) and 

PAHs, which confirms the PAH-mineral interaction. Gas chromatography with mass 

spectrometry (GC-MS) using targeted selected ion monitoring was used to determine 

and quantify PAHs in the one hundred soil samples with the aid of PAH external 

standards.  

The results showed highest concentrations of total PAHs in the same sample from 

Leeds from the autumn (1,525 ng/g) and in the summer (1,768 ng/g). In Bradford there 

was only moderate pollution of PAHs, the maximum being 122 ng/g. However the 

majority of data from Bradford showed lower levels of pollution in both summer and 

autumn. On the basis of prior published information, the ratio of these compounds has 
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been used to help in identifying sources. In the samples collected from Bradford in 

both seasons and Leeds in autumn the PAH pollution originated from pyrogenic, 

biomass and petroleum combustion, however in the summer the source appeared 

more to be from a petrogenic source. These ratios in the samples which were collected 

from the area between Bradford and Leeds implied pyrogenic, biomass source of 

pollution in the autumn, but in the summer another source of organic compounds was 

indicated namely petroleum combustion. When the locations were resampled nine 

months later, after taking into account within-site variability, there was a strong 

indication that the PAH concentrations were higher. This might have been due to a 

seasonal effect, but when a further (third) subsample was taken at a later date it 

showed a further increase in PAH level which suggests the effect is accumulative 

rather than seasonal.   

The results were analysed using Principal Component Analysis (PCA) to determine 

whether the type of road had an effect on the concentration of the 16 PAHs 

compounds, but it was concluded that there was no such effect. However, the distance 

from the soil sample to the nearest road did have an effect on the concentration of the 

16 PAH compounds, especially in soil samples having the shortest distance to the 

road. Traffic volume was also tested and found to influence the PAH concentrations. 

It is notable that, comparing the groupings from autumn with those from summer by 

cluster analyses, they largely had the same compounds grouping together in both 

cases; only two compounds differed at all in where they occurred in the clusters, with 

consistent patterns of grouping found for the other compounds. These analyses 

indicate that PAH compounds behave in a consistent way amongst groups of PAH 

compounds. The grouping of PAHs appears linked to their sources rather than number 

of rings or molecular weight. 
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Chapter 1: Introduction  
 

Polycyclic aromatic hydrocarbons (PAHs) are organic compounds containing carbon 

and hydrogen with two or more fused aromatic rings (Jiao et al., 2009). Sixteen PAHs 

have been listed by the United States Environmental Protection Agency as priority 

pollutants due to their toxicity and carcinogenic behaviour (Xiao-Bai 2006). PAHs are 

found individually or as a complex mixture. These compounds originate from 

anthropogenic and natural processes (Xiao-Bai 2006). Most anthropogenic PAHs are 

produced through the incomplete combustion of carbonaceous materials, for example, 

coal, diesel, and petrol (Kavouras et al., 2001). The main sources of natural PAHs are 

volcanic eruptions and natural fires. Without anthropogenic input the background 

concentrations of PAHs in soils are reported to be 1 - 10 ng/g (Edward 1983). PAHs 

in the atmosphere deposit in soil through wet or dry deposition processes. In wet 

sediments, PAHs dissolve in precipitation, while dry sediment deposition occurs when 

the compounds are deposited on the soil as dry particles or gases (Rey-Salgueiro et 

al., 2008). Soil contamination of PAH could have a direct impact on public health 

(Menzie et al., 1992). Soil pollution with PAHs can easily be delivered to humans from 

direct contact or suspended dust (Madrid et al., 2002; Chen et al., 2004). The soil is 

one of the most important sources of storage and re-emission of PAHs.  

There have been few studies of PAHs in the UK and they tend to focus on PAHs in 

the atmosphere rather than soils, therefore this thesis is going to work more in this 

area. 

1.1. Aims and Objectives  
 

The primary aim of this project is to measure the concentration of 16 PAHs in urban 

soil in West Yorkshire in order to determine what the factors are controlling their 

distribution and abundance in the area. Specific objectives are: 
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�x To establish the best methodology of analysing for PAH concentrations, 

including evaluating the potential use of iodine as a marker for determining the 

presence of PAHs and their interactions with minerals. 

�x To analyse soils for PAH concentrations and for characteristics including 

organic matter, mineral composition, to help determine the factors influencing 

PAH abundance. Methods used include loss-on-ignition (LOI) and X-ray 

diffraction. 

�x To determine the spatial distribution of the PAH concentrations in a sample from 

Bradford, the area between Bradford and Leeds, and Leeds. This objective will 

be achieved by solvent extraction and analysis of soil samples using gas 

chromatography with mass spectrometry (GC-MS), quantifying using an 

external standard method. 

�x To assess seasonal variation in PAH concentrations by revisiting the same 

sampling locations after six months and repeating the analyses. 

�x To quantify how much inherent variability exists by sampling at a small scale, 

to help interpret the variation shown in repeated sampling from the same sites. 

�x To assess whether the possible sources of the PAHs found can be determined 

by reference to previously published PAH ratios. 

�x To perform multivariate analyses to investigate the factors that influence PAHs 

abundances, involving both cluster analysis of PAH compound groups and 

Principal Components Analyses of factors such as road distance and traffic 

volume. 

Thesis Structure  
 

Chapter One: Introduction  

This chapter outlines the main ideas of the thesis in general, including the definition of 

PAHs and information about their health impact. The chapter summarises previous 

work that was done on PAHs because of concerns about their carcinogenic properties. 

Also, it contains the main aim and specific objectives of the study. 
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Chapter Two: Review of Polycyclic Aromatic Hydrocarbons  

This chapter presents the chemical background to this study, including abbreviations 

and chemical formulas, along with chemical composition of the PAHs. The main 

source of pollution for PAHs is identified in this chapter, describing how the source of 

pollution is determined by ratios of the compounds. Chapter two also introduces the 

effects of PAHs on environmental and human health. Recent studies in this field are 

included in this chapter. 

Chapter Three: Methodology   

Investigations in this chapter are related to development of the most effective 

methodology for this study. GC-MS method, an Agilent Technologies 7890A GC 

system with a 5975c mass selective detector (MSD) was used to separate, identify 

and determine the concentrations of PAHs in soil extracts. Initially, a Scan method 

was used (m/z 50 to 800) to confirm the identity and retention times of the PAHs. Once 

these were determined, a SIM (Selected Ion Monitoring) method was developed with 

different masses detected for different retention times. Other field sampling, site 

description, and statistical methods used are also described. Initial experiments into 

the best methodology seek to determine the interactions between PAHs and mineral 

components, using iodine absorption as a marker, and involving scanning electron 

microscopy X-ray fluorescence. The chapter assesses whether there is any interaction 

between PAHs and soil, using iodine as a proxy for such an interaction.. 

Chapter Four: Preliminary investigation into the soil  

The fourth chapter is divided into two parts. Part one uses X-Ray Diffraction to 

determine the mineralogy in soil samples by using the match/search method. The 

purpose was trying to specify and confirm the types of mineral in the soil. The second 

part investigates variations in PAH concentrations related to the amount of organic 

matter present. 
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Chapter Five: Variation in PAH concentrations across the study ar ea 

This chapter shows the results obtained from the autumn and summer sampling period 

for the 16 individual PAHs from 100 sample sites in West Yorkshire. Included is 

discussion of the results for the 16 PAHs individually and the total concentration of all 

16 PAHs, for each of the three study areas used seeking to identify the source of 

pollution. The hypothesis is that the PAH concentrations seen in both periods vary 

depending on the sample area. 

The results of autumn and summer periods are presented separately to enable later 

exploration of differences between the two sample periods. 

Chapter Six: Repeatability Study  

This chapter measures the concentration of 16 PAHs in a series of small-scale 1m 

squares and then uses these results to assess the amount of variability there is, which 

will subsequently be used as the basis to assess whether the variability in results 

between the two sample periods from Chapter five exceeds the inherent variability in 

small-scale sampling. Is there any variance in small-scale sampling? 

Chapter Seven: A comparison of PAH concentration from the same sites 

collected in different seasons  

This chapter uses data from Chapter five to compare the concentrations of individual 

PAHs in autumn and summer. In addition, comparison is made between the total 

values of the 16 PAHs combined in the two seasons by using a t-test. Results are 

interpreted in the light of the inherent small-scale variation of the concentrations from 

Chapter six. The hypothesis tested is whether there is a difference between autumn 

and summer concentrations. 
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Chapter Eight: Multivariate statistical analyses of the factors influencing PAH 

abundances   

This chapter explores the results in relation to distance of sampling sites to nearby 

roads, by using principal component analysis, and also whether the type of road or 

traffic volume affect the concentration of the individual PAHs. The hypotheses tested 

relate to whether any of these factors influence PAH values. The data are also 

analysed by individual correlation coefficients between all pairs of compounds and 

hierarchical clustering methods to determine which individual PAH compounds are 

grouped together (because they respond similarly). The hypothesis tested is that 

certain compounds consistently are found to be grouped together because they exhibit 

similar properties to each other. 

Chapter Nine: General Discussion and Conclusion  

The themes from the different chapters are brought together here, and suggestions 

are made for future work. 

The interactions between PAHs and minerals was determined by using iodine 

absorption and scanning electron microscopy X-ray fluorescence. Iodine exposure is 

best at 21 °C. BSE images reveal the presence of iodine, SE and XRF data also 

confirm the presence and abundance of iodine but the images are less clear. Higher 

concentrations and greater time exposure of PAHs increases the absorption of iodine. 

Oleic acid was used to confirm the result of this experiment as fatty acids have 

previously been shown to adsorb iodine. PAHs tested here (acenaphthylene, 

anthracene, and phenathrin) adsorb iodine when a calcium carbon at substrate is 

used. Very little PAH is adsorbed on the sand (silica). 

Investigation of one hundred soils sample was determined by X-ray diffraction to 

identify minerals in the soil samples using the matching/search method. To determine 

their mineralogical composition manual and automatic interpretation was used to 

determine their presence or absence in soils. Calcite, hematite and silica were 

identified in all soil samples. 
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The Loss-on-Ignition of samples collected from Bradford, the area between Bradford 

Leeds and Leeds in September 2016 and in June 2017 were arranged between (1.2% 

- 30.1%) and (7.1% - 38.8%) respectively. There is a negative relationship between 

LOI and total PAHs in both seasons, but most of this relationship is due to a few high 

PAH concentrations at low LOI values. 

Six locations were chosen for determining the homogeneity of the PAH 

measurements, with the five replicate samples per site. These six locations were 

chosen as they represent sites with the highest and lowest total PAH concentrations 

from each of the three areas of this study (Bradford, the area between Bradford-Leeds, 

and Leeds). It is clear from the total PAH concentration results that there are some 

outliers in individual samples, which therefore shows that there is at least sometimes 

a lack of repeatability of results from samples from adjacent locations. The total 

concentration of PAH in Bradford, the area between Bradford, Leeds, and Leeds 

shows a significant difference in the small scale 1 m square, that the variance can be 

related to soil properties of organic matter and mineralogy or the source and behaviour 

of PAH. This variance is distinguished on a very small scale (1 m square) by 

considering the concentration of individual PAH compounds. Some compounds are 

uniformly distributed among sub-samples while others are not. The greatest variance 

in low concentrations may be due to the non-uniform availability of binding sites in soil 

that become saturated at higher concentrations. Some individual compounds FL, PH, 

AN, FLU, PY, CH, BbF and IP have a higher RSD that can be associated with a PAH 

source. This group of FL, AN, FLU, and PH is the same as that specified in Chapter 8 

by PCA. These compounds are defined as the result of commercial creosote 

emissions according to Wang et al. (2013) and Zheng et al. (2014), another group of 

BbF, IP and ACE were also identified as the same group in Chapter 8 and are believed 

to come from vehicle emissions sources. 

One hundred soil samples were collected across an area from the centre of Bradford 

to the centre of Leeds, West Yorkshire in autumn 2016 and summer 2017. All the 

samples were analysis by GC-MS. Selected ion monitoring was used to identify and 

measure PAHs in one hundred soil samples with the aid of PAH external standards. 
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The results showed highest concentrations of total PAHs in the same sample from 

Leeds from the autumn (1,525 ng/g) and in the summer (1,768 ng/g). In Bradford there 

was only moderate pollution of PAHs, the maximum being 122 ng/g. However the 

majority of data from Bradford showed lower levels of pollution in both summer and 

autumn. 

The concentration of 16 PAHs in the data from summer was greater than that for the 

16 PAHs in autumn. The concentration of benzo[k]fluoranthene varied between 0.6 

ng/g and 9.7 ng/g with an average of 3.34 ng/g and standard deviation 2.02 ng/g and 

the value in autumn of 0.6 ng/g was the lowest concentration in both seasons in 

Bradford. The concentration of benzo[a]pyrene in summer data is ranged from 5.3 

ng/g to 708.3 ng/g with an average of 61.86 ng/g and standard deviation of 148.53 

ng/g. 708.3 ng/g was the highest concentration in the two seasons. Most of the data 

in autumn and summer from Bradford, the area between Bradford and Leeds, and 

Leeds have a standard deviation less than the average. This means there is a 

significantly different concentration in individual compounds in different sites. Except 

for some compounds from Leeds sites in autumn and summer which have standard 

deviation larger than the average. The total concentration data from the three areas 

combined in autumn were analysed using one-way ANOVA to determine whether the 

data from the three areas are significantly different. Thus overall the PAH 

concentrations cannot be claimed to vary in the different areas, even though for 

specific sites there is notable variation. 

In the samples collected from Bradford in both seasons and Leeds in autumn the PAH 

pollution originated from pyrogenic, biomass and petroleum combustion, however in 

the summer the source appeared more to be from a petrogenic source. These ratios 

in the samples which were collected from the area between Bradford and Leeds 

implied a pyrogenic, biomass source of pollution in the autumn, but in the summer 

another source of organic compounds was indicated namely petroleum combustion. 

However, although these individual results seem fairly conclusive, overall the 

outcomes may not be so because, depending on which author is used to define the 

PAH ratios and source identification, a different conclusion can be reached.  
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When the locations were resampled nine months later, after taking into account within-

site variability, there was a strong indication that the PAH concentrations were higher. 

This might have been due to a seasonal effect, but when a further (third) subsample 

was taken at a later date it showed a further increase in PAH level which suggests the 

effect is accumulative rather than seasonal. The results were analyzed using the 

Principal Component Analysis (PCA) to determine whether the road type had an effect 

on the concentration of PAH compounds 16, but concluded that there was no such 

effect. However, the distance between the soil sample and the nearest route has an 

effect on the concentration of PAH 16 compounds, especially in soil samples that have 

the shortest distance from the road. Mage et al. (1996) reported that road traffic tends 

to be the key source of environmental pollution. Traffic volume was also tested and 

found to affect PAH concentrations. It is noteworthy that when comparing clusters of 

autumn with clusters of summer through cluster analyzes, they had significantly the 

same compounds collected in both cases; only two compounds at all differed in their 

location in the groups, with consistent patterns of aggregation. These analyzes 

indicate that PAHs behave consistently between groups of PAHs. The assembly of 

PAHs seems to be related to their sources rather than the number of rings or molecular 

weight. 
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Chapter 2: Review of Polycyclic Aromatic Hydrocarbons  
 

2.1. Definition and Characteristics of Polycyclic Aromatic Hydrocarbons 
(PAHs) 
 

Polycyclic aromatic hydrocarbons (PAHs) are organic compounds containing carbon 

and hydrogen with two or more aromatic rings fused together (Jiao et al., 2009). The 

abbreviation and chemical formulae, together with the chemical structure for 16 PAHs 

are displayed in Table 2.1. This selection of 16 PAHs has been compiled by the United 

States Environmental Protection Agency as priority pollutants because of their being 

highly toxic to humans (Mason 1992). 

 

The melting and boiling points of these 16 PAHs can be utilized in their classification 

considering the fact that they are dependent on the chemical structure (Vu et al., 2010; 

Table 2.1). The stability of PAHs which contain two or more rings is typically high as a 

result of these compounds possessing high hydrophobicity and a stable chemical 

structure. The solubility of PAHs in water is very poor, and, as such, their absorption 

onto soil particles is quite rapid, particularly when it comes to soil organic matter (Tang 

et al., 2005). 

 

PAHs are usually grouped into three categories based on their molecular weight: low, 

medium, and high. The low molecular weight (LMW) PAHs contain two to three rings 

and have a molecular weight ranging from 152 to l78 g/mol, for example, 

phenanthrene. Medium molecular weight (MMW) PAHs contains four rings and have 

a molecular weight equivalent to 202 g/mol, for example, fluoranthene and pyrene. 

Finally, the high molecular weight (HMW) PAHs contain five to seven rings and have 

a molecular weight ranging from 228 to 278 g/mol, for instance, benzo[a]pyrene, 

dibenzo[a,h]anthracene, and indeno[1,2,3-cd]pyrene (Nalin et al., 2018; Table 2.1).  
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Biological influences like the toxicity effect on sediment ecology are the basis for the 

US Sediment Quality Guidelines. The United States National Oceanic and 

Atmospheric Administration utilize two parameters known as effect range low (ERL) 

and effect range median (ERM) for making estimates of possible biological effects. 

Improvements are made with regard to the guidelines by making a comparison of the 

different marine biology sediment toxicity responses or the community PAHs 

concentration in the sediments observed. Three concentration ranges are outlined by 

the ERL and ERM (Chen and Chen 2011). 
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Table 2.1: PAHs name, abbreviation, chemical abstract service (CAS) number, 
chemical formula, chemical structure, ring number and melting and boiling points 

(Lee 2010). 

Name Abbreviation CAS Formulae Structure Ring 
number 

Molecular 
Weight 

Melting 
Point °C 

Boiling 
point °C 

naphthalene NA 91-20-3 C10H8 

 

2 128.17 80.26  218 

acenaphthene ACE 83-32-9 C12H10 

 

3 154.21 95  96  

acenaphthylene ACY 208-96-8 C12H8 

 

3 152.20 92-93  265-275  

Fluorene FL 86-73-7 C13H10 
 

3 166.2 116-117    295 

anthracene AN 20-12-7 C14H10 
 

3 178.2 218  340-342 

phenanthrene PH 85-01-8 C14H10 

 

3 178.2 100 340  

fluoranthene FLU 206-44-0 C16H10 

 

4 202.26 110.8  375  

Pyrene PY 129-00-0 C16H10 

 

4 202.3 156  393-404  

benzo[a]anthracene BaA 56-55-3 C20H12 

 

4 228.29 158  438  

Chrysene CH 218-01-9 C18H12 

 

4 228.28 254  448  

benzo[b]fluoranthene BbF 205-99-2 C20H12 

 

5 252.3 168.3  No data 

benzo[k]fluoranthene BkF 207-08-9 C20H12 

 

5 252.3 215.7  480  

benzo[a]pyrene BaP 50-32-8 C20H12 

 

5 252.3 179-179.3  495   

dibenzo[a,h]anthracene DA 53-70-3 C22H14 
 

5 278.35 262  No data 

benzo[ghi]perylene BP 191-24-2 C22H12 

 

6 276.34 273  550  

indeno[1,2,3-cd]pyrene IP 193-39-5 C22H12 

 

6 276.3 163.6  530  
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2.2. Sources of Polycyclic Aromatic Hydrocarbons PAHs  
 

PAHs are found individually or as a complex mixture. These compounds originate from 

anthropogenic processes and natural processes (Xiao-Bai 2006). 

 

Annually, the amount of PAHs released to the atmosphere is estimated to be about 

1,000 tons in the UK alone. Combustion products such as coal combustion wastes 

and gaseous exhausts from automobiles account for 95% of the total emissions (Wild 

and Jones 1995). 

 

1. Natural Sources  

The natural sources of PAHs include emissions from forest fires, volcanic eruptions, 

and microbiological synthesis (Guo et al., 2011; Lee 2010). 

 

2. Anthropogenic Sources  

According to Lee and Lee (2015), anthropogenic emissions can be classified into the 

following categories: stationary sources (both industrial and domestic), agricultural 

activities, and mobile emissions. 

 

The major domestic sources of PAHs fall under the stationary sources category: 

heating, cooking, burning coal, garbage, wood, oil, and gas for industrial functions and 

other similar organic materials. In addition, PAHs are released during the treatment of 

raw materials in petrochemical industries, treatment of raw aluminium, production of 

coke, cement and rubber tire manufacturing, power and commercial heat generation, 

processes in bitumen and asphalt industries, and waste incineration. 

Dong et al. (2012) showed that the likely source of PAHs in the industrial port area of 

Kaohsiung Harbour was coal combustion. When the concentration of PAHs was 

compared with the US Sediment Quality Guidelines (SQGs), the levels of PAHs were 

found to exceed the median range. This can cause severe biological damage; 

however, the results can be used to monitor pollution prevention in the future and to 

set targets for various industries in the region to reduce pollution. 
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Mobile sources such as transportation are one of the major contributors of PAHs. This 

contribution can be seen clearly in big cities (Lee 2010). Another important contributor 

to PAHs is the rapid industrialization over recent decades. PAHs are emitted along 

with the exhaust smoke of transportation modes, for instance, cars, trains, ships, 

aircraft. PAHs emitted from mobile sources are based on oil derivatives, which are 

used as fuel (Vu et al., 2010). 

 

The agricultural sources include burning of stubble, straw, brushwood, and moorland 

heather, which contribute a considerable level of PAHs (Guo et al., 2011). 

2.3. PAHs ratios to determine their source  
 

Table 2.2 illustrates the various ratios of BaA/228, IP/(IP+BP), FLU/ (FLU + PY), and 

�$�1�����3�+�� ���� �$�1���� �W�R�� �S�U�R�Y�L�G�H�� �G�H�W�D�L�O�V�� �D�E�R�X�W�� �H�D�F�K�� �V�R�X�U�F�H�¶�V�� �V�W�D�Q�G�D�U�G�� �Y�D�O�X�H���� �,�I�� �W�K�H�� �U�D�W�L�R�� �R�I��

BaA/228 equals 0.38 and the IP/(IP+PB) ratio equals 0.35, this implies diesel 

combustion as the source. If the values of BaA/228 and IP/(IP+PB) are 0.54 and 0.53, 

respectively, this implies a coal combustion source. If the BaA/228 ratio equals to 0.1 

and IP/(IP+PB) equals 0.12, this implies a source from lubricating oil. When the values 

of BaA/228 and IP/(IP+PB) are equal to 0.50 and 0.64, creosote is likely to be the 

source (see Figure 2.1) (Chen et al., 2011; Dong et al., 2012). 

Yunkeret et al. (2002) stated that the ratio of indeno[1,2,3-cd]pyrene to indeno[1,2,3-

cd]pyrene plus benzo[ghi]perylene (IP/(IP+BP)) of 0.2 implies petroleum source, while 

the ratio 0.2 to 0.5, suggests liquid fossil fuel and a ratio greater than 0.5 indicates 

grass, wood, or coal combustion. 
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Table 2.2: Ratios of PAH to help determine different sources (Chen et al., 2011) 

 

 

(a)                                                               (b) 

Figure 2.1: Plots of PAH ratios (a) (Chen et al., 2011, Dong et al., 2012) (b) (Yunker 
et al., 2002). 

 

The most important sources of PAH inputs in the environment are petrogenic and 

pyrolytic (Zakaria et al., 2002). Petrogenic input is closely linked to petroleum products 

for examples road construction materials and oil spills, while pyrolytic sources include 

combustion processes, for example, burning fossil fuels, forest fires and grass fires. 

Because of the absence of characteristic parameters of PAHs in soils, those found in 

the atmosphere are used to discuss the soil adsorbed PAHs (Trapido, 1999; Saltiene 

et al., 2002; Zhang et al., 2004; Ma et al., 2005; Tang et al., 2005). 

 

The diagnostic proportion and principal component analysis (PCA) for PAHs in a study 

by Sun et al. (2012) indicate that the pollutants may be produced mainly from coal 

combustion and petroleum sources (Sun et al., 2012). The Nemerow composite index 

used to assess environmental quality, showed that the samples of soil were heavily 

polluted with PAHs; although 52.8% of the soil samples were at designated safe levels, 

47.2% showed different grades of PAHs pollution. The PAH pollution in Shenyang 

confirms the need for controlling fossil fuel combustion and traffic exhaust emission 

(Sun et al., 2012). 

Source  BaA/228 
 

IP/(IP+BP) 
 

FLU/(PY+FLU) 
 

Diesel combustion  
 

0.38 ± 0.11 
 

0.35 ± 0.10 
 

0.39 ± 0.11 

Coal combustion  
 

0.54±0.10 
 

0.53±0.12 
 

0.58±0.02 

Lubricating oil  
 

0.1±0.01 
 

0.12±0.01 
 

0.29±0.03 

Creosote  
 

0.50 ± 0.03 
 

0.64 ± 0.04 
 

0.62 ± 0.01 

Petrogenic source  
 

AN/(AN+PH)<0.1  
 

Pyrogenic source  
 

AN/(AN+PH)>0.1  
 



15 
 

A difficulty with using these ratios to determine sources of PAH contamination is that 

different authors ascribe very different conclusions to the same ratio values. Therefore 

when working with these ratios it is necessary to make choices as to which author to 

follow for a given ratio and it is not possible to be completely confident about the 

conclusion. It is particularly difficult to use these ratios because often the various 

authors use different analytical methods. The methods used by Dong et al., (2012) are 

the most similar to those used in this study, and the ratios suggested by these authors 

will therefore be the primary ones used when attempting to determine PAH sources 

using ratios of the various compounds. 

A further difficulty with using the ratios from the literature to determine PAH source is 

that what is indicated by the ratios is often a group of specific sources of similar nature. 

Thus a conclusion that the source is from pyrolytic origins does not distinguish 

between burning wood, burning coal or burning petrol  (Baek et al., 1991). This makes 

identifying the precise nature of the PAH source more difficult. In the locations studied 

in this thesis there will not have been any forest fires and it is likely that the main such 

pyrolytic source is from burning fossil fuels by vehicles; but this does not exclude other 

possibilities such as barbecues, gardeners burning plant matter on bonfires, or coal or 

wood being burnt for heating in houses. 

2.4. The impact of PAHs on environmental and human health  
 

PAHs are environmental pollutants and this class of compounds exhibits toxic and 

hazardous properties which have been identified by the Environmental Protection 

Agency (EPA) in the United States (Van Keuren, 2005). Many PAHs are carcinogenic 

and mutagenic but the ones that are not may act as synergists and work in combination 

with toxic agents (Ene et al., 2012 ). 

PAHs are a category of pollutants of considerable environmental concern because of 

their stability and the tendency to accumulate in food chains and bio accumulate in fat 

tissues (Lee 2010). PAHs are also the most persistent organic pollutants in the 

environment.  Although many PAHs are chemically stable, sunlight or ultraviolet rays 

can slowly decompose them (Vu et al., 2010). 
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The United States EPA and the European Union have listed 16 PAHs as priority 

pollutants (listed in Table 2.1; Ene et al., 2012). These molecules have been selected 

because they are generally found in higher concentrations and they are teratogenic, 

carcinogenic, and mutagenic (Dong et al., 2012). Their behaviour is used to illustrate 

the features of the remaining PAHs, so many studies have focused on these16 PAHs 

(IAR 2010). 

According to previous studies, many countries have serious problems related to PAH 

contamination in the soil owing to their properties of accumulation and stability. This 

contamination has an impact on human and environmental health (Tang et al., 2005). 

 

The World Health Organization has confirmed that seven PAH compounds, namely 

chrysene, benzo[a]anthracene, benzo[a]pyrene, dibenzo[a]anthracene, 

benzo[b]fluoranthene, benzo[k]fluoranthene and indeno[1,2,3-cd ]pyrene are harmful 

to humans and are carcinogenic. These compounds show different behaviours in the 

environment depending on their molecular weight. A low molecular weight (LMW) 

compound such as naphthalene is probably present in the air, while the high molecular 

weight (HMW) ones remain in the soil. On comparing benzo[a]pyrene with other PAHs, 

it showed the highest genetic toxicity. This means different PAHs have different effects 

on the environment and living organisms (Kielhorn et al., 2003). 

PAHs are found in food as a result of food processing techniques like curing, drying, 

smoking, roasting, grilling, barbecuing and refining. These food processing steps are 

known to generate and increase the level of PAHs in the food (SCF 2002). PAHs enter 

the body in different ways, for example through the breathing of contaminated air that 

reaches the lungs and through food or water contaminated with PAHs, which can 

spread and accumulate in adipose tissues and target the kidney and liver. The 

absorption of PAHs by the skin can damage the skin (Ball and Truskewycz, 2013; 

Mason 1992) (Table 2.3). PAHs can be adsorbed by the human body, metabolized by 

the liver and kidney, and eliminated via faeces and urine. The health outcomes 

associated with PAH exposure includes lung cancer, low birth rates and decreased 

fecundity (AMAP,1998) 

In a previous study involving mice, it was found that mice exposed to PAHs through 

their food, polluted air, and skin contact experienced tumours and damage to the skin 
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and the immune system and their offspring usually had birth defects (Mason 1992). 

This study confirms the health risks of these compounds. Humans are exposed to 

PAHs from motor vehicle exhaust, agricultural and residential heating, waste 

incineration, and emissions from industrial processes or through food, water and skin 

contact. These pollutants are transferred to the tissues of the human body and are 

stored in the fat, liver, kidney, accumulating in these organs in the long term (Lee 

2010). The carcinogenicity of PAHs is due to the production of active metabolites 

which can covalently bind to DNA. That is considered a common mode of action for 

all carcinogenic PAHs (Naz 1999; USEPA 1993). The carcinogenicity potency of PAHs 

is generally associated with the structural features of the molecule , but as PAHs are 

often found in complex mixtures, the carcinogenicity of individual PAHs is often difficult 

to predict (Menzie et  al., 1992). 

Table 2.3 shows the different toxic forms of PAHs. Most of them cause cancer and 

long-term exposure can damage aquatic life. Hence, researchers are studying these 

compounds to reduce the pollution caused by them. A previous study has found that 

the amount of human exposure to PAHs through soils was higher than through air or 

water (Menzie et al., 1992). 

 

PAHs are classified as persistent toxic substances; even in low concentrations, they 

may jeopardize human health as well as the environment (Perelo 2010). The U.S. 

Environmental Protection Agency (USEPA) has classified a group of 16 individual 

PAHs as primary pollutants due to their toxicity, mutagenicity, and carcinogenicity 

(Loprieno 1975).  The 16 identified PAH compounds have been found to be notably 

more prevalent than all the others (Tang et al., 2005; Wang et al.,2010). USEPA 

selected 16 PAHs, which are frequently distribution found in environmental monitoring 

samples (USEPA 1977). Soil contamination with 16 PAHs has been one of the most 

important environmental problems worldwide and requires an urgent solution (Liu et 

al., 2019; Song et al., 2017; Fazeli et al., 2019)At present, many places have been 

polluted with 16 PAHs, such as Miami in the USA (Banger et al., 2010), Delhi in India 

(Ray et al., 2008), Beijing in China (Peng et al., 2016), Esbjerg in Denmark (Essumang 

et al., 2011), Tyumen Oblast in Russia (Minkina et al., 2019), and Ulsan in Korea 

(Kwon and Choi 2014; Kim et al., 2019), which, among others, have been studied by 

international researchers (Fayeulle et al., 2019; Tarafdar et al., 2018). Nam et al. 2009 
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found that the average background PAH concentration in different soils worldwide 

followed the order Europe > North America > Asia >Oceania > Africa > South America. 

Heywood et al. 2006 used a spatial statistical analysis to demonstrate that in the British 

rural area, the western and southeastern sides are those with the highest 16 PAH 

levels It implies that the 16 are abundant but none of the others are. For this reason 

most study has focussed on these 16 PAH compounds. The 16 PAH being those 

believed most hazardous because of their properties, rather than because of their 

abundance. Among these 16 primary pollutant PAHs, seven are considered to be 

carcinogens: chrysene, benzo(a)anthracene, benzo(a)pyrene, 

dibenzo(a,h)anthracene, indeno(1,2,3-cd)pyrene, benzo(b)fluoranthene, and 

benzo(k)fluoranthene (Jennings 2012). Background levels of some  PAHs in the air 

are reported to be 0.02-1.2 nanograms per cubic meter (ng/m3; a nanogram is one-

millionth of a milligram) in rural areas and 0.15-19.3 ng/m3 in urban areas (ATSDR 

1995). 

 

There are hundreds of different PAHs (SCF, 2002), but only some of these individual 

compounds have been evaluated for toxic effects (Petry et al., 1996). Although few 

studies of the toxicity of individual PAHs have been conducted in humans, many such 

have been performed in laboratory animals and in vitro test systems (Verhagen et al., 

2003). Several PAHs have been found to cause cancer in animals (Pohl et al., 2004). 

All 16 individual chemicals that are included in of this Chemical Action Plan have been 

assessed for carcinogenicity by one or more independent scientific bodies. All but 

three of the chemicals on the PBT (Persistent, Bioaccumulative, and Toxic) list, 

namely benzo(g,h,i)perylene, fluoranthene and perylene, have been classified as 

carcinogens by at least one of these bodies . Much of the evidence for carcinogenicity 

for the remaining 13 chemicals on the list comes from studies where the chemical was 

introduced topically by spreading on the skin, direct application to the trachea, or 

injection into tissues (Boström 2002). However, there is evidence that some of these 

compounds can cause tumours when ingested (Aldrich 2015). Also, while there are 

few studies that examined the effects from inhalation of these chemicals, intratracheal 

application dibenz(a,h)anthracene or dibenzo(c,g)carbazole induced respiratory 

tumors, suggesting that these compounds may be carcinogenic when inhaled (Pohl et 

al., 1997). 
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�7�K�H�� �8�Q�L�W�H�G�� �6�W�D�W�H�V�� �(�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �3�U�R�W�H�F�W�L�R�Q�� �$�J�H�Q�F�\�¶�V�� ���8�6�(�3�$���� �7�R�[�L�F�� �5�H�O�H�D�V�H��

Inventory estimated that more than 5 million pounds of PAHs are among the toxicants 

released in the year 2000 (Verhagen et al., 2003). Research on accumulation of PAHs 

in soils has revealed that soil concentrations are affected simultaneously by the 

duration they have been exposed to pollutant fallouts and also spatial factors, including 

distribution of sources (Kielhorn el al., 2003). Soil is an important indicator of 

environmental pollution in PAHs, which can be a long-term reservoir of organic 

compounds (Gabov et al., 2014; Gennadiev et al., 2013). The state of soil 16 PAH 

pollution has received increasingly more attention in recent years (Gabov and 

Beznosikov 2014; Gennadiev and Tsibart 2013). 
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Compound Abbreviation 
Hazard code and statement (CHIP) 

 

Naphthalene NA 
H302 causes damage when swallowed. H351 can cause cancer. Long-term exposure to H410 is very toxic 

to aquatic life. 

Acenaphthene ACE 
H315 leads to skin irritation. H319 lead to dangerous eye irritation. H335 it is possible that would cause 

respiratory irritation. Long-term exposure to H410 is very toxic to aquatic life 

Acenaphthylene ACY 
H302 causes damage when swallowed. H315 leads to skin irritation. H319 leads to eye irritation. H335 can 

cause respiratory problems. 

Fluorene FL H413 can have a long-lasting harmful impact on aquatic life. 

Anthracene AN 
H315 leads to skin irritation. H319 leads to severe eye irritation. H335 can cause respiratory irritation. Long-

term exposure to H410 is very toxic to aquatic life. 

Phenanthrene PH 

H302 causes damage when swallowed. H315 leads to skin irritation. H319 leads to severe eye irritation. 

H335 it is possible that will cause respiratory irritation. Long-term exposure to H410 is very toxic to aquatic 

life. 

Fluoranthene FLU H302 causes damage when swallowed. Long-term exposure to H410 is very toxic to aquatic life. 

Pyrene PY H319 leads to severe eye irritation. Long-term exposure to H410 is very toxic to aquatic life. 

benzo[a]anthracene BaA 

H315 leads to skin irritation. H319 leads to severe eye irritation. H335 can cause respiratory irritation. H336 

can cause drowsiness or dizziness. H373 can damage organs (liver, blood) in case of prolonged or frequent 

exposure through food/water. H373 can harm the central nervous system in case of prolonged or frequent 

exposure though air. 
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Table 2. 3:Toxic Properties of PAHs (Aldrich 2015) 

 

 

Chrysene CH 
H341 can lead to genetic defects. H350 can cause cancer. Long-term exposure to H410 is very toxic to 

aquatic life. 

benzo[b]fluoranthene BbF Long-term exposure to H410 is very toxic to aquatic life. 

benzo[k]fluoranthene BkF H350 can cause cancer. Long-term exposure to H410 is very toxic to aquatic life. 

benzo[a]pyrene BaP H317 causes allergic skin reactions. H340 can cause genetic defects.H350 can cause cancer. 

dibenzo[a,h]anthracene DA H350 it can cause cancer. Long-term exposure to H412 can damage aquatic life 

benzo[ghi]perylene BP Long-term exposure to H410 is very toxic to aquatic life. 

indeno[1,2,3-cd]pyrene IP H351 can cause cancer. 
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2.5. Soil Components  
 

Soil is defined as the solid material on the land surface formed as a result of the actions 

of weathering and biological activity on the parent material (Schoonover and Crim 

2015). 

Soil Water  

Soil water is a part of the hydrologic cycle and contributes to chemical reactions in the 

soil either by functioning as a solvent (Báez et al., 2017)���� �+�R�Z�H�Y�H�U���� �V�R�L�O�� �Z�D�W�H�U�¶�V��

importance to plants is related to its physical functions. Some of these functions are 

dissolution of nutrients in the soil and their absorption by the plant roots as well as 

controlling the soil temperature, aeration, and microbial activity (Mahilum 2004).  

Soil Air  

Soil aeration is the continuous process of gas exchange between the soil and 

atmosphere. The aeration is primarily achieved by the movement of water inside and 

outside the soil accomplished through mass flow and diffusion processes. Soil 

contains three major gases: nitrogen, oxygen, and carbon dioxide (Mahilum 2004). 

Soil Organic Matter  

Soil contains a multitude of organisms that depend on organic compounds for function, 

structure, and energy (Dubey et al., 2012). The soil organisms and associated organic 

compounds are collectively called as biomass of the soil. This consists of organisms, 

ranging from animal (such as insects and earthworms), microfauna (for example, 

Protozoa and Archezoa), mesofauna (for example, nematodes), microorganisms (for 

instance, fungi, algae and bacteria, actinomycetes), burrowing animals, and plant 

roots. These organisms produce an abundant variety of biochemical compounds 

forming a part of the organic carbon in the soil biomass (Christensen 1992). Also, 

organisms excrete and produce extracellular substances. For instance, enzymes and 

other organic compounds that encourage absorption of nutrients, and microbial 

mobility such as microbial mucilage and metabolic by-products. Organisms dissolved 

in cells (animals or plant parts after death) are emitted back to the cycle of nature each 

of these mechanisms as well as a myriad of biochemical compounds in the soil 
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environment, forms the soil biomass carbon pool. Partly degraded organic materials 

which enter the soil system, for example, leaf litter, animal carcasses, fallen trees, and 

detritus, form organic residues. Humus is another pool of organic matter in the soil 

(Baldock and Skjemstad 2000; Baldock and Nelson 2000). Soil organic matter is 

subdivided into non-humic and humic material. Non-humic substances are not 

changed, or only slightly changed after the decay of tissue of living organisms, for 

example, carbohydrates, amino acids, protein, lignin, hormones, and LMW organic 

acids. Humic substances result from the decomposition of non-humic constituents and 

include complex compounds, for example, humin, humic acid (HA), hymatomelanic 

acid, fulvic acid (FA), and their hydroxybenzoic acid derivatives (Wolt 1994). 

Soil Minerals  

Soil minerals are natural inorganic compounds with specific chemical, physical, and 

crystalline properties. Soil minerals can be categorised into primary or secondary 

(depending on whether they have been altered), silicates or non-silicates, and 

crystalline or non-crystalline minerals. Minerals that do not undergo a fundamental 

change since deposition or crystallisation of molten lava are classified as primary 

minerals; these are usually found in coarse silt fractions and sand. The weathering of 

base minerals leads to the formation of secondary minerals, which are usually found 

in fine silt fraction and clay (see Table 2.4) (Mc Bride 1989). 

In the crystalline mineral composition, the atoms are arranged in a regular three-

dimensional pattern, whereas the non-crystalline minerals lack these structural 

patterns. The majority of mineral structures show covalent and ionic bond formation 

and polyhedron coordination. The unique composition and the distance between the 

atoms affect the general physical and chemical behaviour. 

Silica is the major component of soil minerals; other components of soil are: sulfides, 

oxides, and hydroxides, halides, phosphates, carbonates, and sulfates (Verheye 

2009).  
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Primary minerals 

Name Chemical formula 

Quartz SiO�� 
Muscovite KAl���~���o�^�]���K�����~�K�,�•�� 
Biotite K(Mg,Fe)��(AlSi���K�����•�~�K�,�•�� 
Feldspars  
Orthoclase KAlSi�����K�
 
Microcline KAlSi�����K�
 
Aibite NaAlSi���K�
 
Amphibles  
Tremolite Ca��Mg�
Si�
O����(OH)�� 
Pyroxenes  
Enstatite Mg SiO�� 
Diopside CaMg(Si��O��) 
Rhodoite MnSiO�� 
Olivine (Mg,Fe)���^�]�}�	 
Epidote Ca��(Al,Fe)���^�]���K�����~�K�,�• 
Tourmaline (Na,Ca)(Al,Fe	E���U�>�]�U�D�P�•����

���o���~���}���•���~�^�]���K���
�•�~�K�,�•�	 
Zircon ZrSiO�	 
Rutile TiO�� 

Secondary minerals 

Clay minerals  
Kaolinite Si�	 Al�	 O�������~�K�,�•�
 

 
Montmorillonite M	7(Al,Fe²��,Mg)�	���^�]�
��O�������~�K�,�•�	 

M=interlayer metal cation 
Vermiculite  (Al,Mg, Fe	E��)�	(Si,Al)�
 O�������~�K�,�•�	 
Chlorite (M Al(OH)��)(Al,Mg)�	(Si,Al)�
 O�������~�K�,�U�&�•�	 
Aallophane Si�����o�	�K������n�,���K 

Imogolite Si�����o�	�K�����X�ñ�,���K 
Goethite �r���&���K�K�, 
Hematite �r���&���î�K�� 
Maghemite �v���&�����K�� 
Ferithydrite Fe�
�,�K�
�X���ð�,���K 
Bohemite �v�����o�K�K�, 
Gibbsite �v�����o�~�K�,�•�� 
Pyrolusite �2���D�v�K�� 
Birnessits �w-�D�v�K�� 
Dolomite Ca Mg(CO���•�� 
Calcite CaCO�� 
Gypeum CaSO�	�X���î�,���K 
Jarosite KFe���~�^�K�	�•���~�K�,�•�� 

Table 2.4: Primary and Secondary Minerals ( Mc Bride 1989). 
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2.6. Soil Mineral Characterisation Methods  
 

The main methods used for soil mineral identification and quantification are optical 

microscopy, X-ray diffraction, elemental analysis, and thermal analysis (Verheye 

2009). 

Optical Microscopy  

Optical microscopy techniques measure changes in the properties of light as it passes 

through a mineral. These changes are manifested through refraction, reflection, 

absorption, or polarization processes that reveal significant information about the 

composition and structure of a mineral (Axelrod 2003). Most minerals are anisotropic 

in nature and exhibit different refractive indices, crystallization habit, colour, 

pleochroism, and birefringence patterns, which can be used for their identification and 

characterization (Chapman et al., 2011). 

More detailed information about the structure and composition of soil minerals can be 

obtained through electron microscopy techniques that have a resolution capability 10 

nm (Van Keuren 2005). In EM, a high energy beam instead of visible light interacts 

with the mineral and the scattered or transmitted radiation is used to decipher 

structural and compositional mineral properties (Verheye 2009). 

 

X-Ray Diffraction  

X-ray diffraction (XRD) is used in an initial analysis to determine the soil mineralogy 

(Howells et al. 1991). Sand and silt-size fraction minerals are analyzed using the 

powder diffraction procedure, while clay fraction minerals are analyzed with the clay-

film diffraction method (Watt 1985). 

�7�K�H���;�5�'���D�Q�D�O�\�V�L�V���L�V���E�D�V�H�G���R�Q���%�U�D�J�J�
�V���/�D�Z���������G���V�L�Q������� ���Q�����������Z�K�H�U�H�������L�V���D�Q���;-ray beam 

of a certain wavelength striking the mineral which produces diffraction peaks related 

to d which is the basal spacing of equivalent atomic planes in the mineral structure 

(Alpers et al., 2005). It uses the presence of diffraction peaks at d-spacing to determine 

the specific mineral, and the intensity peaks are used to estimate the quantity. The 

diffraction pattern obtained would be the sum of individual diffraction characteristics 
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for every mineral present, when a sample contains a mixture of minerals such as is 

the case for many soil samples (Cheney 2005). 

 

The minimal sample preparation and the well-established database make XRD the 

preferred mineral identification technique, however, using XRD for quantitative 

assessments is usually difficult for poorly crystalline minerals. (Pedroso  and Pais 

1992). 

Elemental Analysis  

Elemental analysis techniques do not necessarily lead to the identification or 

quantification of soil minerals, but they help eliminate some mineral phases from 

consideration and add confidence to the overall characterization process. These 

techniques are usually destructive and require the sample to be dissolved in strong 

acids. In destructive techniques, inductively coupled plasma or atomic absorption 

spectroscopy are used to determine the elemental composition in solutions (Gohlke 

and McLafferty 1993). 

In non-destructive method, identities are confirmed by measuring the energies and 

intensities of emitted properties spectra with the utilisation of X-ray fluorescence or 

energy dispersive dissection systems (Gohlke 1959, Postek 1980). 

The commonly used techniques are inductively coupled argon plasma spectrometry 

(ICP), flame atomic absorption spectrophotometry (flame AAS), graphite-furnace AAS, 

atomic emission spectroscopy, and hydride generation AAS (Essington 2015). 

 

Thermal Analysis  

The thermal analysis involves detection of physical or structural mineral changes as a 

function of temperature. It is usually associated with dehydroxylation, dehydration, 

oxidation, de-sulfurization, de-carbonation, or recrystallization reactions. Three 

commonly used methods of thermal analysis are differential thermal analysis, 

differential scanning calorimetry and thermogravimetry (Hübschmann 2015). The 

changes in the mass of the sample occur when the inflections at particular temperature 

regions characteristic of specific minerals are attained (Skoog et al.,  2007, p893).  
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Differential Thermal Analysis (DTA) involves the changes in temperature between an 

inert material and the sample which are linked with occurring endothermic or 

exothermic transitions as a function of temperature. The mineral is identified by the 

position of peaks or dips relative to the horizontal base-line (Essington 2015). 

Differential scanning calorimetry is similar to DTA, but it involves accurate 

measurements of the heat flow in or out of the sample during endothermic or 

exothermic transitions compared to the inert material. This heat flow is translated into 

energy or enthalpy of the corresponding reaction. Depending on the specific 

temperature region of the transition, the endotherms or exotherms are used for mineral 

identification, while the area under the peaks provides a measure of the quantity of the 

mineral present (Lyman 1990). Thermal analysis may be used as a complementary 

process of XRD for the characterization of soil minerals, especially kaolinite, goethite, 

gibbsite, gypsum, carbonates and some phosphates (Ullmann 1985). It needs 

negligible sample preparation, it is not influenced by mineral crystallinity, however 

interpretations obtained are unreliable for mineral mixtures with overlapping reaction 

zones (Skoog et al.,  2007, p894). 

2. 7. Previous Studies  
 

In the 1980s, stationary sources accounted for about 80�±90% of global PAH 

emissions, however mobile sources have gradually become the major contributor to 

PAHs in urban and suburban areas, resulting in consistently higher PAH 

concentrations in these areas (Hanedar et al., 2011). The highest atmospheric PAHs 

concentrations can be found in urban environments with high vehicle traffic and where 

there is low dispersion of atmospheric pollutants (Ravindra et al., 2008).  

PAHs are mostly semi-volatile and persistent anthropogenic chemicals capable of 

undergoing long-range atmospheric transport (Mackay and Wania 1995).���� For PAHs in 

the form of particles, their atmospheric transport depends on concentration, particle 

size, topographic features, and various meteorological conditions (Goss 2004, 

Tasdemir and Esen 2007). When these particles reach the soil, low molecular weight 

(two or three rings) PAHs decay, or are gradually returned to the atmosphere by 

volatilization while heavier PAHs are bound to soil components (Tang et al., 1998; 
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Faure et al.,2006; Biache et al., 2014). It was a long-held idea that most heavier PAHs 

accumulate in the top 10 cm of soil at a distance of 10 m from roads (Dierkes and 

Geiger, 1999, Khan et al., 2008��. However, some studies have also indicated the 

potential for soil contamination up to 100 meters (Viskari et al.,1997; Gateuille et al., 

2014). 

PAHs in the atmosphere can also enter the topsoil by wet or dry precipitation (Kaya et 

al., 2012), they are immediately adsorbed by soil particles and soil organic matter. 

After changes in local environmental conditions, the soil may release PAHs that has 

already been adsorbed from the air (Tao et al., 2012). The absorption of PAHs from 

contaminated soil into food crops and their subsequent consumption leads to the 

bioaccumulation of PAHs in humans via the food chain (Li et al., 2008).  

Food contamination by PAHs depends on a number of physical and chemical 

properties of PAHs such as their solubility in water and fats / oils, volatility, chemical 

reaction, and biological and abiotic degradation (Edwards 1983, Nielsen el al., 1996). 

The waxy surface of plants and fruits can concentrate low molecular mass PAHs, 

mainly through surface absorption. The concentration of PAHs is generally greater on 

the surface of the plant (e.g. external leaves, peel) than in the internal tissues (Phillips 

1999). However, the processing of food by smoking and cooking of food at high 

temperatures (grilling, frying, roasting and baking) are commonly considered to be the 

major sources of food contamination by PAHs (Fretheim 1983,  Davídek 2017). 

Humans are therefore exposed to PAHs through different pathways. For non-smokers 

the major route of exposure is consumption of food (EFSA 2008) for smokers the 

contribution from smoking can be significant. Food can be contaminated from 

environmental sources (natural and mostly anthropogenic), from industrial food 

processing, and from some domestic cooking practices. PAHs can enter the food 

chain by deposition from air, or by deposition and transfer from soil and water (Wang 

el al., 2002, Howsam and Jones1988). 

There have been few studies related to PAHs in soil, some in sediments, and rather 

more studies of PAHs in the air and the water. Those studies which are relevant to this 

work, namely those relating to soils and sediments, are first described and then 

reviewed here. 
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The PAH levels in many countries have been found to vary in different samples of soils 

or sediments. The results obtained from several countries in previous research confirm 

that the PAHs come from different sources, as exemplified by several case studies 

below. 

The EPA has listed 16 PAHs as priority pollutants (Xiao-Bai 2006). This list was 

compiled on the basis of result obtained from the analysis of sediments sampled from 

an industrial seaport in south Kaohisung Harbour of Taiwan, which is contaminated by 

the discharge of industrial wastewater. Gas chromatography with mass spectrometry 

was used to determine and quantify PAHs in sediment samples. The combined 

concentrations of 16 PAHs varied from 4,425 to 51,261 ng/g dry weights, with a mean 

concentration of 13,000 ng/g dry weight. In the river estuary, the concentrations of 

PAHs were high even in the harbour area where the PAH levels were decreasing 

towards the harbours (Dong et al., 2012). It should be noted that without anthropogenic 

input the background concentrations of PAHs in soils are reported to be 1 - 10 ng/g 

(Edward 1983). 

A further study of coastal sediments in Macao, China by Mai et al. (2003) showed total 

sediment PAHs concentrations ranging from 294 to 12,741 ng/g. These levels were 

categorized by the authors as moderate contamination compared to other regions of 

Asia and the world such as those indicated for Dong et al. (2012). In addition, the PAH 

compounds appeared to be bound more strongly to aromatic-rich soot particles than 

to natural organic matter, implying a prevailing atmospheric transport route for PAHs 

to Macao's coast. Compositional analysis and principal component analysis (PCA) 

suggested that different classes of PAHs in the coastal sediments of Macao may have 

been derived from different input sources via various transport pathways (Mai et al., 

2003). 

 

Twenty-five surface sediment samples were collected from Meiliang Bay, Taihu Lake, 

China, in 2003. The concentrations of 16 polycyclic aromatic hydrocarbons (PAHs), 

identified as priority pollutants by the USEPA, were determined by gas 

chromatography equipped with a mass spectrometry (GC-MS). Total concentrations 

of the PAHs ranged from 1,207 to 4,754 ng/g dry weight. Sediment samples with the 

highest PAH concentrations were from the Northern site of the bay, which is in 

proximity to the incoming PAH source; the PAH levels in the Southern part were 
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relatively low. The observed PAH levels were higher than those in river sediments in 

China but were lower than those found in sediments of urban areas and harbours (see 

Table 2.5). According to the observed molecular indices, these PAHs originated 

largely from high-temperature pyrolytic process, whereas the petrogenic process was 

more commonly responsible for PAH contamination in harbours (Qiao et al., 2006). 

 

Various studies have been carried out of PAHs in surface soil samples from urban 

areas in China: from Beijing by Tang et al., 2005 and Li et al., 2006: from Harbin in 

Shenyang province by Ma et al., 2009. One further study investigated PAH 

concentrations in soil samples from the Guanting Reservoir region (Jiao et al., 2009). 

 

Tang et al. (2005), collected soil samples from roadsides, public and educational 

places, industrial areas, and fallow land in Beijing. The results, based on GC-MS, 

showed the PAHs were present in very high concentrations (see Table 2.5) in 

industrial areas and roadsides. The soil organic carbon (SOC) levels were found to 

affect the concentration of PAHs in the soil. Significant correlations were observed 

between the concentration of PAHs and SOC levels. The ratios of phenanthrene: 

anthracene and fluoranthene: pyrene was determined to identify pyrogenic and 

petrogenic sources of PAHs. In most cases, the PAHs in urban soils in Beijing were 

pyrogenic (Tang et al., 2005). This study showed that the soils of the big cities like 

Beijing have extremely high levels of PAHs. This finding can be attributed to the fact 

that these big cities contain many sources of pollutants such as industrial emissions 

and fossil fuel combustion (Tang et al., 2005). 

 

However, another study from urban sites in Beijing with analysis by GC-MS showed 

different PAH levels in surface soils (Li et al., 2006). The total concentration of 16 

PAHs ranged from 467 to 5,470 ng/g. The major composition compound profiles 

observed were 4-, 5- and 6-ring PAHs. The correlation analysis indicated that PAHs 

have a similar source at most sampling sites. 

 

In another article, Ma et al. (2009) determined the total concentrations of PAHs in 

samples gathered from the city of Harbin, an industrial centre in Northeast China. The 

concentrations ranged from 17 to 3,260 ng/g dry weight (mean: 508 ng/g dry weight). 

There were many differences in the PAH concentrations in topsoil levels among the 
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samples from urban and suburban areas, and rural sites. The total concentrations of 

PAHs in industrial areas were higher than those in other locations, it was possible that 

this indicated an urban source of these chemicals. Four-ring PAHs dominated with 

high percentages of high molecular weight (HMW) PAHs and PAH profiles were similar 

between samples (Ma et al., 2009). 

 

The total concentrations of PAHs in surface urban soils of Shenyang in North-eastern 

China ranged from 90 to 8,350 ng/g, with a mean value of 1,510 ± 1,640 ng/g (Ma et 

al., 2009). Also, 3-5-ring PAHs accounted for 90% of total PAHs. The industrial regions 

had 4,950 ng/g; main roads had 1,560 ng/g; and the districts of Shenhe with 1,490 

ng/g, Heping with 2,080 ng/g, and Tiexi with 2,140 ng/g were all heavily contaminated 

with PAHs (Ma et al., 2009). In addition, pyrogenic sources were the dominant PAH 

sources in the topsoil in most urban cities, while petrogenic sources were dominant 

PAH sources in the topsoil in all the rural locations (Ma et al., 2009). PAHs in the 

environment have been attracting attention in recent years (Ma et al., 2009) with 

origins from various sources including those produced from both anthropogenic and 

natural sources, for example, oil spills, wastewater, vehicle exhaust, industrial 

discharge, and forest fire.  

 

The total concentrations of 16 PAHs were determined by GC-MS using 56 topsoil 

samples collected from the Guanting Reservoir which is an important water source in 

Beijing (Jiao et al., 2009). The concentrations of PAHs were low-to-medium throughout 

the region (mean = 394± 580 ng/g dry weight). The highest concentrations of PAHs 

were located in areas near steel and cement factories (4,110 ng/g, dry weight). The 

predominant compound was phenanthrene, accounting for 27% of the PAH 

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���� �I�R�O�O�R�Z�H�G�� �E�\�� �F�K�U�\�V�H�Q�H�� �!�� �S�\�U�H�Q�E�H�Q�]�R�>�D�@�D�Q�W�K�U�D�F�H�Q�H�� �§�� �E�H�Q�]�R�>�E�@��

�I�O�X�R�U�D�Q�W�K�H�Q�H�� �§�� �E�H�Q�]�R�>�D�@�S�\�U�H�Q�H���� �)�R�X�U-ring PAH homologues (39%) were dominant. 

The proportion of 4�±6-ring homologues was high, and the molecular indices and 

spatial distribution of PAHs indicated that industrial discharge, incineration of waste, 

and automobile exhaust were the main sources of soil PAHs (Jiao et al., 2009). 

 

Soil and sediment samples from New Orleans were collected and analyzed by GC MS 

for pollution by 16 PAHs. Total PAH contents were found to vary from 40 ng/kg to 

40,000 ng/g (Wang et al., 2010). 
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The concentrations of PAHs were measured in soil samples from five different sites in 

Klang Valley, Malaysia. The total concentrations of the 14 priority PAHs ranged from 

64 to 155 ng/g dry weight, regardless of land use. PAH concentrations of all soils in 

this study were significantly lower than those of soil samples in temperate regions. 

Also, low molecular weight (LMW) PAHs dominated the PAH profile (Von Lau et al., 

2012). The PAHs in Klang Valley soil are produced from pyrogenic sources, with a 

combination of petroleum and biomass combustion in vehicles, industries, and non-

point sources (Von Lau  et al., 2012). 

 

Fifty-eight sediment samples were collected in 2009 from the bottom of river mouths 

near Kaohsiung Harbour (Taiwan) and the harbour channel for the analyses of 

polycyclic aromatic hydrocarbons (PAHs) using gas chromatography-mass 

spectrometry (GC-MS). Concentrations of total PAHs varied from 39 to 30,521 ng/g 

(dry weight); samples collected from the mouths of Love River, Canon River, Jen-Gen 

River, and Salt River showed the highest PAHs concentrations. This indicates that the 

major sources of sediment PAHs come from those polluted urban rivers and the 

harbour channel (Chen et al., 2010). 

 

Surface soil samples were tested from 17 areas in Southeast Romania, including the 

vicinity of Galati iron and steel plant and Lower Prut Meadow natural reserve in Galati 

County (Ene et al., 2012). The total concentration of PAHs in surface soil ranged from 

3 ng/g to 38,524 ng/g dry weight. The concentration of PAHs in samples from the 

industrial zone exceeds the usual concentration for individual PAHs. The lowest 

concentrations were found in Lower Prut Meadow natural soils and the highest near a 

zoo in the Prut River basin (Ene et al., 2012). 

 

Baudat (2015) tested soil samples collected from three sites in the UK next to railway 

tracks to compare the effect of different kinds of trains, namely diesel, steam, and 

electric, for the concentration of PAHs in soil. The results showed a high quantity of 

PAHs, particularly for the samples which were taken near a diesel train line, with a 

concentration of 1,500 ng/g. The concentration next to the steam train line was higher 
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at 1,800 ng/g. The concentration next to electric train lines was considerably lower at 

300 ng/g, but still high (Baudat 2015). 

 

Bosch et al. (2015) used a triple-isotope approach to determine the source distribution 

of PAHs. The 13C/12C, 14C/12C, and 2H/1H isotope ratios of PAHs were measured in 

forest soils from mountainous areas of the Czech Republic. The statistical modelling 

used in this study allowed comprehensive accounting of uncertainties and quantitative 

constraints on the PAH sources among biomass burning, liquid fossil fuel burning, and 

coal combustion at low and high temperatures. The results showed that this central 

European area was dominated by coal combustion sources (75 ± 6 %), mainly coal 

pyrolysis at low temperature. Combustion of liquid fossil fuels and biomass accounted 

for 16% ± 3% and 9% ± 3% of the total concentration fo 14 PAHs, respectively. Some 

samples were collected from potential PAH point sources.  

 

The concentration values found in these previous studies are summarized in Table 2.�� 

below for comparison with the results with the present study. 

 

Author Location Min value (ng/g) Max value (ng/g) 

Mai et al., 2003 Sediment 294 12,741 

Qiao et al., 2006 Sediment 1,207 4,754 

Li  et al., 2006 urban sites 467 5,470 

Ma et al., 2009 Industrial 1,490  4,950  

Jiao et al., 2009 Industrial 394  4,110  

Chen et al., 2010 Sediment 39 30,521 

Wang et al., 2010 soil and sediment 40 40,000 

Dong et al., 2012 river sediments 4,425 51,261 

Ene et al., 2012 Industrial 3 38,524  

Baudat  2015 train line 300  1,500  

Table 2.5: Minimum and maximum total concentration values of 16 PAHs reported in 
previous studies. 
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A few points should be noted regarding these reported results from soils and 

sediments.  

Firstly, not all authors have used the same methodology to obtain them. There are 

differences in sample preparation, instrumental methods (e.g. GC-MS, GC�±ECD) and 

quantification methods used (e.g. external standards, isotope dilution). This makes 

comparison of results difficult, even when quantified.  

Secondly, the different sites which the various authors have collected the samples 

from have resulted in a wide range of concentrations, from the lowest recorded 

concentration from Galati County (Ene et al., 2012) of 3 ng/g (despite all the samples 

in this study being from urban soil), up to a maximum of 51,261 for river sediments 

(Dong et al., 2012); this emphasises the difficulty of making generalisations simply 

from type of location.  

Thirdly, the majority of these studies have come from China, including the article on 

which the EPA definition of the 16 priority PAH pollutants is based, with few studies 

from other regions of the world. This emphasises the need to obtain equivalent data 

from other areas, such as the UK in this work.  

Finally, and as discussed above in section 2.3, despite various attempts to identify the 

sources of the PAH pollutants there are limitations in being able to do so because of 

differences by the various authors in the ratio thresholds of compounds used that are 

judged to indicate one source or another.  

It is for these reasons this thesis will start by working to develop the best methodology 

possible, and then apply it to studying PAHs in soils in a range of urban to suburban 

soils in northern England, while aiming to have more insight into the sources of 

contamination of such soil. 

Soil plays a crucial role in the fate, transport and behavior of PAHs. PAHs are affected 

by the pore size distribution in soils and the amount and nature of organic matter 

(Semple et al., 2003).  

 

Numerous studies have found that soil organic matter is the most important soil 

component for PAH sorption. Hence the bioavailability and environmental persistence 

of PAHs are most affected by organic matter (Kleineidam et al., 2002, Golding et al., 
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2005).  Aspects of the nature of organic matter, such as its origin, composition and 

maturation (heterogeneity) impact on the sorption of organic pollutants such as PAHs 

(Abelmann et al., 2005) However, more information is needed about the structure and 

composition of organic compounds to illuminate their effect on the sorption capacity 

and behavior of PAHs and minimize the negative impact of organic pollutants on the 

environment (Abelmann et al., 2005).  

 

PAHs can undergo a number of processes in soils: they can be bio-accumulated by 

some organisms ; the lowest molecular weight PAHs have a tendency to volatilize; 

and they can adsorb onto the soil mineral and organic matter fraction (Doick et al. 

2005). They may also be lost by leaching and degradation (Semple et al., 2003). Reid 

et al. (2000) and Semple et al. (2003) reported that the fate of PAHs in the soil is 

affected by factors such as weather and climate, biological diversity and abundance, 

the amount and the nature of the soil minerals and organic matter and pollutant 

properties such as solubility, polarity, hydrophobicity, liphilicity and molecular 

structure��.  

 

PAHs with more than three fused rings have a tendency to adsorb onto the soil 

particles. On the other hand the low water solubility and very low vapor pressures of 

the larger PAHs make leaching and volatilization unimportant processes. With 

increasing molecular size and weight, vapor pressure and solubility decrease. 

Therefore the effect of these factors on PAH fate declines with increase in molecular 

weight (Connell 1997,  Nam et al., 2003). 

 

The interaction between PAHs and dissolved humic material can increase the 

solubility of the organic pollutants  (Lassen et al., 1997).  
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Chapter 3: Methodology  
 

This chapter describes methods that were used, both in field collection of soil samples 

and methods for their analysis. 

3.1. Sampling  
 

3.1.1. Sample locations and field collection  
 

One hundred soil samples were collected across an area from the centre of Bradford 

to the centre of Leeds, West Yorkshire. Samples were collected from three different 

areas; 1) Bradford, 2) the area between Leeds and Bradford and 3) from Leeds. A grid 

with 1 km spacing was used to select an approximate sampling location. Generally 

samples were collected from the four corners of each intersection of the grid, although 

some of the locations were moved slightly from the corner due to obstacles (see Figure 

3.1). However, the sampling plan aimed to result in 40: 20: 40 samples (100 in total) 

from the areas combined, and therefore some of the samples in each area were 

restricted to only one or two samples per grid location in order to provide regular 

coverage over the grid areas but remaining within this overall constraint. At each, a 

precise location was determined by the availability of surface soil and a minimum 2 m 

distance from the nearest road, to ensure that the small-scale effect of distance from 

a road was not a factor, since most road pollutants are deposited within about 1 m of 

the road (Garcia-Flores 2016). The exact���� location���� for���� each sample was recorded using 

a Global Positioning System (GPS). Tables 3.1, 3.2 and 3.3 show the coordinates for 

the sampling locations, together with a brief note on the type of location involved, and 

�)�L�J�X�U�H�����������P�D�S�V���W�K�H�V�H���O�R�F�D�W�L�R�Q�V�����,�Q���W�K�H�V�H���W�D�E�O�H�V�����W�K�H���W�H�U�P���µ�J�U�H�H�Q���D�U�H�D�¶���U�H�I�H�U�V���W�R���D�Q�\��

vegetated area involving grass and trees. 

Initial samples were taken in autumn 2016, in the period between 30���š���— of August and 

the 30���š���— of September. 

The same sampling locations were revisited in summer 2017 between the 1st and 30���š���— 

of June to examine seasonal differences in PAH distribution and concentrations. 
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On each occasion, The top of the soil was cleaned by removing grass and than 

approximately 5 g of soil was taken using stainless steel trowel from 3cm depth at 

each site, with a Bulk Density of 1.6 g/cm³ . The����soil����sample����was����put directly into 

individual aluminium bags to avoid cross contamination��and each��bag��was��labelled. 

 

 

Figure 3. 1: Map of the soil sampling locations (   ). 
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Coordinates for samples from Bradford Sample label  Location type 

East North 

�ð�í�ó�õ�í�ô �ð�ï�ï�õ�ó�í B1 green area (grass and trees) 
�ð�í�ó�í�î�í �ð�ï�ï�õ�ô�ò B2 garden of a house 
�ð�í�ò�õ�î�ì �ð�ï�ï�õ�ô�î B3 garden of a house 
�ð�í�ò�ì�õ�ô �ð�ï�ï�õ�ó�ñ B4 green area 
�ð�í�ñ�õ�ï�ñ �ð�ï�ï�õ�í�õ B5 garden of a house 
415053 433940 B6 garden of a house 
414884 433950 B7 store 
414067 433937 B8 garden of a house 
413908 433940 B9 garden of a house 
413061 433986 B10 garden of a house 
413054 433104 B11 garden of a house 
413905 433086 B12 road side 
413118 432878 B13 green area 
414102 433090 B14 green area 
413869 432875 B15 road side 
414067 432910 B16 green area 
414921 432942 B17 garden of a house 
414875 433079 B18  road side 
415087 433111 B19  car park 
415817 432963 B20 green area near car park 
415104 432938 B21  car park 
415926 433104 B22 road side 
416036 432910 B23  car park 
416103 433129 B24  car park 
416854 432963 B25 road side 
416991 433201 B26 car park 
417108 432889 B27 road side 
417122 433143 B28 car park 
417889 423875 B29 green area 
417912 433115 B30 school 
413107 432166 B31 garden of a house 
413855 432148 B32 garden of a house 
414036 432120 B33 garden of a house 
414882 432141 B34 car park 
415083 432099 B35 green area 
415824 432106 B36 school 
416074 432109 B37 green area 
416861 432127 B38 car park 
417062 432102 B39 garden 
417888 432137 B40 green area 

Table 3. 1: Coordinates (British National Grid) of the soil sample locations from 
Bradford. 
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Coordinates for samples from the area 
between Bradford and  Leeds 

Sample label  Location type 

East North 

421066 434044 BL1 green area  
421980 434979 BL2 garden of a house 
421061 434092 BL3 green area  
421934 434047 BL4 school 
422051 434970 BL5 garden of a house 
422977 434965 BL6 park 
422026 434051 BL7 garden of a house 
422973 434033 BL8 garden of a house 
423042 434028 BL9 garden of a house 
423081 434984 BL10 garden of a house 
423975 434988 BL11 green area 
423945 434023 BL12 garden of a house 
424016 434026 BL13 green area 
424945 434056 BL14 car park  
424037 434984 BL15 green area 
424940 434982 BL16 garden of a house 
425097 434981 BL17 garden of a house 
424014 434021 BL18 green area 
425046 434044 BL19 green area 
425956 434065 BL20 garden of a house 

Table 3. 2: Coordinates (British National Grid) of the soil sample locations from the 
area between Bradford and Leeds. 
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Coordinates for samples from Leeds Sample label Location type 

East North 

428122 435937 L1 road side 
428888 435905 L2  garden of a house  
428094 435082 L3 garden of a house 
428856 435903 L4 garden of a house 
429075 435905 L5 green area near road side 
429869 435877 L6 garden of a house 
429089 435122 L7 Park 
429773 435108 L8 Park 
428091 434900 L9 green area  near road side 
428884 434910 L10 road side 
428076 434064 L11 green area 
428909 434060 L12 garden of a house 
429103 434882 L13 green area 
429872 434868 L14 garden of a house 
429103 434078 L15 green area 
429869 434074 L16 garden of hoes 
430091 434882 L17 green area  
430874 434914 L18 green area 
430080 434053 L19 garden of a house near car park 
430916 434081 L20   green area near car park and 

road 
430825 435835 L21 road side 
430828 435842 L22  garden of hoes 
430281 435203 L23  park  
430878 435288 L24 Park 
431188 435817 L25 green place 
431731 435863 L26 garden of house 
431248 435179 L27 road side 
431619 435090 L28 garden of a house 
432381 435634 L29 garden of a house 
432850 435796 L30  garden of a house close the road 
432134 435115 L31 school 
432846 435200 L32 garden of a house 
431135 434614 L33 garden of a house 
431809 434625 L34 school 
431234 434187 L35 green place  
431753 434117 L36 garden area 
432074 434819 L37 garden of a house 
432878 434865 L38 green area near houses 
432268 434258 L39 school 
432836 434194 L40 park  

Table 3. 3: Coordinates (British National Grid) of the soil sample locations from 
Leeds. 
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3.1. 2. Sample preparation  
 

Immediately after arrival into the laboratory, no more than 24 hours after they were 

collected (Ferguson et al., 2007), the weighed samples were air dried at room 

temperature for one day to remove excess water. Approximately 2 g of each sample 

was accurately weighed. The samples were put into glass vials, which had been 

solvent washed three times with dichloromethane/methanol 2:1 (v/v) before use. Four 

ml of this solvent was added to cover the soil. The sample and solvent were mixed by 

shaking the vial before being placed in a sonic bath for 10 minutes to aid extraction. 

After sonication the sample was separated into solid and liquid phases with the aid of 

a centrifuge for 5 minutes at 2000 rpm (~650 g relative centrifugal force); any samples 

which were not adequately separated by this process were centrifuged again. The 

liquid was transferred by Pasteur pipette into auto sampler vials for Gas 

Chromatography-Mass Spectrometry (GC-MS). If necessary these extracts were 

stored in a fridge prior to analysis in order to retain the volatile PAHs. 

3.2 GC-MS Method  
 

An Agilent technologies 7890A GC system with 5975c mass selective detector (MSD) 

was used to separate, identify and determine the concentrations of PAHs in soil 

�H�[�W�U�D�F�W�V���� �����O�� �R�I�� �H�D�F�K�� �V�D�P�S�O�H�� �Hxtract was injected into a splitless injector at a 

temperature of 300°C. The samples were separated with a HP5 capillary column (30 

mm ×0.25 mm × film 0.25 ��m film �������� . The initial oven temperature was at 40°C for 1 

min, rising to 120°C at 25 °C/min, then to 160°C at 10°C/min, and finally to 300°C at 

5°C/min, this final temperature was held for 15 min. The interface temperature was 

kept at 280°C. Helium was the carrier gas used at a constant flow rate of 1 mL/min. 

The 16 PAHs standards were prepared as described in section 3.4 below and samples 

were analysed with a Selected Ion Monitoring (SIM) mode. 

3.3 SIM method  
 

Initially, a scan method was used (m/z 50 to 800) to confirm the identity and retention 

times of the PAHs. Retention times are necessary as many o�I���W�K�H���3�$�+�¶�V���P�H�D�V�X�U�H�G��
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here are isomers of one another. Once these were determined, a SIM (Selected Ion 

Monitoring) method was developed with different masses detected at different 

retention times. The measured masses are shown in Figure 3.2 and developed from 

Dong et al. (2012), they were selected as they are the most abundant ions for each 

PAH and include the molecular ion and M+1, M-1 the fact that somewhere in the ion 

there will be a single unpaired electron. That's one half of what was originally a pair of 

electrons - the other half is the electron which was removed in the ionisation process. 

This was carried out in order to increase the sensitivity to the PAHs and to avoid the 

detection of other extracted components. The molecular ions are energetically stable 

for this reason it was not Fragmentation.  

3.4 Quantification  

 
Quantification was achieved by external calibration. A standard solution of 16 PAHs 

(~10 ng/ul of each PAH, Sigma Aldrich) was prepared as follows; the solution was 

diluted in hexane in the ratios 80:80, 60:100, 40:120 and 20:140 (ul v/v, PAH standard 

to hexane respectively, see Table 3.5). Before each batch of ~20 samples a fresh set 

of calibration standards was prepared and determined by GC-MS to produce linear 

regression for every PAH. The reason for doing 20 samples only per batch was due 

to the practical constraints in doing the analysis. Peak areas were measured manually 

for each component from the mass chromatogram as can be seen in Figures 3.3 to 

3.5. Figures 3.6 to 3.8 show examples of the calibration lines for each PAH external 

standard. All R² values for all calibration batches were greater than 0.94, therefore,  

good calibration lines were produced, and all the batches were suitable (see Table 

3.5). The calibration lines for remaining batches are included in Appendix A. 
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Compound  
Abbreviated 

name Rings  

Certificated 
Concentration 

(ng/ul)  

Molecular 
weigh t  

m/z  

 
Molecular  

Ion  
m/z RT order  RT (min)  

Naphthalene NA 2 10.5 128 128.17 1 5.9 
Acenaphthylene ACY 3 8.4 152 154.21 2 8.6 
Acenaphthene ACE 3 8.7 154 152.20 3 9.0 

Fluorine FL 3 9.4 166 166.2 4 10.0 
Phenanthrene PH 3 10.8 178 178.2 5 13.2 

Anthracene AN 3 9.3 178 178.2 6 13.4 
Fluoranthene FLU 4 9.6 202 202.26 7 17.8 

Pyrene PY 4 9.3 202 202.3 8 18.7 
benzo[a]anthracene BaA 4 9.6 228 228.29 9 24.1 

Chrysene CH 4 9.0 228 228.28 10 24.2 
benzo[b]fluoranthene BbF 5 9.5 252 252.3 11 28.7 
benzo[k]fluoranthene BkF 5 9.1 252 252.3 12 28.8 

benzo[a]pyrene BaP 5 8.2 252 252.3 13 29.9 
indeno[1,2,3-cd]pyrene IP 6 9.5 276 278.35 14 33.9 
dibenzo[a,h]anthracene DA 5 9.6 278 276.34 15 34.1 

benzo[ghi]perylene BP 6 9.4 276 276.3 16 34.7 

Table 3. 4: 16 PAH compound analysis by mass spectrometry, listed in order of their retention Time (RT). 
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Dilution 

volume/ratio 
undiluted 80: 80 60: 100 40: 120 20: 140 

  
~10 ng 
�������Z�l�…�o 

Dilution 
factor 

1 0.5 0.375 0.25 0.125 

Compound 
 

Certificated 
Concentration 

(ng/ul) 

 
Made Concentrations (ng/ul) 

Naphthalene NA 10.5 
 

10.5 5.25 3.94 2.63 1.31 
Acenaphthylene ACY 8.4 

 
8.4 4.20 3.15 2.10 1.05 

Acenaphthene ACE 8.7 
 

8.7 4.35 3.26 2.18 1.09 
Fluorine FL 9.4 

 
9.4 4.70 3.53 2.35 1.18 

Phenanthrene PH 10.8 
 

10.8 5.40 4.05 2.70 1.35 
Anthracene AN 9.3 

 
9.3 4.65 3.49 2.33 1.16 

Fluoranthene FLU 9.6 
 

9.6 4.80 3.60 2.40 1.20 
Pyrene PY 9.3 

 
9.3 4.65 3.49 2.33 1.16 

benzo[a]anthracene BaA 9.6 
 

9.6 4.80 3.60 2.40 1.20 
Chrysene CH 9.0 

 
9.0 4.50 3.38 2.25 1.13 

benzo[b]fluoranthene BbF 9.5 
 

9.5 4.75 3.56 2.38 1.19 
benzo[k]fluoranthene BkF 9.1 

 
9.1 4.55 3.41 2.28 1.14 

benzo[a]pyrene BaP 8.2 
 

8.2 4.10 3.08 2.05 1.03 
indeno[1,2,3-cd]pyrene IP 9.5 

 
9.5 4.75 3.56 2.38 1.19 

dibenzo[a,h]anthracene DA 9.6 
 

9.6 4.80 3.60 2.40 1.20 
benzo[ghi]perylene BP 9.4 

 
9.4 4.7 3.525 2.35 1.175 

Table 3. 5: Concentration of 16 PAH standard solutions from Sigma Aldrich. 
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Figure 3. 2: Mass chromatogram of PAH16 standard sample using the SIM method. 16 PAH molecular structures are indicated. 
�7�K�H���U�H�G���O�L�Q�H�V���L�Q�G�L�F�D�W�H���W�K�H���µ�J�U�R�X�S�V�¶���Z�K�H�U�H���W�K�H���6�,�0���P�H�W�K�R�G���P�H�D�V�X�U�H�G���G�L�I�I�H�U�H�Q�W���P�D�V�V�H�V�����5�+�6���R�I���I�L�J�X�U�H�����������W�R�������������D�Q�G���7�D�Ele 3.4). 
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Figure 3. 3: Example mass chromatogram of the SIM method on sample number B10 from Bradford. 
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Figure 3. 4: Example mass chromatogram��of the SIM method on sample number BL10 from Bradford and Leeds. 
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Figure 3. 5: Example mass��chromatogram��of the SIM method on sample number L����  from Leeds. 
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Figure 3. 6: Calibration line for naphthalene (a), acenaphthylene (b), acenaphthene (c), fluorine (d), phenanthrene (e) and 
anthracene (f). 
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Figure 3. 7: Calibration line for fluoranthene(a),  pyrene (b), benzo[a]anthracene (c), chrysene (d), benzo[b]fluoranthene (e) and 
benzo[k]fluoranthene (f). 
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Figure 3. 8: Calibration line for benzo[a]pyrene (a), indeno[1,2,3-cd]pyrene (b), dibenzo[a,h]anthracene (c) and                     
benzo[ghi]perylene (d). 
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compounds 
RT 

(min) 
Peak 1 
area 

peak 2 
area 

peak 3  
area 

Peak 4  
area 

peak 5 
area 

Intercept 
(y-axis) Gradient R² 

LOD 
(area) 

LOQ 
(area) 

LOD 
(ng/ul) 

LOQ 
(ng/ul) 

NA 5.9 9982090 5038416 3016916 2621172 1356464 -85366 949921 0.9887 1161094 4069502 1.3 4.4 
ACY 8.6 9206393 5021921 3835244 1454905 1235746 -124154 1130951 0.9761 1613398 5667684 1.5 5.1 
ACE 9.0 11941963 5779264 4693831 3114137 1596667 135380 1351160 0.9987 629853 1783623 0.4 1.2 
FL 10.0 10585055 6016843 4220579 2559718 1204071 81603 1143180 0.991 1280405 4077612 1.0 3.5 
PH 13.2 7794470 4061101 3036445 1535792 634623 -285029 760806 0.9936 487748 2290895 1.0 3.4 
AN 13.4 7402106 3567055 2099173 1564044 446940 -568364 856446 0.995 92780 1635449 0.8 2.6 
FLU 17.8 2801380 1468138 912561 443536 84759 -267813 326363 0.9913 76469 879794 1.1 3.5 
PY 18.7 1793771 796127 620866 258889 58059 -191172 214269 0.9963 -49896 279747 0.7 2.2 

BaA 24.1 29357 14652 9985 4031 1067 -2954 3419 0.9928 325 7975 1.0 3.2 
CH 24.2 95641 49677 30595 15026 5660 -7970 11677 0.9921 2972 28503 0.9 3.1 
BbF 28.7 162319 73028 50047 20234 6595 -19402 19145 0.9968 -7343 20793 0.6 2.1 
BkF 28.8 122133 60562 40967 17190 2523 -13335 15143 0.9937 -538 29321 0.8 2.8 
BaP 29.9 94242 50792 30768 19973 4243 -6048 12480 0.9906 5601 32783 0.9 3.1 
IP 33.9 126223 62332 41896 29959 279.93 -10309 14607 0.9896 6339 45184 1.1 3.8 
DA 34.1 151912 73308 54319 22810 199.93 -16931 17926 0.9924 664 41720 1.0 3.3 
BP 34.7 173923 99090 60580 40928 20231 -1244 18958 0.9886 21120 73301 1.2 3.9 

Table 3. 6: Peak areas, resulting calibration line and calculated limits of detection (LOD) and limits of quantification (LOQ) obtained 
from measurements of the 5 standard PAH solutions (see text for further details). 
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3.5. External calibration line  
 

Initially, the retention time was����determined with the assistance of scan measurement 

of the undiluted standard. Next, the peak areas for each standard solution were 

measured by using GC-MS (using SIM) for all PAH compounds. Then, using Excel, 

the concentration for each diluted standard, the parameters of linear regression, the 

y-intercept and the gradient, were determined. 

 

The equation used to calculate the concentrations of standard dilution was: 

Standard dilution = �%�A�N�P�E�B�E�?�=�P�A�@���%�K�J�?�A�J�P�N�=�P�E�K�J���@
�á�Ú

�è�ß
�A�Û�&�E�H�Q�P�E�K�J���B�=�?�P�K�N 

 

The equation used to calculate the y-intercept was: 

Y-intercept =�+�0�6�'�4�%�'�2�6�:�L�A�=�G���=�N�A�=���/�=�@�A���%�K�J�?�A�J�P�N�=�P�E�K�J�O���:�J�C���Q�H�;�; 

 

The equation used to calculate the gradient was: 

Gradient = �5�.�1�2�'�:�L�A�=�G���=�N�A�=���/�=�@�A���%�K�J�?�A�J�P�N�=�P�E�K�J�O���:�J�C���Q�H�; 

 

The linear equations displayed in Figures 3.6 to 3.8 are essential for the determining 

the quantity of the PAHs in the samples. Deviation from the calculate line of best fit 

show whether there are any outliers, and the coefficient of determination (R²) indicated 

how much of the variability is explained by a straight line. Calculations have been 

based on the statistical model (presented by Miller and Miller 2005, pp 263). 

 

The equation used to calculate the coefficient of determination, R² was: 

R² = �4�5�3�:�L�A�=�G���=�N�A�=���/�=�@�A���%�K�J�?�A�J�P�N�=�P�E�K�J�O���:�J�C���Q�H�;�; 

 

In addition, the limits of detection (LOD) and limits of quantification (LOQ) have been 

determined. The LOD presents the limit of concentration above which the detection is 

thought to be dependable. With regard to the LOQ, it shows the least concentration 



54 
 

from which it is possible to reliably���� determine the quantity���� for���� the���� analyses (Armbruster, 

2008). 

 

The equation used to calculate the LOD was: 

LOD = �+�J�P�A�N�?�A�L�P�4�U
E�:�u�Û�5�P�=�J�@�=�N�@���A�N�N�K�N���E�J���U���:�L�A�=�G���=�N�A�=�;�; 

The equation used to calculate the LOQ was: 

LOQ = �+�J�P�A�N�?�A�L�P�4�U
E�:�s�r�Û�5�P�=�J�@�=�N�@���A�N�N�K�N���E�J���U���:�L�A�=�G���=�N�A�=�;�; 

It is relevant to highlight that the method blank samples did not show any PAH 

contamination. The signals seen on the mass chromatograms for the blank samples 

were consistently below 500 units, therefore logically were considered as noise 

3.6. Adequacy of and Improvement of the Method  
 

In theory, this technique is simple to realize. Nevertheless, enhancement can be made 

to the separation phase of the method. There is the risk that some particles of soil get 

into the GS-MS vials, which can then harm the separation column although there is a 

glass wool filter in the injection liner. The particles of soil are of relatively low weight. 

As a result, difficulties can arise in getting solid material to settle through simple 

centrifugation. The solution adopted was the utilization of syringe filters to deliver the 

soil solution into the GC-MS vials.  

The peak resolution is best for a chromatogram with the SIM technique (see section 

3.2 and 3.3), however, the intensity is considerably lower because of the lower number 

of ions examined. On the chromatogram of the undiluted standard (Figure 3.2), it is 

evident that a few compounds have a low abundance. This can cause difficulty for 

measurement of regression lines because, with the dilution, these compounds may be 

below the threshold for confident detection (LOD) and the accuracy of the calculated 

regression line may be reduced. 

Lower abundances are present for benzo[a]anthracene, chrysene, 

benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, indenol[1,2,3cd] 
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pyrene, dibenzo[a,h]anthracene and benzo[ghi]perylene. The impact is really relevant 

concerning the coefficient of determination (Table 3.4), which may fall below 0.99. 

Nevertheless, the R2 values are all larger than 0.94 (Table 3.6), so these lines of 

regression are still adequate in terms of explained variation and can be utilized for the  

determination of the quantity of PAHs in the samples. 

There was only limited deviation of values from the calibration line (the standard with 

dilution factor of 0.5 was generally the one diverging most from the line, but not so 

much that it would be considered an outlier). Also, all the intercepts were near the 

origin. Therefore the calibration line was considered acceptable for determination of 

quantitative PAH values in the samples.  In view of the fact that the calibration lines 

are consistent with one another, with no obviously different batch, for subsequent 

analysis the results from all batches will be combined. 

3.7. Methods of statistical analysis  
 

Various methods of statistical analysis have been used in this thesis. Standard 

parametric tests involving one or two variables at a time were paired t-test and least 

squares linear regression. The t-test which uses linked or dependent data was the 

paired t-test and as the name implies, the data have to come in pairs and that means 

the measurements in two samples are made on the same individuals or there is some 

other linkage between observations (Miller and Miller 2018 p81). In this thesis the test 

was applied to measurements of the concentration of PAHs in autumn 2016 and after 

a period of time measurement of concentrations of PAHs in summer 2017, since the 

two sets of data were obtained from the same locations. The t-test, for each compound 

separately, is therefore testing for the difference between the observations in the 

autumn and summer data (see Chapter 7). 

Error bars are used in chapter 5 as graphical representations of the variability of data 

and used on graphs to indicate the error or uncertainty in a reported measurement. 

This can be used to determine whether differences are statistically significant (mean 

values of two samples being of greater difference from each other than two standard 
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errors). Error bars often represent plus or minus one standard error about the mean. 

The standard error is calculated by dividing the sample standard deviation by the 

square root of the number of measurements that make up the mean.  error bars are 

derived from repeated analysis from the differnt sample (Miller and Miller 2018 p71).  

Regression allows modelling mathematically the relationship between two variables, 

the dependent y-axis variable (the peak area) and the x-axis independent variable (the 

made concentration of PAHs in ng/g). Linear regression involves calculating a straight 

line through all the different points and then testing how much of the variation in the 

data is explained by the line (a line which explains the data variation well can then be 

used to make predictions) (Miller and Miller 2018 p89). This statistic was used in 

Chapter 3. 

In this thesis also, a one way ANOVA is used to compare two means from two 

independent (unrelated) groups in Chapter 6. 

The Shapiro�±Wilk test is a test of normality in frequentist statistics. The Kruskal-Wallis 

test is a non-parametric alternative to the one-factor ANOVA test for independent 

measures. Grubbs test this test detects outliers from normal distributions. These tests 

were using in chapter 5.  Multivariate statistical techniques have also been used in this 

thesis. Two techniques have been used.  

Ordinations can extract and visualize the important patterns in complete sets of data 

by reducing the variability in the data down to two or three main axes of variation (Miller 

and Miller 2018 p236). In this study Principal Component Analysis (PCA) was used 

with the Minitab statistical package. 

Clustering is a process of breaking down a large dataset into small groups where the 

individuals within any one group are more similar to each other than they are to the 

individuals in another group (Miller and Miller 2018, p175). As an alternate method of 

exploring the grouping of different PAHs into groups of similarly responding 

compounds, divisive hierarchical classification or cluster analysis was performed using 

�0�L�Q�L�W�D�E���D�Q�G���E�D�V�H�G���R�Q���:�D�U�G�¶�V���P�H�D�V�X�U�H���R�I���V�L�P�L�O�D�U�L�W�\�����7�K�L�V���V�W�D�W�L�Vtic was used in Chapter 

8. 
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��.��. Summary of GC -MS Methodology  

An Agilent technologies 7890A GC system with 5975c mass selective detector (MSD) 

was used to separate, identify and determine the concentrations of PAHs in soil 

extracts, a scan method was used (m/z 50 to 800) to confirm the identity and retention 

times of the PAHs. The retention time was determined with the assistance of scan 

measurement of the undiluted standard. Next, the peak areas for each standard 

solution were measured by using GC-MS (using SIM) for all PAH compounds. 

3. 9. Experiments to determine the interactions between PAHs and minerals  
 

In view of the uncertainties associated with interactions between PAHs and soil 

minerals indicated in Chapter 2, these experiments were designed to determine the 

interactions between PAHs and minerals using iodine absorption and scanning 

electron microscopy X-ray fluorescence. This was carried out using the measurement 

of iodine as a proxy for where PAHs interact with the minerals. 

The work of Goldenberg et al. (2014) was based on the reaction between unsaturated 

organic compounds and iodine. In a closed glass chamber, powdered ceramic 

samples were placed with a few iodine crystals and then exposed to iodine vapour. 

Iodine has a high vapour pressure at room temperature resulting in the chamber being 

rapidly saturated with iodine vapour (Goldenberg et al., 2014). The iodine will bind only 

to the carbon-carbon unsaturated bonds and not to the carbon-carbon single bonds, 

the concentration of iodine, and therefore saturated molecules can then be determined 

by X-ray fluorescence.  

Goldenberg et al. (2014) used the above principle in two ways. First, they assessed 

the amount of unsaturated fatty acids and the state of general preservation of organic 

materials to identify appropriate samples for the analysis of organic residues in 

ceramic samples. The second method was based on the interaction of iodine with 

saturated bonds to visualize the distribution of unsaturated molecules of organic 

materials on the ceramic surfaces. 
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Based on the work by Goldenberg et al. (2014), two new methods have been 

developed. 

3.10. Sample and standard preparation  
 

An agate pestle and mortar was used to grind and homogenise each test sample (soil, 

calcite, silica). 1 g of each was placed into a glass scintillation vial. A small amount of 

each sample was placed on SEM-�V�W�X�E�V�����������´���D�O�X�P�L�Q�L�X�P���Z�L�W�K���V�W�L�F�N�\���P�R�X�Q�W�L�Q�J���W�D�S�H���� 

0.1 g of individual PAH standard (naphthalene) was weighed and transferred into a 

100 ml volumetric flask, hexane was used to dissolve the PAH. The volumetric was 

then filled to the mark to make a 1 mg/ml solution. 

Each test sample (e.g. calcium carbonate) was put in a flask and then was spiked with 

1 ml of the 1 mg/ml PAH solution. The solutions did not cover the solid sample 

therefore 1 ml of hexane was further added to cover the sample and to ensure a 

homogenous coating.   

3.11. Exposure of Samples to I �• Vapour  
 

The samples on SEM-stubs were placed equidistant from a vial containing a few 

crystals of solid iodine in a desiccator jar. The lid was removed from the vial containing 

the iodine and the desiccator lid replaced (all within a fume cupboard). The samples 

were exposed to I�• vapour for 4 hours at room temperature. 

Initially the room temperature was too cool to enable iodine sublimation and for this 

reason the samples did not adsorb iodine. Therefore, to know the correct temperature 

to use iodine was placed in a vial and then heated whilst monitoring the temperature 

using a thermometer. At 21 °C sufficient sublimation was observed with a purple 

vapour present in the vial and deposits of solid purple iodine crystals on the vial walls.  

The temperature of 21°C was chosen for use in subsequent experiments because at 

this temperature the iodine appeared to have been sufficien sublimated. 
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3.12. Scanning Electron Microscopy and X -ray Fluorescence Analysis  
 

The samples were coated with carbon by using an Emitech-k450. This was done to 

remove weakly bound iodine during the vacuum deposition and to create a conductive 

surface for SEM.  

The samples were analysed for the presence of iodine by using scanning electron 

microscopy with X-ray fluorescence (FEI QUANTA 400) with Oxford Inca FDX detector 

V3.30 using a backscattered electron BSE detector.  

Energy Dispersive X-ray (EDX) analyses were achieved at 20 kV with a distance of 11 

mm. The calibration of EDX was achieved using a cobalt standard. The iodine was 

mapped using Inca software. 

 

3.13. Oleic acid to confirm iodine absorption  
 

In this method 0.3 g of oleic acid was weighed into a glass scintillation vial and 1ml of 

DCM/MeOH 2:1 (v/v) was used to make a solution. 0.5 g of calcium carbonate was 

weighed in a glass scintillation vial, and 1 ml of the solution of oleic acid then added. 

The sample was well mixed and left i�Q���D���I�X�P�H���F�X�S�E�R�D�U�G���W�R���H�Q�D�E�O�H���W�K�H���'�&�0���0�H�2�+���W�R��

�H�Y�D�S�R�U�D�W�H���W�R���G�U�\�Q�H�V�V�����7�K�H���V�D�P�S�O�H���Z�D�V���H�[�S�R�V�H�G���W�R���L�R�G�L�Q�H���I�R�U�������K�U�V���D�W�������ˆ���&���D�Q�G���W�K�H�Q��

�W�K�H�� �V�D�P�S�O�H�V�� �Z�H�U�H�� �F�R�D�W�H�G�� �Z�L�W�K�� �F�D�U�E�R�Q���� �7�K�H�� �V�D�P�S�O�H�� �Z�D�V�� �D�Q�D�O�\�V�H�G�� �E�\�� �6�(�0���;�5�)�� �D�V��

�G�H�V�F�U�L�E�H�G���D�E�R�Y�H�� 
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Figure 3.9: Backscattered electron image of high concentration of oleic acid with 
calcium carbonate exposed to iodine for 4 hr at 21 °C with magnifications 30x (A). 
Distribution map of carbon (B), distribution map of oxygen (C), distribution map of 

calcium (D) and mapping of iodine (E). 

 

3.14. Justification for different PAHs with different concentrations  
 

After the use of oleic acid, other organic samples were selected; acenaphthlene, 

anthracene and phenathrene, again examples of 3 ring PAHs. 

1g acenaphthlene, 0.2 g anthracene and 1g phenathrene were separately weighed 

into glass scintillation vials and 3, 15 and 5 ml of DCM/MeOH 2:1 (v/v) respectively 

were used to dissolve each. Separate 0.5 g of calcium carbonate samples were 

A 

B C 

D E 
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weighed into glass scintillation vials and separate 2 ml of the above solutions were 

then added (1 ml of the acenaphthlene solution). The samples were mixed well and 

the samples left in a fume cupboard to enable the DCM/MeOH to evaporate to 

dryness. The samples were analysed by SEM-XRF as described above. 

 

 

Figure 3.10: Backscattered electron image of anthracene with calcium carbonate 
exposed to iodine for 4 hr at 21 °C with magnifications 30x (A). Distribution map of 

carbon (B), distribution map of oxygen (C), distribution map of calcium (D) and 
distribution map of iodine (E). 

 

 

A 

B C 

D E 
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Figure 3.11: Backscattered electron image of phenathrene with calcium carbonate 
exposed to iodine for 4 hr at 21 °C with magnifications 30x (A). Distribution map of 

carbon (B), distribution map of oxygen (C), distribution map of calcium (D) and 
distribution map of iodine (E). 

 

  

 D 

A 

B C 

E 



63 
 

 

Figure 3.12: Backscattered electron image of acenaphthylene with calcium 
carbonate exposed to iodine for 4 hr at 21 °C with magnifications 30x (A). 

Distribution map of carbon (B), distribution map of oxygen (C), distribution map of 
calcium (D) and distribution map of iodine (E). 
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E 
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A 
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Figure 3.13: Backscattered electron image of fluorene with calcium carbonate 
exposed to iodine for 4 hr at 21 °C with magnifications 30x (A). Distribution map of 

carbon (B), distribution map of oxygen (C), distribution map of calcium (D) and 
distribution map of iodine (E). 
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3.15. Using sand instead of calcium carbonate  
 

In this method, sand was used instead of calcium carbonate with fluorene. 

1 g of fluorene was weighed in a glass scintillation vial and 4ml of DCM/MeOH 2:1 

(v/v) was used to dissolve the fluorene. 0.5 g of sand was weighed in a glass 

scintillation vial, and 2ml of the solution of fluorene was then spiked. The sample was 

well mixed and the sample left in a fume cupboard to enable the �'�&�0���0�H�2�+�� �W�R��

�H�Y�D�S�R�U�D�W�H���W�R���G�U�\�Q�H�V�V�����7�K�H���V�D�P�S�O�H���H�[�S�R�V�X�U�H���W�R���L�R�G�L�Q�H���I�R�U�������K�U���D�W�������ˆ���&�����7�K�H���V�D�P�S�O�H�V��

�Z�H�U�H���D�Q�D�O�\�V�H�G���E�\���6�(�0���;�5�)���D�V���G�H�V�F�U�L�E�H�G���D�E�R�Y�H�� 

 

Figure 3.14: Backscattered electron image of fluorene with sand exposed to iodine 

for 4 hr at 21 °C with magnifications 30x (A). Distribution map of carbon (B), 

distribution map of oxygen (C), distribution map of silica (D) and distribution map of 

iodine (E). 

C B 

A
 
a 
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3.16. Quantification of the XRD images by the 50% Sub -Quadrat Frequency 

method   

In this method a transparent plastic sleeve  was used in which a copy of the relevant 

image could be placed; then with a ruler, marker pen and set square , a grid was drawn 

on one side of the sleeve to create 5 x 20 sub-squares, resulting in 100 identical sub-

squares. Copies of all the images were then made to the same scale so 

that  comparison could be made, the whole image being covered by the grid, so that 

the whole of each image could be seen and analysed through the plastic.  

 

An evaluation was then made of the number of grid squares that have a lighter colour 

in them covering at least 50% of the square). Since there were 100 squares, this was 

then expressed as a percentage. This is equivalent to the 50% Sub-Quadrat 

Frequency method described in ecological literature when sampling using quadrats 

(see for example Kershaw, 1973). 

 

The results of the percentage cover of bright area in each image are shown in Table 

3.7. 

 

Figure number  Backscattered 

electron image 

Iodine mapping 

3.9 80% 70% 

3.10 75% 60% 

3.11 60% 50% 

3.12 70% 50% 

3.13 80% 65% 

3.14 65% 50% 

 

Table 3.7: Estimated percentages of bright areas on XRD images from use of the 

50% Sub-Quadrat Frequency method, for Backscattered electron images and for 

Iodine mapping images (A and E respectively in each of the figures). 
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It may be noted that the amount of iodine is estimated to be in larger quantities on the 

backscattered electron image (A) than for the mapping of iodine (E) in all the Figures. 

 

Figure 3.15: Scatter diagram and linear regression line between backscatter and 
iodine mapping, based on data in Table 3.7.  

 

Figure 3.15 shows a scatter diagram and regression line of best fit between 

backscatter and Iodine mapping values. There is a very strong positive correlation 

r=0.90 at the p<0.0001 level, indicating that the strength of iodine adsorption follows 

a similar pattern in both backscatter and Iodine mapping. 

 

3.17. Discussion of the results of the interactions between PAHs and the 

minerals  

Bright areas on backscatter images shown in the sections above indicate the presence 

of high atomic number elements (iodine in these experiments). Dark regions indicate 

a low concentration. Oleic acid put on to a calcium carbonate substrate shows bright 

areas in Figure 3.9 E, confirming the presence of iodine and therefore the mechanism 

of iodine interaction with the unsaturated oleic acid. 

Figures 3.10 (anthracene), 3.11 (phenathrene), 3.12 (acenaphthylene) and 3.13 

(fluorine) show the results when different PAHs are added to calcium carbonate. All 

show bright areas in the backscattered electron image for iodine (part E of the figures). 

These results indicate that these PAHs interact with iodine in a similar way to that 
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reported by Goldenberg et al. (2014). This means that iodine can be used as a marker 

for PAHs and their distribution on mineral surfaces. 

Figure 3.14 shows the results of the interaction of PAH fluorene with sand. Much more 

limited bright areas are seen in Figure 3.14 E (iodine) than 3.13 E, therefore indicating 

that fluorine does not interact with silica and that the interactions with calcium 

carbonate are much stronger. Therefore there is an interaction between certain 

minerals and PAHs. 

The strong positive correlation between the iodine adsorption in backscatter and iodine 

mapping (Figure 3.15) shows that a similar outcome is being reached by both 

methods, and the results from one method could be used to predict the outcome from 

the other. It emphasis the consistency of the conclusions drawn above about the 

interaction of the PAHs with the minerals, irrespective of the specific method used to 

assess it. 

3.18. Conclusions from the method development experiments  
 

�7�R���V�X�P���X�S���D�O�O���W�K�H���U�H�V�X�O�W�V�����L�R�G�L�Q�H���H�[�S�R�V�X�U�H���L�V���E�H�V�W���D�W���������ˆ�&�����%�6�(���L�P�D�J�H�V���U�H�Y�H�D�O��the 

presence of iodine, SE and XRF data confirm the presence and abundance of iodine 

(and other elements) but the images are less clear. Higher concentrations and greater 

time exposure of PAHs increase the absorption of iodine. A magnification of 30x was 

used because this magnification covers all the surface of a sample while 100 x focuses 

on a smaller area in the surface of the sample. Oleic acid was used to confirm the 

result of this experiment as fatty acids have previously been shown to adsorb iodine. 

All PAHs tested here (acenaphthlene, anthracene, and phenathrene) adsorb iodine 

when using a calcium carbonate substrate. Very little PAH adsorbed onto sand (silica). 

There was a very strong positive correlation between the results from iodine 

adsorption and the backscatter methods, so the two methods give equivalent results. 
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 3.19. Methods for data analysis  

 

The identification of minerals from X-ray powder diffraction is a 2-stage process 

(Hammond and Hammond 2001) . The initial step is to compare the unknown XRD 

pattern of the sample to a reference mineral pattern by means of peak matching; 

however, XRD analysis of soil can often be problematic due to its complex nature as 

soil is composed of varying crystalline and amorphous components (Deng et al., 

2009). The second step matches an unknown peak with a standard peak by comparing 

the 2-theta angle (Polivka 1975).  

X-ray diffraction analysis is used in search or match procedures that help in comparing 

and identifying the determined peak using a database from numerous standards for 

different materials (Bhatt and Paul 2008). Minerals are identified by the process of 

�P�D�Q�X�D�O���V�H�D�U�F�K�L�Q�J�����D���P�H�W�K�R�G���P�R�V�W���F�R�P�P�R�Q�O�\���X�V�H�G���L�Q���P�L�Q�H�U�D�O���L�G�H�Q�W�L�¿�F�D�W�L�R�Q���L�Q���W�K�H���S�D�V�W��

which still has its benefits. It is beneficial for complex mixtures like soil or sediment 

samples in which diffraction peaks of crystalline phases are extremely weak (Deng et 

al., 2009). 

3.20. Loss -on-Ignition (LOI) Method  

 

To determine the Loss on Ignition from a soil, approximately 5 g of each soil sample 

was accurately weighed and placed into a crucible. The samples were left in the oven 

to dry for 2 hours at 105 °C. The samples were removed from the oven, allowed to 

cool and immediately re-weighed (Mustoe 2016). The samples were then further 

heated at 360 °C for 2 hours. Then were cooled to less than 150 °C and re-weighed. 

The last step was to calculate the percentage weight loss-on-ignition using the 

following equation (Combs 1998). 

�.�1�+
L �>
�:�S�P�ä�=�P���s�r�w�¹�%�; 
F�:�S�P�ä�=�P���u�x�r�¹�%�;��

�S�P���=�P���s�r�w�¹�%
�?
H�s�r�r 
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3.21. Conclusions from Chapter 3  

 
In this chapter, various techniques have been described which are used later in this 

thesis. This includes field sampling methods, as well as laboratory analyses of the soil 

samples obtained: X-ray diffraction (XRD) to identify minerals in the soil samples using 

the matching/search method; Loss-on-Ignition (LOI) to determine the organic matter 

composition of the soil samples; Scanning Electron Microscopy (SEM); and Gas 

Chromatography �± Mass Spectrometry (GC-MS) for determination of the amount of 

each of the PAH compounds.  

The technique of GC-MS was shown to produce good calibration lines for all 16 of the 

tested PAH compounds, and the technique, using some adjustments described in this 

chapter, was adopted as the standard methodology used in this study. The interaction 

between PAH compounds and minerals in the soil was determined using iodine with 

the SEM technique in some method development studies; from the results obtained 

there was an interaction between PAH compounds and minerals, but the method 

shows only that there is an interaction but does not determine the quantity  of organic 

compounds present, and this provides only supporting evidence for the information 

provided by GC-MS techniques.   
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Chapter 4: Preliminary investigation into the soil  
 

Chapter four will include an investigation of the sampled soils using the techniques 

described in Chapter 3. This chapter is divided into two parts. The first part uses X-ray 

diffraction to identify minerals in the soil samples using the matching/search method. 

The purpose was trying to identify the type of mineral in the soil which could interact 

with PAHs as it has previously been shown (Chapter 3) that PAHs interact with calcium 

carbonate and not with silica. The second part of this chapter examines differences in 

the concentration of PAHs and examines correlations with the total amount of organic 

matter present. 

  

4.1. X-Ray Diffraction to Determine the Mineralogy in Soil samples  

 

Similar to a human fingerprint, the diffraction pattern of each mineral has a specific X-

ray reflection path (Lu et al., 2001). For a single crystal, diffraction data are obtained 

from three dimensions. In powder diffraction, the data are obtained in a single 

dimension (Kemp and Alcock, 2017). XRD is the best technique for identifying the 

inorganic materials by quantitatively analysing the minerals in soil and sediment 

(Srodon et al., 2001). Presently, XRD has been used in qualitative analysis more than 

in the quantitative analysis. For qualitative analysis crystalline phases with 25,000 

organic components and 50,000 inorganic components have been measured as 

standards (Chapman et al., 2011; Kirian 2011).  

4.2. Soil sample Preparation  

 

This method follows that of Marathe et al. (2012). A hundred soil samples were 

collected across three sampling areas, Bradford, the area between Bradford/Leeds, 

and Leeds (see Chapter 3). Initially the soil samples were dried at room temperature 

to remove excess water. The sample holder, pestle and mortar were cleaned with 

ethanol, to reduce cross-contamination from other samples. Each soil sample was 
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ground using a pestle and mortar until a fine powder was achieved, and the powder 

was put in the sample holder��(silica wafer). Excess soil powder was removed utilizing 

a microscope glass slide and the surface was levelled. If the surface was not smooth 

and level, X-ray absorption would be possible and this reduces the intensity of small 

angle peaks (Lu et al., 2001;di Bernardo et al., 2005).  

4.3. X-Ray Diffraction Meter Parameters  
 

The soil samples were analysed by the method used by Linsen et al. (2014). A Bucker 

Axs D8 Advance X-ray diffractometer was used in this research. This instrument uses 

Bragg-Brentano geometry. The copper Ka X-ray source has a wavelength of 0.15406 

nm. The voltage was 40kV while the filament emission was 30 mA. The samples were 

scanned over 2-theta and ranged from 5° to 50°. The intensity of the scattered X-ray 

was 3 seconds for every step where the step size was 0.003°. The X-ray beam covered 

the entire sample as a result of simultaneously scanning the sample in a rotation 

system.  

In this case, the 2-theta value for different minerals has been obtained from previous 

studies which states that 2-theta and d-spacing for calcite, silica and hematite are as 

listed below in tables 4.1, 4.2, and 4.3 respectively. 

2-THETA D-SPACING 

23.09 3.8526 
29.44 3.0337 
31.48 2.8416 
36.02 2.4934 
39.46 2.2834 
43.22 2.0933 
47.18 1.9263 
47.58 1.9112 
48.58 1.8742 

 

Table 4.1: 2-theta and d-spacing for X-ray diffraction pattern of calcite (Stewart 
1966). 
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2-THETA D-SPACING 

24.18 3.6806 
33.2 2.6982 
35.68 2.5164 
39.34 2.2905 
40.92 2.2056 
43.57 2.0773 
49.53 1.8403 
54.15 1.6939 

 

Table 4.2: 2-theta and d-spacing for X-ray diffraction pattern of hematite (Downs et 
al., 1993). 

 

2-THETA D-SPACING 

20.88 4.2551 
26.66 3.3432 
36.58 2.4567 
39.51 2.281 
40.33 2.2365 
42.49 2.1276 
45.84 1.9797 
50.19 1.8177 

 

Table 4.3: 2-theta and d-spacing for X-ray diffraction pattern of silica (d'Amour, et al., 
1979). 

4.4. Results and Discussion of XRD pattern  

Determining the Peak Location  
 

Various factors are likely to shift the 2-theta peak positions from one sample to another 

(Cook et al., 1975). Some of these factors include slight differences in automatic 

goniometer alignment, occasional alterations of the sample and inaccurately 

positioning the sample in the sample (Cook et al., 1975). However, these factors do 

not affect the manual interpretation of the plots, but they complicate computerized 

mineral identification. According to Downs et al. (1993) it is possible to determine the 
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type of mineral in a soil that contains a mixture of minerals using just two peaks (see 

also Dutrow 1997). Nanzyo et al. (2001) state that distinction between these two peaks 

using the position of the peak is possible.  

When it is difficult to determine a mineral from only using two or three peaks, then both 

the peak location and the d spacing values would be used to identify the mineral 

because each mineral has a unique combination of peak positions and d spacing 

values (Yingyi 2018). The diffraction pattern for every phase is unique, so the XRD 

pattern for samples having the same peak can be solved by the difference in the d 

spacing values (Brady and Boardman 1995). Phases with the same mineral 

composition can have drastically different diffraction patterns. The position of peaks to 

match experimental data to the reference patterns in the database to identify the 

mineral is done most precisely by profile fitting (Dutrow 1997). In this way, all the 

minerals in the soil can be determined using XRD.  

In this study two minerals (silica and calcite) are selected in the laboratory to obtain a 

pattern of mixed minerals in different combinations. The reference peaks from the 

combinations of these minerals are then compared with the XRD results from the 

unknown samples to enable identification to be made. The technique is illustrated in 

this section for just two example samples, namely B1 and B2 taken from the Bradford 

area. In the present study, pure silica was mixed with pure calcite in varying 

proportions to create three standards, which were mixed as 1g silica with 1g calcite, 

1g silica with 3g calcite and 3g silica with 1g calcite. 

Figure 4.1a shows the results for the B1 sample. Use of the 1:1 silica:calcite, 1:3 

silica:calcite and 3:1 silica:calcite standards enable the reference patterns for calcite, 

hematite and silica to be shown in Figure 4.1a by the blue, green and red lines 

respectively, while the black line shows the results for the soil sample in question. 

The 2-theta peaks for calcite in this case were at 23.09, 29.44, 31.48, 36.02, 39.46, 

43.22, 47.18, 47.58 and 48.0. As can be seen in Figure 4.1a, a manual comparison of 

these peaks with the pattern in sample B1 shows that there was no match for most of 

these 2-theta values, although a match was found for values of 36.42 and 39.46. 
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Therefore, according to Stewart (1966), this B1 sample does contain calcite. A similar 

comparison of the measured XRD pattern to the reference XRD pattern peak positions 

for hematite showed matches with only two 2-theta values of 24.17 and 39.46. By 

contrast there was matching of the sample pattern with most silica peak positions by 

this manual search method; an automated mineral search / match result is shown in 

Figure 4.1b, with a strong peak match Silica is therefore clearly indicated as being 

present in this sample. 

 

 

    a                                                                     b  

Figure 4.1a: XRD pattern for sample B1 and XRD reference patterns for calcite 
(blue), hematite (green) and silica (red). Dark blue XRD patterns show 1g pure silica 

mixed with 1 g pure calcite, light green XRD patterns show mixed 1 g silica to 3 g 
calcite and pink XRD patterns show 3 g silica to 1g calcite.��Figure 4.1b: XRD pattern 

for sample B1 by matching with silica using the XRD database. 

The results for sample B2 are shown in Figure 4.2. The XRD pattern for sample B2 

only matched three peak positions for calcite corresponding to 2-theta values of 

29.482, 36.40 and 39.478 (Figure 4.2a). Two 2-theta positions of 24.162 and 39.478 

matched with hematite with a weak match, but are probably from hematite (Downs et 

al., 1993). In Figure 3.23a the sample XRD patterns agreed with most silica peak 

positions, however the 2-theta value of 29.43 matches with calcite. In Figure 4.2a and 
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Figure 4.2b the match for silica with all peaks found. It should be noted that samples 

inclu�G�L�Q�J���W�K�L�V���R�Q�H���P�D�\���F�R�Q�W�D�L�Q���µ�Q�R�L�V�H�¶�����X�Q�H�[�S�O�D�L�Q�H�G���Y�D�U�L�D�W�L�R�Q�������Z�K�L�F�K���F�R�X�O�G���E�H���G�X�H���W�R��

organic matter present in the sample; which is tested later by determining Loss on 

Ignition (see below) 

 

  

a                                                                    b 

Figure 4.2 a: XRD pattern for sample B2 and XRD reference patterns for calcite 

(blue), hematite (green) and silica (red) Dark blue XRD patterns show 1g pure silica 

mixed  with 1 g pure calcite, light green XRD patterns show mixed 1 g silica to 3 g 

calcite and pink XRD patterns  show 3 g silica to 1 g calcite. Figure 4.2b: XRD 

pattern for sample B2 by matching with silica using the XRD database 

 

Tables 4.4 to 4.12 present the manually searched peaks which match reference 

patterns for samples of calcite, hematite and silica, from the three areas of the study.  

Clearly all the areas of this study contain peaks which match with all the peaks of silica. 

However, calcite and hematite peaks do not always correspond with the reference 

pattern in three peak positions but sometimes only in two, possibly because the calcite 

interacts with the organic material present and covers the mineral which, according to 
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Karine et al. (2005), prevents the correct interaction of the X-rays and the minerals so 

only certain peaks appear. The complete set of accompanying figures, similar to those 

shown in Figures 4.1 and 4.2, are presented in the Appendix.  

Calcium is a major, abundant metallic element, present at about 3.0% by weight in the 

�(�D�U�W�K�¶�V���X�S�S�H�U���F�R�Q�W�L�Q�H�Q�W�D�O���F�U�X�V�W���D�Q�G���Z�L�G�H�V�S�U�H�D�G���L�Q���P�D�Q�\���P�L�Q�H�U�D�O�V�����+�R�Z�H�Y�H�U�����L�Q���W�K�H���8�.����

these occur mainly in the south and east of England, and the soils in these areas tend 

to have naturally high pH values. Very low Ca concentrations are present over large 

areas of Wales, the Pennines, Cumbria, the North York Moors, Devon and Cornwall, 

the Hampshire Basin and the Weald of Kent and Sussex (Adams et al., 2002; 

Brenchley, and Rowson 2006). Silica minerals constitute more than 90% of the 

�P�L�Q�H�U�D�O�V���L�Q���W�K�H���(�D�U�W�K�¶���F�U�X�V�W�������6�L�O�L�F�D���P�L�Q�H�U�D�O�V���D�U�H���J�U�R�X�S�H�G���L�Q�W�R���V�L�[���W�\�S�H�V���E�D�V�H�G���R�Q���W�K�H��

bonding structure of their silica tetrahedrons (Skinner and Mruck 2011). The major 

primary minerals in soil are silica minerals. It is therefore to be expected that the soil 

samples analysed in the present study, taken from West Yorkshire in northern England 

away from any calcareous geology, would be high in silicates and low in calcium, as 

has indeed been found. 
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2-THETA 
/ Calcite 

B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 B14 B15 B16 B17 B18 B19 B20 

23.09 23 23.1                                     

29.44 - 29.48 29.46 29.5                                 

31.48 32                                       

36.02 36 36.4 36.05 36.4 36.4 36.42 36.42 36.46 36.5 36.4 36.4 3.458 36.46 36.1 36.4 36.06 36.46 36.46 36.44 36.4 

39.46 39 39.48 39.46 39.6 39.5 39.45 39.48 39.49 39.5 39.5 39.5 39.48 39.48 39.5 39.48 39.46 39.42 39.48 39.48 39.48 

43.22                                         

47.18                                         

47.58                                         

48.58                                         

2-THETA/ 
Calcite 

B21 B22 B23 B24 B25 B26 B27 B28 B29 B30 B31 B32 B33 B34 B35 B36 B37 B38 B39 B40 

23.09                                         

29.44   29.46   29.5             29.4   29.48   29.48 29.47         

31.48                                         

36.02 36 36.48 36.47 36.5 36.5 36.66 36.48 36.46 36.5 36.5 36.5 36.48 36.48 36.5 36.48 36.47 36.48 36.46 36.48 36.48 

39.46 39 39.48 39.48 39.5 39.4 39.48 39.48 39.44 39.4 39.5 39.5 39.44 39.48 39.5 39.46 39.46 39.44 39.5 39.48 39.49 

43.22                                         

47.18                                         

47.58                                         

48.58                                         

Table 4.4:. Presents the manually searched peaks matching with calcite reference patterns for samples from Bradford. 
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2-THETA 
/Hematite 

B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 B14 B15 B16 B17 B18 B19 B20 

24.18   24.16 24.18 24.16 24.16 24.18 24.14 24.16 24.14 24.18 24.14 24.18 24.19 24.16 24.18 24.16 24.14 24.14 24.18 24.12 

33.2                                         

35.68                                         

39.43 39.46 39.48 39.46 39.58 39.48 39.45 39.48 39.49 39.48 39.48 39.49 39.48 39.48 39.48 39.48 39.46 39.42 39.48 39.48 39.48 

40.92                                         

43.57                                         

49.53                                         

54.15                                         

2-THETA 
/Hematite 

B21 B22 B23 B24 B25 B26 B27 B28 B29 B30 B31 B32 B33 B34 B35 B36 B37 B38 B39 B40 

24.18 24.16 24.18 24.1 24.18 24.18 24.18 24.18 24.16 24.16 24.18 24.12 24.16 24.18 24.16 24.16 24.16 24.14 24.12 24.18 24.16 

33.2                                         

35.68                                         

39.43 39.48 39.48 39.48 39.48 39.44 39.48 39.48 39.44 39.42 39.46 39.46 39.44 39.48 39.46 39.46 39.46 39.44 39.5 39.48 39.49 

40.92                                         

43.57                                         

49.53                                         

54.15                                         

Table 4.5: Presents the manually searched peaks matching with hematite reference patterns for samples from Bradford. 
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Table 4.6: Presents the manually searched peaks matching with silica reference patterns for samples from Bradford. 

2-THETA 
/silica 

B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 B14 B15 B16 B17 B18 B19 B20 

20.88 20.88 20.82 20.88 20.9 20.88 20.88 20.86 20.88 20.88 20.88 20.9 20.88 20.84 20.86 20.84 20.84 20.859 20.84 20.88 20.84 

26.66 26.66 26.67 26.64 26.7 26.66 26.66 26.68 26.62 26.66 26.62 26.7 26.62 26.64 26.66 26.65 26.68 26.683 26.66 26.68 26.68 

36.58 36.58 36.58 36.58 36.6 36.58 36.66 36.56 36.58 36.54 36.58 36.6 36.58 36.56 36.58 36.52 36.58 36.561 36.56 36.42 36.54 

39.5 39.46 39.48 39.46 39.6 39.48 39.45 39.48 39.49 39.48 39.48 39.5 39.48 39.48 39.48 39.48 39.46 39.42 39.48 39.48 39.48 

40.33 40.32 40.32 40.32 40.3 40.32 40.32 40.32 40.32 40.32 40.32 40.3 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.32 

42.49 42.48 42.48 42.46 42.5 42.42 42.44 42.41 42.46 42.44 42.48 42.4 42.46 42.44 42.46 42.49 42.48 42.481 42.44 42.48 42.46 

45.49 45.82 45.84 45.86 45.8 45.84 45.84 45.8 45.84 45.49 45.84 45.8 45.84 45.84 45.82 45.82 45.54 45.82 45.86 45.82 45.82 

50.19 50.18 50.16 50.18 50.1 50.14 50.12 50.16 50.18 50.14 50.16 50.1 50.14 50.1 50.16 50.14 50.19 50.141 50.18 50.18 50.18 

54.93 54.9 54.9 54.92 55 54.95 54.91 54.93 54.93 54.93 54.9 54.9 54.91 54.94 54.94 54.92 54.9 54.941 54.92 54.94 54.94 

2-THETA 
/silica B21 B22 B23 B24 B25 B26 B27 B28 B29 B30 B31 B32 B33 B34 B35 B36 B37 B38 B39 B40 

20.88 20.88 20.88 20.88 20.9 20.88 20.86 20.88 20.84 20.88 20.9 20.8 20.88 20.86 20.86 20.84 20.86 20.88 20.88 20.88 20.88 

26.66 26.66 26.66 26.6 26.7 26.64 26.67 26.66 26.68 26.66 26.68 26.7 26.68 26.68 26.68 26.66 26.66 26.64 26.66 26.66 26.66 

36.58 36.46 36.56 36.56 36.6 36.54 36.56 36.54 36.52 36.58 36.58 36.6 36.58 36.56 36.57 36.52 36.54 36.5 45.94 36.56 36.56 

39.5 39.48 39.48 39.48 39.5 39.44 39.48 39.48 39.44 39.42 39.46 39.5 39.44 39.48 39.46 39.46 39.46 39.44 39.5 39.48 39.49 

40.33 40.32 40.32 40.32 40.3 40.32 40.32 40.32 40.32 40.32 40.32 40.3 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.32 

42.49 42.48 42.46 42.47 42.4 42.44 42.46 42.48 42.44 42.4 42.42 42.4 42.48 42.49 42.46 42.46 42.48 42.44 42.48 42.48 42.48 

45.49 45.8 45.84 45.84 45.9 45.8 45.86 45.82 45.82 45.8 45.82 45.8 45.82 45.44 45.8 45.84 45.82 45.82 45.84 45.82 45.84 

50.19 50.16 50.12 50.16 50.2 50.14 50.14 50.18 50.18 51.17 50.16 50.2 50.14 50.17 50.14 50.17 50.18 50.18 50.18 50.18 50.18 

54.93 54.92 54.92 54.9 54.9 54.96 54.94 54.9 54.92 54.96 54.9 54.9 54.9 54.9 54.92 54.94 54.92 54.95 54.94 54.92 54.93 
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Table 4.7:Presents the manually searched peaks matching with calcite reference patterns for samples from areas 
between Bradford/Leeds. 

Table 4.8: Presents the manually searched peaks matching with hematite referent patents for samples from areas 
between Bradford/Leeds. 

2-THETA 
/Hematite 

BL1 BL2 BL3 BL4 BL5 BL6 BL7 BL8 BL9 BL10 BL11 BL12 BL13 BL14 BL15 BL16 BL17 BL18 BL19 BL20 

24.18 24.18                                       

33.2   33.24 33.2 33.22 33.2 33.2 33.2 33.26 33.22 33.12 33.2 33.2 33.2 33.22 33.2 33.25 33.202 33.203 33.221 33.22 

35.68                                         

39.43 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 

40.92                                         

43.57                                         

49.53                                         

54.15                                         

2-THETA 
/Calcite 

BL1 BL2 BL3 BL4 BL5 BL6 BL7 BL8 BL9 BL10 BL11 BL12 BL13 BL14 BL15 BL16 BL17 BL18 BL19 BL20 

23.09               23.12                         

29.44                       29.44     29.46 29.44 29.48 29.47 29.46   

31.48                                         

36.02 36.26 36.37 36.44 36.44 36.44 36.36 36.26 36.06 36.46 36.4 36.44 36.46 36.48 36.48 36.46 36.48 36.48 36.46 36.46 36.48 

39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 

43.22                                         

47.18                                         
47.58                                         
48.58                                         
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Table 4.9: Presents the manually searched peaks matching with silica referent patents for samples from areas between 
Bradford/Leeds. 

 

 

 

 

2THETA 
/silica 

BL1 BL2 BL3 BL4 BL5 BL6 BL7 BL8 BL9 BL10 BL11 BL12 BL13 BL14 BL15 BL16 BL17 BL18 BL19 BL20 

20.88 20.88 20.86 20.878 20.86 20.88 20.88 20.87 20.86 20.84 20.86 20.88 20.86 20.86 20.858 20.859 20.88 20.88 20.861 20.86 20.88 

26.66 26.67 26.658 26.67 26.68 26.67 26.68 26.66 26.65 26.67 26.68 26.67 26.66 26.67 26.649 26.643 26.68 26.67 26.66 26.68 26.67 

36.58 36.46 36.46 36.44 36.44 36.44 36.46 36.46 36.46 36.46 36.44 36.44 36.46 36.48 36.48 36.46 36.48 36.48 36.46 36.46 36.48 

39.5 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 39.46 

40.33 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.3 40.3 40.35 40.32 40.32 

42.49 42.46 42.44 42.441 42.48 42.44 42.47 42.48 42.48 42.46 42.46 42.48 42.42 42.44 42.459 42.48 42.46 42.48 42.439 42.478 42.46 

45.49 45.48 45.48 45.46 45.42 45.48 45.46 45.44 45.46 45.44 45.46 45.44 45.46 45.48 45.48 45.48 45.48 45.467 45.4 45.48 45.48 

50.19 50.18 50.17 50.18 50.18 50.18 50.16 50.16 50.16 50.18 50.18 50.12 50.16 50.15 50.183 50.16 50.157 50.118 50.179 50.259 50.18 

54.93 54.92 54.9 54.9 54.92 54.9 54.9 54.92 54.94 54.92 54.92 54.94 54.92 54.94 54.94 54.944 54.9 54.909 54.94 54.919 54.94 
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Table 4.10: Presents the manually searched peaks matching with calcite reference patterns for samples from Leeds.  

2-THETA 
/Calcite 

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13 L14 L15 L16 L17 L18 L19 L20 

23.09                                         
29.44 29.44 29.46 29.46         29.42 29.44   29.46 29.46   29.483   29.46       29.46 
31.48                                         
36.02 36.54 36.46 36.46 36.48 36.47 36.46 36.48 36.46 36.48 36.46 36.48 36.46 36.46 36.46 36.46 36.68 36.44 36.48 36.46 36.5 
39.46 39.4 39.46 39.46 39.4 39.46 39.46 39.46 39.46 39.46 39.48 39.48 39.47 39.47 39.46 39.46 39.46 39.46 39.46 39.47 39.46 
43.22                                         
47.18                                         
47.58                                         
48.58                                         

2-THETA 
/Calcite 

L21 L22 L23 L24 L25 L26 L27 L28 L29 L30 L31 L32 L33 L34 L35 L36 L37 L38 L39 L40 

23.09                                         
29.44 29.48     29.44   29.48     29.46 29.47 29.46   29.44   29.42           
31.48                                         
36.02 36.46 36.46 36.48 36.4 36.46 36.42 36.46 36.46 36.44 36.46 36.22 36.46 36.48 36.44 36.46 36.46 36.48 36.48 36.44 36.58 

39.46 39.46 39.47 39.46 39.46 39.46 39.46 39.46 39.46 39.44 39.46 39.46 39.46 39.46 39.44 39.46 39.46 39.46 39.44 39.46 39.46 
43.22                                         
47.18                                         
47.58                                         
48.58                                         
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2-THETA 
/Hematite 

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13 L14 L15 L16 L17 L18 L19 L20 

24.18 24.16 24.16 24.183   24.16 24.18 24.14 24.16   24.16 24.16 24.16 24.24 24.18 24.161 24.18       24.12 
33.2                 33.22   33.24                   
35.68                                         

39.43 39.4 39.46 39.46 39.4 39.46 39.46 39.46 39.46 39.46 39.48 39.48 39.47 39.47 39.46 39.46 39.46 39.46 39.46 39.47 39.46 
40.92                                         
43.57                                         
49.53                                         
54.15                                         

2-THETA 
/Hematite 

L21 L22 L23 L24 L25 L26 L27 L28 L29 L30 L31 L32 L33 L34 L35 L36 L37 L38 L39 L40 

24.18 24.14 24.1     24.12 24.18 24.16   24.18 24.14 24.1 24.14     24.18           
33.2                                         
35.68                                         
39.43 39.46 39.47 39.46 39.46 39.46 39.46 39.46 39.46 39.44 39.46 39.46 39.46 39.46 39.44 39.46 39.46 39.46 39.44 39.46 39.46 
40.92                                         
43.57                                         
49.53                                         
54.15                                         

Table 4.11.: Presents the manually searched peaks matching with hematite reference patterns for samples from Leeds. 
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Table 4.12: Presents the manually searched peaks matching with silica reference patterns for samples from Leeds.. 

2-THETA 
/silica 

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13 L14 L15 L16 L17 L18 L19 L20 

20.88 20.88 20.88 20.88 20.88 20.88 20.86 20.86 20.88 20.88 20.88 20.88 20.86 20.88 20.86 20.88 20.84 20.88 20.878 20.86 20.88 
26.66 26.64 26.68 26.648 26.66 26.67 26.66 26.66 26.66 26.66 26.66 26.65 26.64 26.64 26.67 26.637 26.64 26.67 26.64 26.6 26.64 
36.58 36.54 36.46 36.46 36.48 36.47 36.46 36.48 36.46 36.48 36.46 36.48 36.46 36.46 36.46 36.46 36.68 36.44 36.48 36.46 36.5 
39.5 39.4 39.46 39.46 39.4 39.46 39.46 39.46 39.46 39.46 39.48 39.48 39.47 39.47 39.46 39.46 39.46 39.46 39.46 39.47 39.46 
40.33 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.3 40.34 40.34 40.3 40.34 40.32 40.32 40.32 40.32 40.32 40.32 
42.49 42.44 42.46 42.459 42.48 42.44 42.46 42.48 42.46 42.46 42.47 42.48 42.44 42.46 42.44 42.456 42.439 42.459 42.423 42.49 42.48 
45.49 45.46 45.44 45.48 45.47 45.48 45.44 45.47 45.5 45.52 45.54 45.48 45.48 45.46 45.48 45.34 45.48 45.48 45.48 45.482 45.48 
50.19 50.15 50.18 50.179 50.14 50.16 50.18 50.18 50.18 50.16 50.16 50.26 50.18 50.16 50.18 50.182 50.159 50.182 50.16 50.16 50.16 
54.93 54.94 54.94 54.92 54.92 54.92 54.92 54.94 54.94 54.92 54.94 54.92 54.92 54.92 54.92 54.919 54.919 54.94 54.918 54.922 54.9 

2-THETA 
/silica 

L21 L22 L23 L24 L25 L26 L27 L28 L29 L30 L31 L32 L33 L34 L35 L36 L37 L38 L39 L40 

20.88 20.84 20.88 20.88 20.67 20.86 20.88 20.86 20.86 20.88 20.84 20.88 20.84 20.86 20.86 20.88 20.79 20.88 20.88 20.86 20.8 
26.66 26.66 26.66 26.66 26.66 26.68 26.66 26.67 26.66 26.66 26.66 26.68 26.66 26.61 26.67 26.65 26.65 26.64 26.67 26.65 26.66 
36.58 36.46 36.46 36.48 36.4 36.46 36.42 36.46 36.46 36.44 36.46 36.22 36.46 36.48 36.44 36.46 36.46 36.48 36.48 36.44 36.58 
39.5 39.46 39.47 39.46 39.46 39.46 39.46 39.46 39.46 39.44 39.46 39.46 39.46 39.46 39.44 39.46 39.46 39.46 39.44 39.46 39.46 
40.33 40.32 40.32 40.32 40.3 40.32 40.3 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.32 40.32 
42.49 42.48 42.48 42.43 42.48 42.46 42.44 42.48 42.48 42.46 42.46 42.44 42.44 42.48 42.48 42.48 42.46 42.48 42.46 42.48 42.46 
45.49 45.82 45.42 45.48 45.48 45.42 45.42 45.44 45.48 45.48 45.48 45.48 45.46 45.4 45.46 45.4 45.48 45.48 45.42 45.48 45.48 
50.19 50.12 50.12 50.18 50.16 50.14 50.18 50.16 50.18 50.18 50.18 50.18 50.15 50.16 50.16 50.19 50.19 50.16 50.17 50.18 50.18 
54.93 54.94 54.92 54.92 54.94 54.92 54.92 54.95 54.94 54.95 54.95 54.9 54.94 54.91 54.94 54.94 54.96 54.9 54.92 54.92 54.12 
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4.5. Summarizing the results obtained from mineral identification in one 
hundred soil samples.  
 

One hundred soil samples were analysed by XRD to determine their mineralogical 

composition. Manual and automatic interpretation was used to determine the presence 

or absence in the soils of three minerals. Calcite, hematite and silica were identified in 

all soil samples; it was not possible to quantify the percentage values using this 

technique, but the mineralogical composition of all of the samples was clearly broadly 

consisting of the same components. A subset of the diagrammatic results is shown in 

this chapter, the remaining 84 figures are shown in appendix B.  

4.6. Loss -on-Ignition (LOI)  
 

This method was applied to determine the organic matter composition of the soil 

samples. 

Initially soil moisture was removed without igniting the samples by heating at 105 °C. 

The samples were then weighed before they could re-adsorb moisture from the air. 

The samples were then heated at a temperature high enough to burn organic matter, 

but not high enough for the breakdown of carbonate material (360°C) (Combs 1998; 

Schulte 1996) and the samples then re-weighed to determine the amount of organic 

matter lost. 

4.7. Results  
 

The results of the Loss-on-Ignition of samples collected from Bradford, the area 

between Bradford and Leeds and from Leeds in September 2016 and in June 2017 

are shown in Tables 4.13 to 4.18. 
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Table 4.13: Loss-on-Ignition determination and values (%)for samples from the city 
of Bradford (2016). 

 

Sample 
label 

Weight at 
105 °C 

Weight at 
360 °C 

LOI % 

B1 4.98 4.55 8.6 
B2 4.60 3.00 34.7 
B3 4.95 4.55 8.1 
B4 4.30 3.65 15.1 
B5 2.05 1.80 12.2 
B6 4.35 4.15 4.6 
B7 4.7 4.25 9.6 
B8 4.20 3.80 9.5 
B9 3.60 2.95 18.1 
B10 4.85 4.25 12.4 
B11 4.75 4.30 9.5 
B12 4.90 4.70 4.1 
B13 4.90 4.55 7.1 
B14 3.95 3.55 10.1 
B15 4.35 4.05 6.9 
B16 4.25 3.75 11.8 
B17 3.60 3.30 8.3 
B18 4.15 3.90 6.0 
B19 3.90 3.35 14.1 
B20 3.95 3.50 11.4 
B21 4.0 3.05 23.8 
B22 4.20 3.90 7.1 
B23 4.0 3.55 11.2 
B24 3.95 3.00 24.0 
B25 4.15 3.30 20.5 
B26 3.0 2.95 1.7 
B27 4.70 4.30 8.5 
B28 4.20 3.65 13.1 
B29 4.50 4.40 2.2 
B30 4.85 4.40 9.3 
B31 4.85 4.15 14.4 
B32 4.85 4.70 3.1 
B33 4.20 3.80 9.5 
B34 4.75 4.60 3.2 
B35 4.30 3.80 11.6 
B36 4.65 3.55 23.7 
B37 3.65 2.55 30.1 
B38 4.85 4.65 3.5 
B39 3.70 2.65 28.4 
B40 4.80 3.95 17.7 
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Sample label Weight at 
105 °C 

Weight at 
360 °C 

LOI % 

BL1 4.80 4.40 8.3 
BL2 4.65 3.70 20.4 
BL3 4.90 4.25 8.2 
BL4 4.85 4.45 8.2 
BL5 4.95 4.40 11.1 
BL6 4.90 4.05 17.3 
BL7 4.90 4.50 8.2 
BL8 4.25 3.85 9.4 
BL9 4.90 4.55 7.1 

BL10 4.85 4.45 8.2 
BL11 4.90 4.45 9.2 
BL12 4.85 4.40 9.3 
BL13 4.85 4.40 9.3 
BL14 4.80 4.35 9.4 
BL15 4.75 4.20 11.6 
BL16 4.85 4.30 11.3 
BL17 4.70 4.25 9.6 
BL18 4.80 4.30 10.4 
BL19 4.85 4.55 6.2 
BL20 4.85 4.30 11.3 

Table 4.14 Loss-on-Ignition determination and values (%) for samples from the area 
between Bradford and Leeds (2016). 
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Sample 
label 

Weight at 
105 °C 

Weight at 
360 °C 

LOI % 

L1 4.80 4.45 7.3 
L2 3.20 2.90 9.4 
L3 4.55 4.20 7.7 
L4 3.90 3.65 6.4 
L5 4.40 4.10 6.8 
L6 3.90 3.85 1.3 
L7 4.05 4.00 1.2 
L8 3.65 3.55 2.7 
L9 3.00 2.90 3.3 
L10 4.55 4.15 8.8 
L11 4.55 4.25 6.6 
L12 4.95 4.80 3.0 
L13 4.45 4.35 2.2 
L14 3.45 3.40 1.4 
L15 3.90 3.80 2.6 
L16 4.15 3.95 4.8 
L17 2.95 2.80 5.1 
L18 3.45 3.20 7.2 
L19 3.60 3.45 4.1 
L20 3.60 3.35 3.3 
L21 3.70 3.45 3.5 
L22 4.25 4.15 4.2 
L23 3.80 3.50 3.5 
L24 4.00 3.80 3.8 
L25 4.20 4.00 4.0 
L26 3.30 3.10 3.1 
L27 4.25 4.15 4.2 
L28 3.75 3.65 3.7 
L29 4.10 3.85 3.9 
L30 4.45 4.25 4.3 
L31 4.80 4.70 4.7 
L32 4.50 4.30 4.3 
L33 4.00 3.75 3.8 
L34 4.75 4.60 4.6 
L35 4.25 3.90 3.9 
L36 4.35 3.05 3.1 
L37 3.50 3.05 3.1 
L38 4.80 4.60 4.6 
L39 3.70 3.50 3.5 
L40 4.35 4.25 2.3 

Table 4.15: Loss-on-Ignition determination and values (%) for samples from the city 
of Leeds (2016). 
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Sample label Weight at 
105 °C 

Weight at 
360 °C  

LOI % 

B1 4.9 4 18.4 
B2 4.9 3 38.8 
B3 4.95 4.55 8.1 
B4 3.9 3.2 17.9 
B5 4.05 3.9 3.7 
B6 4.7 3.9 17.0 
B7 4.9 4.25 13.3 
B8 4.8 3.8 20.8 
B9 4.65 3.4 26.9 
B10 4.88 3.44 29.5 
B11 4.95 3.9 21.2 
B12 4.75 3.66 22.9 
B13 4.8 3.85 19.8 
B14 4.85 3.9 19.6 
B15 4.65 3.65 21.5 
B16 4.6 4 13.0 
B17 3.85 3.2 16.9 
B18 3.55 3.2 9.9 
B19 4.9 3.9 20.4 
B20 4.75 4 15.8 
B21 4.9 3.7 24.5 
B22 4.75 3.6 24.2 
B23 4.86 3.9 19.8 
B24 4.95 3.85 22.2 
B25 4.15 3.3 20.5 
B26 3.56 2.95 17.1 
B27 3.7 3 18.9 
B28 3.24 2.75 15.1 
B29 3.58 3.2 10.6 
B30 3.95 3.45 12.7 
B31 3.65 2.95 19.2 
B32 3.54 3.2 9.6 
B33 3.66 3 18.0 
B34 4.5 3.84 14.7 
B35 4.7 3.8 19.1 
B36 4.45 3.5 21.3 
B37 3.65 2.95 19.2 
B38 4.6 3.74 18.7 
B39 4.67 3.5 25.1 
B40 4.7 3.75 20.2 

Table 4.16: Loss-on-Ignition determination and values (%)for samples from the city 
of Bradford (2017). 
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Sample label Weight at 
105 °C 

Weight at 
360 °C 

LOI % 

BL1 4.7 3.8 19.1 
BL2 3.75 2.66 29.1 
BL3 4.55 3.75 17.6 
BL4 4.7 3.65 22.3 
BL5 3.88 3 22.7 
BL6 4.55 3.4 25.3 
BL7 4.85 3.9 19.6 
BL8 4.65 3.75 19.3 
BL9 4.95 4.4 11.1 
BL10 4.85 3.9 19.6 
BL11 4.76 3.85 19.1 
BL12 4.95 3.95 20.2 
BL13 4.65 3.59 22.8 
BL14 4.58 3.85 15.9 
BL15 4.56 3.74 17.9 
BL16 4.9 3.99 18.6 
BL17 4.9 4 18.4 
BL18 4.88 4 18.0 
BL19 4.75 4.4 7.4 
BL20 4.95 3.97 19.8 

Table 4.17: Loss-on-Ignition determination and values (%) for samples from the area 
between Bradford and Leeds (2017). 
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Samples label Weight at 
105 °C 

Weight at 
360 °C 

LOI % 

L1 4.9 4.5 8.2 
L2 4.5 3.9 13.3 
L3 4.85 4.4 9.3 
L4 4.85 4.2 13.4 
L5 4.2 3.9 7.1 
L6 4 3.5 12.5 
L7 4 3.7 7.5 
L8 4.85 4.2 13.4 
L9 4.5 3.95 12.2 

L10 4.5 3.9 13.3 
L11 4.5 3.98 11.5 
L12 4.8 4.1 14.6 
L13 4.4 3.9 11.4 
L14 4.86 4.1 15.6 
L15 4.7 3.86 17.9 
L16 4.55 3.85 15.4 
L17 3.94 3.3 16.2 
L18 4.45 3.8 14.6 
L19 4.55 3.88 14.7 
L20 4.64 4.3 7.3 
L21 4.2 3.9 7.1 
L22 4.35 3.8 12.6 
L23 3.9 3.2 17.9 
L24 4 3.6 10.0 
L25 4.4 3.9 11.4 
L26 3.95 3.55 10.1 
L27 4.3 3.98 7.4 
L28 4.44 3.77 15.1 
L29 4.2 3.8 9.5 
L30 4.65 4 13.9 
L31 4.3 3.9 9.3 
L32 4.56 4 12.3 
L33 4.47 4 10.5 
L34 4.5 4 11.1 
L35 3.9 3.4 12.8 
L36 4.1 3.7 9.8 
L37 4.5 3.9 13.3 
L38 4.3 3.96 7.9 
L39 4.4 3.9 11.4 
L40 4.2 3.8 9.5 

Table 4.18.: Loss-on-Ignition determination and values (%) for samples from the city 
of Leeds (2017). 
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From Table 4.13 to 4.18 the percentage LOI in autumn data ranged from 1.2% to 

34.7% with an average of 8.64% and standard deviation of 6.45%. In the summer data 

percentage LOI varied between 3.7% and 38.8% with an average of 16.02% and 

standard deviation of 5.85%. A T-test between the autumn  and summer sampling 

periods with the data for all three sample areas combined showed there is not  a 

significant difference between LOI % in the two seasons (t=2.6E-15, p>0.05 value, 

df=99).  

4.9. Conclusion  

Generally, the soil samples contain a mixture of minerals.  (DeFaria 1964) describes 

the method of identifying a mineral from its X-ray diffraction pattern by identifying the 

peak positions then comparing the values obtained for the three highest peaks with 

those of various minerals with reference to a database. In this study the results 

obtained from XRD showed the correspondence of calcite with the reference pattern 

varied between two or three peaks and this mineral is likely to be the cause of the 

interaction with PAH compounds; by contrast, silica is present in all samples (see 

Table 3.4, 3.5 and 3.6).   
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Chapter 5: Variation in PAHs concentration across the 
study area  
 

This chapter presents the results of PAH concentration values determined from the 

soil which was initially has been sampled in autumn 2016. The purpose of this study 

was to assess the range of variation in PAH concentrations across a broad sampling 

grid which includes part of the city of Bradford, Leeds and also the less urbanized area 

between them. The sample locations were also revisited (June 2017) to determine the 

concentration of 16 PAHs at a different time / season. As described in Chapter 3, 40 

samples were taken from within Bradford, 40 within Leeds, and 20 in the area between 

cities in autumn 2016 and summer 2017 separately.  Results will be presented for 

each area separately before combining all the data for further analysis. 

5.1. Results for samples from Bradford in 2016 and 2017  
 

5.1.1. The concentrations of individual PAHs from Bradford in 2016 and 2017  
 

Figure 5.1 shows the range of concentration values for 2016 diagrammatically in the 

form of box and whisker plots. The level of benzo[k]fluoranthene ranged between 0.5 

ng/g to 9.4 ng/g with an average of 3.05 ng/g and median of 3.15 ng/g. This compound 

had the lowest overall concentrations level of the16 PAHs, while the level of the 

compound with the high overall value, benzo[a]anthracene, varied from 3.8 ng/g to 19 

ng/g with an average of 5.72 ng/g and median of 5.55 ng/g. Some of the compounds 

show substantial variability, particularly FLU, PY and BaA, while others are much more 

consistent such as IP. 
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Figure 5.1: Box and whisker plots showing mean (diamond), minimum (the bottom of 
whisker), median (line within the box) and maximum (the top of whisker) 

concentrations (ng/g) of each compound in all 40 soil samples from the sites in 
Bradford (2016 data). 

 

For the 2017 data, Figure 5.2 shows the level of fluoranthene (FLU) ranged between 

5.9 ng/g to 24.6 ng/g with an average of 7.57 ng/g and median of 6.95 ng/g. This 

compound had the highest overall level out of  the16 PAHs, while the level of the PAH 

compound with the lowest overall value, fluorene (FL), varied from 2.2 ng/g to 9.9 ng/g 

with an average of 6.12 ng/g and median of 5.5 ng/g.  
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Figure 5.2: Box and whisker plots showing mean (diamond), minimum (the bottom of 
whisker), median (line within the box) and maximum (the top of whisker) 

concentrations (ng/g) of each compound in all 40 soil samples from the sites in 
Bradford (2017 data). 

In Figures 5.1 and 5.2 some of the compounds show substantial variability, particularly 

FLU, PY and BaA, while others are much more consistent such as IP. 

 

The peak areas, resulting calibration line, calculated limits of detection (LOD) and 

limits of quantification (LOQ) values, obtained from the standard solution with 5 PAHs 

are shown in a previous chapter in Table 3.6. 

Determined from these calculations, the concentration of each compound is presented 

for each location, divided for convenience into Tables 5.1, 5.2, 5.3 and 5.4 from 

samples collected in 2016 and 2017. The red colour indicates the value was less than 

the limit of quantification (LOQ). As can be seen in Tables 5.1 and 5.2, thirty of the 

results are red which means PAH was present, but not truly quantifiable in these 

samples. Thus these samples were ignored and removed from the data before further 

analysis. All the results were above the LOD. From the data in summer 2017  (Tables 

5.3 and 5.4) all the samples in the area from Bradford had concentrations higher than 

the LOQ for all 16 PAH compounds. 
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From the data in Tables 5.1 and 5.2, where the highest value for each compound is 

shown in blue and the lowest in green, it can be seen that certain sites have the highest 

concentrations for more than one compound, in particular sites B18 and B38 which 

have five each. In contrast, the sites B10 and B23 among others have more than one 

compound with its lowest concentration; these locations have a number of low PAH 

concentrations, clearly, these sites tend to have a generally low PAH concentration. 

This clearly shows that there is a range of PAH concentrations for the different 

compounds within the Bradford sites sampled, in the data from autumn and summer 

separately, with some sites tending to have higher concentrations and others lower 

ones. However, considering the results from samples B1 to B40 generally they are of 

comparable concentration values one to another within a sample period, and therefore 

the data within each sample period will be combined for further analysis of the total 

concentration values, in 2016 and 2017 separately. 
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Table 5.3: Concentrations (ng/g) of 16 individual PAHs in soil samples from site 1 to 20 in Bradford (2016 data). A result in red 
means the PAHs could not be quantified accurately because the concentration was below the LOQ. Blue results show highest 

concentrations and green results show lowest concentrations for each compound. 

  

Sample name 
  

B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 B14 B15 B16 B17 B18 B19 B20 
LOQ 

(ng/ul) 
LOD 

(ng/ul) 

Compound                                               

naphthalene NA 4.9 5.3 5.3 5.3 5.0 4.7 4.9 4.8 4.8 5.4 6.5 0 6.4 8.0 0 5.2 5.1 5.2 4.9 4.7 4.4 1.3 

acenaphthylene ACY 6.7 6.6 8.4 8.1 5.3 7.7 7.1 6.4 6.0 5.3 7.6 5.2 9.7 6.4 7.2 8.4 6.9 8.5 5.4 7.1 5.1 1.5 

acenaphthene ACE 1.7 0 0 5.2 3.5 3.3 4.4 0 4.9 1.6 0 2.0 0 4.1 0 4.8 0 2.8 4.5 6.9 1.2 0.4 

fluorene FL 0 0 0 0 4.1 0 3.9 0 0 4.9 0 5.4 0 0 0 5.1 0 1.6 8.8 4.1 3.5 1.0 

phenanthrene PH 3.8 4.3 5.0 3.7 3.7 4.9 5.0 5.9 3.6 4.4 4.2 4.7 3.7 4.4 4.6 8.0 4.5 10 6.0 3.5 3.4 1.0 

anthracene AN 3.1 3.1 3.2 3.1 3.2 2.8 2.9 3.2 2.8 3.3 3.2 2.8 3.2 3.2 2.7 2.8 3.2 3.2 2.7 3.0 2.6 0.8 

fluoranthene FLU 4.1 4.1 4.4 4.1 4.8 4.1 4.2 4.2 4.1 4.1 3.7 4.3 4.3 4.3 4.0 10.3 4.1 17.7 4.3 3.9 3.5 1.1 

pyrene PY 3.2 3.0 5.6 2.8 6.3 5.7 6.4 5.6 2.8 3.4 2.8 5.5 5.8 3.5 3.7 8.3 5.9 17.7 6.0 4.7 2.2 0.7 

benzo[a]anthracene BaA 4.2 4.0 4.0 4.1 4.3 4.0 4.0 4.1 4.0 3.8 4.0 4.0 4.3 4.2 4.2 6.7 6.9 19 4.5 3.9 3.2 1.0 

Chrysene CH 3.6 5.1 5.1 7.3 5.1 5.1 4.7 6.4 5.7 3.6 3.7 4.8 5.2 8.9 5.3 3.8 4.2 7.4 5.1 5.4 3.1 0.9 

benzo[b]fluoranthene BbF 2.6 3.6 3.7 3.6 3.6 4.2 3.2 3.3 3.9 2.8 3.1 2.7 3.0 3.6 2.7 3.2 3.0 5.3 3.6 3.9 2.1 0.6 

benzo[k]fluoranthene BkF 3.3 3.2 3.7 3.3 3.5 3.3 3.1 3.7 3.1 3.6 3.5 3.2 3.6 3.5 4.2 3.1 3.7 1.6 2.9 3.3 2.8 0.8 

benzo[a]pyrene BaP 4.1 4.7 8.0 5.1 4.2 3.9 4.3 4.4 5.4 6.6 3.9 3.8 4.0 4.1 4.4 3.3 4.1 7.4 5.1 5.2 3.1 0.9 

indeno[1,2,3-cd]pyrene IP 5.5 5.3 5.2 5.2 4.6 5.7 4.6 5.3 5.3 4.6 5.5 5.3 5.6 4.5 4.6 5.7 4.6 5.2 4.7 4.7 3.8 1.1 

dibenzo[a,h]anthracene DA 0 4.3 4.7 6.7 3.6 4.4 6.1 3.4 3.8 0 0 0 3.8 3.6 5.8 3.8 6.0 4.5 5.6 3.4 3.3 1.0 

benzo[ghi]perylene BP 7.7 6.7 6.7 7.0 6.5 7.6 6.6 6.5 7.1 5.5 6.5 6.6 6.7 7.3 7.0 7.1 6.0 5.0 9.1 6.7 3.9 1.2 



99 
 

Table 5.2: Concentrations (ng/g) of 16 individual PAHs in soil samples from site 21 to 40 in Bradford (2016 data). A result in red 
means the PAHs could not be quantified accurately because the concentration was below the LOQ. Blue results show highest 

concentration and green results show lowest concentrations for each compound. 

 

 

 

Sample name   B21 B22 B23 B24 B25 B26 B27 B28 B29 B30 B31 B32 B33 B34 B35 B36 B37 B38 B39 B40 
LOQ 

(ng/ul) 
LOD 

(ng/ul 

Compound                                               

naphthalene NA 3.9 3.6 3.3 4.4 3.3 4.3 4.6 4.8 4.9 5.4 6.0 7.0 7.4 6.9 4.0 3.6 3.3 2.7 3.3 3.5 2.6 0.8 

acenaphthylene ACY 4.2 6.7 5.4 3.2 6.8 3.6 4.8 6.3 3.9 5.5 5.2 3.2 6.7 5.5 7.0 5.4 4.0 3.0 5.5 5.3 2.3 0.7 

acenaphthene ACE 3.9 3.5 3.1 3.4 4.4 4.6 4.1 4.5 4.1 4.4 4.5 4.9 4.2 4.9 3.3 3.0 3.1 5.0 3.7 3.5 2.9 0.9 

Fluorene FL 2.8 2.9 3.2 3.3 4.0 4.3 4.5 4.9 5.0 5.6 5.5 5.7 5.5 5.8 3.0 4.0 5.1 4.7 4.3 4.0 2.2 0.7 

phenanthrene PH 4.6 4.0 4.3 4.8 6.1 5.4 5.9 4.5 4.7 4.1 3.9 4.1 4.3 4.5 4.3 4.3 3.9 8.3 4.0 5.2 3.8 1.1 

Anthracene AN 3.8 3.7 3.6 5.0 5.8 4.0 4.5 3.9 3.7 3.8 3.6 3.8 3.6 3.6 3.8 3.8 3.9 6.6 3.9 3.6 3.4 1.0 

fluoranthene FLU 5.6 5.2 4.7 4.6 4.8 4.5 5.5 4.8 6.0 4.6 4.7 4.6 4.5 4.7 5.1 4.7 5.8 9.3 5.4 5.1 4.4 1.3 

Pyrene PY 4.2 4.1 4.1 4.3 4.0 4.1 4.2 4.9 5.9 4.7 4.9 4.7 4.7 4.8 5.0 5.0 7.3 7.2 6.0 5.7 3.4 1.0 

benzo[a]anthracene BaA 6.6 6.5 6.7 5.4 6.4 6.0 5.5 5.9 5.3 5.2 6.2 5.5 6.6 5.8 6.5 6.2 5.6 5.9 6.4 6.6 5.2 1.6 

Chrysene CH 7.1 5.4 6.0 6.8 6.5 7.5 8.4 8.5 7.3 6.8 7.2 7.5 7.7 6.8 7.5 8.4 7.2 5.4 5.8 5.5 5.1 1.5 

benzo[b]fluoranthene BbF 7.5 6.7 6.9 13.9 9.0 7.2 7.6 9.0 11.7 8.9 9.2 8.9 7.8 7.2 7.4 7.4 7.0 11.4 2.8 9.2 6.6 2.0 

benzo[k]fluoranthene BkF 0.9 1.6 0.6 2.5 2.9 2.9 1.4 2.5 0.7 4.6 0.8 5.2 5.4 7.5 0.6 0.6 3.7 3.8 9.4 9.7 0.4 0.1 

benzo[a]pyrene BaP 0 5.2 4.8 5.8 6.3 5.4 0 7.5 7.8 8.5 9.1 8.5 6.2 5.8 5.3 5.7 8.5 10 0 0 4.4 1.1 

indeno[1,2,3-cd]pyrene IP 5.7 4.0 4.2 4.3 5.6 4.7 5.1 5.6 5.5 5.6 5.7 4.6 4.6 4.7 4.4 4.6 6.9 5.3 4.8 5 3.6 1.3 

dibenzo[a,h]anthracene DA 0 5.9 5.8 7.5 6.0 6.1 6.0 7.4 6.0 7.3 6.7 6.6 6.0 6.7 6.1 6.1 7.4 7.2 6.9 6.9 5.4 1.6 

benzo[ghi]perylene BP 4.0 3.5 5.6 3.3 3.1 5.2 3.5 5.8 3.7 3.7 5.4 5.6 3.7 5.6 3.7 7.1 3.5 4.0 4.1 6.6 2.8 0.8 
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Table 5.3: Concentrations (ng/g) of 16 individual PAHs in soil samples from the 1 to 20 site in Bradford (2017 data) . Blue results 
show highest concentrations and green results show lowest concentrations for each compound. 

 

 

 

 

Sample name B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 B14 B15 B16 B17 B18 B19 B20 LOQ 
(ng/ul) 

LOD 
(ng/ul) 

Abbreviation                       
NA 6.5 7.2 8.2 6.1 7.9 8.6 10.2 6.2 6.9 9.5 7.8 6.1 6.9 13.6 6.1 7.3 6.1 9.2 12.2 7.3 5.9 1.8 
ACY 9.5 10.0 9.4 10.7 6.8 13.8 10.5 8.6 9.9 7.4 8.7 6.7 11.3 9.2 8.8 12.5 11.8 13.3 6.6 9.6 3.6 1.0 
ACE 3.8 5.4 5.4 6.3 7.1 5.3 6.3 5.3 6.9 3.8 4.3 5.5 7.1 5.4 5.3 6.4 5.3 6.5 5.3 7.7 3.1 0.9 
FL 4.7 5.3 5.4 6.2 9.2 5.5 4.7 5.3 5.4 7.1 9.9 5.5 7.0 5.6 5.4 5.6 5.4 5.5 9.2 5.5 4.6 1.4 
PH 6.0 9.0 10.8 5.6 5.9 9.2 5.6 6.3 6.0 10.4 5.4 11.8 10.9 5.8 5.6 11.8 7.1 14.2 6.8 5.6 2.4 0.7 
AN 4.3 5.1 4.1 5.4 5.6 3.3 4.7 4.0 7.4 4.7 6.0 3.4 4.2 4.0 3.4 4.6 3.5 4.6 4.1 4.5 4.0 1.2 
FLU 6.4 5.9 7.6 7.3 7.2 6.5 9.2 6.9 8.3 6.4 8.7 6.7 7.7 6.8 10.4 11.6 6.8 24.6 10.4 7.2 6.3 1.9 
PY 5.2 4.8 8.9 4.9 8.7 7.2 7.5 7.5 5.1 4.6 4.5 5.5 7.4 4.8 5.0 9.2 7.4 21.1 9.0 9.1 4.5 1.3 

BaA 7.2 4.7 8.4 6.3 8.9 5.8 6.4 5.8 6.4 5.8 7.4 5.6 5.6 6.3 6.0 7.0 7.2 24.0 5.9 4.0 4.6 1.4 
CH 4.9 6.0 6.5 10.5 6.6 9.0 6.2 10.9 8.8 6.4 6.7 7.3 6.3 10.9 6.6 6.0 6.6 12.1 6.2 8.6 2.7 0.8 
BbF 6.2 6.3 9.5 6.5 10.5 6.3 8.1 6.7 12.3 6.8 9.4 6.7 6.4 11.1 6.0 6.3 6.5 9.3 6.0 6.4 5.7 1.7 
BkF 5.2 7.2 5.0 10.5 5.3 8.1 4.9 4.9 7.7 4.9 9.2 4.9 6.3 5.1 5.0 5.8 5.2 4.0 5.0 5.2 3.8 1.1 
BaP 6.8 5.5 9.0 5.3 8.3 5.7 6.7 8.2 6.1 9.1 7.1 5.5 5.8 9.2 5.8 7.2 5.8 8.6 6.1 9.3 5.2 1.5 
IP 8.7 8.6 8.6 8.5 9.1 9.2 8.6 7.7 8.7 7.6 5.9 6.3 6.2 6.3 6.4 6.7 9.0 6.0 10.2 8.2 5.7 1.7 
DA 6.3 6.1 6.2 7.1 5.9 7.4 8.2 7.2 7.3 7.1 6.9 7.2 7.2 7.0 6.9 7.2 7.4 8.2 7.4 7.4 6.6 2.0 
BP 8.4 7.8 7.8 9.1 7.2 8.9 7.0 7.3 8.2 7.2 6.9 7.3 7.1 9.4 7.0 9.5 7.3 9.2 11.0 7.5 3.8 1.2 
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Table 5. 4: Concentrations (ng/g) of 16 individual PAHs in soil samples from sites 21 to 40 in Bradford (2017 data). Blue results 

show highest concentration and green results show lowest concentrations for each compound. 

 

ample name B21 B22 B23 B24 B25 B26 B27 B28 B29 B30 B31 B32 B33 B34 B35 B36 B37 B38 B39 B40 LOQ 
(ng/ul) 

LOD 
(ng/ul) 

Abbreviation                       
NA 6.5 6.2 9.2 6.3 6.5 6.2 9.7 6.2 8.2 7.0 11.0 7.4 11.5 7.6 7.0 6.2 6.2 5.7 6.0 6.1 5.6 1.7 
ACY 6.6 10.9 7.9 8.0 7.5 7.9 12.3 10.8 9.4 11.6 8.0 7.9 8.0 10.9 9.4 7.2 7.3 8.3 8.1 10.9 6.5 1.9 
ACE 7.1 4.4 4.3 5.6 7.0 5.0 5.2 6.1 7.2 6.1 9.9 5.7 7.3 5.0 6.1 4.5 6.1 4.1 5.2 6.8 3.6 1.1 
FL 4.8 6.1 5.0 4.6 4.1 6.1 7.0 8.7 8.2 7.6 8.2 7.7 6.7 7.8 5.2 6.3 9.1 5.0 5.3 3.7 2.2 0.7 
PH 12.1 6.9 6.6 13.3 8.9 7.1 13.4 7.1 10.9 6.8 11.3 7.1 10.0 6.5 9.5 6.6 7.2 10.3 6.7 9.4 6.1 1.8 
AN 4.9 5.5 5.7 8.8 6.4 5.7 7.8 4.8 4.6 5.7 4.7 4.8 7.3 4.9 7.9 5.0 5.3 7.6 4.9 8.7 3.8 1.1 
FLU 9.4 9.4 11.8 6.6 11.1 6.7 9.8 6.6 8.4 6.9 9.8 6.7 6.8 12.6 11.0 6.8 6.6 16.4 6.9 10.3 6.3 1.9 
PY 12.5 10.8 6.6 9.6 5.6 7.5 6.9 5.6 6.2 5.7 5.6 8.1 5.7 7.4 6.7 9.7 6.5 12.4 7.7 10.2 5.2 1.5 

BaA 11.0 7.7 11.5 7.1 14.0 6.5 6.5 7.1 7.2 9.1 14.7 6.5 12.0 7.0 10.9 12.1 7.8 6.7 7.4 8.0 6.2 1.9 
CH 10.0 8.4 8.0 12.4 7.6 8.3 12.9 9.0 8.6 8.1 10.1 8.4 11.1 8.1 11.0 12.5 9.0 6.8 7.5 14.4 5.4 1.6 
BbF 12.2 8.5 8.8 15.2 9.2 10.5 9.6 10.6 13.8 12.0 10.2 9.0 12.7 9.4 10.9 9.5 9.0 13.0 8.2 14.4 6.9 2.1 
BkF 4.1 3.0 2.9 3.9 6.3 4.6 3.5 6.2 2.8 5.2 4.0 6.0 6.1 9.2 4.0 3.0 4.5 5.8 9.6 3.8 2.6 0.8 
BaP 5.8 6.1 6.4 6.0 7.4 9.8 6.4 8.7 9.7 8.7 10.8 8.7 6.6 6.7 7.5 6.8 9.5 10.9 6.2 7.5 5.0 1.5 
IP 6.3 7.2 6.9 8.9 6.3 6.4 7.0 6.4 6.2 7.8 6.8 6.7 8.1 9.9 7.2 6.0 10.5 8.5 9.1 8.6 5.6 1.7 
DA 2.7 6.7 7.8 7.8 6.6 6.9 6.7 8.8 9.0 10.2 9.3 9.9 6.8 6.9 6.8 7.0 9.5 8.2 7.4 9.0 3.3 1.0 
BP 7.8 5.0 5.9 4.9 5.5 6.2 4.4 6.2 4.6 5.0 5.5 7.6 5.3 6.3 6.1 8.3 5.8 4.5 6.0 8.2 4.3 1.3 
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5.1.2. Total concentration of PAHs in samples from Bradford in 2016 and 2017  

 
Table 5.5 includes the total concentration values of all PAHs combined per site in the 

soil samples collected from Bradford in 2016, and the equivalent data from the same 

sites from 2017 are included in Table 5.6. The data are also illustrated as histograms 

in Figure 5.3, showing the distribution of the data values. The 2016 sampling period 

shows an approximately normally-distributed set of data with one possible outlier in 

the tail of the distribution. The 2017 sampling period shows more of a skewed 

distribution with one more extreme outlier. The two sample periods have very different 

mean values: for the 2016 data the mean is x1 and standard deviation is y1, while for 

2017 the mean is x2 and standard deviation is y2. 

 

  

Figure 5.3: Histograms of the data distributions for total PAH concentrations from 

Bradford sites: (a) sampled in 2016 and (b) sampled in 2017. 

 

According to Dong et al. (2012) in describing the total concentrations of PAHs, the 
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in 2016 fall into the designation of low pollution (i.e. <100 ng/g) according to the 

classification of Dong el al. (2012). The sites with the lowest pollution load were B1 

and B11 with 59 ng/g. 

From the data in Figure 5.3b and Table 5.6 the total concentrations of PAHs in the soil 

samples from Bradford in 2017 were all between 100 and 1000 ng/g. This means they 

may be described as having 'moderate' pollution in all the soil samples from Bradford 

in summer 2017. 
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Table 5.5: Total concentration of all 16 PAHs compound in soil samples B1 to B40 from Bradford (2016 data). 

 

Table 5.6.:Total concentration of all 16 PAHs compound in soil samples B1 to B40 from Bradford (2017 data). 

 

 

 

 

 

Sample name B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 B14 B15 B16 B17 B18 B19 B20 

Total concentration 
of PAH (ng/g soil) 

59 64 73 75 71 72 75 67 67 63 59 61 70 74 61 90 68 122 83 74 

Sample name B21 B22 B23 B24 B25 B26 B27 B28 B29 B30 B31 B32 B33 B34 B35 B36 B37 B38 B39 B40 

Total concentration of 
PAH (ng/g soil) 

68 73 72 82 85 80 78 91 86 89 89 90 89 91 77 80 86 98 79 86 

Sample name B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 B14 B15 B16 B17 B18 B19 B20 

Total concentration 
of PAHs (ng/g soil) 100 105 121 116 120 120 115 109 121 109 115 102 113 121 100 125 109 180 121 113 

Sample name B�î1 B�î2 B�î3 B�î4 B�î5 B�î6 B�î7 B�î8 B�î9 B�ï�ì B�ï�í B�ï�î B�ï�ï B�ï�ð B�ï�ñ B�ï�ò B�ï�ó B�ï�ô B�ï�õ B�ð�ì 

Total concentration 
of PAHs (ng/g soil) 124 113 115 129 120 111 129 119 125 123 140 118 132 126 127 118 120 134 112 140 
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5.2. Results for samples from the area between Bradford and Leeds in 2016 
and 2017 
 

5.2.1. The concentrations of individual PAHs in samples from the area between 
Bradford and Leeds in 2016 and 2017  
 

From the data in Figure 5.4, the lowest concentration of any of the 16 PAH compounds 

in 2016 was for benzo[k]fluoranthene, which varied from 0.4 ng/g to 2 ng/g with an 

average of 0.98 ng/g and median of 0.8 ng/g this compound, it also showed the 

smallest amount of variation. The compound with the highest overall value, 

benzo[a]pyrene, ranged between 4.5 ng/g to 10.1 ng/g with an average of 5.9 ng/g 

and median of 5.4 ng/g. Also, the length of the whisker giving the indication of the 

variability for benzo[a]pyrene is long and the box is also long, which means that there 

is considerable variability for this compound; and the other compounds are quite 

variable too as indicated by the generally long boxes and whiskers. 

 

 

Figure 5.4: Box and whisker plots showing��mean (diamond),��minimum (the bottom of 
whisker), median (line within the box) and maximum��(the top of whisker) 

concentrations��(ng/g) of each compound��in all 20 soil samples from the sites in the 
area between Bradford and Leeds (2016 data). 
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Figure 5.5 below for the 2017 data shows the level of benzo[k]fluoranthene ranged 

between 2.9 ng/g to 5.3 ng/g with an average of 3.66 ng/g and median of 3.3 ng/g. 

This compound again had the lowest overall level in the 16 PAHs, also less variation, 

while the level of the compound with the highest overall value, pyrene, varied from 6.3 

ng/g to 13.9 ng/g with an average of 8.79 ng/g and median of 8 ng/g, which means 

that it showed a lot of notable variability. All the other compounds apart from BkF 

showed notable variability too. 

 

 

Figure 5.5: Box and whisker plots showing mean (diamond), minimum (the bottom of 
whisker), median (line within the box) and maximum (the top of whisker) 

concentrations��(ng/g) of each compound��in all 20 soil samples from the sites in the 
area between Bradford and Leeds (2017 data). 

 

Tables 5.7 and 5.8 show the concentrations of 16 PAH compounds in each location 

from the area between Bradford and Leeds in autumn 2016 and summer 2017 

respectively. All the samples from the area between Bradford and Leeds had 

concentrations higher than the LOQ in all 16 PAH compounds for both 2016 and 2017 

data.  

As was the case with Tables 5.1-6.4, the data in Tables 5.7 and 5.8 have blue and 

green colours indicating the maximum and minimum value respectively of each PAH 
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BL1 have multiple high concentrations (blue-marked) for different compounds, 

indicating a tendency to have higher PAH values, while the sites BL17 and BL19 in 

particular have more than one PAH green-marked low concentration.   

For the 2017 data (Table 5.8), sites BL1, BL10, and BL16 generally tend to have higher 

PAH concentrations, while the sites BL6, BL15, and B19 have more than one 

greenmarked and therefore these sites have lower PAH concentrations overall. This 

clearly shows that there is some variability of PAH concentration for different 

compounds within the different sites in the area between Bradford and Leeds in both 

autumn and summer as well.  
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Table 5.7: Concentrations (ng/g) of 16 individual PAHs in soil samples from sites 1 to 20 in area between Bradford and Leeds 
(2016 data). Blue results show highest concentration and green results show lowest concentrations for each compound. 

 

 

 

Sample name   BL1 BL2 BL3 BL4 BL5 BL6 BL7 BL8 BL9 BL10 BL11 BL12 BL13 BL14 BL15 BL16 BL17 BL18 BL19 BL20 
LOQ 

(ng/ul) 
LOD 

(ng/ul 

Compound                                               

naphthalene NA 3.9 5.0 4.4 3.9 6.4 3.7 3.6 4.4 5.4 7.3 3.1 3.7 3.1 6.8 5.4 3.6 3.7 4.2 3.7 5.3 2.6 0.9 

acenaphthylene ACY 5.2 2.6 2.9 3.3 3.2 3 5.4 2.8 4.3 6.0 3.7 3.7 3.9 3.0 5.8 3.9 2.6 3.2 2.7 5.8 2.3 0.8 

acenaphthene ACE 3.3 4.9 5.4 3.8 6.6 3.4 3.3 5.0 3.2 5.3 3.9 5.5 4.0 3.3 6.5 3.9 3.1 4.6 3.0 3.2 2.9 1.0 

fluorene FL 5.5 2.8 7.3 2.8 2.8 5.6 4.0 3.2 2.9 4.4 6.5 3.9 4.7 5.4 7.9 4.7 3.4 7.0 2.7 2.9 2.2 0.9 

phenanthrene PH 7.7 4.2 4.4 5.9 7.5 4.3 6.1 4.2 4.7 7.5 4.5 7.8 4.9 6.4 5.3 7.3 4.6 6.3 4.0 4.9 3.8 1.6 

anthracene AN 9.0 4.7 6.9 3.6 4.3 3.9 4.9 7.7 6.9 8.5 4.6 8.9 5.0 3.8 4.2 6.0 3.8 5.4 3.7 7.0 3.4 1.1 

fluoranthene FLU 6.1 4.6 4.9 6.6 4.5 5.7 5.2 4.6 5.1 6.3 8.3 6.5 6.4 4.9 4.5 5.9 4.8 6.8 5.7 5.5 4.4 0.8 

pyrene PY 6.7 4.3 6.7 4.7 5.9 7.5 6.3 4.8 5.1 5.0 5.7 5.0 6.7 4.4 4.7 8.5 4.1 6.6 5.6 7.7 3.4 0.9 

benzo[a]anthracene BaA 8.7 5.6 6.0 6.2 5.6 6.4 8.2 6.3 8.2 6.7 7.9 6.4 5.6 6.0 6.6 6.0 5.3 7.5 7.0 5.4 5.2 1.5 

chrysene CH 4.6 5.6 6.6 5.3 5.8 6.7 6.9 5.9 7.8 5.9 6.1 5.6 5.3 6.4 5.7 6.6 5.7 6.7 6.3 7.1 5.1 1.9 

benzo[b]fluoranthene BbF 7.3 8.8 8.5 7.2 7.9 8.9 9.4 7.3 8.2 8.7 7.7 7.0 7.1 5.4 10.9 6.8 7.3 6.9 7.8 7.8 6.6 2.6 

benzo[k]fluoranthene BkF 1.3 1.6 0.8 1.0 0.8 0.8 1.0 0.8 0.8 1.2 0.6 0.5 2.0 0.6 0.6 0.9 0.8 1.0 0.7 1.8 0.4 1.7 

benzo[a]pyrene BaP 10.1 5.4 6.4 4.8 5.1 5.7 5.9 6.0 6.6 9.6 5.1 4.9 4.5 5.0 4.9 5.3 5.4 5.2 5.7 6.0 4.4 1.1 

indeno[1,2,3-cd]pyrene IP 10.4 6.1 3.7 4.3 4.0 3.9 5.1 3.8 3.8 8.3 6.1 7.1 6.6 4.7 8.8 5.2 3.8 5.7 4.0 7.1 3.6 1.4 

dibenzo[a,h]anthracene DA 7.5 6.1 6.5 5.8 6.0 5.6 6.6 7.4 6.1 6.3 5.4 6.8 5.8 7.1 5.7 6.7 5.9 6.1 5.9 6.6 5.4 0.6 

benzo[ghi]perylene BP 9.2 4.2 6.9 7.7 10.4 4.2 3.5 5.5 4.2 7.4 4.8 8.8 3.6 11.7 7.6 3.5 5.0 7.0 3.5 5.0 2.8 2.5 
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Table 5.8: Concentrations (ng/g) of 16 ndividualPAHs in soil samples from sites 1 to 20   in the area between Bradford and Leeds 
(2017 data). Blue results show high concentration and green results show low concentrations for each compound. 

 

 

Sample name BL1 BL2 BL3 BL4 BL5 BL6 BL7 BL8 BL9 BL10 BL11 BL12 BL13 BL14 BL15 BL16 BL17 BL18 BL19 BL20 LOQ 
(ng/ul) 

LOD 
(ng/ul) 

Abbreviation 
                      

NA 5.4 7.3 5.8 6.8 8.1 4.7 4.7 6.1 6.0 10.0 5.9 4.8 6.0 8.6 7.3 4.8 4.2 5.7 5.5 6.1 3.4 1.0 
ACY 7.0 3.9 3.7 4.0 4.8 4.0 7.2 5.4 5.2 9.4 5.5 4.2 4.4 3.6 9.1 5.9 4.3 7.6 3.5 7.1 2.2 0.7 
ACE 6.3 5.8 6.4 5.3 9.4 6.3 4.7 5.6 4.8 8.9 6.9 6.3 5.3 6.1 8.2 6.8 5.1 7.4 5.8 6.4 4.8 1.4 
FL 7.4 5.8 9.6 4.1 3.9 7.3 6.6 5.1 5.4 6.0 10.3 4.4 6.5 10.2 9.5 6.5 5.1 10.8 3.7 6.2 2.7 0.8 
PH 10.2 6.9 6.2 7.9 10.7 5.2 7.1 6.3 5.9 10.5 8.0 9.9 6.9 8.9 6.0 11.7 7.2 8.0 6.5 7.4 3.6 1.1 
AN 12.0 8.3 9.3 6.5 8.3 5.1 6.7 9.5 10.7 11.4 5.9 11.9 6.5 4.4 5.1 12.0 4.9 11.3 5.8 10.1 2.7 0.8 
FLU 9.9 7.2 11.0 8.3 6.9 7.3 7.2 5.9 7.8 13.3 11.4 7.1 9.7 6.9 7.0 6.9 7.5 8.8 11.4 8.6 5.7 1.7 
PY 8.8 7.8 10.6 6.4 8.0 10.6 10.0 6.7 7.5 6.8 6.3 6.9 11.1 9.9 7.0 12.5 7.0 8.0 10.1 13.9 6.2 1.8 

BaA 10.7 8.0 10.1 7.1 8.8 6.9 10.1 7.0 9.5 7.1 11.2 10.6 7.1 7.0 7.6 9.5 6.8 9.0 8.1 7.7 4.0 1.2 
CH 7.1 6.4 8.9 8.7 7.7 8.2 9.4 7.7 9.4 8.2 9.9 11.1 9.2 8.3 7.7 9.3 8.3 10.7 7.5 11.2 1.7 0.5 
BbF 8.1 10.6 12.2 8.0 8.3 9.7 11.9 8.7 11.2 11.8 9.6 8.2 13.1 8.2 7.6 11.8 8.5 9.3 8.9 10.7 3.5 1.1 

BkF 3.4 4.6 3.3 4.9 3.2 2.9 3.3 4.4 3.3 5.3 3.3 3.0 4.6 3.9 2.9 4.0 3.2 3.3 3.0 3.4 2.9 0.9 
BaP 11.3 7.0 9.1 6.9 6.9 8.6 9.2 8.0 9.2 10.9 8.7 6.7 6.9 8.0 6.8 7.3 6.8 8.6 7.4 7.0 4.1 1.2 

IP 6.4 9.5 4.7 7.1 6.7 4.8 7.2 9.2 4.8 5.4 9.7 11.8 10.5 6.2 8.9 12.8 4.6 6.0 4.4 10.7 3.3 1.0 
DA 10.4 7.6 10.2 8.3 8.9 6.9 10.7 12.1 11.4 7.0 6.4 6.5 12.9 9.6 7.6 10.9 7.2 12.2 10.1 9.1 4.0 1.2 

BP 13.0 8.7 8.0 11.3 11.7 6.5 10.3 7.2 6.5 11.1 5.1 10.2 11.1 12.9 10.6 4.4 8.2 10.2 7.0 6.4 4.1 1.2 
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5.2.2. Total concentration of PAHs in samples from the area between Bradford 
and Leeds in 2016 and 2017  
 

When the data for individual PAH concentrations are combined, Table 5.9 shows the 

total concentration values of all PAHs per site in samples collected from the area 

between Bradford and Leeds in 2016, and Table 5.10 shows results in a similar way 

for the 2017 sampling period. Drawing the results as histograms (Figure 5.6) shows 

both sets of samples have approximately normal distributions of the data, with no 

evidence of any outliers in either sample period. However, the mean values are rather 

different, with the 2017 samples having higher concentration values on average (2016 

mean = x1, standard deviation = y1; 2017 mean = x2, standard deviation = y2. 

 

 

Figure 5.6: Histograms of the data distributions for total PAH concentrations from the 

area between Bradford and Leeds sites: (a) sampled in 2016 and (b) sampled in 

2017. 
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According to the classification of Dong et al. (2012), the total concentration of PAHs 

�I�R�U���W�K�H�������������G�D�W�D���V�K�R�Z�H�G���µ�O�R�Z�¶���S�R�O�O�X�W�L�R�Q���Z�D�V���I�R�X�Q�G���L�Q���D�O�O���V�D�P�S�O�H�V���H�[�F�H�S�W���V�D�P�S�O�H�V���%�/����

(107) ng/g and BL10 (104) ng/�J�����Z�K�L�F�K���K�D�G���µ�P�R�G�H�U�D�W�H�¶���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�����7�K�H���V�L�W�H���Z�L�W�K��

the lowest pollution was found in samples BL17 (69 ng/g). Therefore, the pollution 

�G�L�V�W�U�L�E�X�W�L�R�Q�����W�Z�R���µ�P�R�G�H�U�D�W�H�¶���D�Q�G���W�K�H���R�W�K�H�U���������V�L�W�H�V���µ�O�R�Z�¶�����L�V���V�L�P�L�O�D�U���W�R���W�K�D�W���I�U�R�P���%�U�D�G�I�R�U�G��

sites, and although the maximum value of 107 ng/g was slightly lower than the 

maximum value from Table 5.9 of 122 ng/g, overall concentration values from the area 

between Bradford and Leeds appear comparable to those from Bradford for the 2016 

data.  

 For summer 2017 data (Table 5.10), 'low' pollution was found in BL17. However, all 

other soil samples collected from the area between Bradford and Leeds in 2017 fall 

�L�Q�W�R�� �W�K�H�� �G�H�V�L�J�Q�D�W�L�R�Q�� �R�I�� �µ�P�R�G�H�U�D�W�H�¶�� �S�R�O�O�X�W�L�R�Q�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �'�R�Q�J��el al. (2012), which 

again appears comparable to the equivalent results from Bradford, although there is 

no evidence of any extreme outliers with this data set. 
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Sample name BL1 BL2 BL3 BL4 BL5 BL6 BL7 BL8 BL9 BL10 BL11 BL12 BL13 BL14 BL15 BL16 BL17 BL18 BL19 BL20 

Total concentration 
of PAH (ng/g soil) 

107 77 88 77 87 79 86 80 83 104 84 92 79 85 95 85 69 90 72 89 

 

Table 5.9: Total concentration of all 16 PAHs compound in soil samples LB1 to LB20 from the area between Bradford and Leeds 
(2016 data). Blue results show high concentration, orange results show moderate concentration and green results indicate by Dong 

et al. (2012) low concentration, as defined 

Table 5.10: Total concentration of all 16 PAHs compound in soil samples LB1 to LB20 from the area between Bradford and Leeds 

(2017 data).

Sample name  
BL1 

 
BL2 BL3 BL4 BL5 BL6 BL7 BL8 BL9 BL10 BL11 BL12 BL13 BL14 BL15 BL16 BL17 BL18 BL19 BL20 

Total concentration 
of PAHs (ng/g soil) 137 116 129 112 122 105 126 115 119 143 124 124 132 123 119 137 99 137 109 132 
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5.3. Results for samples from Leeds in 2016 and 2017  
 

5.3.1. The concentrations of individual PAHs in samples from Leeds in 2016 
and 2017 
 

The box and whisker plot in Figure 5.6 presents the varied concentration values and 

variability per compound from the 2016 sample period. The value of benzo[a]pyrene 

ranged between 4.1 ng/g to 642 ng/g with an average of 55.13 ng/g and median 5.45 

ng/g. This compound had the highest overall value of the 16 PAHs, as well as the 

greatest degree of variability, while the compound with the lowest value overall, 

dibenzo[a,h]anthracene, varied from 0.6 ng/g to 56.2 ng/g with an average of 7.93 ng/g 

and median of 5.6 ng/g 

 

Figure 5.7: Box and whisker plots showing��mean (diamond), minimum (the bottom of 
whisker), median (line within the box) and maximum (the top of whisker)��

concentrations��(ng/g)��of each PAH compound in all 40 soil samples from the sites in 
Leeds (2016 data). 

Figure 5.7 shows the range of concentration values from the 2017 data 

diagrammatically in the form of box and whisker plots. The level of naphthalene ranged 

between 3.7 ng/g to 19.6 ng/g with an average of 6.78 ng/g and median of 6.35 ng/g. 

This compound had the lowest overall level out of the 16 PAHs and also less variation, 

while the level of the compound with the highest overall value, benzo[a]pyrene, varied 

from 5.3 ng/g to 708.3 ng/g with an average of 61.85 ng/g and median of 9.7 ng/g. 
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Figure 5.8: Box and whisker plots showing mean (diamond), minimum (the bottom of 
whisker), median (line within the box) and maximum (the top of whisker) 

concentrations��(ng/g)��of each PAH compound in all 40 soil samples from the sites in 
Leeds (2017 data). 

In Figures 5.7 and 5.8 some of the compounds show substantial variability, particularly 

BaP, BbF, IP and BP, while others are much more consistent in both 2016 and 2017. 

When the results of soil samples obtained from the city of Leeds were compared with 

the value of the LOQ (Tables 5.11 and 5.12), most of the samples had concentrations 

exceeding the LOQ. However, five results were lower than the LOQ from the data in 

autumn 2016, and thus these samples were left out of the data in further analysis. 

However, all the soil samples from 2017 (Tables 5.13 and 5.14) had a higher 

concentration than the LOQ for each of the PAHs. 
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Table 5.4: Concentrations (ng/g) of 16 ndividual PAHs in soil samples from sites 1 to 20 in Leeds (2016 data). 

Result in red means the PAHs could not be quantified accurately because the concentration was below the LOQ. Blue results show 

highest concentration and green results show lowest concentrations for each compound. 

 

Sample name 
  

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13 L14 L15 L16 L17 L18 L19 L20 
LOQ 

(ng/ul) 
LOD 

(ng/ul) 

Compound                                               

naphthalene NA 3.4 3.4 3.1 3.4 3.2 4.8 3.2 13.2 5.2 3.3 3.2 3.1 3.6 3.1 3.3 3.2 4.3 4.8 3.6 5.1 2.9 0.9 

acenaphthylene ACY 4.0 3.3 3.2 4.2 3.2 3.3 3.3 4.0 2.9 2.9 2.8 3.0 3.3 3.8 2.8 4.3 2.9 3.4 3.6 3.8 2.7 0.8 

acenaphthene ACE 3.8 3.8 3.5 3.4 3.5 3.6 3.6 6.9 3.8 3.7 3.8 3.4 3.5 3.6 3.7 3.5 3.8 3.5 3.5 3.7 3.3 1.0 

fluorene FL 3.7 4.2 3.8 3.3 4.3 3.0 3.1 7.2 3.0 4.6 4.2 4.1 4.6 4.4 3.7 3.8 4.1 3.8 4.5 3.8 2.9 0.9 

phenanthrene PH 6.6 6.1 6.2 6.9 6.2 15.6 10.1 47.4 9.6 10.4 5.3 8.1 9.9 6.2 5.2 5.7 6.9 14.8 7.3 5.5 5.2 1.6 

anthracene AN 5.4 4.4 4.6 5.0 4.8 3.9 3.7 8.5 4.5 4.0 5.0 4.7 5.1 5.5 4.5 5.3 3.9 3.8 4.1 5.0 3.5 1.1 

fluoranthene FLU 3.5 3.0 3.7 4.3 4.4 16.0 7.6 32.1 7.3 9.0 3.6 6.6 6.6 2.9 3.4 2.7 7.7 23.1 3.0 2.8 2.6 0.8 

pyrene PY 3.8 3.0 3.1 3.7 3.2 12.6 5.4 26.8 5.8 6.4 3.8 4.7 4.7 3.8 4.0 3.2 5.6 19.8 3.2 3.5 2.9 0.9 

benzo[a]anthracene BaA 7.0 5.2 6.1 7.4 5.4 5.9 5.2 19.0 7.8 7.4 5.5 6.3 6.3 7.1 6.9 6.2 6.1 14.2 5.4 6.3 5.0 1.5 

chrysene CH 7.7 7.9 6.9 8.0 0 7.9 6.8 18.0 8.3 9.2 7.1 8.1 9.2 9.6 8.0 9.1 9.1 13.4 6.3 6.9 6.3 1.9 

benzo[b]fluoranthene BbF 11.3 9.5 12.6 9.9 11.4 46.3 17.8 159.9 17.8 26.1 9.1 17.7 15.4 11.5 10.2 9.4 32.6 178.9 33.5 9.9 8.8 2.6 

benzo[k]fluoranthene BkF 20.3 7.1 6.0 5.9 6.9 13.0 5.6 50.1 6.7 8.3 7.8 5.6 8.2 6.3 7.5 7.4 10.2 58 10.1 6.7 5.5 1.7 

benzo[a]pyrene BaP 55.6 4.4 7.3 4.7 38.9 159.3 53.8 585.3 49.2 90.2 31.2 62.2 50.4 11.6 6.5 4.1 121.3 642 111.5 14.9 3.6 1.1 

indeno[1,2,3-cd]pyrene IP 31.5 6.6 6.9 7.7 11.3 38.9 16.8 169.7 16.4 23.2 7.2 15.9 13.3 6.0 6.4 5.9 38.3 264.5 40.5 5.4 4.7 1.4 

dibenzo[a,h]anthracene DA 5.5 3.3 5.1 4.5 3.0 9.9 3.8 52.5 4.2 6.0 4.4 3.9 3.7 4.6 2.8 4.2 8.1 56.2 8.7 3.6 2.1 0.6 

benzo[ghi]perylene BP 32.6 9.0 9.4 9.3 10.2 33.2 14.4 143.5 13.3 19.3 9.4 14 11.5 9.3 9.6 9.0 33.1 221 34.9 9.0 8.4 2.5 
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Table 5.5: Concentrations (ng/g) of 16 ndividualPAH in soil samples from sites 21 to 40 in Leeds (2016 data). 

Result in red means the PAHs could not be quantified accurately because the concentration was below the LOQ. Blue results show 

highest concentration and green results show lowest concentrations for each compound. 

 

Sample name 

 

L21 L22 L23 L24 L25 L26 L27 L28 L29 L30 L31 L32 L33 L34 L35 L36 L37 L38 L39 L40 
LOQ 

(ng/ul) 
LOD 

(ng/ul) 

Compound 
   

 
 

                  

naphthalene NA 3.5 3.2 3.6 2.8 2.8 2.9 2.9 2.9 3.2 4.2 3.2 2.8 2.7 2.8 2.7 2.8 2.7 2.8 3.2 3.3 3.2 0.7 

acenaphthylene ACY 3.0 3.8 3.5 4.6 3.5 3.2 3.8 3.8 4.9 3.7 3.2 3.9 4.3 3.2 3.5 4.2 4.6 4.7 3.1 3.5 2.8 0.8 

acenaphthene ACE 6.0 6.5 6.3 5.7 5.8 5.8 5.6 5.9 6.0 6.1 6.0 5.8 5.8 6.1 6.1 6.2 6.7 6.5 5.9 5.7 5.3 1.6 

fluorene FL 5.4 5.9 5.4 7.4 6.5 6.2 6.6 6.0 8.0 7.6 5.6 5.9 5.7 6.8 7.8 7.9 6.0 6.5 7.8 7.3 5.0 1.5 

phenanthrene PH 11.0 11.2 15.6 18.7 11.2 11.0 10.4 10.1 10.4 11.7 12.3 12.4 10.2 10.1 10.0 9.6 11.5 10.0 9.7 11.3 9.4 2.8 

anthracene AN 6.0 6.0 7.0 8.5 6.9 7.4 7.8 8.8 7.6 8.6 9.0 8.1 10.1 6.3 6.1 5.7 6.1 6.0 6.1 5.8 4.9 1.5 

fluoranthene FLU 12.9 10.5 9.5 7.4 6.9 9.8 9.4 8.9 9.5 7.3 7.9 8.0 6.9 7.0 7.9 9.1 7.6 6.8 9.8 7.1 6.7 2.0 

pyrene PY 7.6 7.7 7.2 7.9 10.8 7.5 11.2 7.6 7.2 11.2 8.3 8.4 7.6 7.6 8.2 9.6 7.4 7.2 10.9 7.7 6.8 2.0 

benzo[a]anthracene BaA 14.2 7.6 6.9 9.0 8.9 6.5 6.9 7.1 6.9 6.9 6.7 6.5 6.0 6.5 6.5 7.0 6.1 6.0 6.1 6.9 5.9 1.8 

chrysene CH 7.4 6.2 4.5 5.5 6.1 6.5 4.0 7.4 3.9 4.0 6.7 6.3 5.3 8.0 9.1 4.7 8.2 7.4 4.7 4.2 3.1 0.9 

benzo[b]fluoranthene BbF 5.6 7.3 5.9 5.4 6.9 5.9 5.9 7.4 7.2 5.4 7.1 5.6 7.5 5.9 7.3 7.4 6.0 5.9 7.2 7.0 5.3 1.6 

benzo[k]fluoranthene BkF 4.7 4.2 4.1 3.4 4.9 3.4 3.6 4.8 3.6 4.4 5.0 4.8 3.5 4.2 4.9 5.2 3.5 4.2 5.5 3.4 3.2 1.0 

benzo[a]pyrene BaP 5.9 4.6 4.8 5.3 4.8 5.0 4.9 5.5 5.0 4.7 5.0 5.0 5.0 5.1 5.4 5.6 4.3 5.1 4.9 5.0 4.1 1.2 

indeno[1,2,3-cd]pyrene IP 4.5 3.4 3.4 3.5 3.6 3.8 3.9 4.1 3.8 4.5 4.7 4.5 4.2 3.6 0 3.5 4.0 3.5 0 0 3.2 1.3 

dibenzo[a,h]anthracene DA 7.2 0 5.7 5.7 7.7 5.0 5.9 7.3 6.5 7.3 5.1 6.6 4.9 4.9 6.7 5.5 7.2 6.5 6.6 6.2 4.8 1.5 

benzo[ghi]perylene BP 4.7 4.8 5.2 4.9 5.2 5.1 5.3 5.2 5.7 5.6 4.9 4.7 5.2 5.4 5.2 5.0 5.5 5.1 5.2 4.9 4.6 1.4 



117 
 

 

Table 5.6: Concentrations (ng/g) of 16 ndividualPAHs in soil samples from sites 1 to 20 in Leeds (2017 data). Blue results show 
highest concentration and green results show lowest concentrations for each compound. 

  

Sample name L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13 L14 L15 L16 L17 L18 L19 L20 LOQ 
(ng/ul 

LOD 
(ng/ul) 

Abbreviation 
  

 
 

                  
NA 7.0 5.3 4.6 5.2 5.1 9.1 5.5 19.6 8.7 6.9 6.1 7.8 6.7 8.6 5.8 8.9 6.1 8.7 5.0 6.6 4.8 1.4 
ACY 8.1 5.2 5.0 4.9 5.0 8.2 5.1 5.1 7.9 5.3 8.3 5.1 8.2 5.0 4.9 4.9 4.9 5.2 5.1 4.9 2.2 0.7 
ACE 7.7 6.6 8.0 6.4 9.9 6.5 7.6 11.3 6.8 7.0 7.9 6.1 6.5 7.4 8.3 6.3 6.5 10.0 6.9 12.7 5.6 1.7 
FL 5.2 8.2 5.8 9.4 6.2 5.5 5.3 13.3 6.0 8.8 9.2 5.4 6.1 5.6 5.4 8.2 9.5 5.9 6.1 5.7 5.0 1.5 
PH 10.6 7.7 7.7 8.1 7.8 20.6 12.7 60.9 12.5 16.2 6.2 10.7 13.0 8.4 11.5 7.9 9.5 19.3 8.1 7.2 6.8 2.1 
AN 8.0 6.5 6.7 7.3 7.0 8.1 9.3 14.2 8.7 7.0 6.5 7.4 6.9 7.2 6.7 8.6 7.2 9.3 8.4 7.3 6.3 1.9 
FLU 5.0 4.9 4.7 5.8 7.1 18.9 13.2 53.4 11.4 14.0 5.8 11.6 10.2 4.7 6.8 4.8 12.0 45.0 7.5 4.6 4.5 1.4 
PY 7.2 6.9 8.8 6.6 9.0 21.2 12.0 30.8 10.6 12.4 7.2 8.8 8.3 9.0 8.9 6.8 13.9 30.8 9.5 7.3 6.7 2.0 

BaA 8.3 7.8 9.5 10.2 7.4 8.0 7.1 27.5 11.5 8.3 7.1 9.3 7.2 7.4 10.5 8.0 7.7 20.5 7.6 11.9 4.2 1.3 
CH 10.8 9.1 9.0 9.1 10.7 11.1 7.1 26.1 14.7 12.9 10.3 11.6 10.9 15.0 11.5 12.3 13.8 18.3 11.3 7.3 6.7 2.0 
BbF 16.2 12.0 19.1 13.8 12.0 61.1 18.6 168.2 20.8 34.6 9.5 22.8 16.1 14.7 13.6 12.1 38.5 208.0 34.6 13.0 2.6 0.8 
BkF 24.7 7.6 6.6 7.5 7.0 13.7 5.7 51.1 17.5 8.1 10.1 6.3 11.9 6.5 12.1 8.8 14.2 63.5 39.8 9.0 5.2 1.6 
BaP 56.2 5.4 8.9 5.3 39.9 176.2 55.4 647.0 55.4 100.9 33.0 70.5 57.5 12.1 9.3 5.4 126.5 708.3 116.1 16.4 3.9 1.2 
IP 42.0 8.5 7.1 8.0 16.7 47.6 18.0 178.5 25.4 33.4 8.3 21.1 17.2 8.4 9.5 7.3 40.4 332.4 47.0 7.1 5.4 1.6 
DA 8.1 4.4 7.3 5.2 7.9 10.4 6.8 60.2 6.1 7.3 7.4 5.5 5.3 7.0 4.4 7.2 10.5 60.1 11.6 5.1 4.3 1.3 
BP 42.0 13.3 17.8 11.8 14.6 43.4 18.4 146.0 14.1 23.7 12.6 18.2 16.0 11.7 13.6 10.4 35.5 222.5 38.1 12.4 5.7 1.7 
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Table 5.7: Concentrations (ng/g) of 16 ndividualPAH in soil samples from sites 21 to 40 in Leeds (2017 data). Blue results show 
highest concentration and green results show lowest concentrations for each compound. 

  

Sample name L21 L22 L23 L24 L25 L26 L27 L28 L29 L30 L31 L32 L33 L34 L35 L36 L37 L38 L39 L40 LOQ 
(ng/ul) 

LOD 
(ng/ul) 

Abbreviation                       

NA 5.5 9.3 7.2 4.3 7.3 4.1 8.9 3.9 7.3 5.7 6.1 4.1 3.7 9.0 7.2 4.3 4.3 7.3 5.5 8.9 3.0 0.9 

ACY 6.3 4.9 4.9 5.1 7.0 9.3 7.0 4.9 6.0 5.0 7.2 5.0 8.1 5.2 4.8 5.1 7.3 5.1 8.1 5.1 2.1 0.6 
ACE 9.4 7.4 10.3 7.7 7.7 9.4 7.4 11.0 8.3 7.6 14.1 7.0 6.6 8.0 9.4 7.6 7.1 11.2 7.4 6.4 3.9 1.2 
FL 5.6 6.4 8.9 8.0 14.1 10.2 8.8 7.6 9.0 10.4 10.3 9.1 8.9 9.4 14.1 10.5 9.3 7.8 10.0 12.9 3.1 0.9 
PH 12.2 15.2 17.2 19.1 12.7 15.6 12.1 11.7 12.0 13.1 17.1 13.9 12.3 13.9 13.1 11.8 14.6 15.5 12.0 14.1 5.9 1.8 
AN 11.2 8.4 10.2 9.2 8.6 13.9 9.8 9.8 9.8 8.7 10.6 10.5 11.2 10.2 10.4 8.7 9.1 8.4 8.4 9.9 5.4 1.6 
FLU 13.3 11.9 11.4 10.1 11.8 13.1 12.2 10.5 12.8 9.8 11.8 9.8 9.9 7.7 9.5 12.1 8.4 9.5 12.4 8.5 6.0 1.8 
PY 16.4 15.3 8.6 13.9 11.7 10.4 12.2 9.5 9.8 14.9 10.0 10.0 10.1 9.4 10.0 11.0 8.1 9.0 11.8 9.7 5.5 1.7 

BaA 18.5 8.9 7.6 14.2 13.1 10.6 10.2 9.0 9.1 7.3 13.1 7.6 7.8 9.4 13.1 10.5 8.7 7.8 7.5 11.9 6.1 1.8 
            CH 8.8 7.6 10.6 7.1 7.7 7.4 6.2 8.8 6.1 5.7 10.3 5.6 7.5 11.3 8.9 8.2 9.3 11.7 7.5 10.2 5.2 1.6 

BbF 6.8 8.1 12.9 8.3 8.3 6.3 10.8 8.2 10.9 8.2 9.4 8.8 8.3 10.7 11.6 9.5 10.2 9.6 8.2 13.2 1.6 0.5 
BkF 9.8 5.5 10.0 5.5 9.7 5.5 12.0 5.4 11.4 5.5 6.1 5.4 11.5 5.4 5.4 6.1 5.7 7.8 6.5 5.5 1.2 0.3 
BaP 10.1 7.9 6.1 8.7 5.6 6.1 10.1 7.2 7.8 6.5 8.1 7.9 8.1 7.5 13.1 8.2 8.7 10.1 13.0 7.8 2.0 0.6 
IP 7.1 6.9 12.5 8.8 7.5 6.9 7.1 6.9 7.0 11.2 7.1 9.4 11.4 7.1 13.6 7.7 7.9 6.9 11.8 9.7 6.2 1.8 
DA 8.3 7.0 7.0 7.2 8.6 7.6 7.7 8.9 7.1 8.5 7.7 9.5 8.7 7.7 8.5 7.7 9.5 7.7 10.6 9.7 6.8 2.0 
BP 6.1 6.5 13.4 7.5 6.7 8.6 6.5 12.6 14.9 7.6 10.9 6.6 6.6 12.8 7.0 7.2 6.2 14.9 8.6 12.9 3.1 0.9 
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Tables 5.11, 5.12, 5.13 and 5.14 contain the concentrations of each PAH compound 

in each sample location from Leeds when sampled in 2016 and 2017. For the 2016 

data (Tables 5.11 and 5.12) it may be noted that site L8 contains the highest 

concentration of all the low molecular weight compounds (indicated in green). By 

contrast in site L18, all the high molecular weight compounds are found to have their 

highest concentration (blue-coloured).  Note that twelve locations had more than one 

compound with a green-coloured result in 2016. From the 2017 data in Tables 5.13 

and 5.14, it can be seen that the sites L8, L18, L21, and L35 have more than one 

compound which have their highest concentration in that site, while site L11 among 

others has more than one compound with its lowest concentration. It is clear that PAH 

concentrations do vary across the sample sites for different compounds within the 

Leeds sites sampled in both 2016 and 2017. 

 

5.3.2. Total concentration of PAHs in samples from Leeds in 2016 and 2017  
 

The data for total PAH concentrations are given in Tables 5.15 and 5.16 for the 2016 

and 2017 sampling periods respectively. When the data are grouped into categories 

and graphed as histograms (Figure 5.9) a very different picture is evident compared 

to the situations in the Bradford samples and those between Bradford and Leeds. 

While the histograms for those two areas were broadly showing normallydistributed 

data, the values in Figure 5.9 for Leeds show strongly skewed graphs with a peak 

towards the left of the graph and a pronounced tail of extreme values towards the right. 

It should be noted that the categories in Figure 5.9 are of double the width of those in 

the earlier histograms to fit the data in, and that the final category is of >=400 ng/g, 

which understates the very high values in a few of the sites (especially L8 and L18 in 

both sample periods), as can be seen from Tables 5.15 and 5.16. However, the pattern 

found from the other sample areas, that the 2017 data had higher mean values than 

the 2016 data, still holds (for 2016, mean = x1,Standard deviation = y1; for 2017 mean 

= x2, standard deviation = y2). 
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Figure 5.9: Histograms of the data distributions for total PAH concentrations from 

Leeds sites: (a) sampled in 2016 and (b) sampled in 2017. Note the change of scale 

on the horizontal axis for the final category. 

 

Dong et al. (2012) stated that the total concentration of these 16 PAHs could be 

�F�R�Q�V�L�G�H�U�H�G���µ�K�L�J�K�¶���Z�K�H�Q���W�K�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���Z�D�V���E�H�W�Z�H�H�Q�������������D�Q�G�������������Q�J���J�����$�V���7�D�E�O�H��

5.15 shows, such a highly polluted level was found in autumn 2016 samples L8 and 

L18 and the same sites showed highly polluted levels in summer 2017 as well (Table 

5.16).  The lowest pollution concentration was found in sample L2 in 2016 with 84 

ng/g. In addition, about half of the samples had a moderate pollution load. Therefore 

the pollution designation (two 'high' and twenty one of the results 'moderate' and 

�V�H�Y�H�Q�W�H�H�Q�� �µ�O�R�Z�¶���� �L�V�� �G�L�I�I�H�U�H�Q�W�� �I�U�R�P�� �W�K�D�W�� �I�U�R�P�� �%�U�D�G�I�R�U�G�� �V�L�W�H�V�� �D�Q�G�� �W�K�H�� �D�U�H�D�� �E�H�W�Z�H�H�Q��

Bradford and Leeds sites. It is clear that there is higher pollution in the Leeds sites 

sampled in the data in 2016. For the 2017 data, Table 5.16 shows all other samples 

collected from Leeds, apart from L8 and L18, fall into a designation of moderate 

pollution according to the classification of Dong el al. (2012) 
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Table 5.8: Total concentration of all 16 PAHs compound in soil samples L1 to L20 from Leeds (2016 data). 

 

Table 5.9: Total concentration of all 16 PAHs compound in soil samples L1 to L40 from Leeds (2017 data). 

 

 

 

 

 

 

Sample name L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13 L14 L15 L16 L17 L18 L19 L20 

Total concentration 
of PAHs (ng/g soil) 

206 84 91 92 120 377 164 1344 166 234 113 171 159 99 88 87 298 1525 283 96 

Sample name L 21 L 22 L 23 L 24 L 25 L 26 L 27 L 28 L 29 L 30 L 31 L 32 L 33 L 34 L 35 L 36 L 37 L 38 L 39 L 40 

Total concentration 
of PAHs (ng/g soil) 110 94 99 106 103 95 98 103 99 103 101 99 95 94 96 99 97 94 98 90 

Sample name L 1 L 2 L 3 L 4 L 5 L 6 L 7 L 8 L 9 L 10 L 11 L 12 L 13 L 14 L15 L 16 L 17 L 18 L19 L 20 

Total concentration 
of PAHs (ng/g soil) 267 119 136 125 173 469 208 1513 238 307 155 228 208 139 143 128 357 1768 363 139 

Sample name L 21 L 22 L 23 L 24 L 25 L 26 L 27 L 28 L 29 L 30 L 31 L 32 L 33 L 34 L 35 L 36 L 37 L 38 L 39 L 40 
Total concentration 
of PAHs (ng/g soil) 155 137 159 145 148 145 149 136 149 136 160 130 141 145 160 136 134 150 150 156 
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5.4. Discussion of trends  in PAH concentrations in 2016 and 2017  
 

All the sites have some PAHs. This suggests that the general level of PAHs is from 

general deposition across the area, possibly from some distance away, but is not site-

specific; there is some general PAH contamination in this area as a whole. 

Various possibilities might account for the trends observed. Through the results 

obtained from Bradford and the region between Bradford and Leeds soil, it can be 

argued that the main cause of pollution by PAHs in many sites sampled is from 

movement through the air, possibly over considerable distances. This is because of 

the ubiquitous presence of the compounds and the relatively low concentration levels 

found in most sites. 

PAHs are found everywhere in the soil (Wang et al., 2010). Incomplete combustion is 

a considerable source of PAHs in soil all over the world. PAHs in the soil were derived 

mostly through deposition from the atmosphere (Nam et al., 2008). Atmospheric 

deposition is the common source of pollution in soil and it is expected that most of the 

PAHs originating from vehicular emission, incomplete combustion of biomass, fossil 

fuels, etc. are deposited in the upper layer of the soil (ATSDR, 1995). 

However, as can be seen in Figures  5.10 and 5.15, which map the range of the total 

PAH concentration values, Leeds in particular and to a lesser extent parts of Bradford 

are notably higher than this general level of pollution, which suggests there are some 

�µ�K�R�W���V�S�R�W�V�¶���I�R�U���3�$�+�V�����2�Q���W�R�S���R�I���W�K�L�V�����V�R�P�H���S�D�U�W�L�F�X�O�D�U���V�L�W�H�V���I�U�R�P���/�H�H�G�V���K�D�Y�H���J�R�W���Y�H�U�\��

high values, which clearly shows that there are site-specific effects as well. 

The sampling site can also have an effect on the concentration of the 16 individual 

PAHs (see Figures 5.11, 5.12, 5.14 and 5.15 The majority of compounds have their 

highest concentrations in the sites from Leeds, although it should be noted that 

naphthalene and acenaphthelene are exceptions with greater concentrations in 

Bradford sites, while benzo[b]fluoranthene has similar concentrations throughout the 

three study areas in the 2016 data. High concentrations in the samples L8 and L18 

could be because the samples were taken from an area located near a car park and 

road. A similar observation could be made for the site with the highest concentration 

for Bradford, B18, which was also located in a car park and beside a road, though the 
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overall concentration was lower than the Leeds sites. In a previous study, dust was 

found to contribute mainly to PAH compounds in the soil as well as atmospheric 

particulatesfrom vehicle exhausts (de Abrantes et al., 2009). Being near a car park 

and road might therefore be expected to cause there to be more dust. 

 The most intensive accumulation of pollutants occurs in roadside soils because of 

chemical sedimentation from air pollutants or from contaminated waters (Werkenthin 

et al.,2014). Tang et al. (2005) state that PAHs were present in very high 

concentrations in industrial areas and roadsides. In Leeds the L18 site probably  had 

a high concentration because the samples were located near road sides. Soil 

properties and their interaction may also have some effects on PAHs.  

The present results would suggest that such effects are less important than 

urbanisation in general and site-specific characteristics, but the interaction between 

soil properties and the properties of PAHs should be considered. In particular, the 

organic matter in the soil may have an effect on the concentration of PAHs. In Chapter 

four, a highly significant negative correlation between organic matter and the total 

concentration of the 16 PAHs studied was found. Low organic matter values appear 

to be linked to the high concentrations in some PAH compounds, in this study there is 

a negative correlation.  

This result appears to be different to that reported by Wilcke el al., (1999) who stated 

that these compounds accumulated in a soil which is rich in organic matter and 

remained in the soil for a long time. Perhaps the mineral compositions of the soil differ 

between the two studies, which may have an effect on the relationship between the 

16 PAHs compounds and amount of soil organic matter one of the compounds which 

had particularly high concentrations was BaP, which is a compound with high genetic 

toxicity. Note benzo[a]pyrene had a high concentration in all three areas of study 

(Figures 5.1, 5.7 and 5.8).  

According to Kielhorn et al. (2003), comparing benzo[a]pyrene with other PAHs, the 

former compound showed the highest genetic toxicity. Ou et al. (2004) state that low 

volatility is found in PAHs which have high molecular weight. This low volatility of high 

molecular weight compounds such as benzo[a]pyrene may be responsible for high 

concentrations found in the study sites, and is of concern because of its toxicity. 
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Figure 5.10: Map of the sample sites, produced using Arc GIS mapping software 
including all three areas of study from autumn data 2016. Total PAH concentrations 

are represented by dark circles, where the size of a circle is related to the total 
concentration value at a site. 
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Figure 5.11: Map of the sample sites, produced using Arc GIS mapping software 
including all three areas of study. Data are from autumn 2016  showing the 

concentrations of   naphthalene, acenaphthylene, phenanthrene, anthracene, 
fluorene, fluoranthene, pyrene and  acenaphthene which are represented by dark 

circles, where the size of a circle is related to the total concentration value at a site.
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Figure 5.12: Map of the sample sites, produced using Arc GIS mapping software 
including all three areas of study. Data are from autumn 2016  showing the 

concentrations of  benzo[a]anthracene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene, 
dibenzo[a,h]anthracene, benzo[k]fluoranthene, chrysene, benzo[b]fluoranthene and  
benzo[ghi]perylene which are represented by dark circles, where the size of a circle 

is related to the total concentration value at a site.
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Figure 5.13: Map of the sample sites, produced using Arc GIS mapping software 
including all three areas of study. Data  are from autumn 2016. Total PAH 

concentrations are represented by dark circles, where the size of a circle is related to 
the total concentration value at a site. 
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Figure 5.14: Map of the sample sites, produced using Arc GIS mapping software 
including all three areas of study. Data are from summer 2017 showing the 

concentrations of  (a) naphthalene, (b) fluorine, (c) acenaphthylene, (d) 
phenanthrene, (e) acenaphthene, (f) anthracene, (g) fluoranthene and  (h) pyrene 

which are represented by dark circles, where the size of a circle is related to the total 
concentration value at a site.
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Figure 5.15: Map of the sample sites, produced using Arc GIS mapping software 
including all three areas of study. Data are from summer 2017 showing the 

concentrations of  (a) benzo[a]anthracene, (b) benzo[k]fluoranthene, (c) chrysene, 
(d) benzo[a]pyrene, (e) benzo[b]fluoranthene, (f) indeno[1,2,3-cd]pyrene, (g) f 

dibenzo[a,h]anthracene and (h) of benzo[ghi]perylene (g) which are represented by 
dark circles, where the size of a circle is related to the total concentration value at a 

site. 
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 Bradford 
ng/g 

The area between Bradford and 
Leeds 
ng/g 

Leeds 
ng/g 

Min 
 
 

Max Average SD Min Max Average SD Min Max Average SD 

NA 2.7 8 4.91 1.21 3.1 7.3 4.53 1.22 2.7 13.2 3.61 1.69 

ACY 3.0 9.7 6.03 1.58 2.6 6 3.85 1.16 2.8 4.9 3.60 0.56 

ACE 1.6 6.9 3.71 1.39 3 6.6 4.26 1.14 3.4 6.9 4.90 1.27 

FL 1.6 8.8 4.06 1.85 2.7 7.9 4.52 1.67 3 8 5.34 1.57 

PH 3.5 10 4.83 1.34 4 7.8 5.625 1.35 5.2 47.4 10.71 6.69 

AN 2.7 6.6 3.57 0.79 3.6 9 5.64 1.84 3.7 10.1 5.99 1.69 

FLU 3.7 17.7 5.18 2.39 4.5 8.3 5.645 0.99 2.7 32.1 8.09 5.47 

PY 2.8 17.7 5.21 2.40 4.1 8.5 5.80 1.25 3.0 26.8 7.47 4.57 

BaA 3.8 19 5.58 2.43 5.3 8.7 6.58 1.02 5.2 19 7.30 2.66 

CH 3.6 8.9 6.12 1.45 4.6 7.8 6.13 0.74 3.9 18 7.19 2.82 

BbF 2.6 13.9 5.88 2.98 5.4 10.9 7.845 1.16 5.4 178.9 19.52 35.98 

BkF 0.6 9.7 3.34 2.02 0.5 2.0 0.98 0.41 3.4 58 8.58 11.05 

BaP 3.3 10 5.73 1.76 4.5 10.1 5.88 1.46 4.1 642 55.13 135.13 

IP 4.0 6.9 5.07 0.57 3.7 10.4 5.63 1.93 3.4 264.5 21.59 49.83 

DA 3.4 7.5 5.66 1.31 5.4 7.5 6.29 0.59 2.8 56.2 8.12 11.02 

BP 3.1 9.1 5.67 1.53 3.5 11.7 6.19 2.47 4.7 221 18.95 39.86 

total 59 122 77.93 12.47 69 107 85.40 9.46 84 1525 194.25 296.14 

 

Table 5.17: Statistical table showing minimum, maximum, average and standard 
deviation values for individual and total PAH concentrations from Bradford, the area 

between Bradford and Leeds, and Leeds in autumn 2016. 
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 Bradford 
ng/g 

The area between Bradford and 
Leeds 
ng/g 

Leeds 
ng/g 

Min Max Average SD Min  Max Average SD Min Max Average SD 

NA 5.7 13.6 7.67 1.91 4.2 10 6.19 1.46 3.7 19.6 6.78 2.69 

ACY 6.6 13.8 9.35 1.91 3.5 9.4 5.49 1.82 4.8 9.3 5.94 1.37 

ACE 3.8 9.9 5.83 1.22 4.7 9.4 6.39 1.28 6.1 14.1 8.19 1.87 

FL 3.7 9.9 6.27 1.56 3.7 10.8 6.72 2.25 5.2 14.1 8.30 2.49 

PH 5.4 14.2 8.44 2.57 5.2 11.7 7.87 1.85 6.2 60.9 13.65 8.43 

AN 3.3 8.8 5.30 1.43 4.4 12 8.285 2.70 6.5 14.2 8.88 1.80 

FLU 5.9 24.6 8.83 3.39 5.9 13.3 8.505 1.98 4.6 53.4 11.70 9.33 

PY 4.5 21.1 7.61 3.01 6.3 13.9 8.795 2.18 6.6 30.8 11.45 5.37 

BaA 4.0 24 8.14 3.54 6.8 11.2 8.495 1.48 7.1 27.5 10.22 4.09 

CH 4.9 14.4 8.63 2.28 6.4 11.2 8.745 1.30 5.6 26.1 10.24 3.75 

BbF 6.0 15.2 9.25 2.57 7.6 13.1 9.82 1.70 6.3 208 23.69 39.88 

BkF 2.8 10.5 5.45 1.86 2.9 5.3 3.66 0.72 5.4 63.5 11.94 12.35 

BaP 5.3 10.9 7.43 1.58 6.7 11.3 8.065 1.37 5.3 708.3 61.86 148.53 

IP 5.9 10.5 7.68 1.30 4.4 12.8 7.57 2.62 6.9 332.4 26.46 57.17 

DA 2.7 10.2 7.39 1.28 6.4 12.9 9.3 2.05 4.4 60.2 10.33 11.69 

BP 4.4 11 7.01 1.56 4.4 13 9.02 2.56 6.1 222.5 23.01 39.61 

total 100 180 120.25 13.56 99 143 123 11.61 119 1768 252.60 332.38 

 

Table 5.18: Statistical table showing minimum, maximum, average and standard 
deviation values for individual and total PAH concentrations from Bradford, the area 

between Bradford and Leeds, and Leeds in summer  2017. 

 

 

 

 

 

 



132 
 

From the data in Figures 5.10 to 5.15 and summarised statistically in Table 5.17 and 

Table 5.18 there was a range of variation in individual and total concentration data for 

both autumn and summer data. As noted from the individual maps above, most 

compounds show higher values in Leeds, but acenapthylene has higher values in 

Bradford in data from both autumn 2016 and summer 2017. According to Sicre el al. 

(1987) most of the naphthalene entering the environment is from the burning of woods 

and fossil fuels in the home. The concentration of 16 PAHs in data from summer 2017 

was greater than that for the 16 PAHs in autumn 2016. This will be explored further in 

Chapter 7. It may be noted that some compounds in the Leeds site in both autumn 

and summer have standard deviation values larger than their average, in some cases 

much larger; this indicates that these compounds in particular have pronounced 

variability in their results from one site to another. 
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PAH compound 

2016 data 
 

2017 data 

F-value  Probability Significance F-value Probability Significance 

NA 12.6 0.0001 ***  17.8 0.0001 ***  

ACY 20.8 0.0001 ***  15.9 0.0001 ***  

ACE 23.9 0.0001 ***  29.8 0.0001 ***  

FL 20.4 0.0001 ***  30.7 0.0001 ***  

PH 14.5 0.0001 ***  16.4 0.0001 ***  

AN 30.5 0.0001 ***  29.1 0.0001 ***  

FLU 18.6 0.0001 ***  20.8 0.0001 ***  

PY 35.2 0.0001 ***  43.8 0.0001 ***  

BaA 35.2 0.0001 ***  50.4 0.0001 ***  

CH 58.7 0.0001 ***  70.4 0.0001 ***  

BbF 2.56 0.01 *  7.5 0.001 **  

BkF 5.5 0.01 *  10.6 0.001 **  

BaP 1.8 0.01 *  3.2 0.01 *  

IP 7.6 0.001 **  15.4 0.0001 ***  

DA 5.5 0.01 *  9.8 0.001 **  

BP 40.3 0.0001 ***  10.2 0.001 **  

 

Table 5.19: Results from one-way Analysis of Variance calculations, testing for 
differences between the three study areas in both 2016 and 2017 data, for individual 
PAH compounds and for the combined total PAH concentrations. Number of degrees 
of freedom are (2, 97) in all cases. Key to symbols: ns indicates p>0.05, * indicates 

P<0.05, ** indicates P<0.01, *** indicates p<0.001. 
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A statistical comparison was made using Analysis of Variance of the differences 

between the three study areas (Bradford, Leeds, and the area between them) in order 

to assess whether these areas are significantly different in their PAH concentrations. 

The total concentration data for all PAHs combined, as well as the data for each 

individual compound separately, were analysed using one-way ANOVA with the 

individual sampled sites being the replicates within each study area, to determine 

whether data from the three areas are significantly different. Results are presented in 

Table 5.19. There  are  significantly different in indiviual  PAH concentrations in both 

data 2016 and 2017. 

 The result of this test (F = 2.72, df = 99, p = 0.07) for autumn 2016 data indicates that 

there is no significant difference between the three areas, although it did approach 

significance. Thus overall the PAH concentrations cannot be claimed to vary in the 

different areas, even though for specific sites there is notable variation as indicated in 

Figures 6.7-6.12; it is probably the large variability between individual results within a 

study area, as noted above, that lead to differences between means not being able to 

be shown to be statistically significant. However, the data from summer 2017 had a 

one-way ANOVA result (F = 4.65, df = 99, p = 0.01) that indicated a strongly significant 

difference between the three areas in the 2017 data.  

5.5. Identification of PAH sources  

 
Different methods have been used to determine the source of PAHs. The most 

common is based on the ratios of concentration of specific PAH compounds, as 

described and used in the literature (Zhang et al., 2004):  

 

AN/ (AN + PH) = anthracene/ (anthracene+phenanthrene) 

 

FLU/ (PY+FLU) =fluoranthene/ (pyrene + fluoranthene) 

 

BaA/228=benzo [a] anthracene/228 (molecular for benzo [a] anthracene) 

 

IP/(IP+BP)=indeno[1,2,3-cd]pyrene/(indeno[1,2,3-cd]pyrene+ benzo[ghi]perylene) 
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On the basis of these ratios, different authors have deduced the sources of the PAH 

compounds. Various terms are used in distinguishing between sources. A key 

distinction is between pyrogenic and petrogenic origins. Pyrogenic PAHs are produced 

by the incomplete combustion from organic matter (Chen et al., 2011) or are formed 

at relatively low temperatures. Incomplete combustion is generally due to poor mixing 

or the air and fuel, insufficient residence time, insufficient temperature and low total 

excess air (Caillat and Vakkilainen 2013). By contrast, petrogenic PAHs are formed 

from complete combustion of petroleum under conditions of low / no oxygen (Wevers 

et al., 2003; Bradley 2009). Petrogenic PAHs can be further split into those from 

petroleum combustion (the burning of liquids having a large saturated hydrocarbon 

content in motor vehicles; Zhang et al., 2004) and those from biomass combustion 

such as wood burning.  

 

Therefore, in this thesis the terms used to differentiate between these sources will be: 

petrogenic, pyrogenic, and as subsets of the latter term where it is possible to separate 

them, pyrogenic petroleum combustion and wood or other biomass burning. In the 

present study, petrogenic PAHs are likely to include sources such as crude oil and 

petroleum products such as kerosene, gasoline, diesel fuel, lubricating oil, and 

asphalt, while pyrogenic sources are likely to include, coal, petroleum, and wood. 

Different authors have used various terms, which will in this thesis be referred to in 

relation to these terms above. 

 
In general, the ratios of low to high molecular weight PAHs, namely anthracene 

compared to anthracene plus phenanthrene AN/(AN+PH) and fluoranthene compared 

to fluoranthene plus pyrene FLU/(PY+FLU) was generally used as a tool for 

discriminating the petroleum/combustion (pyrogenic sources) of PAHs (Sicre el al., 

1987; Budzinski et al., 1997; Zhang et al., 2004). Generally, the petroleum source 

(petrogenic petroleum product) contain relatively higher concentrations of 2-3 ring 

PAHs compounds (Tolosa et al., 1996), while a large proportion of high molecular 

weight parent PAHs is typical characteristic of a combustion origin (incomplete 

pyrogenic source) (Budzinski et al., 1997). A ratio of  AN/(PH + AN) lower than 0.1 

suggests a petrogenic source, while a ratio of these compounds greater than 0.1 

suggests a pyrogenic source (Dong et al., 2012; Budzinski et al., 1997; Chen et al., 
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2011). A ratio of FLU/(FLU+PY) lower than 0.4, suggests a petrogenic source, while a 

ratio of greater than 0.5 indicates a pyrogenic plus biomass origin. If the 

FLU/(FLU+PY) ratio is between 0.4 and 0.5 this indicates an origin from petroleum 

combustion (pyrogenic sources) (Chen et al., 2011; Dong et al., 2012).  A ratio of 

FLU/(FLU+PY) between 0.2 to 0.58 derives from vehicle emissions (petrogenic fuel 

burning) (Shi et al., 2009). A ratio of BaA/228 lower than 0.2 suggests a petroleum 

source (petrogenic petroleum product), while a ratio of benzo[a]anthracene to 228 

(BaA/228) between 0.2 to 0.35 indicates either petroleum /combustion (pyrogenic 

sources) as the source, whereas if the ratio of BaA/228 is greater than 0.35 this implies 

combustion (pyrogenic) only. However, this latter ratio is less reliable than the other 

because of low concentrations of BaA. 

 

5.5.1. Using PAH ratios to identify possible PAH sources in all sampled sites in 
2016 and 2017  

 
Initially the value of the AN/(AN+PH) ratio was used to identify the source of PAHs in 

2016 and 2017 samples. The samples all had values of this ratio in the range between 

0.2 to 0.5 (Table 5.21 and Figure 5.16) (Table 5.22 and Figure 5.18) (Table 5.23 and 

Figure 5.20) (Table 5.24 and Figure 5.22) (Table 5.25, Figures 5.24) (Table 5.26 and 

Figure 5.26) this suggests the dominance of pyrogenic and biomass sources in all 

samples from Bradford (Dong et al., 2012) 

In the current study, FLU/(PY FLU) ratios in most sample soils from Bradford in 2016 

ranged from 0.4 to 0.5, as did the ratios in most of the soil samples from the area 

between Bradford and Leeds in 2017 data which, according to Shi et al. (2009), fall 

into a range of the ratios (0.2 to 0.58) indicating petroleum combustion (pyrogenic) 

leading to emission from vehicle exhausts. However, Dong et al. (2012) state that a 

ratio of more than 0.5 implies pyrogenic and biomass origin, which was found in B1, 

B2, B9, B16, B21, B22, B27 in the 2016 data (see Figure 5.16 which combines the two 

ratios graphically); B1, B4, B7, B9, B10, B11, B14, B15, B16, B23, B25, B27, B29, 

B31, B34, B35, B38 in the 2017 data (see Figure 5.18); and BL4, BL10, BL11, and 

BL12 for 2017 data (see Figure 5.23) (Dong et al., 2012).  

FLU/(PY FLU) ratios in most soil samples  from Bradford in 2017 ranged from 0.4 to 

0.7 which fall into a range of the ratios (0.2 to 0.58) according to Shi et al. (2009) 
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indicating (pyrogenic) petroleum combustion by vehicles.  In data 2016 FLU/(FLU   PY) 

ratio was between 0.4 and 0.5 in all the samples from the area between Bradford and 

Leeds, and according to Shi et al. (2009) the ratios (0.2 to 0.58) indicate (pyrogenic 

sources) petroleum combustion by vehicle emissions (petrogenic fuel burning). 

However, Dong et al. (2012) state that for this ratio of more than 0.5 implies pyrogenic 

and biomass in soil sample BL4, BL10, BL11, and BL12 in data 2017. According to 

Shi et al. (2009) FLU/(PY FLU) ratios 0.2 to 0.58 implies vehicle emissions 

((petrogenic fuel burning)) in all the samples from Leeds in 2016 data. 

BA/228 ratios in all the 2016 and 2017 soil samples from Bradford, from the area 

between  Bradford and Leeds in data 2016 and 2017 (see Figure 5.20  and Figure 

5.23) which combines two ratios graphically) and Leeds in 2016  and 2017 data (see 

Figure 5.26) and (see Table 5.25) were more than 0.35, indicating that a contribution 

to PAHs was derived from combustion sources (pyrogenic sources), however, soil 

sample in 2016 B14 and soil samples 2017 data B8, B20 and B27 with a BA/228 ratio 

of 0.3 (between 0.2 to 0.35) suggested petroleum or combustion sources (pyrogenic) 

according to Yunker et al. (2002).  

IP/(IP+BP) ratios in most soil samples from Bradford in 2016 and 2017 were between 

0.2 to 0.5 indicating that mainly they were derived from liquid fossil fuels (pertrogenic 

fuel burning), but samples B16, B17, B18 (2016 data), B5, B7, B17, B22, B24, B27, 

B29, B30, B31, B33, B34, B37, B38 and B39 (2017) with this ratio being more than 

0.5, indicate primarily the PAHs originate from grass, wood, and coal combustion 

(pyrogenic sources) (Figure 5.17) (Figure 5.19) (Yunker et al., 2002).  Figure 5.21 

shows the values of IP/(IP+BP) ratio were 0.5 in BL1, BL6, BL9, BL10, BL15, BL19 

and BL19 that suggested liquid fossil fuel (pertrogenic fuel burning), but samples soil 

BL2, BL7, BL11, BL13, BL16 and BL20 with this ratio 0.6 ng/g being more than 0.5 

indicate grass, wood and coal combustion (pyrogenic)  in data 2016. IP/(IP+BP) ratios 

were between 0.2 to 0.5 indicating liquid fossil fuel (pertrogenic fuel burning) (see 

Figure 5.21)  2016 data. Figure 5.23 shows the values of IP/(IP+BP) ratio were 

between 0.2 to 0.5 in all the samples that suggested liquid fossil fuel (pertrogenic fuel 

burning) origins, but soil samples BL8, BL11, BL16 and BL20  with ratios of 0.6 ng/g, 

more than the 0.5 threshold, indicate grass, wood and coal combustion (pyrogenic 

sources) in 2017 data.   
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A ratio of IP (IP+BP) was between 0.2 to 0.5, primarily derived from liquid fossil fuel 

(pertrogenic fuel burning) in almost all the samples from Leeds in data 2016 and 2017, 

but this ratio in soil sample L6 was more than 0.5 suggesting grass, wood and coal 

combustion (pyrogenic  sources) also the ratios of IP (IP+BP) in soil sample L1 were 

less than 0.2 which implies petroleum sources (petrogenic) (see Figure 5.24 and 5.25) 

which combine the ratios graphically) in 2016, also but this ratio in L9, L10, L18, L19, 

L30, L32, L33, L35, L37 and L39 of greater than 0.5 suggests grass, wood, and coal 

combustion (pyrogenic), also in L1 a ratio of less than 0.2 implies petroleum sources 

(petrogenic) (see Figures 5.27) in data 2017.  Vehiclar emissions (pertrogenic fuel 

burning) are one of the principal anthropogenic sources of PAHs in addition to the 

incomplete combustion of the biomass (such as wood) and in complete combustion of 

fossil fuels (petroleum, coal) (pyrogenic) (Christense and Arora, 2007) 

The largest emissions of PAHs in the UK are from traffic, followed by wood burning 

and industry (Vu et al., 2010). For this reason, the three areas of study all show 

evidence of pyrogenic biomass and pyrogenic petroleum combustion sources. 

Table 5.20 summarizes suggested sources of PAHs in each site sample from 

Bradford, the area between Bradford and Leeds, and Leeds based on ratios suggested 

in the literature (2016 and 2017 data).  

To sum up the above, there are different sources of PAH pollution in the environment, 

however each author who has worked on this topic has used different combinations of 

ratios to try to determine the source. Further discussion of the use of PAH ratios as a 

tool for identifying sources is given in Chapter 9. 
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Table 5.20 Indications of the suggested source of PAHs in each site sample from Bradford, the area between Bradford and Leeds, 

and Leeds based on ratios suggested in the literature (2016 and 2017 data). 

 

Sample 
labels Leeds 

2017��

Sample labels 
Bradford/Leeds 

 2017��

Sample labels 
Bradford 2017��

Sample 
labels 

Leeds 2016��

Sample labels 
Bradford/Leeds

2016��

Sample 
labels 

Bradford 
2016��

Critical ratio 
threshold(s) 

Ratio of PAH 
compounds��

Author(s) Suggested 
Source��

All samples��All samples��All samples��All samples��All the samples�� All the 
samples��

> 0.1 AN/(AN+PH)��Dong et al. 
(2012) 

pyrogenic and 
biomass��

����most of the  
samples 

all the 
samples��

All the samples����0.2 to 0.58 FLU/(PY FLU)��Shi et al. (2009) vehicle 
emissions 

��������most of the 
sample ��

most of the 
sample��

0.4 to 0.5 ��Dong et al. 
(2012) 

Petroleum 
combustion 

��BL4, BL10, BL11, 
and BL12��

B1, B4, B7, B9, 
B10, B11, B14, 
B15, B16, B23, 
B25, B27, B29, 
B31, B34, B35, 

B38��

����B1, B2, B9, 
B16, B21, 
B22, B27��

> 0.5 ��Dong et al. 
(2012) 

pyrogenic and 
biomass 

All the 
samples��

All the samples��All the 
samples��

All the 
samples��

All the samples��All the 
samples��

> 0.35 BaA/228 Yunker et al. 
(2002) 

petroleum 
combustion 

  B8, B20 and 
B27 

  B14��0.2 to 0.35  Yunker et al. 
(2002) 

petroleum 

all the 
samples��

all the samples��most of the 
sample��

all the 
samples��

BL1, BL6, BL9, 
BL10, BL15, 

BL19 and BL19��

most of the 
sample��

0.2 to 0.5 IP/(IP+BP) Yunker et al. 
(2002) 

liquid fossil fuel 

L9, L10, L18, 
L19, L30, 
L32, L33, 

L35, L37 and 
L39��

BL8, BL11, BL16 
and BL20��������

B5, B7, B17, 
B22, B24, B27, 
B29, B30, B31, 
B33, B34, B37, 

B38 and B39��

L6��BL2, BL7, BL11, 
BL13, BL16 and 

BL20��

B16, B17, 
B18��

>0.5 ��Yunker et al. 
(2002) 

grass, wood and 
coal combustion 
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Sample name B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13  B14 B15 B16 B17 B18 B19 B20 

PAH Ratios                      

AN/(AN+PH) 0.55 0.42 0.49 0.56 0.56 0.46 0.47 0.45 0.43 0.42 0.43 0.47 0.56 0.42 0.47 0.36 0.41 0.24 0.31 0.56 

FLU/(PY+FLU) 0.66 0.68 0.44 0.69 0.43 0.42 0.49 0.42 0.66 0.54 0.67 0.56 0.42 0.55 0.52 0.65 0.41 0.59 0.42 0.56 

BaA/228 0.53 0.44 0.43 0.46 0.56 0.43 0.56 0.49 0.41 0.55 0.52 0.56 0.56 0.32 0.44 0.64 0.62 0.72 0.56 0.42 

IP/(IP+BP) 0.��1 0.44 0.44 0.42 0.42 0.43 0.41 0.45 0.43 0.55 0.56 0.45 0.55 0.48 0.49 0.44 0.43 0.51 0.33 0.41 

Sample name B 21 B 22 B 23 B 24 B 25 B 26 B 27 B 28 B 29 B 30 B 31 B 32 B 33 B 34 B 35 B 36 B 37 B 38 B 39 B 40 

PAH Ratios                                         

AN/(AN+PH) 0.55 0.58 0.54 0.51 0.59 0.43 0.43 0.57 0.44 0.58 0.57 0.58 0.55 0.44 0.57 0.57 0.59 0.44 0.59 0.57 
FLU/(PY+FLU) 0.67 0.65 0.53 0.52 0.54 0.53 0.67 0.59 0.51 0.59 0.59 0.59 0.59 0.59 0.51 0.54 0.44 0.66 0.57 0.53 

BaA/228 0.58 0.54 0.53 0.44 0.59 0.44 0.49 0.41 0.42 0.43 0.52 0.42 0.56 0.56 0.56 0.43 0.43 0.52 0.52 0.41 
IP/(IP+BP) 0.68 0.54 0.43 0.67 0.64 0.57 0.69 0.59 0.69 0.6 0.55 0.55 0.66 0.56 0.56 0.46 0.76 0.66 0.53 0.57 

 

Table 5.21: Calculated ratios of specified PAH compound for samples B1 to B40 from Bradford (2016 data). 
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Figure 5.16: Plots of PAH ratios: FLU/ (PY+FLU) versus AN/(PH+AN) in sample sites 
B1 to B40 from Bradford; not all points are separately visible because of 

superposition of multiple results (2016 data). 

 

  

Figure 5.17: Plots of: (a) PAH ratios (BaA/228) versus FLU/ (PY+FLU), and (b) (IP/ 
(IP+BP)) versus FLU/ (PY+FLU) in sample sites B1 to B40 from Bradford; not all 

points are separately visible because of superposition of multiple results (2016 data). 
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Table 5.22: Calculated ratios of specified PAH compound for samples B1 to B40 from Bradford (2017 data). 

 

 

 

 

 

 

 

Sample name B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13  B14 B15 B16 B17 B18 B19 B20 

PAH Ratios                      
AN/(AN+PH) 0.41 0.46 0.38 0.59 0.58 0.36 0.55 0.49 0.65 0.31 0.52 0.22 0.38 0.41 0.47 0.37 0.33 0.24 0.47 0.45 

FLU/(PY+FLU) 0.65 0.55 0.56 0.69 0.45 0.57 0.65 0.58 0.62 0.68 0.77 0.55 0.51 0.68 0.77 0.66 0.58 0.54 0.54 0.44 
BaA/228 0.69 0.44 0.6 0.48 0.67 0.49 0.51 0.34 0.42 0.58 0.53 0.44 0.56 0.47 0.58 0.54 0.52 0.79 0.59 0.32 

IP/(IP+BP) 0.51 0.52 0.53 0.58 0.66 0.51 0.65 0.51 0.51 0.51 0.56 0.56 0.56 0.40 0.58 0.42 0.65 0.48 0.58 0.52 
Sample name B 21 B 22 B 23 B 24 B 25 B 26 B 27 B 28 B 29 B 30 B 31 B 32 B 33 B 34 B 35 B 36 B 37 B 38 B 39 B 40 

PAH Ratios                      
AN/(AN+PH) 0.33 0.44 0.56 0.49 0.42 0.45 0.47 0.40 0.39 0.56 0.39 0.40 0.42 0.43 0.55 0.43 0.43 0.42 0.43 0.58 

FLU/(PY+FLU) 0.43 0.57 0.64 0.41 0.76 0.57 0.69 0.54 0.67 0.54 0.64 0.55 0.54 0.63 0.62 0.41 0.50 0.67 0.57 0.50 
BaA/228 0.55 0.58 0.68 0.46 0.65 0.44 0.34 0.44 0.55 0.53 0.69 0.44 0.52 0.56 0.59 0.59 0.56 0.59 0.59 0.45 

IP/(IP+BP) 0.42 0.69 0.54 0.66 0.53 0.51 0.62 0.51 0.67 0.61 0.65 0.57 0.61 0.61 0.54 0.42 0.65 0.75 0.60 0.51 
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Figure 5.18: Plots of PAH ratios: FLU/ (PY+FLU) versus AN/(PH + AN) in sample 
sites B1 to B40 from Bradford; not all points are separately visible because of 

superposition of multiple results (2017 data). 

  

Figure 5.19: Plots of (a) PAH ratios (BaA/228) versus FLU/ (PY+FLU), and (b) (IP/ 
(IP+BP)) versus FLU/ (PY+FLU) in sample sites B1 to B40 from Bradford; not all 

points are separately visible because of superposition of multiple results (2017 data). 
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Table 5.23: Calculated ratios of specified PAH compound for samples BL1 to B20 from the area between Bradford and Leeds 
(2016 data). 

 

 

 

 

 

 

 

 

 

 

Sample name BL1 BL 2 BL 3 BL 4 BL5 BL6 BL7 BL8 BL9 BL10 BL11 BL12 BL13 BL14 BL15 BL16 BL17 BL18 BL 19 BL 20 

PAH Ratios                      
AN/(AN+PH) 0.53 0.53 0.61 0.48 0.46 0.57 0.44 0.65 0.69 0.53 0.51 0.53 0.50 0.47 0.44 0.55 0.55 0.56 0.57 0.68 

FLU/(PY+FLU) 0.57 0.51 0.42 0.68 0.43 0.43 0.55 0.59 0.50 0.65 0.69 0.66 0.58 0.53 0.59 0.41 0.54 0.51 0.50 0.41 
BaA/228 0.76 0.50 0.57 0.53 0.59 0.59 0.54 0.51 0.51 0.53 0.66 0.53 0.51 0.58 0.53 0.57 0.58 0.53 0.53 0.43 

IP/(IP+BP) 0.53 0.69 0.45 0.46 0.38 0.58 0.69 0.41 0.57 0.53 0.66 0.44 0.65 0.39 0.54 0.69 0.43 0.55 0.53 0.68 
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Figure 5.20: Plots of PAH ratios FLU/ (PY+FLU) versus AN/(PH+AN) in sample sites 
BL1 to BL20 from the area between Bradford and Leeds; not all points are 
separately visible because of superposition of multiple results (2016 data). 

 

  

Figure 5.21: Plots of: (a) PAH ratios (BaA/228) versus FLU/(PY+FLU), and (b) (IP/ 
(IP+BP)) versus FLU/ (PY+FLU) in sample sites BL1 to BL20 from the area between 
Bradford and Leeds; not all points are separately visible because of superposition of 

multiple results (2016 data). 
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Table 5.24: Calculated ratios of specified PAH compound for samples BL1 to BL20 from Bradford and Leeds (2017 data). 

 

 

 

 

 

 

 

 

 

 

 

 

Sample name BL1 BL 2 BL 3 BL 4 BL5 BL 6 BL 7 BL 8 BL 9 BL10 BL11 BL 12 BL 13 BL 14 BL 15 BL 16 BL17 BL18 BL 19 BL 20 

PAH Ratios                      
AN/(AN+PH) 0.54 0.54 0.69 0.55 0.44 0.59 0.58 0.60 0.64 0.52 0.42 0.55 0.58 0.33 0.56 0.51 0.41 0.69 0.57 0.67 

FLU/(PY+FLU) 0.53 0.59 0.51 0.67 0.56 0.41 0.42 0.56 0.51 0.76 0.64 0.50 0.57 0.41 0.50 0.45 0.52 0.52 0.53 0.48 
BaA/228 0.69 0.66 0.53 0.45 0.54 0.56 0.52 0.58 0.50 0.56 0.53 0.59 0.44 0.55 0.59 0.51 0.55 0.55 0.51 0.41 

IP/(IP+BP) 0.33 0.52 0.46 0.49 0.46 0.43 0.41 0.66 0.42 0.33 0.76 0.54 0.59 0.32 0.56 0.75 0.46 0.47 0.49 0.62 
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Figure 5.22: Plots of PAH ratios FLU/(PY+FLU) versus AN/(PH+AN) in sample sites 
BL1 to BL20 from the area between Bradford and Leeds; not all points are 
separately visible because of superposition of multiple results (2017 data). 

 

  

Figure 5.23: Plots of: (a) PAH ratios (BaA/228) versus FLU/ (PY+FLU), and (b) (IP/ 
(IP+BP)) versus FLU/(PY+FLU) in sample sites BL1 to BL20 from the area between 
Bradford and Leeds; not all points are separately visible because of superposition of 

multiple results (2017 data). 
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Table 5.25: Calculated ratios of specified PAH compound for samples L1 to L40 from Leeds (2016 data).

Sample name L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13 L14 L15 L16 L17 L18 L19 L20 

PAH Ratios                      
AN/(AN+PH) 0.44 0.42 0.42 0.42 0.43 0.20 0.37 0.25 0.31 0.37 0.58 0.46 0.34 0.56 0.56 0.58 0.46 0.20 0.46 0.57 

FLU/(PY+FLU) 0.57 0.50 0.54 0.54 0.67 0.65 0.69 0.54 0.66 0.69 0.58 0.68 0.68 0.43 0.56 0.55 0.68 0.53 0.58 0.43 
BaA/228 0.57 0.49 0.57 0.58 0.56 0.43 0.44 0.51 0.58 0.45 0.43 0.44 0.41 0.42 0.56 0.41 0.49 0.51 0.56 0.57 

IP/(IP+BP) 0.59 0.43 0.42 0.55 0.52 0.54 0.54 0.54 0.65 0.55 0.43 0.53 0.54 0.49 0.41 0.49 0.53 0.54 0.53 0.48 

Sample name L21 L22 L23 L24 L25 L26 L27 L28 L29 L30 L31 L32 L33 L34 L35 L36 L37 L38 L39 L40 

PAH Ratios                      
AN/(AN+PH) 0.45 0.45 0.31 0.31 0.48 0.40 0.43 0.56 0.42 0.42 0.42 0.49 0.59 0.48 0.48 0.47 0.34 0.47 0.48 0.33 

FLU/(PY+FLU) 0.62 0.67 0.66 0.58 0.48 0.66 0.55 0.53 0.66 0.49 0.58 0.58 0.57 0.59 0.59 0.58 0.50 0.58 0.57 0.58 
BaA/228 0.75 0.65 0.60 0.61 0.69 0.69 0.63 0.78 0.63 0.63 0.69 0.71 0.63 0.64 0.66 0.69 0.63 0.65 0.66 0.62 

IP/(IP+BP) 0.58 0.41 0.49 0.41 0.41 0.43 0.42 0.43 0.40 0.44 0.59 0.58 0.44 0.40 0.25 0.41 0.42 0.40 0.25 0.12 
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Figure 5.24 Plots of PAH ratios FLU/(PY+FLU) versus AN/(PH+AN) in sample sites 
L1 to L40 from Leeds; not all points are separately visible because of superposition 

of multiple results (2016 data). 

 

  

 

Figure 5.25: Plots of: (a) PAH ratios (BaA/228) versus FLU/(PY+FLU), and (b) (IP/ 
(IP+BP)) versus FLU/(PY+FLU) in sample sites L1 to L40 from Leeds; not all points 

are separately visible because of superposition of multiple results (2016 data). 
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Sample name L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13 L14 L15 L16 L17 L18 L19 L20 

PAH Ratios                      
AN/(AN+PH) 0.43 0.56 0.56 0.57 0.57 0.38 0.42 0.29 0.41 0.30 0.51 0.41 0.35 0.56 0.47 0.52 0.43 0.33 0.51 0.51 

FLU/(PY+FLU) 0.41 0.41 0.35 0.57 0.44 0.57 0.52 0.63 0.52 0.50 0.45 0.67 0.65 0.34 0.43 0.41 0.56 0.69 0.44 0.48 
BaA/228 0.43 0.56 0.51 0.53 0.41 0.42 0.50 0.51 0.44 0.49 0.41 0.45 0.49 0.33 0.58 0.49 0.45 0.53 0.49 0.62 

IP/(IP+BP) 0.50 0.49 0.39 0.41 0.53 0.52 0.59 0.55 0.64 0.68 0.49 0.54 0.52 0.42 0.41 0.41 0.53 0.69 0.65 0.46 

Sample name L21 L22 L23 L24 L25 L26 L27 L28 L29 L30 L31 L32 L33 L34 L35 L36 L37 L38 L39 L40 

PAH Ratios                      
AN/(AN+PH) 0.58 0.45 0.47 0.33 0.40 0.57 0.45 0.54 0.45 0.49 0.48 0.43 0.57 0.42 0.44 0.42 0.48 0.45 0.41 0.41 

FLU/(PY+FLU) 0.44 0.44 0.67 0.42 0.50 0.66 0.50 0.52 0.67 0.49 0.55 0.59 0.59 0.55 0.59 0.52 0.51 0.51 0.51 0.56 
BaA/228 0.78 0.54 0.41 0.76 0.63 0.69 0.62 0.51 0.69 0.66 0.66 0.68 0.51 0.55 0.69 0.66 0.58 0.40 0.50 0.54 

IP/(IP+BP) 0.53 0.51 0.58 0.54 0.53 0.45 0.52 0.45 0.32 0.69 0.49 0.69 0.63 0.46 0.75 0.51 0.66 0.32 0.67 0.43 

 

Table 5.26 Calculated ratios of specified PAH compound for samples L1 to L40 from Leeds (2017 data). 

 

 

 

 

 

 

 



151 
 

 

Figure 5.26: Plots of: PAH ratios FLU/(PY+FLU) versus AN/(PH+AN) in sample sites 
L1 to L40 from Leeds; not all points are separately visible because of superposition 

of multiple results (2017 data). 

  

Figure 5.27: Plots of: (a) PAH ratios (BaA/228) versus FLU/(PY+FLU), and (b) (IP/ 
(IP+BP)) versus FLU/(PY+FLU) in sample sites L1 to L40 from Leeds; not all points 

are separately visible because of superposition of multiple results (2017 data). 
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As noted in Chapter 2, different authors have given somewhat different ratio values as 

indicating different PAH sources. The data given in this chapter, from 2016 and 2017, 

a summary of the various ratios, and authors on which they are based, is given in 

Tables 5. 27 to 5.32 .  

For the ranges of PAHs in samples from Bradford the sources were pyrogenic and 

biomass (Dong et al., 2012) and petroleum combustion (Yunker et al., 2002) in the 

data from 2017. In the data from 2016, the sources were pyrogenic and biomass (Dong 

et al., 2012), petroleum combustion and liquid fossil fuel (Yunker et al., 2002). In the 

area between Bradford and Leeds the sources were inferred as being pyrogenic and 

biomass (Dong et al., 2012) and petroleum combustion (Yunker et al., 2002) in 2016 

data; the sources were pyrogenic and biomass (Dong et al., 2012), petroleum 

combustion and grass, wood and coal combustion (Yunker et al., 2002) for the 2017 

data. In Leeds the sources were pyrogenic and biomass (Dong et al., 2012), and 

Petroleum combustion grass, wood and coal. 
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Table 5.27: Indications of the suggested source of PAHs in the sample from Bradford, based on ratios suggested in the literature 
(2016 data). 

Indicated Source Author(s) Number of sites 
with this range 

Critical ratio 
threshold(s) 

Observed range in samples the 
area between Bradford and Leeds 

Ratio of PAH 
compounds 

pyrogenic and biomass Dong et al. (2012) ����  > 0.1 0.36 to 0.64 AN/(AN+PH) 

vehicle emissions Shi et al. (2009) ����  0.2 to 0.58 0.41 to 0.59 FLU/(PY+FLU) 

petroleum combustion Dong et al. (2012) �� 0.4 to 0.5   

pyrogenic and biomass Dong et al. (2012) ����  > 0.5   

petroleum combustion Yunker et al. (2002) ����  > 0.35 0.43 to 0.65 BaA/228 
petroleum or combustion Yunker et al. (2002) �� 0.2 to 0.5 0.27 to 0.64 IP/(IP+BP) 

grass, wood and coal 
combustion 

Yunker et al. (2002) �� >0.5   

Table 5.28: Indications of the suggested source of PAHs in the sample from Bradford, the area between Bradford nad Leeds based 
on ratios suggested in the literature (2016 data). 

Indicated Source Author(s) Number of sites 
with this range 

Critical ratio 
threshold(s) 

Observed range in samples from 
Bradford 

Ratio of PAH 
compounds 

pyrogenic and biomass Dong et al. (2012) ����  > 0.1 0.24 to 0.51 AN/(AN+PH) 

vehicle emissions Shi et al. (2009) ����  0.2 to 0.58 0.39 to 0.6 FLU/(PY+FLU) 

Petroleum combustion Dong et al. (2012) ����  0.4 to 0.5   

pyrogenic and biomass Dong et al. (2012) ����  > 0.5   

petroleum combustion Yunker et al. (2002) ����  > 0.35 0.31 to 0.72 BaA/228 

liquid fossil fuel Yunker et al. (2002) �� 0.2 to 0.5 0.33 to 0.66 IP/(IP+BP) 
grass, wood and coal 

combustion 
Yunker et al. (2002) ����  >0.5   
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Table 5.29  :Indications of the suggested source of PAHs in the sample from Leeds based on ratios suggested in the literature 
(2016 data). 

 

 

 

 

 

 

 

 

 

 

Indicated Source Author(s) Number of sites 
with this range 

Critical ratio 
threshold(s) 

Observed range in samples 
from Leeds  

Ratio of PAH 
compounds 

pyrogenic and biomass Dong et al. (2012) ����  > 0.1 0.15 to 0.49 AN/(AN+PH) 

vehicle emissions Shi et al. (2009) ����  0.2 to 0.58 0.38 to 0.62 FLU/(PY+FLU) 

Petroleum combustion Dong et al. (2012) �� 0.4 to 0.5   

pyrogenic and biomass Dong et al. (2012) ����  > 0.5   

petroleum combustion Yunker et al. (2002) ����  > 0.35 0.39 to 0.65 BaA/228 

petroleum  Yunker et al. (2002) �� <0.2 0.15 to 0.55 IP/(IP+BP) 

liquid fossil fuel Yunker et al. (2002) ����  0.2 to 0.5   

grass, wood and coal 
combustion 

Yunker et al. (2002) ����  >0.5   
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Indicated Source Author(s) Number of sites 
with this range 

Critical ratio 
threshold(s) 

Observed range in samples from 
Bradford 

Ratio of PAH 
compounds 

pyrogenic and biomass Dong et al. (2012) ����  > 0.1 0.2 to 0.55 AN/(AN+PH) 

vehicle emissions Shi et al. (2009) ����  0.2 to 0.58 0.4 to 0.67 FLU/(PY+FLU) 

Petroleum combustion Dong et al. (2012) �� 0.4 to 0.5   

pyrogenic and biomass Dong et al. (2012) ����  > 0.5   

petroleum combustion Yunker et al. (2002) ����  > 0.35 0.32 to 0.77 BaA/228 

liquid fossil fuel Yunker et al. (2002) �� 0.2 to 0.5 0.39 to 0.65 IP/(IP+BP) 
grass, wood and coal 

combustion 
Yunker et al. (2002) ����  >0.5   

 

Table 5. 30: Indications of the suggested source of PAHs in the sample from Bradford, based on ratios suggested in the literature 
(2017 data). 
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Table 5. 31: Indications of the suggested source of PAHs in the sample from the area between Bradford and Leeds based on ratios 
suggested in the literature (2017 data) 

 

 

 

 

 

 

 

 

 

Indicated Source Author(s) Number of sites 
with this range 

Critical ratio 
threshold(s) 

Observed range in samples the 
area between Bradford and Leeds 

Ratio of PAH 
compounds 

pyrogenic and biomass Dong et al. (2012) 20 > 0.1 0.2 to 0.55 AN/(AN+PH) 
vehicle emissions Shi et al. (2009) 14 0.2 to 0.58 0.4 to 0.67 FLU/(PY+FLU) 

Petroleum combustion Dong et al. (2012) 4 0.4 to 0.5   
pyrogenic and biomass Dong et al. (2012) 16 > 0.5   

petroleum combustion Yunker et al. (2002) 20 > 0.35 0.32 to 0.77 BaA/228 

liquid fossil fuel Yunker et al. (2002) 11 0.2 to 0.5 0.39 to 0.65 IP/(IP+BP) 
grass, wood and coal 

combustion 
Yunker et al. (2002) 8 >0.5   

grass, wood and coal 
combustion 

Yunker et al. (2002) ����  >0.5   
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Indicated Source Author(s) Number of sites 
with this range 

Critical ratio 
threshold(s) 

Observed range in samples from 
Leeds  

Ratio of PAH 
compounds 

pyrogenic and biomass Dong et al. (2012) ����  > 0.1 0.18 to 0.52 AN/(AN+PH) 

vehicle emissions Shi et al. (2009) ����  0.2 to 0.58 0.34 to 0.63 FLU/(PY+FLU) 

Petroleum combustion Dong et al. (2012) ����  0.4 to 0.5   

pyrogenic and biomass Dong et al. (2012) ����  > 0.5   

Petroleum combustion Yunker et al. (2002) ����  > 0.35 0.33 to 0.67 BaA/228 

liquid fossil fuel Yunker et al. (2002) 15 0.2 to 0.5 0.28 to 0.66 IP/(IP+BP) 
grass, wood and coal 

combustion 
Yunker et al. (2002) ����  >0.5   

Table 5. 32: Indications of the suggested source of PAHs in the sample from Leeds based on ratios suggested in the literature 
(2017 data). 
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Figure 5.28: Bar chart showing the total concentration of PAHs containing 2&3 rings, 
4 rings and 5&6 rings in samples from Bradford (2016 data). 

 

Previous studies, by Jiao et al. (2009) in China and by Banger et al. (2010) from all 

depths of their soil profiles in Florida, have indicated that high molecular weight 

compounds tend to give rise to the highest recorded concentrations. However, 

according to Figure 5.28, the distribution of PAH concentrations in the Bradford data 

from 2016 does not entirely follow this pattern. Higher molecular weight (HMW) PAHs 

had high concentrations in all but two of the samples (38 sites), the exceptions being 

B16 where the low molecular weight (LMW) compounds had a concentration higher 

than the HMW PAHs, and site B18 where the medium molecular weight (MMW) 

compounds had concentrations higher than HMW as well. These present results are 

therefore mostly consistent with the previous studies, though not always. 
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Figure 5.29: Bar chart showing the total concentration of PAHs containing 2&3 rings, 
4 rings and 5&6 rings in samples from Bradford (2017 data). 

As can be seen in  Figure 5.29, the distribution of PAH concentrations according to 

the number of rings in Bradford for the 2017 sample period also showed higher 

molecular weight (HMW) PAHs predominating in twenty-five of the forty samples, the 

exceptions being sites B2, B6, B10, B12, B13, B16, B21, B22, B23, B27, B29, B31, 

B33 and B35  where low molecular weight (LMW) compounds had a concentration 

higher than HMW and MMW, while in site B18  medium molecular weight (MMW) 

compounds had concentrations higher than (HMW) and (LMW). Thus the 2017 data 

deviate more commonly from the previously reported pattern of a preponderance of 

HMW compounds. 
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Figure 5.30: Bar chart showing the total concentration of PAHs containing 2&3 rings, 
4 rings and 5&6 rings in samples from the area between Bradford and Leeds (2016 

data). 

 

High molecular weight (HMW) PAHs containing 6-rings predominated in all twenty 

samples from the area between Bradford and Leeds in the 2016 data (figure 5.30). 

 

 

Figure 5.31: Bar chart showing the total concentration of PAHs containing 2&3 rings, 
4 rings and 5&6 rings in samples from the area between Bradford and Leeds (2017 

data). 
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In the 2017 data sites BL10, BL11, BL15 and BL18 had low molecular weight (LMW) 

compounds with concentrations higher than (HMW) and (MMW), and site BL19 had 

medium molecular weight compounds with concentrations higher than (HMW) and 

(LMW) (Figure 5.31). 

 

 

Figure 5.32: Bar chart showing the total concentration of PAHs containing 2&3 rings, 
4 rings and 5&6 rings in samples from Leeds (2016 data). 

 

As Figure 5.32 shows, the sites from Leeds in 2017 from sample L1 to L20 had high 

molecular weight compounds with a higher concentration than low and medium 

molecular weight compounds, while sites L21 to L40 had low molecular weight 

compounds with higher concentrations.   
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Figure 5.33: Bar chart showing the total concentration of PAHs containing 2&3 rings, 
4 rings and 5&6 rings in samples from Leeds (2016 data). 

 

As can be seen in Figure 5.33, thirty samples from Leeds had a higher concentration 

of high molecular weight compounds than low or medium molecular weight, while low 

molecular weight compounds had a higher concentration than medium and high 

molecular weight in sites L22, L24, L26, L30, L31, L32, L34, L36, and L37. However, 

in site L21 medium molecular weight PAHs had a higher concentration than low 

molecular weight and high molecular weight ones. 

5.6. Conclu sions  
 

Sixteen PAH compounds were analysed in 100 soil samples taken from Bradford, 

Leeds and the area between them to establish a baseline for concentration values in 

these areas.  

The results showed high concentrations of total PAHs in Leeds, while Bradford has 

some moderate pollution of PAHs, with values in samples between Bradford and 

Leeds being similar to the level of concentration from Bradford. There  are  significantly 

different in indiviual  PAH concentrations in both data 2016 and 2017. The sources of 

PAH in samples from Bradford and also from Leeds were believed to originate 

primarily from organic combustion, especially liquid fossil fuels, while the area between 
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Bradford and Leeds was mainly affected by pyrogenic sources (such as wood-burning 

fires).  

Having described the observed variation in PAH concentration from one sample 

period, a second sampling period from the following summer enabled the variation to 

be determined from a different set of samples, taken from the same locations about 

six months later, which allowed comparison to determine whether the observed 

patterns were found consistently at different times. In the results obtained from 

summer 2017 the results showed high concentrations of total PAHs in Leeds, while 

moderate contamination was predominant in the three study areas in most of the data 

with even lower values in samples between Bradford and Leeds. The main source of 

contamination in Bradford and the area between Bradford and Leeds was the 

pyrogenic, biomass and petroleum combustion sources, but there appears another 

source of pollution in the city of Leeds that was a petroleum source  

Previous studies, by Jiao et al. (2009) in China and by Banger et al. (2010) from all 

depths of their soil profiles in Florida, have indicated that high molecular weight 

compounds tend to give rise to the highest recorded concentrations. However, 

according to Figure 5.28, the distribution of PAH concentrations in the Bradford data 

from 2016 does not entirely follow this pattern. The 2017 data deviate more commonly 

from the previously reported pattern of a preponderance of HMW compounds. 

Detailed consideration of how these results from summer 2017 differ from the earlier 

sample period in autumn 2016 will be undertaken in chapter 7. Further discussion of 

the use of PAH ratios to indicate sources is given in Chapter 9. 
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Chapter 6: Repeatability Study  
 

Since the majority of work described in this thesis involves comparison of PAH 

concentrations spatially and temporarily, it was considered desirable to assess the 

natural variation of PAHs distribution at a small scale. In this way, the level of 

homogeneity or natural variability in soil samples within a small area could be 

compared with large-scale variation and used as an estimate of repeatability. 

In order to compare the natural variability of PAH distributions at a small scale, five 

different sub-samples were taken around a 1 X 1 m square at selected locations. 

Sub-samples a, b, d and c were from the four corners of the square, whilst sub-

�V�D�P�S�O�H���µ�H�¶���Z�D�V���I�U�R�P���W�K�H���F�H�Q�W�U�H�����)�L�J�X�U�H�����������E�H�O�R�Z���� 

Six site locations were selected for testing the homogeneity of the PAH 

measurements, from each of which the five sub-samples were taken as described 

above. These six locations were chosen as they represent sites with the highest and 

lowest total PAH concentrations (determined from the results of samples described in 

Chapter 5) from each of the three areas of this study (Bradford, the area between 

Bradford-Leeds, and Leeds). The general sampling and methods were the same as 

described in Chapter 4. 

 

Figure 6.1: Schematic diagram showing the relative locations of the 5 sub-samples 
from each 1 X 1 m grid sampled. 
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6.1. Results and discussion  

 

6.1.1. Repeatability of total PAH concentration values within the sub -samples in 
highest and lowest PAH concentration sites in Bradford, area between Bradford 
/ Leeds and Leeds  
  
The total concentration of the 16 PAHs from the small-scale Repeatability Study are 

given in this section, starting with those from the locations selected as of high 

concentration (one per study area) from the initial survey and then those from the 

areas of low total PAH concentration. The total concentration values are shown in 

Figures 6.2 to 6.4 for the areas with high PAH concentration and Figures 6.5 to 6.7 for 

the areas with low concentration respectively.  

Sample location Site concentration Sub-sample Total concentration  

Bradford High a 120 
  b 125 
  c 124 
  d 112 
  e 120 

Bradford - Leeds High a 122 
  b 98 
  c 101 
  d 98 
  e 98 

Leeds High a 116 
  b 118 
  c 117 
  d 149 
  e 109 

 

Table 6.1: Total concentration values (ng/g) of the16 PAHs in the sub-samples from 
selected sites of highest concentration from Bradford, the area between Bradford 

and Leeds and Leeds. Sub-samples a, b, d and c were from the four corners of the 
square, whilst sub-�V�D�P�S�O�H���µ�H�¶���Z�D�V���I�U�R�P���W�K�H���F�H�Q�W�U�H. 

 

Table 6.1 shows that the lowest concentration of the 16 PAHs observed in this 

Repeatability Study (samples BL high sub-samples b, d and e) was the value of 98 

ng/g, which according to Dong (2012) is described as low pollution. All the samples 

other values shown in Table 6.1 had concentration which would be categorized as 

moderate pollution. 
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Bradford 
Mean ng/g ��20 
Range ng/g 120-125 

Standard deviation SD �� 
Relative standard deviation RSD (%) �� 

Standard Error SE 4 
Shapiro-Wilk test probability 0.384 ns 

Grubbs' test statistic ( G)  0.519 ns 
The area between Bradford and Leeds 
Mean ng/g 103 

Standard deviation SD 11 
Range ng/g 98-122 

Relative standard deviation RSD (%) 10 
Standard Error SE 5 

Shapiro-Wilk test probability 0.002 ** 
Grubbs' test statistic ( G)  0.490 ns 

Leeds 
Mean ng/g 122 
Range ng/g 109-149 

Standard deviation SD 15 
Relative standard deviation RSD (%) 13 

Standard Error SE 7 
Shapiro-Wilk test probability 0.031 * 

Grubbs' test statistic ( G)  0.815 ns 

 

Table 6.2: Statistical analysis table for total concentration of the16 PAHs from the 
high concentration repeatability sites from Bradford, the area between Bradford and 
Leeds and Leeds (see text for further details of the tests). Standard deviation and 

Standard Error values are derived from the variation between the five sub-samples 
for each sampled site separately. 

 

As seen in Table 6.2 the Shapiro-Wilk statistical test gave a probability of 0.384; this 

method tests for non-normally distributed data, so the fact that the probability is >0.05 

indicates that this data set from the sub-samples is normally distributed in the Bradford 

site. However, in the sites from the area between Bradford and Leeds, and in Leeds 

the Shapiro-Wilk test indicated that the data from these sub-samples were not 

normally distributed. Grubbs' test was used to determine if there were any outliers in 

the data, but with statistic values of 0.519, 0.490 and 0.815  which, when compared 

with the critical value, give a probability of p> 0.05, the null hypothesis that there are 

no outliers may be accepted in Bradford, the area between Bradford and Leeds, and 
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Leeds (high concentration sites). Hence there is no suggestion that any data values 

should be excluded from later analysis. 

 

Sample location Site concentration Sub-sample Total concentration 

Bradford Low a 97 
  b 90 
  c 93 
  d 82 
  e 82 

Bradford - Leeds Low a 80 
  b 80 
  c 81 
  d 88 
  e 81 

Leeds Low a 91 
  b 92 
  c 92 
  d 91 
  e 92 

 

Table 6.3: Total concentration values (ng/g) of the16 PAHs in the sub-samples from 
selected sites of highest concentration from Bradford, the area between Bradford 

and Leeds, and Leeds. Sub-samples a, b, d and c were from the four corners of the 
square, whilst sub-sample �µ�H�¶���Z�D�V���I�U�R�P���W�K�H���F�H�Q�W�U�H. 

 

The total PAH concentration values from low-concentration sites (Table 6.3) showed 

values ranged between 80 and 97 ng/g, all of which would be diagnosed as low by 

Dong (2012). 
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Bradford 
Mean ng/g ����  
Range ng/g 82-97 

Standard deviation SD �� 
Relative standard deviation RSD (%) �� 

Standard Error SE 3 
Shapiro-Wilk  test probability  0.364 ns 

Grubbs' test statistic ( G)  1.004 ns 
The area between Bradford and Leeds 
Mean ng/g 82 
Range ng/g 80-88 

Standard deviation SD 3 
Relative standard deviation RSD (%) 4 

Standard Error SE 1.3 
Shapiro-Wilk test probability 0.005 ** 

Grubbs' test statistic (G)  0.479 ns 
Leeds 

Mean ng/g 91 
Range ng/g 91-92 

Standard deviation SD 0.455 
Relative standard deviation RSD (%) 0.498 

Standard Error SE 0.2 
Shapiro-Wilk  test probability 0.006 ** 

Grubbs' test statistic ( G)  1.453 ns 

 

Table 6.4: Statistical analysis table for total concentration of the16 PAHs from the 
low concentration repeatability sites from Bradford, the area between Bradford and 
Leeds and Leeds (see text for further details of the tests). Standard deviation and 

Standard Error values are derived from the variation between the five sub-samples 
for each sampled site separately. 

 

The Shapiro-Wilk test indicated that these samples also were normally distributed in 

Bradford. However, the Shapiro-Wilk test gave a probability of 0.005 and 0.006 in the 

area between Bradford and Leeds, and Leeds respectively; the fact that the probability 

was < 0.05 indicates that these data sets are not normally distributed. Although the 

Grubbs' test value was relatively larger in two of the three sites  (at a maximum of 

1.453 for the Leeds site) it was still below the critical threshold value for significance 

(hence p>0.05) and so there is no significant outlier in the data from any of the three 

sites.  
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When the Standard error term is calculated for a site, based on the variability between 

the five sub-samples, it is possible to compare the values in each sub-sample with the 

others relative to this SE value. From the data in Figures 6.2 to 6.7, in most of the 

sample sites doubling the length of the Standard Error bar (to approximate the 95% 

confidence interval) indicates the total PAH results from at least some of the five sub-

samples exceed this interval. This indicates that there is at least some significant 

variation between the total concentrations of the 16 PAHs even over the short 

distances involved in this small scale Repeatability Study. This variability is more 

pronounced in some sites than others; in contrast to the other sites, the Leeds low-

concentration site showed overlap between all individual sub-sample results and 

therefore did not indicate any significant differences.  

 

 

Figure 6.2: Bar chart showing of the total concentration of the16 PAHs from the 
Bradford sites selected with highest concentration. Samples a, b, c and d were from 
the four �F�R�U�Q�H�U�V���R�I���W�K�H�V�T�X�D�U�H�����Z�K�L�O�V�W���V�D�P�S�O�H���µ�H�¶���Z�D�V���I�U�R�P���W�K�H���F�H�Q�W�U�H�� Errorbar shows 
1 Standard Error,  calculated from the aggregated variation of the five sub-samples 

in the site.    
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Figure 6.3: Bar chart showing of the total concentration of the16 PAHs from the 
Bradford sites selected with lowest  concentration. Sub-samples a, b, c and d were 
from the four corners of the square, whilst sub-�V�D�P�S�O�H���µ�H�¶���Z�D�V���I�U�R�P���W�K�H���F�H�Q�W�U�H�� Error 

bar shows 1 Standard Error,  calculated from the aggregated variation of the five 
sub-samples in the site.    

 

 

Figure 6.4: Bar chart showing of the total concentration of the16 PAHs from the area 
between Bradford and Leeds sites selected with highest  concentration. Sub-

samples a, b, c and d were from the four corners of the square, whilst sub-�V�D�P�S�O�H���µ�H�¶��
was from the centre. Error bar shows 1 Standard Error,  calculated from the 

aggregated variation of the five sub-samples in the site.    
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Figure 6.5: Bar chart showing of the total concentration of the 16 PAHs from the area 
between Bradford and Leeds sites selected with lowest  concentration. Sub-samples 

a, b, c and d were from the four corners of the square, whilst sub-�V�D�P�S�O�H���µ�H�¶���Z�D�V��
from the centre. Error bar shows 1 Standard Error  calculated from the aggregated 

variation of the five sub-samples in the site. 

 

 

Figure 6.6: Bar chart showing of the total concentration of 16 PAHs from the Leeds 
sites selected with highest concentration. Sub-samples a, b, c and d were from the 

four corners of the square, whilst sub-�V�D�P�S�O�H���µ�H�¶���Z�D�V���I�U�R�P���W�K�H���F�H�Q�W�U�H. Error bar 
shows 1 Standard Error  calculated from the aggregated variation of the five sub-

samples in the site. 
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Figure 6.7: Bar chart showing of the total concentration of the16 PAHs from the 
Leeds sites selected with lowest  concentration. Sub-samples a, b, c and d were 

from the four corners of the square, whilst sub-�V�D�P�S�O�H���µ�H�¶���Z�D�V���I�U�R�P���W�K�H���F�H�Q�W�U�H�����(�U�U�R�U��
bar shows 1 Standard Error  calculated from the aggregated variation of the five sub-

samples in the site. 

 

6.1.2. Concentration of 16 ind ividual PAH compounds in soil samples taken 
from small -scale analysis from Bradford.  

 
The soils collected for this Repeatability Study were also analysed for individual PAH 

compounds separately. The individual PAH compounds which showed a relative 

standard deviation (%RSD) greater than 10% were indicated in bold in the data tables, 

10% being an arbitrary threshold chosen to highlight that the compound has a 

comparatively high amount of variability. 

The values for the Bradford high concentration site sub-samples are shown in Table 

6.5. There are considerable differences between sub-sample points of the square in 

the concentrations of half the PAHs (Table 6.5 in bold).   

For each of the PAH compounds individually a Grubbs' test was carried out to check 

for outliers. With the exception of acenaphthylene (G=1.77 > 1.715 G critical) which 

therefore shows the most extreme value was an outlier, all the other PAHs were less 

than the critical value(G critical =1.715). This means there were no other outliers within 

these compounds. In addition a test for normality (Shapiro-Wilk) was used. Table 6.5 

shows the probability for this test is generally greater than 0.05 which means the 

majority of PAH concentrations are normally distributed, but not ACY, FL, PH and IP. 
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Table 6.6 presents the concentrations of the 16 PAHs in the five individual sub-

samples from the low concentration site in Bradford. There is significant variation in 

the concentrations of some of the PAHs in the sub-samples for this location as shown 

by a relative standard deviation (RSD) greater than 10% (Table 6.6 in bold). Table 6.6 

also shows the Grubbs' test (G values) which are less than the critical value and 

therefore there is no outlier for any compound.  Moreover (Shapiro-Wilk) probability 

values in all but one of the PAH compounds are greater than 0.05 in and therefore are 

normally distributed, with the exception of anthracene (AN) which is statistically 

significantly different from a normal distribution. 
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Table 6.5: Concentration of the 16 PAHs from soil sub-samples from the Bradford site with overall high concentration, showing 
standard deviation (SD), standard error (SE) and relative standard deviation (RSD), also Grubbs' and Shapiro-Wilk statistics.. PAH 

compounds with a RSD >10% are highlighted in bold, as are significant Grubbs and Shapiro-Wilk results. 

 

 

 

 

compound 
Abbreviated 

name a b c d e 
Mean 
ng/g SD 

 
 
 

SE 
RSD 
(%) 

Grubbs' 
test( G) 
statistic 

Shapiro-
Wilk 
test 

probability 

naphthalene NA 9.81 9.58 10.11 9.97 9.72 9.84 0.21 0.093 2% 1.254 0.963 
acenaphthylene ACY 4.28 4.35 4.34 4.34 4.34 4.33 0.03 0.012 1% 1.772 0.005 
acenaphthene ACE 6.05 6.04 6.06 6.14 5.99 6.05 0.06 0.024 1% 1.244 0.611 

fluorene FL 7.67 3.64 7.12 3.75 3.60 5.16 2.06 0.919 40% 0.759 0.027 
phenanthrene PH 4.91 7.25 5.02 4.99 5.01 5.44 1.01 0.453 19% 0.520 0.001 

anthracene AN 8.55 6.70 7.31 4.87 4.86 6.46 1.60 0.715 25% 0.997 0.431 
fluoranthene FLU 5.50 6.24 5.38 4.90 4.88 5.38 0.55 0.247 10% 0.901 0.362 

Pyrene PY 6.98 9.09 8.74 8.51 7.10 8.08 0.98 0.436 12% 1.129 0.190 
benzo[a]anthracene BaA 5.59 5.44 5.66 5.11 4.97 5.35 0.30 0.134 6% 1.271 0.451 

Chrysene CH 8.64 8.64 8.40 6.42 5.58 7.54 1.44 0.643 19% 1.362 0.081 
benzo[b]fluoranthene BbF 10.13 10.78 10.33 7.98 8.57 9.56 1.21 0.542 13% 1.302 0.348 
benzo[k]fluoranthene BkF 8.58 8.21 7.28 6.97 7.22 7.65 0.70 0.314 9% 0.972 0.279 

benzo[a]pyrene BaP 9.46 9.73 9.08 8.59 7.34 8.84 0.94 0.422 1% 1.592 0.480 
indeno[1,2,3-cd]pyrene IP 5.12 10.28 10.04 10.04 4.93 8.08 2.79 1.241 35% 1.128 0.016 
dibenzo[a,h]anthracene DA 6.78 7.14 7.09 7.08 6.46 6.91 0.29 0.129 4% 1.551 0.144 

benzo[ghi]perylene BP 12.27 12.12 12.29 12.31 12.16 12.23 0.09 0.038 1% 1.320 0.263 
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Table 6.6: Concentration of the 16 PAHs from soil sub-samples from the Bradford site with overall low concentration, showing 
standard deviation (SD), standard error (SE) and relative standard deviation (RSD). also Grubbs' and Shapiro-Wilk statistics . PAH 

compounds with a RSD >10% are highlighted in bold, as are significant Grubbs and Shapiro-Wilk results. 

 

 

compound 
Abbreviated 

name a b c d e 
Mean 
ng/g SD 

 
 
 

SE 
RSD 
(%) 

Grubbs' 
test( G) 
statistic 

Shapiro-
Wilk 
test 

probability 

naphthalene NA 5.00 5.23 5.40 5.23 5.22 5.22 0.14 0.063 3% 1.509 0.354 
acenaphthylene ACY 3.17 3.15 3.19 3.15 3.28 3.19 0.05 0.023 2% 0.698 0.067 
acenaphthene ACE 4.04 4.07 4.08 4.04 4.12 4.07 0.03 0.014 1% 1.006 0.394 

fluorene FL 3.66 3.86 3.70 3.84 3.93 3.80 0.11 0.050 3% 1.196 0.531 
phenanthrene PH 6.44 3.71 4.81 3.45 3.45 4.37 1.28 0.573 29% 0.717 0.100 

anthracene AN 6.67 4.86 6.61 4.82 4.82 5.56 0.99 0.442 18% 0.747 0.011 
fluoranthene FLU 6.72 5.30 6.22 4.92 4.77 5.59 0.85 0.379 15% 0.958 0.410 

pyrene PY 8.53 8.78 8.16 5.80 5.77 7.41 1.50 0.670 20% 1.091 0.064 
benzo[a]anthracene BaA 5.49 5.13 5.28 4.75 4.73 5.07 0.33 0.149 7% 1.038 0.449 

chrysene CH 7.17 7.15 6.43 5.061 5.05 6.17 1.06 0.475 17% 1.059 0.100 
benzo[b]fluoranthene BbF 4.96 4.63 5.13 3.95 4.01 4.54 0.54 0.240 12% 1.092 0.330 
benzo[k]fluoranthene BkF 6.38 6.37 6.39 6.04 6.12 6.26 0.17 0.074 3% 1.328 0.059 

benzo[a]pyrene BaP 5.37 5.18 5.33 5.19 5.34 5.28 0.09 0.040 2% 1.147 0.112 
indeno[1,2,3-cd]pyrene IP 7.23 6.97 7.18 6.75 6.61 6.95 0.27 0.120 4% 1.249 0.571 
dibenzo[a,h]anthracene DA 6.00 5.71 5.47 6.46 6.45 6.02 0.44 0.197 7% 1.248 0.411 

benzo[ghi]perylene BP 9.80 9.51 9.76 8.97 8.76 9.36 0.47 0.211 5% 1.273 0.290 
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6.1.3. Concentration of 16 individual PAH compounds in soil samples taken 
from small -scal e analysis from the area between Bradford and Leeds.  
 

The high concentration site from the area between Bradford and Leeds showed (Table 

6.7) that all but three of the individual compounds had variation in their values 

exceeding 10% RSD, with chrysene reaching 52% RSD. The Grubbs' test showed 

only chrysene (G=1.73> 1.715 G critical) had at least one value which  could be 

considered an outlier. Similarly, the Shapiro-Wilk test showed all the results were 

normally distributed except for dibenzo[a,h]anthracene and benzo[ghi]peryleneAs can 

be seen in Table 6.8 for the low-concentration site between Bradford and Leeds the 

majority of the compounds have relative standard deviation (RSD) values greater than 

10%, which means concentrations of these compounds have variability between the 

sub-sample points of the square. None of the compounds were found to contain an 

outlier by the Grubbs' test. From the result of Shapiro-Wilk in Table 6.8 the majority of 

the data are normally distributed, but not ACE, BaA, CH and IP.  
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Table 6.7: Concentration of the 16 PAHs from soil sub-samples  from  the areas between Bradford and Leeds site with overall high 

concentration, showing  standard deviation (SD), standard error (SE) and relative standard deviation (RSD). also Grubbs' and 

Shapiro-Wilk statistics. PAH compounds with a RSD >10% are highlighted in bold, as are significant Grubbs and Shapiro-Wilk  results.

compound 
Abbreviated 

name a b c d e 
Mean 
ng/g SD 

 
 
 

SE 
RSD 
(%) 

Grubbs' 
test( G) 
statistic 

Shapiro-
Wilk 
test 

probability 

naphthalene NA 6.73 4.90 4.86 4.81 8.26 5.91 1.54 0.690 26% 0.715 0.068 
acenaphthylene ACY 7.28 7.02 7.16 6.45 6.35 6.85 0.43 0.190 6% 1.182 0.250 
acenaphthene ACE 5.15 4.17 4.76 4.58 4.61 4.65 0.35 0.157 8% 1.371 0.859 

fluorene FL 8.15 7.67 8.00 7.59 7.87 7.86 0.23 0.102 3% 1.155 0.806 
phenanthrene PH 4.84 6.22 3.11 5.90 3.01 4.62 1.51 0.675 33% 1.065 0.243 

anthracene AN 11.77 8.76 11.12 6.62 6.67 8.99 2.41 1.079 27% 0.979 0.256 
fluoranthene FLU 6.27 4.05 5.00 6.95 8.60 6.17 1.76 0.786 28% 1.209 0.964 

pyrene PY 5.35 7.29 5.98 6.27 4.33 5.84 1.10 0.491 19% 1.380 0.989 
benzo[a]anthracene BaA 6.84 8.69 5.14 5.27 5.27 6.24 1.54 0.687 25% 0.716 0.071 

chrysene CH 9.43 0.62 8.52 7.40 7.30 6.66 3.48 1.558 52% 1.732 0.054 
benzo[b]fluoranthene BbF 4.82 6.18 5.17 4.43 4.39 5.00 0.73 0.328 15% 0.827 0.269 
benzo[k]fluoranthene BkF 9.35 6.39 4.58 7.39 7.37 7.01 1.73 0.775 25% 1.405 0.855 

benzo[a]pyrene BaP 6.64 4.96 6.43 5.44 5.41 5.78 0.72 0.323 13% 1.134 0.357 
indeno[1,2,3-cd]pyrene IP 9.49 7.53 7.41 5.37 5.53 7.07 1.69 0.756 24% 1.003 0.447 
dibenzo[a,h]anthracene DA 10.31 6.59 6.64 6.63 6.60 7.35 1.65 0.739 22% 0.462 0.001 

benzo[ghi]perylene BP 9.57 6.72 6.90 6.54 6.51 7.25 1.31 0.584 18% 0.566 0.003 
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Table 6.8: Concentration of the 16 PAHs from soil sub-samples from the areas between Bradford and Leeds site with overall low 

concentration, showing  standard deviation (SD), standard error (SE) and relative standard deviation (RSD). also Grubbs' and 

Shapiro-Wilk statistics. PAH compounds with a RSD >10% are highlighted in bold, as are significant Grubbs and Shapiro-Wilk 

results. 

 

compound 
Abbreviated 

name a b c d e 
Mean 
ng/g SD 

 
 
 

SE 
RSD 
(%) 

Grubbs' 
test( G) 
statistic 

Shapiro-
Wilk 
test 

probability 

naphthalene NA 3.69 4.26 4.37 3.23 3.64 3.84 0.47 0.210 12% 1.288 0.550 
acenaphthylene ACY 4.39 4.28 4.39 4.46 4.37 4.38 0.1 0.029 2% 1.555 0.588 
acenaphthene ACE 3.13 3.11 3.51 3.48 3.12 3.27 0.20 0.091 6% 0.791 0.021 

fluorene FL 4.51 3.69 3.73 4.82 4.50 4.25 0.51 0.227 12% 1.104 0.192 
phenanthrene PH 2.27 2.38 3.03 4.54 2.21 2.89 0.98 0.439 34% 0.689 0.055 

anthracene AN 4.92 4.99 5.11 5.63 4.85 5.10 0.31 0.139 6% 0.804 0.118 
fluoranthene FLU 4.65 5.03 4.31 5.87 5.10 4.99 0.58 0.261 12% 1.166 0.811 

pyrene PY 4.18 4.42 4.83 6.04 4.32 4.76 0.76 0.338 16% 0.764 0.093 
benzo[a]anthracene BaA 5.13 5.14 5.13 5.16 5.13 5.14 0.01 0.005 0.2% 0.808 0.021 

chrysene CH 7.44 7.46 8.77 8.71 7.49 7.98 0.70 0.313 9% 0.760 0.015 
benzo[b]fluoranthene BbF 3.59 4.12 3.96 4.78 3.67 4.03 0.47 0.211 12% 0.912 0.413 
benzo[k]fluoranthene BkF 6.67 7.90 6.72 7.15 6.66 7.02 0.53 0.238 8% 0.682 0.055 

benzo[a]pyrene BaP 5.92 6.03 6.02 6.29 5.92 6.04 0.15 0.068 3% 0.779 0.096 
indeno[1,2,3-cd]pyrene IP 8.06 5.29 5.20 5.56 8.10 6.44 1.50 0.671 23% 0.825 0.028 
dibenzo[a,h]anthracene DA 6.75 6.81 6.81 6.90 6.75 6.80 0.06 0.027 1% 0.934 0.236 

benzo[ghi]perylene BP 4.98 4.99 4.98 5.10 4.77 4.96 0.12 0.053 2% 1.621 0.221 
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6.1.4. Concentration of 16 individual PAH compounds in soil samples taken 
from small -scale analysis from Leed s 

 
The high concentration site from Leeds showed (Table 6.9) that the majority of the 

individual compounds had variation in their values exceeding 10% RSD, with 

benzo[b]fluoranthene reaching 38% RSD. The Grubbs' test showed only 

acenaphthylene (G=1.745 > 1.715 G critical) could be considered  to contain an outlier. 

Similarly, the Shapiro-Wilk test showed most of the results were normally distributed 

except for acenaphthylene, fluoranthene, pyrene, benzo[a]anthracene, chrysene, 

benzo[k]fluoranthene and benzo[a]pyrene.  

In Table 6.10 for the low-concentration site (Leeds) the majority of the compounds 

have relative standard deviation (RSD) values less than 10%, this means 

concentrations of these compounds do not vary substantially  between the sub-sample 

points of the square . The majority of the compounds were found not to contain an 

outlier by the Grubbs' test except for acenaphthene, pyrene and 

andbenzo[a]anthracene. From the result of Shapiro-Wilk in Table 6.10 the majority of 

the data are normally distributed, but not ACY, ACE, PY, BaA and CH.  
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Table 6.9: Concentration of the16 PAHs from soil sub-samples from the Leeds sites with overall high concentration, showing  
standard deviation (SD), standard error (SE) and relative standard deviation (RSD). also Grubbs' and Shapiro-Wilk statistics. PAH 

compounds with a RSD >10% are highlighted in bold, as are significant Grubbs and Shapiro-Wilk results. 

 

 

compound 
Abbreviated 

name a b c d e 
Mean 
ng/g SD 

 
 

SE RSD 
(%) 

Grubbs' 
test( G) 
statistic 

Shapiro-
Wilk 
test 

probability 

naphthalene NA 4.30 3.85 4.37 4.31 3.78 4.12 0.28 0.125 7% 1.223 0.070 
acenaphthylene ACY 5.29 4.18 5.22 5.36 5.07 5.02 0.48 0.215 10% 1.745 0.029 
acenaphthene ACE 7.30 7.12 7.15 6.73 7.15 7.09 0.21 0.094 3% 1.690 0.117 

fluorene FL 9.29 9.16 9.25 9.43 9.51 9.33 0.14 0.063 2% 1.197 0.817 
phenanthrene PH 6.34 5.30 5.89 8.98 5.18 6.34 1.55 0.693 24% 0.748 0.086 

anthracene AN 8.29 7.90 8.17 7.23 7.76 7.87 0.41 0.184 5% 1.539 0.645 
fluoranthene FLU 7.34 7.64 7.42 11.44 6.96 8.16 1.85 0.827 23% 0.649 0.006 

pyrene PY 6.29 6.55 6.35 9.84 5.88 6.98 1.61 0.722 23% 0.683 0.008 
benzo[a]anthracene BaA 9.80 9.79 9.79 9.94 9.76 9.82 0.07 0.031 1% 0.768 0.024 

chrysene CH 6.08 5.99 5.73 10.29 5.10 6.64 2.08 0.930 31% 0.740 0.017 
benzo[b]fluoranthene BbF 7.96 7.28 6.86 13.82 5.76 8.33 3.17 1.416 38% 0.813 0.064 
benzo[k]fluoranthene BkF 7.36 7.23 7.16 11.11 6.96 7.96 1.76 0.788 22% 0.571 0.002 

benzo[a]pyrene BaP 6.01 7.12 6.99 10.92 6.58 7.53 1.95 0.871 26% 0.778 0.036 
indeno[1,2,3-cd]pyrene IP 10.51 12.71 11.14 14.48 8.73 11.51 2.19 0.978 19% 1.272 0.982 
dibenzo[a,h]anthracene DA 7.46 7.14 7.12 8.44 6.97 7.43 0.59 0.265 8% 0.766 0.072 

benzo[ghi]perylene BP 6.68 8.74 8.47 6.51 8.05 7.69 1.03 0.461 13% 1.144 0.234 
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Table 6.10: Concentration of the16 PAHs from  soil sub-samples from the Leeds site with overall low concentration, showing  

standard deviation (SD), standard error (SE) and relative standard deviation (RSD). also Grubbs' and Shapiro-Wilk statistics. PAH 

compounds with a RSD >10% are highlighted in bold, as are significant Grubbs and Shapiro-Wilk results.

compound 
Abbreviated 

name a b c d e 
Mean 
ng/g SD 

 
 
 

SE 
RSD 
(%) 

Grubbs' 
test( G) 
statistic 

Shapiro-
Wilk 
test 

probability 

naphthalene NA 3.91 3.93 3.92 3.96 3.89 3.92 0.03 0.011 1��  1.233 0.955 
acenaphthylene ACY 4.36 4.32 4.36 4.36 4.32 4.35 0.02 0.009 0.5��  1.095 0.006 
acenaphthene ACE 4.95 4.92 4.96 4.56 4.94 4.87 0.17 0.077 4��  1.782 0.002 

fluorene FL 3.85 3.88 3.86 3.89 3.85 3.87 0.02 0.008 0.5��  0.914 0.254 
phenanthrene PH 3.61 4.10 3.71 3.88 3.64 3.79 0.20 0.090 5��  0.873 0.353 

anthracene AN 5.68 5.63 5.70 5.75 5.70 5.69 0.04 0.019 1��  1.445 0.783 
fluoranthene FLU 5.00 4.57 5.03 5.20 5.07 4.97 0.24 0.106 5��  1.690 0.151 

pyrene PY 5.97 5.42 5.98 6.11 6.02 5.90 0.27 0.122 5��  1.754 0.023 
benzo[a]anthracene BaA 6.73 7.25 7.28 7.30 7.37 7.18 0.26 0.115 4��  1.762 0.014 

chrysene CH 8.14 8.68 8.14 8.14 8.19 8.26 0.24 0.105 3��  0.503 0.001 
benzo[b]fluoranthene BbF 3.72 4.26 3.69 3.74 3.95 3.87 0.24 0.107 6��  0.744 0.115 
benzo[k]fluoranthene BkF 6.41 6.48 6.41 6.39 6.42 6.42 0.04 0.015 1��  0.965 0.133 

benzo[a]pyrene BaP 8.11 8.28 8.11 8.04 8.11 8.13 0.09 0.040 1��  1.013 0.081 
indeno[1,2,3-cd]pyrene IP 7.08 7.24 7.07 6.90 7.07 7.07 0.12 0.053 2��  1.444 0.417 
dibenzo[a,h]anthracene DA 6.52 6.56 6.52 6.49 6.53 6.52 0.02 0.011 0.4% 1.424 0.740 

benzo[ghi]perylene BP 6.80 6.44 6.77 6.60 6.76 6.67 0.15 0.067 2��  1.548 0.186 
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6.2. Discussion and Conclusions  
 

Values in Tables 6.5 to 6.10 were highlighted on the basis of having a fairly high value 

for the Relative Standard Deviation (taken as those >10% for convenience). The 

maximum such value noted (for chrysene in Table 6.7) was of 52%, indicating that this 

compound varied by about half of its average value. However, the majority of 

compounds overall showed much smaller variability, for example in Table 6.10 no 

compound varied by more than 6% of its average value. 

It is clear from the total PAH concentration results that some of the individual sub-

samples appeared to exceed the 95% confidence interval (1.96 x SE), which therefore 

shows that there is at least sometimes a lack of repeatability of results from samples 

from immediately adjacent locations. The total PAH concentrations from Bradford, the 

area between Bradford and Leeds, and Leeds show there is the potential for variability 

in small scale 1 m squares. This variability could relate to soil properties such as 

amount of organic matter and mineralogy, or it could relate to PAH source and 

behaviour. Soil is the primary reservoir and sink for environmental pollutants including 

PAHs (Wang et al., 2010). Because of their persistence and hydrophobicity, PAHs can 

strongly adsorb to soil organic matter and are then retained in the soil for a long time. 

Therefore, soil has been proved to be a perfect material for investigating PAH pollution 

and its environmental behaviour (Wild and Jones 1995). According to Yu et al. (2006) 

the strong adsorption by soil organic matter would inhibit their degradation, leaching, 

and volatilization losses of PAHs, resulting in their accumulation in top soils (Gocht et 

al., 2007). Background amounts of PAHs from diffuse sources for example traffic or 

fires are present in all soils (VROM, 2007). 

Soil chemical and biochemical properties may vary strongly from small scale to large 

scale (Jenerette and Wu 2004), and .spatial heterogeneity of soil chemical and 

biochemical properties can change (for example it is reduced after degradation of 

natural peatlands (Brooks et al., 2005; Gallardo 2003).  

The small-scale variation in PAH concentrations observed in this chapter makes 

interpretation of the larger-scale variation reported on in Chapte 5 more difficult 
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because some of that variation may be a function of exactly where the sample was 

taken and (by chance) may be somewhat higher or lower. 

This variability over a small scale (1 m square) is highlighted further by considering 

the concentration of the individual PAH compounds. Some compounds are 

consistently uniform between sub-samples while others are not. Nor is this variability 

confined to the areas of high PAH concentration, as might have been expected. For 

example, the low-concentration site in Leeds showed less variability than did the low-

concentration sites from the other two sampling areas, even though Leeds overall has 

higher concentrations of the PAHs (see Chapter 5). It is possible that having greater 

variability at lower concentrations could be because of non-uniform availability of 

binding sites on soil particles not all of which are taken up at low PAH concentrations 

but which all become saturated at higher concentrations. 

The reason for such small-scale variability may be surmised to be due to the detailed 

interaction of different compounds with the mineralogy or organic matter content of the 

soils, which itself can vary over such small scales.  

The level of PAH variability found in this chapter needs to be taken into account, 

particularly in Chapter 7 when comparing samples from the same locations on different 

occasions, but where a difference of even 1 m in the location from which the sample 

is taken could lead to different observed values of the sort reported here. A method to 

address this problem will be developed in Chapter 7. 
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Chapter 7: A comparison of PAH concentration from the 
same sites collected in different seasons   
 

This chapter explores what the patterns of variability in the PAH data are and assesses 

whether any such variability is seasonal or whether they are cumulative changes. This 

will be considered in relation to the inherent small-scale variation observed in Chapter 

5. 

Initially, the values of 16 PAHs sampled from the same sites in two different seasons 

will be compared to determine if there is a difference in concentrations, and therefore 

whether there is evidence of a seasonal effect. 

7.1. Comparing the total concentration of the 16 PAHs in different seasons in 
Bradford, the area between Bradford and Leeds, and Leeds.  
 

Figure 7.1, Figure 7.2 and  Figure 7.3 below show the data for total concentration 

values of all 16 PAHs combined for sites sampled in autumn 2016 (black) and also the 

same sites sampled in summer 2017 (gray). It is apparent visually that the values for 

summer samples generally are greater than their autumn counterparts. Based on a 

paired t-test comparing 2016 data with their corresponding 2017 data from the same 

sites (t = 36.42, p < 0.001, df =39), (t = 22.40, p < 0.001, df =19) and (t = 9.72, p < 

0.001, df = 39)  for the three areas respectively there are very highly significant 

differences between the two seasons of data, with more PAHs being present in the 

summer. 

The reason the results in Figure 7.3 appear similar but are shown by t-test to be 

significantly different is because the extremely high values from two locations cause 

the other results to be reduced in scale and the differences are not so visible. 

When the data from Figure 7,3 are redrawn (Figure 7.4)  without the two outlier sites, 

there is strong evidence of difference found between summer and autumn (t = 22.51, 

p < 0.001, df = 38).  This result is very highly significant, and confirms the conclusion 

drawn previously but which had been somewhat masked by outlier results. 
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Figure 7. 1 : (A) Bar chart comparing the total concentration of all 16 PAHs in 
September 2016 (black) and June 2017(gray) from repeat sampling at the same 

locations from Bradford (using data values  from Tables 5.5 and 5.6). (B) underlay 
diagram shows the spatial arrangement of the labelled sites to facilitate cross-

referencing with previous data tables. (C) Graph showing Error bars representing 
shows 1 Standard Error. 
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Figure 7. 2 : (A) Bar chart comparing the total concentration of 16 PAHs in 
September 2016 (black) and June 2017(gray) from repeat sampling at the same 

locations  from the area between Bradford and Leeds (using data values  from Table 
5.7 and 5.8 ). (B)  underlay diagram shows the spatial arrangement of the labelled 

sites to facilitate cross-referencing with previous data tables. C) Graph showing Error 
bars representing shows 1 Standard Error. 
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Figure 7. 3 : (A) Bar chart comparing the total concentration of 16 PAHs in 
September 2016 (black) and June 2017(gray) from repeat sampling at the same 

locations  from Leeds (using data values  from Table 5.13 and 5.14). (B)  underlay 
diagram shows the spatial arrangement of the labelled sites to facilitate cross-

referencing with previous data tables. (C) Graph showing Error bars representing 
shows 1 Standard Error. 
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Figure 7. 4: Bar chart comparing the total concentration of 16 PAHs in September 
2016 (black) and June 2017(gray) from repeat sampling at the same location  from 

Leeds (using data values  from Table 6.13 and 5.14) without outlier  points. 

 

7.2. Comparing individual PAH concentration in different seasons in Bradford, 
the ar ea between Bradford and Leeds, and Leeds  
 

Similar graphical representations to those in section 7.1 of the comparison between 

the two seasons, but for each PAH compound individually, are shown in Figures 7.5 

and 7.6 for the samples from Bradford, Figures 7.7 and 7.8 for the samples from the 

area between Bradford and Leeds, and Figures 7.9, Figure and 7.10 for samples from 

Leeds. For Eeach compound an analysis was then analysed carried out by a paired t-

test, for each of the three areas separately, to compare the autumn 2016 data with the 

summer 2017 data values, with the results given in Tables 7.1, 7.2 and 7.3. There is 

highly significant variation difference in PAH concentrations in all cases There is highly 

significant variation difference in PAH concentrations in all cases Based on a paired t-

test comparing 2016 data with their corresponding 2017 data from the same sites 

combining all the data. For the three areas combining there are very highly significant 

differences between the two seasons of individual PAH data ( see Table 7.4). 
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Figure T-test Probability  (p) Significance 
Figure 7.5 (a) 10.79 < 0.001 ***  
Figure 7.5 (b) 12.35 < 0.001 ***  
Figure 7.5 (c) 9.66 < 0.001 ***  
Figure 7.5 (d) 8.58 < 0.001 ***  
Figure 7.5 (e) 10.23 < 0.001 ***  
Figure 7.5(f) 9.32 < 0.001 ***  
Figure 7.5 (g) 11.58 < 0.001 ***  
Figure 7.5 (h) 8.27 < 0.001 ***  
Figure 7.6 (a) 7.76 < 0.001 ***  
Figure 7.6 (b) 11.58 < 0.001 ***  
Figure 7.6(c) 10.57 < 0.001 ***  
Figure 7.6 (d) 9.86 < 0.001 ***  
Figure 7.6 (e) 8.86 < 0.001 ***  
Figure 7.6(f) 12.06 < 0.001 ***  
Figure 7.6 (g) 9.50 < 0.001 ***  
Figure 7.6 (h) 8.98 < 0.001 ***  

 

Table 7.1: Results of the comparison by paired t-test with 39 df of the difference in 
individual PAH concentrations between two seasons for samples from Bradford. 

(Key: *** very highly significant, p< 0.001). 
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Figure 7.5: Bar chart showing  the concentration of  (a) naphthalene, (b) fluorine, (c) 
acenaphthylene, (d) phenanthrene, (e) acenaphthene, (f) anthracene, (g) 

fluoranthene and  (h) pyrene in September 2016 (black) and June 2017(gray) from 
repeat sampling at the same location  from Bradford (using data values from Table 

5.1, 5.2, 5.3 and 5.4).  

Note: the concentration scale change between each box. 
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Figure 7.6: Bar chart showing  the concentration of  (a) benzo[a]anthracene, (b) 
benzo[k]fluoranthene, (c) chrysene, (d) benzo[a]pyrene, (e) benzo[b]fluoranthene, (f) 
indeno[1,2,3-cd]pyrene, (g) f dibenzo[a,h]anthracene and  (h) of benzo[ghi]perylene 
in September 2016 (black) and June 2017(gray) from repeat sampling at the same 

locations  from  Bradford (using data values from Table 5.1, 5.2, 5.3 and 5.4). 

Note: the concentration scale change between each box.  
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Figure T-test Probability  (p) Significance 
Figure 7.7 (a) 9.99 < 0.001 ***  
Figure 7.7 (b) 6.92 < 0.001 ***  
Figure 7.7 (c) 10.120 < 0.001 ***  
Figure 7.7 (d) 9.16 < 0.001 ***  
Figure 7.7 (e) 11.22 < 0.001 ***  
Figure 7.7 (f) 7.85 < 0.001 ***  
Figure 7.7 (g) 8.29 < 0.001 ***  
Figure 7.7 (h) 9.29 < 0.001 ***  
Figure 7.8 (a) 7.04 < 0.001 ***  
Figure 7.8 (b) 9.95 < 0.001 ***  
Figure 7.8 (c) 6.79 < 0.001 ***  
Figure 7.8 (d) 19.00 < 0.001 ***  
Figure 7.8 (e) 12.72 < 0.001 ***  
Figure 7.8 (f) 7.54 < 0.001 ***  
Figure 7.8 (g) 7.07 < 0.001 ***  
Figure 7.8 (h) 6.49 < 0.001 ***  

 

Table 7.2: Results of the comparison by paired t-test with 19 df of the difference in 
individual PAH concentrations between two seasons for samples from sites between 

Bradford and Leeds. (Key: *** very highly significant, p< 0.001). 
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Figure 7.7: Bar chart showing  the concentration of  (a) naphthalene, (b) fluorine, (c) 

acenaphthylene, (d) phenanthrene, (e) acenaphthene, (f) anthracene, (g) 
fluoranthene and  (h) pyrene in September 2016 (black) and June 2017(gray) from 
repeat sampling at the same locations  from the area between Bradford and Leeds 

(using data values from Table 5.7 and 5.8). 

Note: the concentration scale change between each box.  
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Figure 7.8: Bar chart showing  the concentration of  (a) benzo[a]anthracene, (b) 
benzo[k]fluoranthene, (c) chrysene, (d) benzo[a]pyrene, (e) benzo[b]fluoranthene, (f) 
indeno[1,2,3-cd]pyrene, (g) f dibenzo[a,h]anthracene and  (h) of benzo[ghi]perylene 
in September 2016 (black) and June 2017(gray) from repeat sampling at the same 
locations from the area between Bradford and Leeds (using data values from Table 

5.7 and 5.8). 

Note: the concentration scale change between each box. 
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Figure T-test Probability  (p) Significance 
Figure 7.9 (a) 11.77 <0.001 ***  
Figure 7.9 (b) 9.944 <0.001 ***  
Figure 7.9 (c) 11.07 <0.001 ***  
Figure 7.9 (d) 10.36 <0.001 ***  
Figure 7.9 (e) 8.28 <0.001 ***  
Figure 7.9 (f) 12.47 <0.001 ***  
Figure 7.9 (g) 5.22 <0.001 ***  
Figure 7.9 (h) 9.81 <0.001 ***  
Figure 7.10 (a) 9.88 <0.001 ***  
Figure 7.10 (b) 9.61 <0.001 ***  
Figure 7.10 (c) 5.35 <0.001 ***  
Figure 7.10 (d) 4.24 0.00013 ***  
Figure 7.10 (e) 3.10 0.0035 **  
Figure 7.10 (f) 3.87 0.0004 ***  
Figure 7.10 (g) 10.18 <0.001 ***  
Figure 7.10 (h) 9.34 <0.001 ***  

 

Table 7.3: Results of the comparison by paired t-test with 39 df of the difference in 
individual PAH concentrations between two seasons for samples from Leeds. (Key: 

*** very highly significant, p< 0.001 and ** highly significant, p < 0.001). 
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Figure 7.9: Bar chart showing  the concentration of  (a) naphthalene, (b) fluorine, (c) 
acenaphthylene, (d) phenanthrene, (e) acenaphthene, (f) anthracene, (g) 

fluoranthene and  (h) pyrene in September 2016 (black) and June 2017(gray) from 
repeat sampling at the same locations  from Leeds (using data values from Table 

5.11, 5.12, 5.13 and 5.14). 

Note: the concentration scale change between each box.
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Figure 7.10: Bar chart showing  the concentration of  (a) benzo[a]anthracene, (b) 

benzo[k]fluoranthene, (c) chrysene, (d) benzo[a]pyrene, (e) benzo[b]fluoranthene, (f) 
indeno[1,2,3-cd]pyrene, (g) f dibenzo[a,h]anthracene and  (h) of benzo[ghi]perylene 
in September 2016 (black) and June 2017(gray) from repeat sampling at the same 

locations  from Leeds (using data values from Table 

5.11, 5.12, 5.13 and 5.14). 

Note: the concentration scale change between each box. 
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PAH  T-test Probability  (p) Significance 
NA 16.2319 <0.001 ***  
ACY 15.70765 <0.001 ***  
ACE 15.90957 <0.001 ***  
FL 14.97171 <0.001 ***  
PH 14.65806 <0.001 ***  
AN 16.9028 <0.001 ***  
FLU 11.2304 <0.001 ***  
PY 14.4644 <0.001 ***  
BaA 13.945 <0.001 ***  
CH 14.7944 <0.001 ***  
BbF 9.711027 <0.001 ***  
BkF 7.91798 0.00013 ***  
BaP 4.50128 0.0035 **  
IP 5.714569 0.0004 ***  
DA 14.5413 <0.001 ***  
BP 11.52059 <0.001 ***  

 

Table 7.4: Results of the comparison by paired t-test with 99 df of the difference in 
individual PAH concentrations between two seasons for samples from all sites of 

study. (Key: *** very highly significant, p< 0.001 and ** highly significant, p < 0.001). 
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7.3. Using the small -scale variation data from sites of low and high 
concentration to interpret the differences between seasons  
 

Comparing total PAH values and each individual PAH component compound for all 

differentthe same sites in autumn 2016 and summer 2017 by using t-tests shows there 

is a significant difference between the16 PAHs in the two seasons sampled by using 

t-tests in each of the three separate areas of study (Bradford, the area between 

Bradford /Leeds and Leeds) as well as overall, as indicated in sections 7.1 and 7.2 

above. However, to find out whether this difference is due to natural variation or not 

the small-scale variability results from Chapter  6 will be used. 

Tables 7.5, 7.6 and 7.7 contain data on the standard deviations (SD) and variances 

(Var) for each compound separately in the two separate seasons (autumn and 

summer), and also for the repeatability samples from high and low concentration sites 

as defined in Chapter 6. The table also includes differences between the 

concentrations in the two seasons (column 6); this difference between the two seasons 

expressed as a proportion of the variance in the high-concentration sites (column 7); 

and the difference between the two seasons as a proportion of the variance in the low-

concentration sites (column 8). 

 

From this table it is clear that for certain of the compounds (especially BP) there is 

relatively little variation between autumn and summer samples as a percentage of the 

autumn variability, but for others it is generally much larger. When considering the 

variability from the repeatability data, however, for example for PH in Table 7.4, while 

the summer data differ from the autumn data, in relation to the amount of inherent 

variability in different samples it shows that almost all of that difference is within the 

range of variability demonstrated by the repeatability data. This suggests that 

observed differences between the two seasons may solely be a reflection of the 

inherent variability and therefore not due to genuine differences of season. By 

contrast, a compound such as ACE in Table 7.5 shows a difference between seasons 

which far exceeds the variability from the repeatability data (whether using high or low 

site concentration values), and therefore this difference between seasons is almost 

certainly genuine and not due to random variation between samples.   
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Considering the results in all three Tables (7.5 �± 7.7), and considering only those 

compounds that show a high value in both columns 7 and 8, the data from Bradford 

suggest NA, ACY and ACE in particular show convincing differences between the 

seasons, none of the results from the area between Bradford and Leeds are truly 

convincing (for both concentration levels), while from the Leeds samples NA, ACE, FL 

and BaA are most convincingly different. 

 

The t-test values calculated earlier in this chapter (Tables 7.1, 7.2 and 7.3) suggested 

that all compounds showed a significant increase in their concentrations in the summer 

sampling compared to the autumn one. However, Tables 7.5 - 7.7 show that only some 

compounds are inherently consistent in terms of small-scale variation and that 

therefore for these compounds significant increases from one season to the next are 

probably reliable indications. Even so, the fact that certain compounds do appear to 

show a genuine increase from one season to the next provides support to the 

argument that all of them do, even though it is less easy to demonstrate that for the 

other compounds because of their inherently greater variability.  

 

The difference in concentration between autumn and summer may be due to different 

sources of pollution in the two seasons. In this study, the source of pollution for the 

summer and autumn has already been determined. The dominant source in the 

autumn was biomass and pyrogenic, but in the summer was predominantly petroleum 

combustion and petrogenic sources. However, the increase in concentration may also 

be due to accumulation. Kielhorn el al., (2003) referred to PAH contamination 

increasing in the soil owing to the properties of the compounds of accumulation and 

stability. Also, the differencesmay be linked to an increase in PAH concentrations due 

to different patterns of human activity (anthropogenic sources) such as more wood 

and coal burning on stoves in winter. 
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Table 7.5: Statistical data from high and low pollution sites from Bradford for each individual PAH compound; values include  SD 
and variance, the difference in concentration  values between the two sample times and these concentration differences expressed 

as a ratio to site  variance (see text for further details). 

 

 

Compound 
 
 
 
1 

SD high 
sites 

 
 
2 

high sites 
Var 

 
 
3 

SD 
low 
sites 

 
4 

low sites 
Var 

 
 
5 

difference in 
concentration 

between sampling 
times 

6 

(difference in 
concentration between 
sampling times / high 

sites Var (ng/g) 
 

7 

(difference in 
concentration 

between sampling 
times )/ low sites Var 

 
8 

NA 0.21 0.043 0.14 0.0200 2.995 69.160 150.123 
ACY 0.03 0.001 0.05 0.003 3.320 3952.953 1245.304 
ACE 0.06 0.003 0.03 0.001 2.565 845.014 2453.645 
FL 2.06 4.225 0.11 0.013 3.085 0.730 242.564 
PH 1.01 1.029 1.28 1.646 3.610 3.507 2.193 
AN 1.60 2.559 0.99 0.981 1.730 0.676 1.764 
FLU 0.55 0.307 0.85 0.718 3.647 11.898 5.078 
PY 0.98 0.952 1.50 2.246 2.397 2.518 1.067 

BaA 0.30 0.090 0.33 0.111 2.562 28.466 23.042 
CH 1.44 2.068 1.06 1.129 2.512 1.215 2.223 
BbF 1.21 1.472 0.54 0.288 3.367 2.287 11.681 
BkF 0.70 0.494 0.17 0.028 2.105 4.262 75.654 
BaP 0.94 0.891 0.09 0.008 2.052 2.302 255.557 
IP 2.79 7.792 0.27 0.072 2.617 0.336 36.343 
DA 0.29 0.083 0.44 0.195 2.372 28.484 12.145 
BP 0.09 0.007 0.47 0.224 1.340 180.826 5.988 
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Table 7.6: Statistical data from high and low pollution sites from the area between Bradford/Leeds for each individual PAH 
compound; values include  SD and variance, the difference in concentration  values between the two sample times and these 

concentration differences expressed as a ratio to site  variance (see text for further details). 

 

 

 

compound SD high 
sites 

high sites 
Var 

SD low 
sites 

low 
sites Var 

difference in 
concentration 

between sampling 
times 

(difference in 
concentration between 
sampling times)/  high 

sites Var (ng/g) 

(difference in 
concentration 

between sampling 
times)/ low sites Var 

NA 1.544 2.383 0.47 0.221 1.660 0.697 7.511 
ACY 0.43 0.182 0.07 0.004 1.640 9.011 410.0 
ACE 0.35 0.124 0.20 0.041 2.130 17.177 51.951 
FL 0.23 0.053 0.51 0.259 2.200 41.509 8.494 
PH 1.51 2.279 0.98 0.966 2.245 0.985 2.324 
AN 2.41 5.82 0.31 0.097 2.645 0.454 27.268 
FLU 1.76 3.097 0.58 0.342 2.860 0.923 8.363 
PY 1.09 1.208 0.76 0.574 2.995 2.479 5.218 

BaA 1.54 2.363 0.01 0.0001 1.915 0.810 19150.0 
CH 3.48 12.14 0.70 0.490 2.615 0.215 5.337 
BbF 0.74 0.539 0.47 0.223 1.975 3.664 8.857 
BkF 1.73 3.003 0.53 0.285 2.680 0.892 9.404 
BaP 0.72 0.524 0.15 0.023 2.185 4.170 95.000 
IP 1.69 2.862 1.50 2.253 1.945 0.680 0.863 
DA 1.654 2.736 0.06 0.004 3.005 1.098 751.250 
BP 1.31 1.709 0.12 0.014 2.835 1.659 202.500 
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Table 7.7: Statistical data from high and low pollution sites from Leeds for each individual PAH compound; values include  SD and 
variance, the difference in concentration values between the two sample times and these concentration differences expressed as a 

ratio to site variance. (see text  for further details). 

 

compound 
SD high 

sites 

high 
sites  
Var 

SD low 
sites 

low 
sites  
Var 

difference in 
concentration between 

sampling times  

((difference in 
concentration between 
sampling times )/ high 

sites  Var 

(summer  Var  - 
autumn  Var )/ low 

sites  Var 

NA 0.28 0.079 0.03 0.0006 3.1675 40.095 5279.167 

ACY 0.48 0.232 0.02 0.0004 2.3425 10.097 5856.250 

ACE 0.21 0.045 0.17 0.029 3.282 72.933 113.172 

FL 0.14 0.019 0.02 0.0003 2.965 156.053 9883.333 

PH 1.55 2.406 0.23 0.041 2.935 1.220 71.585 

AN 0.41 0.171 0.04 0.002 2.892 16.912 1446.000 

FLU 1.85 3.428 0.24 0.057 3.610 1.053 63.333 

PY 1.61 2.608 0.27 0.075 3.972 1.523 52.960 

BaA 0.07 0.005 0.26 0.067 2.920 584.000 43.582 

CH 2.08 4.325 0.24 0.055 2.890 0.668 52.545 

BbF 3.17 10.032 0.24 0.058 4.175 0.416 71.983 

BkF 1.76 3.108 0.04 0.001 3.360 1.081 3360.000 

BaP 1.95 3.794 0.09 0.008 6.725 1.773 840.625 

IP 2.19 4.783 0.12 0.015 6.425 1.343 428.333 

DA 0.59 0.353 0.02 0.0005 2.397 6.790 4794.000 

BP 1.03 1.063 0.15 0.022 4.06 3.819 184.545 
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7.4. Testing for seasonal or accumulative changes by resampling some sites in 
autumn 2018  
 

After knowing that there is definitely a general difference between PAH concentrations 

in autumn 2016 and summer 2017 samples for at least some compounds, this leaves 

the question of whether there is a seasonal trend where the concentrations go up in 

the summer and drop back again in autumn, or whether the observed increase is part 

of a steady accumulative increase.  

 

In order to separate these two possibilities, an entirely separate set of samples was 

taken in autumn 2018 for comparison with the earlier occasions. Because of time 

constraints only a very small subset of the locations was resampled. Three random 

sample locations chosen at random were taken from each of the three areas of this 

study using the same methods and sample locations indicated in chapter 4. These 

nine samples were from locations: B5, B12, B28, BL3, BL8, BL19, L2, L15 and L23. 

The results from these nine samples are individually shown in Figures 7.11 �± 7.19, 

and compareing the results for the same location in the three sample periods so that 

any trends can be seen. A paired t-test was also carried out for each individual PAH 

compound, comparing the nine results for the 2018 sample with their equivalent results 

from 2017, to test whether any changes are statistically significant. 
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Figure 7.11: The concentration of 16 PAHs in random sample B5 autumn 2016, 
summer 2017 and autumn 2018 from Bradford. 

 

 

 

 

Figure 7.12: The concentration of 16 PAHs in random sample B12 autumn 2016, 
summer 2017 and autumn 2018 from Bradford. 
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Figure 7.13: The concentration of 16 PAHs in random sample B28 autumn 2016, 
summer 2017 and autumn 2018 from Bradford. 

 

 

 

 

Figure 7.14: The concentration of 16 PAHs in random sample BL3 autumn 2016, 
summer 2017 and autumn 2018 from area between Bradford and Leeds. 
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Figure 7.15: The concentration of 16 PAHs in random sample BL8 autumn 2016, 
summer 2017 and autumn 2018 from area between Bradford and Leeds. 

 

 

 

Figure 7.16: The concentration of 16 PAHs in random sample BL19 autumn 2016, 
summer 2017 and autumn 2018from area between Bradford and Leeds. 
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Figure 7.17: The concentration of 16 PAHs in random sample L2 autumn 2016, 
summer 2017 and autumn 2018 from Leeds. 

 

 

Figure 7.18: The concentration of 16 PAHs in random sample L15 autumn 2016, 
summer 2017 and autumn 2018 from Leeds. 
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Figure 7.19: The concentration of 16 PAHs in random sample L23 autumn 2016, 
summer 2017 and autumn 2018 from Leeds. 

 

Figures 7.11 to 7.19 clearly show that in most cases there is a further increase in the 

concentrations of all compounds in the latest sample. While there is still the issue of 

inherent variability between samples to consider, if attention is focussed on the marker 

compounds such as NA and ACE (demonstrated previously to show pronounced 

changes over and above their inherent small-scale variability), there is a notable 

increase evident.  

This means that the increase in PAH concentrations observed previously in section 

7.2 was probably not caused by the change in seasons, and thus a better explanation 

may be that it is the result of accumulation (Kielhorn el al., 2003). 

The accumulation of PAHs in soils is affected simultaneously by the duration soils 

have been exposed to pollutant fallouts and spatial factors including distribution of 

sources, land use categories and soil properties (Yu et al., 2006). In addition, 

seasonality might also be a critical factor that influences PAH occurrence, for example 

in indoor dust (reference) and in variations of PAHs in river sediments (Gong et al., 

2018). El-Saeid (2017) reported that PAHs can be adsorbed by plants and can 

accumulate in soil. Boonyatumanond et al. (2007) found that the atmospheric PAHs 

that escape photo-degradation in the air are accumulated to land surfaces through dry 

and wet depositions and become incorporated into soil or become road dust. Several 

works are devoted to the accumulation of PAHs in soils of the southern shrub subzone 
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of tundra, with the authors showing that the major part of PAHs concentration is found 

in organic soil horizons (Gabov 2014). It is clear from these studies that accumulation 

of PAH compounds is quite likely to be occurring in the present sites.  

7.5. Conclusions  

 

Summarizing all of the results obtained above in the three study areas, there are 

differences from autumn 2016 to summer 2017 in concentrations of the individual and 

in the total PAH concentrations in all three areas of study (Bradford, Bradford/Leeds 

and Leeds). Observed small-scale variability of some compounds is sufficiently small 

that the large differences observed are likely to be genuine differences. Compounds 

with much higher inherent variability are more difficult to be confident about, but the 

trend is consistent and therefore these may also be genuine increases. The results 

obtained from the limited number of subsequent samples taken in 2018 indicate that 

there was a further increase between 2017 and 2018 which suggests that the 

difference is not seasonal and may be due to accumulation. This conclusion would be 

of especial concern in terms of environmental contamination.  

This chapter indicates that there is a change in PAH concentration between sampling 

periods. Factors that might account for that change include human activities that 

change seasonally. In the summer more walking and cycling would be done, which 

might reduce vehicle emissions (although there is always a lot of traffic) (Christense 

and Arora, 2007). Also, more burning coal and wood on stoves and fires for heating 

through the winter might result in PAH accumulation by the spring. However, the 

evidence  overall suggests there is also a process of accumulation of PAHs over time 

taking place. 
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Chapter 8: Multivariate statistical analysis of the factors 
influencing PAH abundances  
 

This chapter will investigate what factors might be influencing the concentration of 16 

PAHs, focussing particularly on the distance of sampling sites from nearby roads, the 

type of road and also the volume of traffic on these roads. This will be investigated 

by using principal component analysis and cluster analysis.   

8.1. Effect of road types on concentration of PAHs  
 

Roads were classified according to the British national road �F�O�D�V�V�L�I�L�F�D�W�L�R�Q�����µ�$���U�R�D�G�V�¶���L�V��

�W�K�H�� �G�H�V�L�J�Q�D�W�L�R�Q�� �J�L�Y�H�Q�� �W�R�� �W�K�H�� �S�D�U�W�L�F�X�O�D�U�� �F�O�D�V�V�� �R�I�� �W�K�H�� �P�D�L�Q�� �U�R�D�G�V���� �µ�%�� �U�R�D�G�V�¶�� �I�U�R�P�� �W�K�H��

�V�H�F�R�Q�G�� �W�L�H�U���� �W�K�H�Q�� �µ�F�O�D�V�V�L�I�L�H�G�� �X�Q�Q�X�P�E�H�U�H�G�¶�� �D�Q�G�� �µ�X�Q�F�O�D�V�V�L�I�L�H�G�� �U�R�D�G�V�¶�� �D�U�H�� �W�K�H�� �I�L�Q�D�O�� �W�Z�R��

designations for progressively more minor roads. There were no motorways near to 

the study sites. 

The main A roads are designed to provide extensive transport links within or between 

areas, while B roads connect different areas and provide connections between A roads 

and smaller roads on the network. Classified unnumbered are smaller roads to connect 

unclassified roads by A and B roads, and often connect a residential area or a village 

to the rest of the network, and are sometimes informally known as the C roads. 

Unclassified are local roads dedicated to local traffic (Kaptein and Claessens 1998). 

The distances of sampling sites from roads were measured from the Digimap 

application, using the inbuilt measuring tools. It is theThis distance was defined as that 

from the sample sites to the the nearest adjacent roads of each of the different road 

types, illustrated in Figure 8.1.  The green arrow indicates the distance from the sample 

location to the nearest A roads; the black arrow from the sample sites to the nearest 

B roads; the red arrow from the sample site to the nearest classified unnumbered road; 

and the blue arrow from the sample site to the nearest unclassified road. Thus each 

sample site could have a recorded distance to up to four roads depending on which 

road types were nearby. Then all measured distances from sample locations to road 

types were recorded in Tables 8.1, 8.2 and 8.3, along with the names of the roads 

where appropriate. 
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 As shown in Table 8.1 to 8.3, some samples are located near all types of roads, for 

example, B20, and some samples are located near three types of roads such as B22, 

while others are located near only one or two types of roads, for example, L40 and L9 

respectively.. 

 

 

Figure 8.1: Shows the method of measurement of distances in the sample sites of 

this study. The green arrow indicates the distance from the sample location to the 

nearest A roads; the black arrow from the sample sites to the nearest B roads; the 

red arrow from the sample site to the nearest classified unnumbered road; and the 

blue arrow from the sample site to the nearest unclassified road. 
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Table 8. 1: Shows the classification of roads and distances in Bradford. 

 

Sample 
label 

A roads 

 

Distance 
M 

B roads Distance 
m 

Classified 
unnumbered 

Distance 
M 

Unclassified 
and  

Distance  
m 

B1 Killinghall 387 - - - - 70 
B2 Otley Rd 75 - - - - 18 
B3 Otley Rd 110 Stanacre Pl 4 - - - 
B4 - - Midland Rd 15 - - 12 
B5 Midland Rd 31 Thurnscoe Rd 3 - - 9 
B6 - - Whetley 9 Holling Tce 4 - 
B7 - - - - Hollings Rd 25 - 
B8 - - - - Hoxton St 12 - 
B9 Keighley 402 - - Lytton Rd 17 6 
B10 Keighley 1000  - - Hedge Way 28 - 
B11 Keighley 1000  - - - - - 
B12 Keighley 422 - - Bradbeck Rd 3 12 
B13 -  - - Bradbeck Rd - 16 
B14 Ingleby Rd 230 - - Duncombe Way 112 - 
B15 Keighley 486 - - Northside Rd 38 - 
B16 Ingleby Rd 320.  - - Northside Rd 48 - 
B17 Manningham Ln 483 - - Legrams Ln 57 - 
B18 Manningham Ln 492 - - Archibald 139 - 
B19 Manningham Ln 710 - - Great Russell Ct 29 - 
B20 Leeds Rd 1000 Thornton Rd 84 Westholme St 21 3 
B21 Manningham Ln 665 - _ Legrams St 4 19 
B22 Sunbridge Rd 38 Thornton Rd 76 Tetley St 27 - 
B23 Sunbridge Rd 27 - - Sackville St 4 - 
B24 Hall Ings 41 - - Great Cross St 44 - 
B25 Shipley Airedale 

Rd 
5 - - East Parade 3  

B26 Leeds Rd 102 - - Wenlock St 2 - 
B27 Leeds Rd 102 - - Wenlock St 3 - 
B28 Shipley Airedale 

Rd 
85 - - Garnett St 40 - 

B29 - - Windy Bank Ln 46 - - 24 
B30 Leeds Rd 205 - - Heath Tce 20 - 
B31 - - - - Woodvale Way 9 - 
B32 - - - - Clayton Rd 21 - 
B33 Ingleby Rd 490 _ - Spencer Rd 57 7 
B34 Great Horton Rd 55. - - Horton Park Ave 29 - 
B35 Great Horton Rd 232 - - All Saints Rd 36 - 
B36 Keighley 1000 - - Little Horton Ln 8 96 
B37 Manchester Rd 155 - - Elsdon Grove 25 36 
B38 Wakefield Rd 405 - - Maw St 43 - 
B39 Wakefield Rd 283 - - Whitwell St 7 - 
B40 Wakefield Rd 338 - - Neville Rd 66 - 
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Sample 
label 

A roads 

 

Distance 
m 

B roads Distance 
m 

Classified 
unnumbered 

Distance 
m 

Unclassifie
d and 

Distance 
M 

BL1 Ring Rd 134 - - Hillfoot D 208 - 
BL2 Ring Rd 981 - - New Park Walk 4 _ 
BL3 Ring Rd 83 - - _ _ 229 
BL4 Ring Rd 89 - - Varley St 46 - 
BL5 Ring Rd 995 - - New Park View 22 - 
BL6 Ring Rd 797 - - Intake Ln 64 3 
BL7 Ring Rd 92 Richardshaw Ln 83 Ashfield Rd 13 - 
BL8 Ring Rd 77 - - Priestley Ct 14 - 
BL9 Ring Rd 102 - - Swinnow Grdns 12 - 

BL10 Ring Rd 754 Leeds and 
Bradford Rd 

39 Intake Ln 31 - 

BL11 Ring Rd 708 - - Ferncliff Rd 85 76 
BL12 Ring Rd 88 - - Wellstone Garth 32 - 
BL13 Ring Rd 42 - - Wellstone Garth 41 - 
BL14 Stanningley By-Pass 103 - - Gamble Hill Dr 123 71 
BL15 Stanningley By-Pass 438 - - Ferncliffe Tce 24 69 
BL16 Lower Town St 215 - - Snowden Cres 23 8 
BL17 Stanningley By-Pass 336 - - Raynville Rise 18 - 
BL18 Ring Rd 45 - - Wellstone Garth 33 - 
BL19 Stanningley By-Pass 168 - - Henconner Ln 41 - 
BL20 Stanningley Rd 57 - - Armley Grange Dr 14 - 

 

Table 8.2:Shows the classification of roads and distances in the area between 
Bradford and Leeds. 

 

 

 

 

 

 

 

 

 

 



215 
 

Table 8.3: Shows the classification of roads and distance in Leeds 

 

ample 
label 

A roads 

 

Distance 
M 

B roads Distance 
m 

Classified 
unnumbered 

Distance 
M 

Unclassified 
and 

Distance 
M 

L1 Headingley Rd 29 - - Bainbrigge Rd 57 - 
L2 Headingley Rd 389 - - - - - 
L3 - - - - Mayville Ave 3 - 
L4 Headingley Rd 326 - - Grosvnor Rd 6 - 
L5 Headingley Rd 418 - - Cliff Rd 29 - 
L6 Scott hall Rd 415 - - Meanwood Rd 144 28 
L7 Woodhoues Ln Rd 102 - - _ _ 8 
L8 - - - - Nest Worth Rd 3 - 
L9 Otly Rd 943 - - Cardigan Rd 9 - 
L10 Woodhouse Moor 

Rd 
356 - - Moorland Rd 67 52 

L11 Kirkstall Rd 182 - - Viaduct Rd 127 - 
L12 - - - - Kendal Bank 5 - 
L13 - - - - Clarendan Rd 72 5 
L14 Woodhouse Ln 225 - - Leicester PI 7 - 
L15 - - - - Hanover Sq 38 - 
L16 - - - - Portland Gate 12 8 
L17 - - - - Cartlon View 42. - 
L18 Roundhay Rd 83 - - - - - 
L19 Woodhouse Ln 32 - - - - - 
L20 Regent St 60 - - Millwright St 11 - 
L21 - - - - Reginald Tce 30 - 
L22 - - - - Reginald st 28 _ 
L23 Sheepscar St N 208 - - Jackson Rd 23 21 
L24 - - - - Cross Louis St 12 - 
L25 - - - - Harehills Ave 21 - 
L26 - - - - Harehills Ave 11 - 
L27 Roundhay Rd 153 - - Frankland Pl 14 - 
L28 - - - - Bayswater Gro 3 - 
L29 Easterly Rd 139 - - St Wilfred's Dr 16 - 
L30 Easterly Rd 518 - - Amberton Rd 28 - 
L31 - - - - Darfield Rd 43 - 
L32 - - - - Thorn Dr 6 - 
L33 - - - - Roseville Rd 22 - 
L34 - - - - Beckett St 21 - 
L35 - - - - Lincoln Green Rd 27 - 
L36 - - - - Gargrave Pl 23 - 
L37 - - - - Florence St 69 31 
L38 - - - - Coldcotes Ave 36 20 
L39 - - - - Torre Mount 26 - 
L40 - - - - Nowell End Row 3 - 
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The data were first analysed to test for the hypothesis that road type was influencing 

the PAH concentrations.  For each sampling site, the closest distance to a road of 

each of the different road types was used, noting which of the different road types was 

the closest, analysing the 16 individual PAHs using Principal Component Analysis 

(PCA) on the basis of these distance values. Figures 8.2 and 8.3 show the first 

component against the second component for all 100 samples collected in September 

2016 and 100 samples in June 2017 respectively. Different symbols are used for the 

different road types (A, B, C and D) so that they may be visually distinguished.    

Although there clearly are trends in the concentration data, particularly the spread of 

many sample points forming a straight line based on axis 2 as well as the wider spread 

of points of some samples along axis 1, there is general inter-mixing of the different 

road types along both these axes. Also, the proportion of variation accounted for by 

the two axes (expressed in eigenvalues) is relatively low (none higher than 0.25). 

Therefore there does not appear to be any evident pattern based on road type. It is 

also notable from Figures 8.2 and 8.3 that broadly the same conclusion may be drawn 

from the data for both sample periods. 
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Figure 8. 2: Principal Component Analysis showing the distribution of the 100 
sampling sites on the basis of the concentrations of 16 PAHs as the variables for 

Principal Components Analysis of road type, the first two axes having eigenvalues  
of 0.25 and  0.18. The soil samples are represented by symbols according to the 

nearest road type, circle (A roads), square (B roads), diamond (C) classified 
unnumbered, and triangle (D) unclassified. The PAH data were collected in 

September 2016. 

 

Figure 8.3: Principal Component Analysis showing the distribution of the 100 
sampling sites on the basis of the concentrations of 16 PAHs as the variables for 

Principal Components Analysis of road type, the first two axes having eigenvalues of  
0.20 and  0.13. The soil samples are represented by symbols according to the 
nearest road type, circle (A roads), square (B roads), diamond (C) classified 

unnumbered, and triangle (D) unclassified. The PAH data were collected in in June 
2017. 
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8.2. Effect of distance from the nearest road on the concentration of the PAHs  

 
After it was found that the road type did not affect the concentration of the 16 PAHs 

studied, the distance of the sample sites to the nearest individual road of whichever 

type was re-measuredused from Digimap (see Figure 8.1, Tables 8.1 - 8.3), since it is 

known (Gan et al., 2009) that concentrations of PAH decline in general as distance 

from a road increases. This time the distances from the sampling site to the road were 

grouped into convenient ranges: between 2 and 15 m (labelled A ); 16 to 30 m (B); 31 

to 45 m (C); 46 to 55 m (D); and any distance more than 55 m (E). The nearest distance 

from the sample site was taken regardless of the type of road, and these results were 

analysed for the two seasons separately, using Principal Component Analysis (PCA). 

The data are shown in Figures 8.4 and 8.6 as scatter plots of the two principal 

components based on all the compounds in each of the 100 samples, for September 

2016 and June 2017 respectively, with biplots from the analyses shown in Figures 8.5 

and 8.7. Different symbols are used for each of the distance groupings indicated 

below.  It can be seen from Figures 8.4 and 8.6 that there is a pattern, broadly the 

same for both seasons, where group B (16-30 m distance) is the main differentiator 

on axis 1, while groups C (31-45 m) and D (46-55 m) form the opposite extremes of 

the main band of points separating on axis 2. This means that the distance from the 

sample site to the road (of any type) does have an impact on the concentration of the 

PAHs in both seasons. 

Based on the analyses above, Figures 8.5 and 8.7 show the biplot diagrams for the 

two factors identified by using PCA. The first factor particularly is influenced by the 

concentration of the PAHs BP, IP, CH, BKF, BaP, BbF in the positive direction, and 

NA and ACY in the negative direction. The second factor had NA and ACY in the 

positive direction, and ACE, FL, AN, PY, FLU, PH and DA in the negative. 

According to Wang et al. (2013) and Zheng et al. (2014), ACE, FL, AN, PY, FLU, PH 

and DA can be identified as emissions from commercial creosotes. Also, ACY is 

indicated as biomass combustion. Vehicle emission can be the sources of BP, IP, CH, 

BKF, BaP and BbF. Incomplete combustion, probably of wood or coal, can be related 

to NA.  
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Interestingly, in Figure 8.4 and 8.6 the circles (A) and squares (B) are the groups with 

nearest distances to the road; they form the key components of the first axis, and are 

largely influenced by the compounds of highest molecular weight coming from vehicle 

emissions. It is not clear what the factor is that is distinguishing particularly between 

distance groups C and D on the second axis, but it is possible that it may be related 

to the potential for the different compounds to travel different distances. NA and ACY 

perhaps travel further than FLU, PY and similar compounds and may occur more in 

group D, while the heavier compounds may be found more in group C, although this 

would need further confirmation. These results can be interpreted that the road 

distance affects the increased pollution of the 16 PAHs.  

The eigenvalues in Figures 8.4 and 8.6 were 87 and 75 respectively for the first axis; 

these eigenvalues indicate that the variation in the data can be confidently explained 

by that axis. 

The results in Figure 8.4 to 8.6 show an effect linked with group B (the nearest road 

16-30m from the sample site) being strongly separated on Axis 1 (with an eigenvalue 

of 0.87 this is describing much of the variation in the data), and then all the other sites 

being strung out in a line on Axis 2 (an eigenvalue of 0.28 suggesting much less 

importance in the analysis). The different road distance groups are quite well 

segregated on Axis 2, but not in a consistent sequencing since from upper left to lower 

right the order is groups D, A, E and then C; clearly this ordering is not simply one 

associated with distance alone. It may be hypothesised that groups A and E are 

associated with the more ubiquitous PAH compounds (A having little distance to travel, 

and E being well-dispersed aerially, and therefore the compounds get to all sites). By 

contrast compounds occurring in sites in Groups C and D have some distance to travel 

but are perhaps marked by some compounds which travel further and others which do 

not travel as well which leads to the main separation on Axis 2. The distinction of 

Group B on Axis 1 is probably therefore a function of those compounds which can be 

found in up to very high abundances but which cannot travel very far, although this 

does not explain why group A is not also on the right in the diagram on Axis 1. The soil 

collected far to road has less level of PAH than that near roads (Gan et al., 2009). 
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Figure 8.4: Principal Component Analysis showing the distribution of the 100 
sampling sites on the basis of the concentrations of 16 PAHs as the variables for 

Principal Components Analysis of road type, the first two axes having eigenvalues of 
0.87 and 0.28. The soil samples are represented by symbols according to road 

distances. a (circle) distance 2 to 15 m, b (square) distance 16 to 30 m, c (diamond) 
distance 31 to 45 m, d (triangle) distance 46 to 55 m and e (arrow ) distance more 

than 55 m. The PAH data were collected in September 2016. 

 

Figure 8.5: Biplot of the loadings of the individual PAH compounds on the two factors 
derived from PCA, based on the concentrations in 100 samples collected in 

September 2016. 
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Figure 8.6: Principal Component Analysis showing the distribution of the 100 
sampling sites on the basis of the concentrations of 16 PAHs as the variables for 

Principal Components Analysis of road type, the first two axes having eigenvalues of  
0.75  and 0.22. The soil samples are represented by symbols according to road 

distances. a (circle) distance 2 to 15 m, b (square) distance 16 to 30 m, c (diamond) 
distance 31 to 45 m, d (triangle) distance 46 to 55 m and e ( arrow ) distance more 

than 55 m. The PAH data were collected in June 2017. 

 

Figure 8.7: Biplot of the loadings of the individual PAH compounds on the two factors 
derived from PCA, based on the concentrations in 100 samples collected in June 

2017. 
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When the total PAH concentrations were analysed for relationship with distance to the 

nearest road (Figures 8.8 and 8.9), both the 2016 and 2017 data show a similar pattern 

and relationship, namely that there is a slight negative relationship. With a calculated 

correlation coefficient value of r= -0.17 for 2016 data and r =  -0.18 for 2017 data 

(p<0.001, df = 98) these would be not significant results, although the 2017 result 

approaches significance. That means that there is a slight tendency for the total PAH 

concentrations to increase as distance to the nearest road decreases, more so in the 

summer 2017 data, which may have an effect on soil pollution but does not reach the 

threshold to be considered significant. 

 

Figure 8.8: Scatter plot of log total PAH concentration against distance the nearest 
road in all 100 samples combined (2016 data). 

 

Figure 8.9: Scatter plot of total PAH concentration against distance to the nearest 
road in all 100 samples combined (2017 data). 
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8.3. Effect of expressing concentration of PAHs as weight percentages rather 
than absolute concentration values  
 

The data on effect of road distance was reanalysed by using Principal Components 

Analysis with weight percentages rather than absolute concentrations, in order to 

assess whether the range in absolute concentration values was dominating the results 

described in the previous section. The data from these revised analyses are shown in 

Figures 8.10 and 8.11 as scatter plots of the two principal components based on all 

the compounds in each of the 100 samples, for September 2016 and June 2017 

respectively. It can be seen from Figures 8.10 and 8.11 that there is no evident pattern. 

The conclusion that can be reached from this analysis is that the over-riding effect 

demonstrated for distance from road in the previous section is associated with the 

absolute concentrations of the PAH compounds, with no separate effect linked with 

weights expressed as percentages. There is relationship between the total 

concentration and the nearest distance the negative correlation was - 0.131 in both 

seasons autumn and summer.That means when the distance decrease increase the 

total concentration of 16 PAH increase. 
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Figure 8.10: Principal Component Analysis of road distance showing the distribution 
of the 100 sampling sites on the basis of the 16 PAHs expressed as weight 

percentage as the variables for Principal Components Analysis. The first two axes 
having eigenvalues of  0.65  and 0.42. The soil samples are represented by symbols 
according to road distances: a (circle) distance 2 to 15 m, b (square) distance 16 to 

30 m, c (diamond) distance 31 to 45 m, d (triangle) distance 46 to 55 m and e 
(arrow) distance more than 55 m. The PAH data were collected in September 2016.  

   

Figure 8.11: Principal Component Analysis of road distance showing the distribution 
of the 100 sampling sites on the basis of the 16 PAHs expressed as weight 

percentage as the variables for Principal Components Analysis with eigenvalues of 
0. 75  and 0.22. The soil samples are represented by symbols according to road 

distances. a (circle) distance 2 to 15 m, b (square) distance 16 to 30 m, c (diamond) 
distance 31 to 45 m), d (triangle) distance 46 to 55 m and e ( arrow ) distance more 

than 55 m. The PAH data were collected in June 2017. 
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8.4. Effect of volume of traffic on concentration of PAHs  
 

To explore further the possible causes of the variations in PAH concentrations 

observed, data were obtained from Local Authority records on the volume of traffic 

that uses the roads in the study areas. The most recent data on traffic volumes were 

obtained from both Bradford and Leeds Councils for the roads where they had 

collected such information (Council 2018). The data were then interpolated (using 

Krigi�Q�J���� �W�R�� �S�U�R�G�X�F�H�� �D�� �µ�F�R�Q�W�R�X�U�� �P�D�S�¶�� �R�I�� �W�U�D�I�I�L�F�� �G�H�Q�V�L�W�\�� �I�R�U�� �W�K�H�� �U�H�J�L�R�Q�� �D�V�� �D�� �Z�K�R�O�H��

(illustrated in Figure 8.11 by coloured background). 

 

Figure 8.12: The estimated traffic volume for the specific points where soil samples 
had been taken for the three areas of study, the size of the circle (  ) representing the 

estimated traffic volumes. The coloured background shows the contour map of 
estimated traffic density from which the traffic volume at specific locations is 

estimated, with dark green representing lowest traffic volumes, grading through light 
green and yellow to pink and white representing highest volumes of traffic. 

 

�+�D�Y�L�Q�J���R�E�W�D�L�Q�H�G���W�K�L�V���µ�V�X�U�I�D�F�H�¶�F�R�Q�W�R�X�U���P�D�S�¶�����L�W���Z�D�V���X�V�H�G���W�R���L�Q�W�H�U�S�R�O�D�W�H���W�K�H���W�U�D�I�I�L�F���I�O�R�Z��

across the whole area, based on the specific locations where the councils had 

recorded their informationof the traffic flow across the whole area, The specific 

locations where soil samples had been taken for this study were then used and traffic 

�Y�R�O�X�P�H�V���Z�H�U�H���H�V�W�L�P�D�W�H�G���I�R�U���W�K�H�P���E�D�V�H�G���R�Q���W�K�H���J�H�Q�H�U�D�O���µ�V�X�U�I�D�F�H���F�R�Q�W�R�X�U���P�D�S�¶���D�E�R�Y�H����
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The estimated values were then illustrated in Figure 8.12 by circles, the size of which 

depicts the estimated traffic volumes. 

�7�K�H�� �H�V�W�L�P�D�W�H�G�� �Y�D�O�X�H�V�� �X�V�H�G���� �O�L�V�W�H�G�� �L�Q�� �7�D�E�O�H�V�� �������� �W�R�� ���������� �D�U�H�� �E�D�V�H�G�� �R�Q�� �W�K�H�� �µ�$�Q�Q�X�D�O��

�D�Y�H�U�D�J�H�� �G�D�L�O�\�� �I�O�R�Z�¶�� ���D�D�G�I���� �Y�Dlues for traffic, and represent the estimated number of 

vehicles going past the soil sample point in both directions on average per day. The 

�G�D�W�D���Z�K�L�F�K���K�D�Y�H���E�H�H�Q���X�V�H�G���D�U�H���I�R�U���µ�D�O�O���P�R�W�R�U���Y�H�K�L�F�O�H�V�¶�����Q�R���D�W�W�H�P�S�W���K�D�V���E�H�H�Q���P�D�G�H���W�R��

distinguish between the different sorts of vehicles here, although those data do also 

exist.  
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Latitude��x Longitude��y Latitude��x Sample label Traffic aadf 

1.72943 53.801735 -1.72943 B1 11433.42188 
1.74153 53.801896 -1.74153 B2 18119.92969 
1.744582 53.801867 -1.744582 B3 20220.85547 
1.757063 53.80183 -1.757063 B4 18208.23242 
1.75954 53.801331 -1.75954 B5 16192.29297 
1.772931 53.801546 -1.772931 B6 12665.75391 
1.775496 53.801641 -1.775496 B7 12751.31445 
1.787901 53.801547 -1.787901 B8 11931.64746 
1.790315 53.801578 -1.790315 B9 9974.835938 
1.803173 53.802013 -1.803173 B10 7239.212402 
1.803316 53.794086 -1.803316 B11 6971.902344 
1.790399 53.793902 -1.790399 B12 7564.185059 
1.802354 53.792053 -1.802354 B13 4856.408691 
1.787408 53.793933 -1.787408 B14 7867.489746 
1.790955 53.792007 -1.790955 B15 7454.255859 
1.787948 53.792316 -1.787948 B16 6352.939941 
1.774983 53.79258 -1.774983 B17 11486.80664 
1.775674 53.793813 -1.775674 B18 12925.66113 
1.772455 53.794094 -1.772455 B19 12894.4248 
1.761381 53.792742 -1.761381 B20 18534.69141 
1.772205 53.792539 -1.772205 B21 12827.72754 
1.759719 53.794006 -1.759719 B22 19740.67969 
1.759729 53.792263 -1.759729 B23 19786.0625 
1.757031 53.794226 -1.757031 B24 19797.25781 
1.745639 53.79271 -1.745639 B25 20321.75195 
1.743547 53.794845 -1.743547 B26 23635.58203 
1.741788 53.792037 -1.741788 B27 19028.10156 
1.741561 53.794319 -1.741561 B28 22835.38867 
1.730451 53.790994 -1.730451 B29 20671.37891 
1.72957 53.794041 -1.72957 B30 16892.9668 
1.802551 53.785654 -1.802551 B31 3593.91333 
1.7912 53.785473 -1.7912 B32 6028.595215 

1.788454 53.785216 -1.788454 B33 5330.944824 
1.775613 53.785382 -1.775613 B34 5986.334473 
1.772564 53.784999 -1.772564 B35 6116.270508 
1.761318 53.78504 -1.761318 B36 19146.71875 
1.757524 53.785059 -1.757524 B37 22563.85547 
1.745578 53.785196 -1.745578 B38 18261.41016 
1.742529 53.784965 -1.742529 B39 21293.58398 
1.729991 53.785252 -1.729991 B40 22092.27148 

 

Table 8.4: Estimated traffic volumes from Bradford for the study sites, see text for 
further details. 
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Latitude��x Longitude��y Latitude��x Sample label Traffic aadf 

1.681629 53.802273 -1.681629 BL1 10052.29688 
1.667685 53.810639 -1.667685 BL2 7817.051758 
1.681702 53.802705 -1.681702 BL3 10052.29688 
1.66845 53.802265 -1.66845 BL4 5303.763672 
1.666608 53.810556 -1.666608 BL5 7802.103027 
1.652546 53.810471 -1.652546 BL6 10507.80176 
1.667053 53.802297 -1.667053 BL7 5145.084473 
1.652676 53.802094 -1.652676 BL8 9703.749023 
1.651628 53.802046 -1.651628 BL9 9858.27832 
1.650965 53.810637 -1.650965 BL10 12306.83594 
1.637388 53.810633 -1.637388 BL11 13922.22656 
1.637919 53.801961 -1.637919 BL12 13499.44434 
1.63684 53.801985 -1.63684 BL13 13586.52344 
1.622733 53.802211 -1.622733 BL14 13457.04883 
1.636447 53.810594 -1.636447 BL15 13962.70117 
1.622734 53.810534 -1.622734 BL16 16041.93555 
1.62035 53.810517 -1.62035 BL17 14722.57617 
1.636871 53.80194 -1.636871 BL18 13586.52344 
1.621201 53.802098 -1.621201 BL19 13307.41016 
1.607382 53.802242 -1.607382 BL20 7724.753906 

 

Table 8.5 : Estimated traffic volumes from the area between Bradford and Leeds for 
the study sites, see text for further details. 
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Latitude��x Longitude��y Latitude��x Sample label Traffic aadf 

1.574326 53.818955 -1.574326 L1 11124.90918 
1.562694 53.818626 -1.562694 L2 21430.47852 
1.574829 53.811272 -1.574829 L3 18760.6875 
1.56318 53.81861 -1.56318 L4 21430.47852 
1.559854 53.818615 -1.559854 L5 24000.93555 
1.547797 53.818319 -1.547797 L6 34814.07813 
1.559715 53.811577 -1.559715 L7 29430.64453 
1.549329 53.811413 -1.549329 L8 29728.56445 
1.574891 53.809637 -1.574891 L9 25135.91016 
1.562848 53.809683 -1.562848 L10 30394.90039 
1.575195 53.802124 -1.575195 L11 30463.40039 
1.562548 53.802042 -1.562548 L12 45873.41406 
1.559525 53.809419 -1.559525 L13 38000.84766 
1.547849 53.80925 -1.547849 L14 27745.08008 
1.559601 53.802193 -1.559601 L15 44204.06641 
1.547971 53.802114 -1.547971 L16 30651.21875 
1.544522 53.809363 -1.544522 L17 29981.8418 
1.532628 53.809605 -1.532628 L18 24086.49609 
1.544769 53.801913 -1.544769 L19 31055.62305 
1.532074 53.802116 -1.532074 L20 23570.06641 
1.533281 53.817886 -1.533281 L21 18939.43945 
1.533234 53.817949 -1.533234 L22 18939.43945 
1.541605 53.812237 -1.541605 L23 26131.77539 
1.53253 53.812966 -1.53253 L24 19914.00977 
1.527769 53.817702 -1.527769 L25 16253.38965 
1.519517 53.818083 -1.519517 L26 13195.91797 
1.526922 53.811965 -1.526922 L27 12316.1123 
1.521297 53.811143 -1.521297 L28 11487.28613 
1.509668 53.815985 -1.509668 L29 10779.07227 
1.502528 53.817412 -1.502528 L30 8219.310547 
1.513474 53.811336 -1.513474 L31 13073.56055 
1.502652 53.812055 -1.502652 L32 9540.566406 
1.528695 53.806894 -1.528695 L33 22556.35352 
1.51846 53.806952 -1.51846 L34 13755.19531 
1.527235 53.80305 -1.527235 L35 20465.32227 
1.519362 53.802389 -1.519362 L36 15583.28809 
1.514416 53.808679 -1.514416 L37 13176.88281 
1.502202 53.809043 -1.502202 L38 9587.582031 
1.511528 53.803625 -1.511528 L39 11834.33984 
1.502911 53.803015 -1.502911 L40 9325.007813 

 

Table 8.6: Estimated traffic volumes from Leeds for the study sites, see text for 
further details. 
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From Figure 8.13 the eigenvalue for the first factor was 0.80 which indicates that much 

of the variation in the data is accounted for by this axis. The eigenvalue for the second 

factor was 0.60, which is also quite high. These results suggest that the traffic volume 

has an effect on the total PAH concentration, which would be in accord with previous 

work which has shown that traffic density is the main factor influencing the quantity of 

vehicle emissions (Glaser et al., 2005).  

From Figure 8.13 the eigenvalue for the first factor was 0.80 which indicates that much 

of the variation in the data is accounted for by this axis. The eigenvalue for the second 

factor was 0.60, which is also quite high. The categories of high, medium and low 

traffic volume used show strong separation on both Axis 1 and Axis 2, with the 

sequencing being category A, then B, then C on both axes. There are a few points 

which do not fit this sequence, particularly the two extremely high PAH concentration 

values which are low on Axis 2 despite being high on Axis 1. Generally, these results 

suggest that the traffic volume has an effect on the total PAH concentration, which 

would be in accord with previous work which has shown that traffic density is the main 

factor influencing the quantity of vehicle emissions (Glaser et al., 2005).  
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Figure 8.13: Principal Component Analysis showing the distribution of the 100 
sampling sites on the basis of the concentrations of 16 PAHs as the variables for 

Principal Components Analysis of traffic volume, the first two axes having 
eigenvalues of 0.80 and 0.60. The soil samples are represented by symbols 

according to traffic volume. A (blue circle) high traffic volume (>45873 aadf), B (red 
square) medium traffic volume (between 10052 and19914 aadf) and C (green 

diamond) low traffic volume (<3593 aadf) (data 2016) the same pattern in data 2017. 

 

Testing for strength of relationship between traffic volume and total PAH concentration 

by correlation coefficient using the autumn 2016 data showed (Figure 8.14) that there 

is a significant positive relationship resulting in a correlation value of r = 0.47 (df = 98, 

p<0.001 ). 

Figure 8.16 shows a similar scatter diagram for the summer 2017 data. It shows very 

much the same pattern as for the 2016 data, and the correlation coefficient value was 

0.29 (df = 98, p<0.001) indicating that there is a significant positive relationship 

between total PAH concentration and Traffic aadf. Therefore when the traffic volumes 

increase the total concentration values of the 16 PAHs also increase. 
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Figure 8.15 and Figure 8.17 include the two outlying points from Leeds with very high 

PAH concentrations. In order to determine what effect these two points are having on 

the correlation, the data were re-analysed with these two values removed from the 

analysis. When this was done there remains a positive relationship (Figure 8.14 and 

Figure 8.15) resulting in a correlation value of r = 0.51 (df = 95, p<0.001) for the autumn 

2016 data and r = 0.51 (df = 95, p<0.001) for the summer 2017 data. Removal of the 

outliers has only slightly altered the conclusion about the significant positive 

relationship between these two variables. 

 

Figure 8.14: Scatter plot of total PAH concentration against Traffic aadf in all 100 
samples combined (collected in autumn 2016). See text for further details. 

 

 

Figure 8.15: Scatter plot of   total PAH concentration against Traffic aadf in all 100 
samples combined (collected in autumn 2016) without the two outliers. See text for 

further details.  
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Figure 8.16: Scatter plot of total PAH concentration against Traffic aadf in all 100 
samples combined (collected in summer 2017). See text for further details. 

 

  

Figure 8.17: Scatter plot of total PAH concentration against Traffic aadf in all 100 
samples combined (collected in summer 2017) without the two outliers. See text for 

further details. 
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8.5. Testing for strength of relationship between different PAH compounds by 
correlation analysis in 2016 and 2017  
 

To determine the strength of relationship between the 16 PAH compounds, the 

correlation coefficient was calculated for all pairs of compounds using the results 

obtained from all the study sites in all three areas combined. This was carried out to 

determine whether the various individual PAH compounds were varying in a similar or 

inverse way to each other across the study sites. The results obtained from analysis 

of the correlation coefficients between different compounds are shown in Table 8.7 for 

2016 data.  It is clear from Table 8.7 that there are compounds that are positively 

correlated with some others, but negatively correlated with others; for example, FL is 

negatively correlated with ACY, but positively correlated with ACE and AN among 

others. By exploring which compound is positively correlated with which others, it is 

possible to derive groups or clusters of a compound which are all positively correlated 

with each other, and all negatively correlated with the members of other groups. This 

was analysed formally by using factor and cluster analysis using Minitab.  

 

The strength of relationship between the 16 PAH compounds was also tested for the 

2017 data using the correlation coefficient, for all study sites combined. The results 

obtained from the analysis of the correlation between the 16 PAHs are shown inTable 

8.8 

It is clear from Table 8.8 that all significant correlations are positive except ACY, which 

has some significant negative correlations (for example ACY is negatively correlated 

with ACE, FL, AN, and PY).  

By exploring which compound is positively correlated with which others, it is possible 

to derive groups or clusters of a compound which are all positively correlated with each 

other, and all negatively correlated with the members of other groups. This was 

analysed formally by using factor and cluster analysis using Minitab in the next section.  
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Table 8.7: Correlation coefficient values calculated between 16 PAH compounds in all 100 sites sampled sites in 2016combined 
(*** very highly significant p<0.001; ** highly significant p<0.01; * significant p<0.05 and ns not significant p>0.05). 

 NA ACY ACE FL PH AN FLU PY BaA CH BbF BkF BaP IP DA 

ACY 
0.269 

**                

ACE 
-0.020 

ns 
-0.411 
***               

FL 
-0.170 

ns 
-0.487 
***  

0.702 
***              

PH 
0.268 

**  
-0.248 
***  

0.422 
***  

0.372 
***             

AN 
-0.145 

ns 
-0.414 
***  

0.566 
***  

0.513 
***  

0.499 
***  

 
         

FLU 
0.277 

**  
-0.158 

ns 
0.318 

**  
0.271 

**  
0.837 
***  

0.298 
**  

 
        

PY 
0.247 

**  
-0.101 

ns 
0.318 
***  

0.338 
***  

0.792 
***  

0.343 
***  

0.919 
***          

BaA 
0.220 

*  
-0.154 

ns 
0.256 

**  
0.248 

**  
0.655 
***  

0.316 
**  

0.793 
***  

0.755 
***         

CH 
0.339 
***  

-0.262 
**  

0.156 
ns 

0.080 
ns 

0.518 
***  

0.069 
Ns 

0.523 
***  

0.429 
***  

0.531 
***        

BbF 
0.372 
***  

-0.190 
*  

0.091 
ns 

0.087 
ns 

0.654 
***  

0.077 
Ns 

0.761 
***  

0.686 
***  

0.57 
***  

0.711 
***       

BkF 
0.305 

**  
-0.145 

ns 
0.066 

ns 
0.069 

ns 
0.632 
***  

0.059 
Ns 

0.692 
***  

0.633 
***  

0.531 
***  

0.711 
***  

0.937 
***      

BaP 
0.377 
***  

-0.156 
ns 

0.060 
ns 

0.057 
ns 

0.660 
***  

0.053 
Ns 

0.762 
***  

0.685 
***  

0.565 
***  

0.694 
***  

0.994 
***  

0.947 
***     

IP 
0.319 

**  
-0.125 

ns 
0.029 

ns 
0.029 

ns 
0.553 
***  

0.025 
Ns 

0.702 
***  

0.638 
***  

0.535 
***  

0.641 
***  

0.942 
***  

0.942 
***  

0.979 
***    

DA 
0.392 
***  

-0.135 
Ns 

0.167 
ns 

0.150 
ns 

0.654 
***  

0.158 
ns 

0.762 
***  

0.735 
***  

0.613 
***  

0.665 
***  

0.954 
***  

0.890 
***  

0.942 
***  

0.937 
***   

BP 
0.322 

**  
-0.128 

ns 
0.034 

ns 
0.029 

ns 
0.557 
***  

0.022 
ns 

0.693 
***  

0.632 
***  

0.528 
***  

0.637 
***  

0.973 
***  

0.947 
***  

0.977 
***  

0.997 
***  

0.934 
***  
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Table 8.8: Correlation coefficient values calculated between 16 PAH compounds in all 100 sites sampled combined (*** very highly 
significant p<0.001; ** highly significant p<0.01; * significant p<0.05 and ns not significant p>0.05). 

 NA ACY ACE FL PH AN FLU PY BaA CH BbF BkF BaP IP DA 

ACY 
0.1701 

ns               

ACE 
0.080 

ns 
-0.281 

�
�
              

FL 
0.121 

ns 
-0.205 

�
 
0.322 
�
�
�
             

PH 
0.477 

�
�
�
  
-0.142 

Ns 
0.457 
�
�
�
 

0.348 
�
�
�
            

AN 
-0.073 

ns 
-0.400 
�
�
�
 

0.481 
�
�
�
 

0.329 
�
�
 

0.490 
***            

FLU 
0.464 
�
�
�
 

-0.041 
Ns 

0.307 
�
�
�
 

0.194 
�
 

0.776 
�
�
�
 

0.335 
�
�
�
          

PY 
0.250 

�
�
 
-0.204 

�
�
 
0.326 

�
�
 
0.178 

ns 
0.698 
�
�
�
 

0.400 
�
�
�
 

0.839 
�
�
�
         

BaA 
0.323 

**  
-0.149 

ns 
0.434 
�
�
�
 

0.245 
�
�
 

0.625 
�
�
�
 

0.394 
�
�
�
 

0.704 
�
�
�
 

0.658 
�
�
�
        

CH 
0.424 

�
�
�
  
-0.123 

ns 
0.285 

�
�
 
0.091 

ns 
0.592 
�
�
�
 

0.301 
�
�
�
 

0.582 
�
�
�
 

0.528 
�
�
�
 

0.518 
�
�
�
       

BbF 
0.409 
�
�
�
 

-0.164 
ns 

0.282 
�
�
 

0.110 
ns 

0.652 
�
�
�
 

0.261 
�
�
 

0.860 
�
�
�
 

0.757 
�
�
�
 

0.555 
�
�
�
 

0.680 
�
�
�
      

BkF 
0.323 
�
�
�
 

-0.122 
ns 

0.311 
�
 

0.109 
ns 

0.561 
�
�
 

0.255 
�
�
 

0.716 
�
�
�
 

0.622 
�
�
�
 

0.468 
�
�
�
 

0.680 
�
�
�
 

0.876 
�
�
�
     

BaP 
0.427 
�
�
�
 

-0.150 
ns 

0.287 
�
�
 

0.123 
ns 

0.683 
�
�
�
 

0.256 
�
�
 

0.873 
�
�
�
 

0.754 
�
�
�
 

0.557 
�
�
�
 

0.678 
�
�
�
 

0.992 
�
�
�
 

0.889 
�
�
�
    

IP 
0.320 

�
�
  
-0.136 

ns 
0.264 

�
�
 
0.068 

ns 
0.531 
�
�
�
 

0.219 
�
 

0.804 
�
�
�
 

0.708 
�
�
 

0.503 
�
�
�
 

0.594 
�
�
�
 

0.887 
�
�
�
 

0.887 
�
�
�
 

0.961 
�
�
�
   

DA 
0.415 

�
�
�
  
-0.145 

ns 
0.269 

�
�
 
0.190 

�
 
0.667 
�
�
�
 

0.311 
�
�
�
 

0.860 
�
�
�
 

0.723 
�
�
�
 

0.580 
�
�
�
 

0.622 
�
�
�
 

0.937 
�
�
�
 

0.809 
�
�
�
 

0.943 
�
�
�
 

�
�
�
 
0.913  

BP 
0.356 

�
�
�
  
-0.172 

ns 
0.308 

�
�
 
0.086 

ns 
0.584 
�
�
�
 

0.241 
�
�
 

0.817 
�
�
�
 

0.718 
�
�
�
 

0.520 
�
�
 

0.628 
�
�
�
 

0.978 
�
�
�
 

0.902 
�
�
�
 

0.975 
�
�
�
 

0.988 
�
�
�
 

0.922 
�
�
�
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8.6. Cluster analysis  
 

As noted in the Methods (Chapter 3), a divisive hierarchical classificatory analysis was 

�S�H�U�I�R�U�P�H�G�� �E�D�V�H�G�� �R�Q�� �:�D�U�G�¶�V�� �P�H�D�V�X�U�H�� �R�I�� �G�L�V�V�L�P�L�O�D�U�L�W�\���� �W�R�� �H�[�S�O�R�U�H�� �W�K�H�� �V�L�P�L�O�D�U�L�W�L�H�V�� �R�U��

dissimilarities of the various PAH compounds by determining the grouping of similar 

compounds resulting from progressive subdivision of the whole data set. The 

dendrogram produced by the cluster analysis allows groups of individual PAHs to be 

identified because of their similarity of abundance across all of the 100 sites. Multiple 

levels of clustering can be identified because they are hierarchically related, dividing 

from one group containing all the compounds down to individual compounds. The 

primary division separates those compounds which are most similar to each other 

within each of the two groups and most different between the two groups (see Figure 

8.18).  

According to Figure 8.18 based on the sampling period for autumn 2016, four 

particularly distinct groups can be separated  on the basis of large drops in dissimilarity 

(or increase in similarity) associated with the first few main divisions into groups. After 

the third division (into four groups), each subsequent division causes a relatively small 

further drop in dissimilarity, suggesting further division beyond this point is not 

valuable. As a result, the assembly will be discussed as being based on a division into 

four groups. In Figure 8.18 the first group contains NA and ACY only, the second 

contains from CH to BaA, the third group contains CH to DA, and the final group 

includes ACE, FL and AN. 

It is notable that the groupings NA + ACY and ACE + FL + AN are the most dissimilar 

from each other, and this mirrors the distinctiveness of these two groups in the 

ordination analysis described in section  8.5. It is an indication of the similarity of each 

compound within the group to others within the groupings, but difference between the 

groupings. Biomass combustion is a source of ACY (Glaser et al., 2005), and asource 

of AN can be identified as vehicle emissions (Cai et al., 2017). These  indicate that the 

pollution comes from burning wood and traffic emissions. The sources of BP, IP, CH, 

BKF, BaP and BbF are incomplete combustion (Gan et al., 2009). 
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Figure 8. 18: Dendrogram for cluster analysis of the concentration of 16 PAHs from 
all sample areas combined, based on data from September 2016. 

The line indicates the level of division discussed in the test. 

 

Figure 8. 19: Dendrogram for cluster analysis of the concentration of 16 PAHs from 
all sample areas combined, based on data from June 2017.The line indicates the 

level of division discussed in the test. 
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From the data in Figure 8.19 for the equivalent analysis of (summer 2017 samples), 

also working at the four group level, the first group contains from NA to CH, the second 

group contains from BbF to BKF, the third group contains ACY only and the last group 

contains ACE, AN, and FLIt is notable that, comparing the groupings from September 

2016 with those from June 2017, they largely have the same compounds grouping 

together in both cases. Only two compounds differ at all in where they occur in the 

clusters, the main difference being that ACY in June 2017 is more closely linked with 

cluster 4 than with NA which is grouped on the other side of the diagram. Clearly, ACY 

is rather anomalous and does not fit the classification very well, as shown by the fact 

that it ends up in a cluster on its own in June 2017. The only other difference is CH 

which is in different cluster groups in the two analyses, but at a lower level of division 

than for ACY. In both cases, the primary division separates off the group contains 

ACE, FL and AN, with or without ACY; this group of compounds is clearly the most 

distinctively different of all the groups of compounds, but very consistent within that 

group. NA is also picked out as being rather different, on another branch from the first 

division. 

When the PAH compounds from the different classification groupings are compared 

in relation to the number of rings that they have, or their molecular weight, it may be 

seen that generally, in both sample periods, there is a group with 5-6 rings, a group 

with mostly 3 rings and another with mostly 4 rings, and a smaller group with 2 or 3. 

rings (see Table 8.9). The same comments apply if the molecular weights are 

considered, as these are a function of the number of rings in the compound. 
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Table 8.9: Comparing the classification groupings of PAHs according to their number 

of rings and molecular weight, for autumn 2016 and summer 2017 data separately 

. 

8.7. Conclusions  

 

The PAH concentrations from 100 soil samples collected from the same locations in 

the autumn and summer were analysed for both sample periods separately using 

Principal Component Analyses to determine whether the type of road had an effect on 

the concentration of the 16 PAHs compounds. It was concluded there is no effect of 

the type of road because of the absence of any pattern related to this variable in the 

results. However, the distance from the soil sample to the road, of any type, appeared 

to hasve an effect on the concentration of the 16 PAH compounds, especially in soil 

samples having the shortest distance to the road. The first factor is was particularly 

related to the concentration of BP, IP, CH, BKF, BaP, and BbF, which according to 

Wang et al. (2013) and Zheng et al. (2014), have vehicle emissions as their source. 

There is also a strong influence on PAH concentrations due to traffic volume. However, 

expressing the results as weight percentages showed no effect of road distance, so 

Autumn data summer data 

Compounds 
group 

Ring 
number 

Molecular 
Weight 

Compounds 
group 

Ring 
number 

Molecular 
Weight 

NA 2 128.17 NA 2 128.17 
ACY 3 152.20 PH 3 178.2 
ACE 3 154.21 FLU 4 202.26 
FL 3 166.2 PY 4 202.3 
AN 3 178.2 BaA 4 228.29 
PH 3 178.2 CH 4 228.28 
FLU 4 202.26 BkF 5 252.3 
PY 4 202.3 BaP 5 252.3 
BaA 4 228.29 IP 6 276.3 
CH 4 228.28 BP 6 276.34 
BbF 5 252.3 DA 5 278.35 
IP 6 276.3 BaP 5 252.3 

BaP 5 252.3 ACY 3 152.20 
DA 5 278.35 ACE 3 154.21 
BP 6 276.34 FL 3 166.2 
BkF 5 252.3 AN 3 178.2 
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the effect found previously must be strongly due to PAH absolute concentrations. 

When this was tested for statistical confirmation by correlation coefficients, however, 

the distance to the road produced a negative and non-significant correlation value, 

whereas the traffic volume gave a significant positive relationship with the total PAH 

concentrations. Therefore it appears to be traffic volume rather than distance per se 

which is most important in influencing PAH concentrations. Analysis of all the data for 

the study areas combined showed that there were various significant correlations 

(positive or negative) between the concentrations of the different compounds in both 

2016 and 2017. The positive or negative relationships were consistent with the 

groupings that resulted from formal cluster analysis.Cluster analysis showed there to 

be a clear grouping of compounds, most distinctively NA and separately ACE + FL + 

AN found in September 2016 and in June 2017 as well, but with ACY varying in relative 

position in the clusters, with consistent patterns of grouping largely found for the other 

compounds. 

The groupings of compounds produced by the cluster analysis does appear to be 

linked with the number of rings and the molecular weights of the compounds, and also 

with the potential sources of the PAHs, although there are some difficulties of 

interpretation of the latter because of conflicting indications given by different authors. 

This will be discussed further in Chapter 9. 
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Chapter 9: General Discussion and Conclusions  
 

As outlined in Chapter 1, the primary aim of this project was to measure the 

concentration of PAHs in urban soil in West Yorkshire in order to determine what the 

factors are controlling their distribution and abundance in the area. Various specific 

objectives were set to enable this aim to be achieved, and this chapter will discuss the 

extent to which these objectives were met and how they have contributed to 

understanding the general aim. 

 

9.1. Exploring soil characteristics that interact with PAH concentrations and 

establishing the best methodology for PAH analysis  

In this study, interactions between PAHs and minerals were determined by the PAH 

interaction with iodine. This was confirmation of the interaction of oleic acid, iodine and 

mineral surfaces reported by other authors (Goldenberg et al., 2014). Calcite and silica 

were both used as minerals in this study. The samples were analysed for the presence 

of iodine using a scanning electron microscopy with X-ray fluorescence. The iodine 

(and hence the PAH distribution) was mapped, and the backscatter electron image 

showed the response to absorption of iodine. The backscatter electron (BSE) image 

showed a greater response to adsorbed iodine than the secondary electron image 

(SE) and therefore a backscattered electron method was selected as more suitable 

for this. Also, different magnifications were compared (30x and 100x) and 30x was 

selected because this magnification covered all the surface of a sample whereas 100x 

focused on one area of the surface of the sample only. In this research the PAHs used 

(acenaphthlene, anthracene, and phenathrene) were absorbed on to a calcium 

carbonate surface which was then exposed to iodine. PAHs are generally considered 

persistent in organic and mineral soils due to their aromatic ring structure and low 

aqueous solubility (Johnsen et al., 2005). The present work demonstrated that PAHs 

were found to adsorb onto calcium carbonate but not many on to silica mineral 

surfaces. Determination of the interaction between minerals and PAH compounds, 

using iodine, has helped clarify the interaction, but this method does not determine the 

concentration of PAH compounds. Using GS-MC to analyse soil samples does enable 

the concentration of the 16 PAH individuals to be determined. One drawback of the 
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GC-MS technique is that the sample preparation to be used needs many steps, which 

the iodine experiment does not. However, the analysis of soil samples using GC-MS 

gives absolute concentration values and is more accurate, so this method was 

adopted in this study. 

In the soil samples collected for this study, the mineral composition present was 

identified using x-ray diffraction (XRD). The method used to identify the minerals was 

an automated search/match. From the results obtained from this method, all the peaks 

related to silica in the samples correspond to the silica in the database, while the 

calcite did not appear in the automated search. Therefore, a manual comparison was 

made by superimposing the reference XRD pattern over the measured XDR pattern. 

Silica, calcite and hematite were identified as present in all the soil samples. As these 

components were common to all the sampled sites, the conclusions derived from PAH 

analysis are probably not linked to broader differences in soil composition across the 

study areas, although there could be small-scale variations involved. 

Wilcke (1999) stated that PAHs accumulate in soil which is rich in organic matter and 

they remain in the soil for long time periods because of this interaction. When the 

percentage organic matter was measured for all samples using Loss-on-Ignition, a 

significant negative correlation at the p<0.001 level between PAH and percentage 

organic matter was found in both autumn 2016 and summer 2017 data (see Figures 

9.1 and 9.2). Therefore this study found that the percentage organic content of soils is 

inversely related to the PAH concentration. Together with the previous results that 

PAHs bind to calcite, but that calcite is found in all the samples, this suggests that the 

organic matter is the main component of the soil binding the PAHs. It can be seen 

from Figures 9.1 and 9.2 that the negative correlation is entirely due to the high 

recorded concentrations of PAH at low organic matter levels, with higher LOI values 

showing little relationship with PAH concentrations.  
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Figure 9. 1: Scatter plot of log total PAH concentration and log LOI in all 100 
samples combined (2016). 

 

 

Figure 9.2: Scatter plot of log total PAH concentration and log LOI in all 100 samples 
combined (2017)�� 

 

Examination of published data on North Wales soils shows that a good a positive 

correlation exists between loss-on-ignition and organic C values, determined by 

Tinsley's method (Ball 1964). The correlation coefficients for PAHs in ash ranged from 

0.8025 to ���������������� �7�K�H�� �F�R�H�I�I�L�F�L�H�Q�W�V�� �R�I�� �G�H�W�H�U�P�L�Q�D�W�L�R�Q�� �L�Q�� �W�K�H�V�H�� �D�X�W�K�R�U�V�¶�� �U�H�J�U�H�V�V�L�R�Q��

models varied from 0.908 to 0.980. An exponential relationship between the PAH 

content and LOI for fly ashes and  a linear negative relationships for bottom ashes  
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has also been observ�H�G���E�\���.�R�ã�Q�i����et al., (2016). Values of OM/OC (organic carbon) 

were found to increase with increasing grain size, and decrease with increasing LOI 

percentage by Sutherland (1998). Therefore there appears to be different patterns of 

relationships of organic compounds with LOI values reported in the literature. The 

results found in this thesis are in accord with the results reported by Sutherland (1998), 

�E�X�W���F�R�Q�W�U�D�U�\���W�R���W�K�R�V�H���R�I���%�D�O�O�����������������D�Q�G���.�R�ã�Q�i����et al., (2016).  

 

9.2. The spatial distribution of PAH concentrations, and their possible sources  

 

Having concluded above that determination of PAHs in soil samples was best 

achieved using gas chromatography with mass spectrometry, this method was used 

for the soil samples collected in this study; to the best of our knowledge this work is 

the first such study of urban soils in the UK and provides a benchmark of their 

distribution and concentration. 

According to Dong et al. (2012) in describing the total concentrations of PAHs, the 

�W�H�U�P�� �µmoderate�¶�� �P�D�\�� �E�H�� �X�V�H�G�� �Z�Ken the concentrations are between 100 and 1000 

�Q�J���J���� �8�V�L�Q�J�� �W�K�L�V�� �G�H�V�L�J�Q�D�W�L�R�Q���� �µmoderate�¶�� �S�R�O�O�X�W�L�R�Q�� �Z�D�V�� �I�R�X�Q�G�� �L�Q�� �R�Q�H�� �V�D�P�S�O�H�� �I�U�R�P��

Bradford in autumn 2016, however all other samples collected from Bradford fell into 

�W�K�H�� �G�H�V�L�J�Q�D�W�L�R�Q�� �R�I�� �µlow�¶�� �S�R�O�O�X�W�L�R�Q�� ���E�H�W�Z�H�H�Q��0 and 100 ng/g according to the 

classification of Dong el al., 2012). The lowest total PAH value recorded was 59 ng/g. 

By contrast, in summer 2017 the total concentrations of PAHs had 'moderate' pollution 

in all the soil sample from Bradford, with concentrations above 100 ng/g. Similar 

results were found for the sample area between Bradford and Leeds, autumn 2016 

�G�D�W�D�� �K�D�Y�L�Q�J�� �P�R�V�W�O�\�� �µ�O�R�Z�¶�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�� �E�X�W�� �V�X�P�P�H�U�� ���������� �G�D�W�D�� �V�K�R�Z�L�Q�J�� �µ�P�R�G�H�U�D�W�H�¶��

�O�H�Y�H�O�V�� �H�[�F�H�S�W�� �I�R�U�� �R�Q�H�� �V�L�W�H�� �Z�K�L�F�K�� �V�W�L�O�O�� �U�H�F�R�U�G�H�G���D�� �µ�O�R�Z�¶���� �/�H�H�G�V�� �V�L�Wes showed a higher 

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���3�$�+�V���L�Q���E�R�W�K���V�D�P�S�O�H���S�H�U�L�R�G�V�����L�Q�F�O�X�G�L�Q�J���D���K�L�J�K�O�\���S�R�O�O�X�W�H�G���O�H�Y�H�O�����D���µ�K�L�J�K�¶ 

designation according to Dong et al., 2012 with a concentration between 1000 and 

5000 ng/g) in two sites on both sample occasions. This may be due to the location 

near a road and car park that affected the PAH concentration due to vehicle emissions. 

It should be noted that even the highest concentration in Leeds was still lower than 

the highest recorded in the sediment in Taiwan (Dong et al., 2012). By contrast, the 
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lowest concentration in Bradford was higher than the total concentration reported in 

surface soil in Romania (Ene et al., 2012), placing the present results within the range 

of values reported elsewhere. 

Examining the individual PAH concentrations, benzo [a] pyrene was found to have a 

relatively high concentration in all three areas of study and in both seasonal 

measurements. Special attention was focussed on this compound because of concern 

due to the high toxicity of this compound to humans. Krzyzanowski et al. (2005) 

reported that benzo[a]pyrene displayed carcinogenic and genotoxic effects, which 

eventually jeopardize the health of roadside organisms and adjoining populations. This 

emphasises the potential risk to humans associated with the build-up of PAH 

compounds in soils, and should be explored further by assessing possible 

transmission routes of PAHs in soils to people (Gan et al., 2009). 

Having established the patterns of PAH concentration across the study areas an 

attempt was made to identify possible sources of PAH by using ratios of particular 

compounds, as used by other authors in the literature. The ratios of AN/(AN+PH), 

FLU/(PY+FLU) and (BaA/228), depending on the authors consulted, implied that the 

PAH pollution originated from a range of different sources, namely pyrogenic, biomass 

or petroleum combustion (petrogenic) in the samples which originated from Leeds city 

in September 2016. Likewise, for these ratios from June 2017 the predominant source 

was either oil combustion or pyrogenic and biomass sources in the three study areas 

(Dong et al., 2012). Another source (petroleum) (pyrogenic) was indicated for the city 

of Leeds using the ratios suggested by Yunker et al. (2002). It is difficult to interpret 

the data conclusively, not least because the interpretation of the ratios values depends 

on which author is consulted. 

The authors cited in Section 5.5 appear to be the only ones who have attempted to 

use PAH ratios to identify their sources, and all base their conclusions on the ratios 

suggested by Yunker et al. (2002) and Dong et al. (2012) As discussed in chapter 2, 

the original authors Yunker et al., (2002) and Dong et al. (2012) were not themselves 

fully clear in explaining how they had derived the ratios to determine the PAH source, 

and some different indications have been given by them using these ratios. The ratios  

as used in this study were fairly consistent when using different ways of interrogating 

the data values, and enabled conclusions to be made concerning possible sources of 



247 
 

PAHs, but in themselves do not actually conclusively demonstrate that the sources 

are what they indicated. One alternative for identifying sources of PAHs, which might 

have been used instead, would be to use GIS to plot factory locations to identify nearby 

sources; this might work in some situations but would probably not be very helpful in 

the present study, since most PAHs recorded here probably come from road vehicles 

rather than factories Clearly, this use of PAH ratios is an area which will require further 

work to enable more definite identification of PAH sources.  

Therefore, in reference to the objective of assessing whether the source of PAHs can 

be determined by reference to published PAH ratios, it can only be stated that the 

attempt made gave broadly consistent results but could not be said to have 

conclusively demonstrated sources. The subsequent GIS study of roads and their 

relationship to PAH concentrations has proved more effective in interpreting the 

present data. 

9.3. Assessing variation in PAH concentrations, seasonally and over a small 

scale  

As part of this work the inherent variability of the PAH data has been identified. This 

variability occurs over a small-scale, as shown in Chapter 6, and this variation is likely 

to reduce the ability to show statistically that there are real differences between 

different areas. An example of this is found in Chapter 7 where the mean total PAH 

concentration for the three areas were compared by ANOVA, and found not to be 

significant despite Leeds area having a generally higher concentration than elsewhere, 

because of the inherent variability in the data (large error term in the analysis). In 

Chapter 7 the natural variation was taken into account when seeking to compare the 

result from the two samples periods in an attempt to overcome this problem. The 

differences were more readily demonstrable for individual PAH compounds, some of 

which were shown to be very different in the different areas and sample periods. Other 

compounds in Tables 7.5 - 7.7 show that only some compounds were found to be 

relatively consistent in their concentration values when comparing small-scale 

variation, and thus when significant differences were observed between sample 

periods for these compounds it indicates that there generally were increases in values 

from 2016 to 2017. 
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Comparing between autumn 2016 and summer 2017, the data suggest that there is 

seasonal variation, since the concentrations increased from the first sample period to 

the second. However, further collection and analysis of a more limited number of soils 

in autumn 2018 produced results where the concentrations of the 16 PAHs continued 

to increase, which suggested that the variation may not just be seasonal but that there 

was a cumulative increase in PAH concentration over time. The accumulation of PAHs 

in soils are affected simultaneously by the duration soils have been exposed to 

pollutant fallouts and spatial factors including sources distribution, land use categories 

and soil properties (Yu et al., 2006).  As has been demonstrated earlier, soil properties 

are broadly consistent across all these sites and therefore is probably not the main 

factor here; likewise, the increase over time occurred in all areas and sites, and does 

not seem tied to specific source distribution or land use variables. Therefore duration 

of exposure is likely to be the main factor involved here. 

9.4. Using multivariate analyses to investigate the factors influencing PAH 

abundances  

The PAH concentration results were analysed using Principal Component Analysis 

(PCA) to determine whether the type of road had an effect on the concentration of the 

16 PAHs compounds. It was concluded there was no effect of the type of road because 

of the absence of any pattern and a non-significant correlation related to this variable 

in the results. However, the distance from the soil sample to the road was found to 

have an effect (a significant negative correlation) on the concentration of the 16 PAH 

compounds, with soil samples having the shortest distance to the roadside soils being 

characterized by the most intense pollutant accumulation originating from motor 

vehicles, as has previously been described by Gennadiev et al. (2015). Werkenthin et 

al., (2014) found that the most intensive accumulation of pollutants occurs in roadside 

soils because of chemical sedimentation from air pollutants or from contaminated 

waters. Such an effect appears to be largely due to differences in the absolute 

concentration, however, because when the present data were analysed using weight 

percentages the same pattern was not found.  

 Subsequent analysis of the effect of estimated traffic volume on the PAH 

concentrations showed an even more significant pattern than distance to a road, 
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however. This indicates that volume of traffic and their emissions is probably the 

principal contributor to the PAH concentrations reported in the present results. 

Even though traffic volume may be the primary source, it is apparent that some PAHs 

may travel even over a long distance. Although the soil collected further from roads 

has lower levels of PAH than that near roads (e.g. Gan et al., 2009), the results 

reported in Chapter 5 indicated that there was some level of PAH concentration even 

away from an urban centre. When they are produced in vehicle exhausts, PAHs would 

initially be air-borne contaminants; this would make them a potential hazard to human 

health in that form, but also probably explains how they are able to travel over long 

distances before they contaminate soil (Gan et al., 2009). 

Cluster analysis showed there to be a clear grouping of compounds, most distinctively 

NA and separately ACE + FL + AN found in September 2016 and in June 2017 as 

well, but with ACY varying in relative position in the clusters, with consistent patterns 

of grouping largely found for the other compounds. 

It is notable that, comparing the groupings from September 2016 with those from June 

2017, they largely have the same compounds grouping together in both cases in 

cluster analysis. Only two compounds differ at all in where they occur in the clusters, 

the main difference being that ACY does not classify in the same place in the 

groupings.  

Table 9.1 shows the grouping of PAHs from cluster analysis including information on 

the number of rings and molecular weight of the compounds in each group; it has been 

modified from that presented in Chapter 8 by the inclusion of possible sources of the 

compounds, based on PAH ratios described in Chapter 5 and section 9.2. The 

comments made in Chapter 8 about the groupings being related to molecule size and 

weight still apply, but it can be seen from Table 9.1 that there also are apparent 

differences in PAH sources linked to these groupings; the compounds arising from 

emissions from commercial creosotes  are mostly in a separate category than vehicle 

emissions or biomass combustion, in both sample periods. This suggests that the 

analyses are picking out groupings of compounds which differ in origin and behaviour. 

Given that the various PAH compounds differ in their properties and behaviour, plus 

the fact that consistent patterns of groupings were largely found for the compounds in 
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different sample periods, this indicates that future sampling could focus on 

representative compounds from the groups if desired, rather than recording data for 

all 16 compounds. Choosing compounds that showed low small-scale variability as 

those representative compounds would also be beneficial. This would make future 

studies more effective in terms of information return for quantity of analyses required. 

Based on the various lines of evidence presented in this thesis, the recommendation 

is made here that the following compounds would be most appropriate for this purpose 

in Table 6.10 for the low-concentration site (Leeds) the majority of the compounds 

have relative standard deviation (RSD) values less than 10%, this means 

concentrations of these compounds do not vary substantially  between the sub-sample 

points of the square. 
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Table 9.1: Comparing the classification groupings of PAHs according to their number 
of rings and molecular weight, for autumn 2016 and summer 2017 data separately 
associated with particular sources. 

 

Overall this work has made a contribution both to providing a baseline for future studies 

on PAH concentrations in soils in the UK and to determining the factors controlling 

their distribution and abundance. In conclusion, it may be stated that this work 

highlights the possibility that PAHs may pose a notable health hazard to humans, not 

only through aerial transmission, but also indirectly through soil contamination in urban 

areas. Various possible lines of future work to follow up the present study are indicated 

below. 

Autumn data summer data 

Compounds 
group 

Ring 
number 

Molecular 
Weight 

sources of 
each 

compound 

Compound
s group 

Ring 
numbe

r 

Molecular 
Weight 

sources of each 
compound 

NA 2 128.17 
Incomplete 
combustion NA 2 128.17 

Incomplete 
combustion 

ACY 3 152.20 biomass 
combustion 

PH 3 178.2 emissions from 
commercial 
creosotes ACE 3 154.21 emissions 

from 
commercial 
creosotes 

FLU 4 202.26 
FL 3 166.2 PY 4 202.3 
AN 3 178.2 BaA 4 228.29  
PH 3 178.2 CH 4 228.28 Vehicle emission 
FLU 4 202.26 BkF 5 252.3 
PY 4 202.3 BaP 5 252.3 
BaA 4 228.29  IP 6 276.3 
CH 4 228.28 Vehicle 

emission 
BP 6 276.34 

BbF 5 252.3 DA 5 278.35 
emissions from 

commercial 
creosotes 

IP 6 276.3 BaP 5 252.3 Vehicle emission 

BaP 5 252.3 ACY 3 152.20 
biomass 

combustion 

DA 5 278.35 

emissions 
from 

commercial 
creosotes 

ACE 3 154.21 

biomass 
combustion 

BP 6 276.34 Vehicle 
emission 

FL 3 166.2 emissions from 
commercial 
creosotes BkF 5 252.3 AN 3 178.2 
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9.5. Future work  
 

Given the results described in this thesis, it is suggested that the following might be 

useful lines of future work. 

 

�x There was no time during this work to carry out in full a further re-sampling 

period, but it would be desirable to revisit the same sampling areas (coordinates 

in Table 3.1, 3.2, and 3.3) to investigate more fully whether there is any 

seasonal variation of PAH distribution and abundances or whether progressive 

accumulation of PAH is occurring. Further analysis could also include taking 

samples at different depths of soil, rather than at the surface, to explore past 

PAH deposition. This would be particularly interesting given government policy 

on urban air pollution and the removal of diesel cars with the perhaps eventual 

complete move to all electric vehicles. This could be linked to investigation of 

the rate of decomposition or leaching of PAHs out of the soil environment.  

 

�x This work identified the interaction between PAH and organic matter and 

mineral compound of soil, but further study of the binding of PAHs with organic 

matter and mineral components is desirable to clarify how PAHs interact with 

organic matter and especially calcite mineral. This will help understanding of 

retention, of variability and of breakdown of PAHs. 

 

�x There are some differences in the literature regarding the use of PAH ratios to 

identify different sources of pollution; further clarification of these ratios was 

beyond the scope of this study but would be valuable for more accurate 

identification of pollution sources. 

 

�x It would be helpful to establish whether there is a relationship between 

different vehicle types and PAH concentration, for example whether the effect 

observed with traffic volume is particularly linked to heavy goods vehicles 

rather than private cars; and also what the dispersal distances are for the 

different compounds related to road distance. 
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�x After soil deposition, to become a hazard to human health PAHs must be 

ingested. It would be interesting to examine soils from allotment sites and 

samples collected from plants where the edible portion is in direct contact with 

the soil (for example, carrots or potatoes), to see whether this is likely to be a 

significant source of human ingestion. 

 

�x Although the PAH-mineral interactions were explored using iodine, and some 

interesting observations were made, further work could be carried out on these 

interactions and their implications on the long-term survival of PAHs in soils. 

 

�x In further work it would be valuable to do independent verification (i.e. GC-MS 

data) to ground-truth the SEM. 
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Appendices  

Appendix A  
Calibration line for 16 PAHs from Bradford 2016  

         

Figure A.1: calibration line for naphthalene (a), acenaphthylene (b), phenanthrene (c), fluoranthene (d), benzo[a]anthracene (e) and 
benzo[b]fluoranthene (f). 
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Figure A.2: calibration line for benzo[a]pyrene (a), dibenzo[a,h]anthracen (d), acenaphthene (c), fluorene (d), anthracene (e) and 
pyrene (f). 
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Figure A.3: calibration line for chrysene (a), benzo[k]fluoranthene (b), indeno[1,2,3-cd]pyrene (c) and benzo[ghi]perylene (d). 
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Table A.1: Peak areas, resulting calibration line and calculated LOD and LOQs obtained from the 5 standard PAH solutions 
measurements (samples from Bradford from21 to 40) 2016. 

 

compounds RT 
(min) 

peak 
area 

peak 
area 

peak 
area 

peak 
area 

peak 
area 

Intercept 
(y-axis) 

Gradient R2 Standard 
error in y 
(peak 
area) 

LOD 
(area) 

LOQ 
(area) 

LOD 
(ng/ul) 

LOQ 
(ng/ul) 

NA 5.9 32383572 15855388 13017743 7009834 3898840 -320330 3122414 0.9961 797419 2071929 7653865 0.8 2.6 
ACY 8.6 32507846 15425943 12160300 5871428 3388061 -1380644 4034751 0.9953 910065 1349550 7720005 0.7 2.3 
ACE 9.0 42908560 20330622 17063321 7974466 4668627 -1358129 5095082 0.9925 1501157 3145343 13653443 0.9 2.9 
FL 1.3 37897685 17557069 14095971 7052880 3608147 -1791121 4215951 0.9964 931529 1003465 7524167 0.7 2.2 

PH 13.2 28688351 12470173 10119733 3944525 2165098 -2479141 2871752 0.9918 1100046 820997 8521318 1.1 3.8 
AN 13.4 27826560 11523614 9273559 3312826 1704855 -3048995 3292062 0.9911 1132131 347397 8272311 1.0 3.4 

FLU 17.8 22957441 9931935 8390755 2607007 1505182 -2247528 2621757 0.9862 1160474 1233893 9357209 1.3 4.4 
PY 18.7 20966050 9229732 7776240 3029421 1444901 -1703287 2435497 0.9911 834814 801154 6644851 1.0 3.4 

BaA 24.1 290906 154801 90689 61360 50401 -841 30202 0.9810 15744 46392 156603 1.6 5.2 
CH 24.2 502111 210717 149423 29945 36141 -68557 62771 0.9794 31980 27383 251243 1.5 5.1 

BbF 28.7 273879 99020 69963 37897 32251 -27862 30518 0.9696 20003 32146 172166 2.0 6.6 
BkF 28.8 201489 91751 66227 39137 9919 -16322 23938 0.9998 1070 -13113 -5626 0.1 0.4 
BaP 29.9 236039 89450 60108 20226 17278 -33860 32108 0.9861 14211 8772 108246 1.3 4.4 

IP 33.9 411169 157533 123866 39254 15475 -59488 48877 0.9862 17716 -6339 117676 1.1 3.6 

DA 34.1 633818 201346 171645 84674 25242 -92918 73209 0.9793 39836 26591 305444 1.6 5.4 

BP 34.7 658478 272685 203368 107392 53501 -58187 75005 0.9944 20663 3802 148443 0.8 2.8 
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Figure A.4: Mass��chromatogram��of the SIM method on 
sample number B1��from Bradford. 

Figure A.5: Mass��chromatogram��of the SIM method on 
sample number B2��from Bradford. 

Figure A.6: Mass��chromatogram��of the SIM method on 
sample number B3��from Bradford. 

Figure A.7: Mass��chromatogram��of the SIM method on 
sample number B4��from Bradford. 
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Figure A.8: Mass��chromatogram��of the SIM method on 
sample number B5��from Bradford. 

Figure A.9: Mass��chromatogram��of the SIM method on 
sample number B6��from Bradford. 

Figure A.10: Mass��chromatogram��of the SIM method on 
sample number B7��from Bradford. 

Figure A.11: Mass��chromatogram��of the SIM method on 
sample number B8 from Bradford. 
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Figure A.12: Mass��chromatogram��of the SIM method on 
sample number B8 from Bradford. 

Figure A.13: Mass��chromatogram��of the SIM method on 
sample number B11��from Bradford. 

Figure A.14: Mass��chromatogram��of the SIM method on 
sample number B12��from Bradford. 

Figure A.15 Mass��chromatogram��of the SIM method on 
sample number B13��from Bradford. 
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Figure A.16: Mass��chromatogram��of the SIM method on 
sample number B14��from Bradford. 

Figure A.17: Mass��chromatogram��of the SIM method on 
sample number B15��from Bradford. 

 

Figure A.18: Mass��chromatogram��of the SIM method on 
sample number B16��from Bradford. 

 

Figure A.19: Mass��chromatogram��of the SIM method on 
sample number B17��from Bradford. 
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Figure A.20: Mass��chromatogram��of the SIM method on 
sample number B18��from Bradford. 

Figure A.21: Mass��chromatogram��of the SIM method on 
sample number B19��from Bradford. 

Figure A.22: Mass��chromatogram��of the SIM method on 
sample number B20��from Bradford. 

Figure A.23: Mass��chromatogram��of the SIM method on 
sample number B21��from Bradford. 
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Figure A. 24: Mass��chromatogram��of the SIM method on 
sample number B22��from Bradford. 

Figure A.25: Mass��chromatogram��of the SIM method on 
sample number B23��from Bradford. 

Figure A.26: Mass��chromatogram��of the SIM method on 
sample number B24��from Bradford. 

Figure A.27: Mass��chromatogram��of the SIM method on 
sample number B25��from Bradford. 
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Figure A.28: Mass��chromatogram��of the SIM method on 
sample number B26��from Bradford. 

Figure A.29: Mass��chromatogram��of the SIM method on 
sample number B27��from Bradford. 

Figure A.30: Mass��chromatogram��of the SIM method on 
sample number B28��from Bradford. 

Figure A.31: Mass��chromatogram��of the SIM method on 
sample number B29��from Bradford. 
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Figure A.32: Mass��chromatogram��of the SIM method on 
sample number B30��from Bradford. 

Figure A.33: Mass��chromatogram��of the SIM method on 
sample number B31��from Bradford. 

Figure A.34: Mass��chromatogram��of the SIM method on 
sample number B32��from Bradford. 

Figure A.35: Mass��chromatogram��of the SIM method on 
sample number B33��from Bradford. 
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Figure A.36: Mass��chromatogram��of the SIM method on 
sample number B34��from Bradford. 

Figure A.37: Mass��chromatogram��of the SIM method on 
sample number B35��from Bradford. 

 

Figure A.38: Mass��chromatogram��of the SIM method on 
sample number B36��from Bradford. 

 

Figure A.39: Mass��chromatogram��of the SIM method on 
sample number B37��from Bradford. 
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Figure A.40: Mass��chromatogram��of the SIM method on 
sample number B38��from Bradford. 

Figure A.41: Mass��chromatogram��of the SIM method on 
sample number B39��from Bradford. 

 

Figure A.42: Mass��chromatogram��of the SIM method on 
sample number B40��from Bradford. 
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Calibration line for 16 PAHs from area between Bradford and Leeds 2016  
 

   

 

Figure A.43: calibration line for naphthalene (a), acenaphthene (b), phenanthrene (c), fluoranthene (d), benzo[a]anthracene (e),   
benzo[b]fluoranthene (f). 
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Figure A.44: calibration line for dibenzo[a,h]anthracen  (a), acenaphthylene (b),  benzo[a]pyrene  (c), fluorene  (d), anthracene (e) 
and pyrene (f). 
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Figure A.45: calibration line for chrysene (a), benzo[k]fluoranthene (b), indeno [1,2,3-cd]pyrene (c) benzo[ghi]perylene (d). 
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compounds RT (min) peak 
area 

peak 
area 

peak 
area 

peak 
area 

peak 
area 

Intercept 
(y-axis) 

Gradient R2 Standard 
error in 
y (peak 
area) 

LOD 
(area) 

LOQ 
(area) 

LOD 
(ng/ul) 

LOQ 
(ng/ul) 

NA 5.9 32383572 15855388 13017743 7009834 3898840 -320330 3122414 0.9961 797419 2071929 7653865 0.8 2.6 
ACY 8.6 32507846 15425943 12160300 5871428 3388061 -1380644 4034751 0.9953 910065 1349550 7720005 0.7 2.3 
ACE 9.0 42908560 20330622 17063321 7974466 4668627 -1358129 5095082 0.9925 1501157 3145343 13653443 0.9 2.9 
FL 1.3 37897685 17557069 14095971 7052880 3608147 -1791121 4215951 0.9964 931529 1003465 7524167 0.7 2.2 

PH 13.2 28688351 12470173 10119733 3944525 2165098 -2479141 2871752 0.9918 1100046 820997 8521318 1.1 3.8 
AN 13.4 27826560 11523614 9273559 3312826 1704855 -3048995 3292062 0.9911 1132131 347397 8272311 1.0 3.4 

FLU 17.8 22957441 9931935 8390755 2607007 1505182 -2247528 2621757 0.9862 1160474 1233893 9357209 1.3 4.4 
PY 18.7 20966050 9229732 7776240 3029421 1444901 -1703287 2435497 0.9911 834814 801154 6644851 1.0 3.4 

BaA 24.1 290906 154801 90689 61360 50401 -841 30202 0.9810 15744 46392 156603 1.6 5.2 
CH 24.2 502111 210717 149423 29945 36141 -68557 62771 0.9794 31980 27383 251243 1.5 5.1 

BbF 28.7 273879 99020 69963 37897 32251 -27862 30518 0.9696 20003 32146 172166 2.0 6.6 
BkF 28.8 201489 91751 66227 39137 9919 -16322 23938 0.9998 1070 -13113 -5626 0.1 0.4 
BaP 29.9 236039 89450 60108 20226 17278 -33860 32108 0.9862 14211 8772 108246 1.3 4.4 

IP 33.9 411169 157533 123866 39254 15475 -59488 48877 0.9905 17716 -6339 117676 1.1 3.6 

DA 34.1 633818 201346 171645 84674 25242 -92918 73209 0.9793 39836 26591 305444 1.6 5.4 

BP 34.7 658478 272685 203368 107392 53501 -58187 75005 0.9944 20663 3802 148443 0.8 2.8 

 

Table A.2: Peak areas, resulting calibration line and calculated LOD and LOQs obtained from the 5 standard PAH solutions 
measurements (samples from area between Bradford and Leeds from 1 to 20) 2016. 
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Figure A.46: Mass chromatogram of the SIM method on 
sample number BL1 from the area between Bradford and 

Leeds. 

Figure A.47: Mass chromatogram of the SIM method on 
sample number BL2 from the area between Bradford and 

Leeds. 

Figure A.48: Mass chromatogram of the SIM method on 
sample number BL3 from the area between Bradford and 

Leeds. 

Figure A.49: Mass chromatogram of the SIM method on 
sample number BL4 from the area between Bradford and 

Leeds. 
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Figure A.50: Mass chromatogram of the SIM method on 
sample number BL5 from the area between Bradford and 

Leeds. 

Figure A.51: Mass chromatogram of the SIM method on 
sample number BL6 from the area between Bradford and 

Leeds. 

Figure A.52: Mass chromatogram of the SIM method on 
sample number BL7 from the area between Bradford and 

Leeds. 

Figure A.53: Mass chromatogram of the SIM method on 
sample number BL8 from the area between Bradford and 

Leeds. 
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Figure A.54: Mass chromatogram of the SIM method on 
sample number BL9 from the area between Bradford and 

Leeds. 

Figure A.55: Mass chromatogram of the SIM method on 
sample number BL11 from the area between Bradford and 

Leeds. 

Figure A.56: Mass chromatogram of the SIM method on 
sample number BL12 from the area between Bradford and 

Leeds. 

Figure A.57: Mass chromatogram of the SIM method on 
sample number BL13 from the area between Bradford and 

Leeds. 
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Figure A.58: Mass chromatogram of the SIM method on 
sample number BL14 from the area between Bradford and 

Leeds. 

Figure A.59: Mass chromatogram of the SIM method on 
sample number BL15 from the area between Bradford and 

Leeds. 

Figure A.60: Mass chromatogram of the SIM method on 
sample number BL16 from the area between Bradford and 

Leeds. 

Figure A.61: Mass chromatogram of the SIM method on 
sample number BL17 from the area between Bradford and 

Leeds. 
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Figure A.62: Mass chromatogram of the SIM method on 
sample number BL18 from the area between Bradford and 

Leeds. 

 

 

Figure A.63: Mass chromatogram of the SIM method on 
sample number BL19 from the area between Bradford and 

Leeds. 

Figure A.64: Mass chromatogram of the SIM method on 
sample number BL20 from the area between Bradford and 

Leeds. 
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Calibration line for 16 PAHs from 1 to 40 Leeds 2016  
 

   

 

Figure A.65: calibration line for naphthalene (a), acenaphthene (b), phenanthrene (c), fluoranthene (d), benzo[a]anthracene (e) and 
benzo[b]fluoranthene (f). 
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Figure A.67: calibration line for benzo[a]pyrene (a), dibenzo [a, h]anthracen (b), acenaphthylene (c), fluorine (d), anthracene (e) and 
pyrene (f).  
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Figure A.68: calibration line for chrysene (a), benzo[ghi] perylene (b), benzo[k]fluoranthene (c), indeno[1,2,3-cd]pyrene (e). 
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compounds RT 
(min) 

peak 
area 

peak 
area 

peak 
area 

peak 
area 

peak 
area 

Intercept 
(y-axis) 

Gradient R2 Standard 
error in 
y (peak 
area) 

LOD 
(area) 

LOQ 
(area) 

LOD 
(ng/ul) 

LOQ 
(ng/ul) 

NA 5.9 9323615 4898830 3515521 1880555 901477 -275351 926847 0.9951 265213 520290 2376784 0.9 2.9 
ACY 8.6 8449266 4431761 3151380 1557176 719684 -369159 1066405 0.9933 287608 493666 2506923 0.8 2.7 
ACE 9.0 11100608 6054030 4414590 2259075 1076734 -221918 1328972 0.9905 440441 1099404 4182488 1.0 3.3 
FL 1.3 9907871 5175044 3718212 1847747 839631 -423512 1116126 0.9937 326137 554897 2837853 0.9 2.9 

PH 13.2 7014622 3951698 2738267 1324634 594985 -220654 688373 0.9849 359233 857045 3371677 1.6 5.2 
AN 13.4 6982704 3696307 2493720 1151792 476031 -445790 813835 0.9907 285929 411996 2413496 1.1 3.5 

FLU 17.8 7053075 3453900 2239837 1031148 435809 -644838 807313 0.9951 211461 -10454 1469775 0.8 2.6 
PY 18.7 6671293 3347005 2120783 982015 417595 -591816 788424 0.9937 228283 93034 1691017 0.9 2.9 

BaA 24.1 347246 144586 93516 25426 25279 -48252 40616 0.9825 20302 12655 154772 1.5 5.0 
CH 24.2 350387 198784 97318 32228 6692 -47093 45475 0.9688 28623 38776 239137 1.9 6.3 

BbF 28.7 27662 17905 10261 3990 1629 -1531 3233 0.9469 2837 6980 26837 2.6 8.8 
BkF 28.8 24854 13457 8402 2526 1496 -2400 3064 0.9765 1687 2660 14466 1.7 5.5 
BaP 29.9 7750 4782 3411 2960 1576 1255 797 0.9885 284 2106 4091 1.1 3.6 

IP 33.9 31600 13779 12679 6414 146.05 -2648 3642 0.9839 1725 2528 14607 1.4 4.7 

DA 34.1 37271 19194 13301 9698 6120 811 3775 0.9967 809 3238 8902 0.6 2.1 

BP 34.7 41478 28168 18724 10297 5640 2196 4413 0.9500 3712 13331 39314 2.5 8.4 

 

Table A.3: Peak areas, resulting calibration line and calculated LOD and LOQs obtained from the 5 standard PAH solutions 
measurements (samples from Leeds from 1 to 20) 2016. 
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Figure A.69: calibration line for naphthalene (a), acenaphthene (b), phenanthrene (c), fluoranthene (d), benzo[a]anthracene (e) and 
benzo[b]fluoranthene (f). 
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Figure A.70: calibration line for benzo[a]pyrene (a), dibenzo[a,h]anthracen (b), acenaphthylene (c), fluorene (d), anthracene (e) and 
pyrene (f). 
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Figure A.71: calibration line for chrysene (a), benzo[k]fluoranthene (b), indeno[1,2,3-cd]pyrene (c) and benzo[ghi]perylene (d). 
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compounds RT 
(min) 

peak 
area 

peak 
area 

peak area peak 
area 

peak 
area 

Intercept 
(y-axis) 

Gradient R2 Standard 
error in y 
(peak area) 

LOD 
(area) 

LOQ 
(area) 

LOD 
(ng/ul) 

LOQ 
(ng/ul) 

NA 5.9 18603600 8429888 6407667 4038820 2254478 -567287 1801942 0.9969 414546 676352 3578176 0.7 2.3 
ACY 8.6 16498222 7209018 5789991 3358462 2172288 -512523 1988920 0.9927 560434 1168779 5091818 0.8 2.8 
ACE 9.0 14143000 7003597 5014625 1079962 891998 -1520933 1825688 0.9764 963148 1368512 8110549 1.6 5.3 
FL 1.3 16967637 9016279 6375551 4807894 530539 -519335 1905181 0.9820 945769 2317974 8938359 1.5 5.0 

PH 13.2 15021927 8050590 6717671 4989951 149389 -30862 1443779 0.9522 1363106 4058456 13600199 2.8 9.4 
AN 13.4 16878292 8489294 7037128 5203238 1082566 57519 1835265 0.9822 895871 2745132 9016227 1.5 4.9 

FLU 17.8 15290070 8964315 7131162 4067429 1009452 209501 1639580 0.9689 1099325 3507475 11202749 2.0 6.7 
PY 18.7 13084037 8010324 3976240 2714704 1242159 -459371 1496981 0.9658 1021654 2605591 9757170 2.0 6.8 

BaA 24.1 1914350 1042883 639651 185473 87555 -203948 226373 0.9757 133644 196983 1132488 1.8 5.9 
CH 24.2 2057561 1000638 664760 230710 46753 -255748 260699 0.9922 81193 -12168 556184 0.9 3.1 

BbF 28.7 266464 139239 65602 26130 6831 -38364 32565 0.9798 17308 13559 134712 1.6 5.3 
BkF 28.8 157933 71202 37810 19218 6574 -21942 19656 0.9919 6298 -3049 41034 1.0 3.2 
BaP 29.9 90222 49774 28137 24206 6662 -2605 11492 0.9836 4750 11644 44892 1.2 4.1 

IP 33.9 294244 127940 69776 29418 8901 -46053 35581 0.9861 11437 -11743 68313 1.0 3.2 

DA 34.1 270558 138391 70421 25036 6467 -39198 32725 0.9836 15839 8321 119197 1.5 4.8 

BP 34.7 396555 199703 99347 76268 34307 -30339 45290 0.9842 21015 32705 179807 1.4 4.6 

 

Table A.4: Peak areas, resulting calibration line and calculated LOD and LOQs obtained from the 5 standard PAH solutions 
measurements (samples from Leeds from 21 to 40) 2016. 
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Figure A.72: Mass��chromatogram��of the SIM method on 
sample number L1from Leeds. 

 

Figure A.74: Mass��chromatogram��of the SIM method on 
sample number L3��from Leeds. 

  

Figure A.75: Mass��chromatogram��of the SIM method on 
sample number L4��from Leeds

Figure A.73: Mass��chromatogram��of the SIM method on 
sample number L2from Leeds. 
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Figure A.76: Mass��chromatogram��of the SIM method on 
sample number L5 from Leeds. 

Figure A.77: Mass��chromatogram��of the SIM method on 
sample number L6��from Leeds.

Figure A.78: Mass��chromatogram��of the SIM method on 
sample number L7��from Leeds. 

 

Figure A.79: Mass��chromatogram��of the SIM method on 
sample number L8��from Leeds. 
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Figure A.80: Mass��chromatogram��of the SIM method on 
sample number L9��from Leeds. 

 

Figure A.81: Mass��chromatogram��of the SIM method on 
sample number L10��from Leeds. 

 

Figure A.82: Mass��chromatogram��of the SIM method on 
sample number L11��from Leeds.

 

Figure A.83: Mass��chromatogram��of the SIM method on 
sample number L12��from Leeds. 
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Figure A.84: Mass��chromatogram��of the SIM method on 
sample number L13��from Leeds. 

 

Figure A.85: Mass��chromatogram��of the SIM method on 
sample number L14��from Leeds. 

 

Figure A.86: Mass��chromatogram��of the SIM method on 
sample number L15��from Leeds. 

 

Figure A.87: Mass��chromatogram��of the SIM method on 
sample number L16��from Leeds. 
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Figure A.88: Mass chromatogram of the SIM method on 
sample number L17 from Leeds. 

 

Figure A.89: Mass chromatogram of the SIM method on 
sample number L18 from Leeds. 

  

 

Figure A.90: Mass chromatogram of the SIM method on 
sample number L19 from Leeds. 

 

Figure A.91: Mass chromatogram of the SIM method on 
sample number L20 from Leeds.
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Figure A.92: Mass��chromatogram��of the SIM method on 

sample number L21��from Leeds. 

Figure A.93: Mass��chromatogram��of the SIM method on 

sample number L22��from Leeds. 

Figure A.94: Mass��chromatogram��of the SIM method on 

sample number L23��from Leeds. 

Figure A.95: Mass��chromatogram��of the SIM method on 

sample number L24��from Leeds. 
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Figure A.96: Mass��chromatogram��of the SIM method on 

sample number L25��from Leeds. 

Figure A.97: Mass��chromatogram��of the SIM method on 

sample number L26��from Leeds. 

Figure A.98: Mass��chromatogram��of the SIM method on 

sample number L27��from Leeds. 

Figure A.99: Mass��chromatogram��of the SIM method on 

sample number L28��from Leeds. 
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Figure A.100: Mass��chromatogram��of the SIM method on 

sample number L29��from Leeds. 

Figure A.101: Mass��chromatogram��of the SIM method on 

sample number L30��from Leeds 

Figure A.102: Mass��chromatogram��of the SIM method on 

sample number L31��from Leeds. 

Figure A.103: Mass��chromatogram��of the SIM method on 

sample number L32��from Leeds. 
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Figure A.104: Mass��chromatogram��of the SIM method on 

sample number L33��from Leeds. 

Figure A.105: Mass��chromatogram��of the SIM method on 

sample number L34��from Leeds. 

Figure A.106: Mass��chromatogram��of the SIM method on 

sample number L35��from Leeds. 

Figure A.107: Mass��chromatogram��of the SIM method on 

sample number L36��from Leeds. 
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Figure A.108: Mass��chromatogram��of the SIM method on 

sample number L37��from Leeds. 

Figure A.109: Mass��chromatogram��of the SIM method on 

sample number L38��from Leeds. 

Figure A.110: Mass��chromatogram��of the SIM method on 

sample number L39��from Leeds. 

Figure A.111: Mass��chromatogram��of the SIM method on 
sample number L40��from Leeds. 
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Calibration line for 16 PAHs from Bradford 2017  
 

 

   

Figure A.112: calibration line for naphthalene (a), acenaphthene (b), phenanthrene (c), fluoranthene (d), benzo[a]anthracene (e) 
and benzo[b]fluoranthene (f). 
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Figure A.113: calibration line for benzo[a]pyrene (a), dibenzo[a,h]anthracen (b), acenaphthylene (c), fluorene (d), anthracene (e) 
and pyrene (f). 
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Figure A.114: calibration line for chrysene (a), benzo[k]fluoranthene (b), indeno[1,2,3-cd]pyrene (c) and benzo[ghi]perylene (d). 
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compounds RT 
(min) 

peak area peak 
area 

peak 
area 

peak 
area 

peak 
area 

Intercept 
(y-axis) 

Gradient R2 Standard 
error in 
y (peak 
area) 

LOD 
(area) 

LOQ 
(area) 

LOD 
(ng/ul) 

LOQ 
(ng/ul) 

NA 5.8 73934109 42632898 39255178 30440308 15994931 12277932 5962657 0.9796 3523125 22847307 47509183 1.8 5.9 
ACY 8.4 79296010 47458808 43431045 31924062 20500997 15247989 7744496 0.9878 2823521 23718552 43483198 1.1 3.6 
ACE 8.8 108397040 67274856 59815191 44464334 30980281 23193392 9959885 0.9916 3115895 32541078 54352345 0.9 3.1 
FL 10.0 83347845 56329004 49398910 37504475 27779683 22837792 6627468 0.9845 3046247 31976534 53300265 1.4 4.6 

PH 12.8 71739676 40209096 31477102 20719115 12305851 4751053 6283769 0.9969 1481372 9195168 19564768 0.7 2.4 
AN 12.9 80116550 40394111 38834240 27454948 19089655 10132968 7418144 0.9877 3002120 19139327 40154164 1.2 4.0 

FLU 17.2 87402154 50855610 44113222 39525491 19047175 15433619 7582202 0.9725 4773754 29754882 63171162 1.9 6.3 
PY 18.1 90587562 59332287 48424082 42887797 26913989 22231855 7502339 0.9851 3344141 32264278 55673266 1.3 4.5 

BaA 23.4 69524036 40428194 30474162 28972835 15357597 10135526 6207370 0.9849 2875122 18760892 38886745 1.4 4.6 
CH 23.5 68670179 40543211 31604837 21107579 13669398 6751705 7004280 0.9941 1896211 12440339 25713817 0.8 2.7 

BbF 28.0 44096252 30339943 26092692 19539963 13978747 11658058 3544202 0.9772 2004181 17670600 31699864 1.7 5.7 
BkF 28.1 46943010 32710573 28920713 22251235 19465412 15748312 3494475 0.9888 1317996 19702301 28928275 1.1 3.8 
BaP 29.1 51161133 37854813 30174082 26680285 19798814 17355335 4276014 0.9747 2203953 23967195 39394869 1.5 5.2 

IP 33.2 42681087 27032175 20654379 19003991 9922876 7830128 3749421 0.9772 2123656 14201096 29066686 1.7 5.7 

DA 33.4 51672410 30749948 24729280 22408791 9361785 7488049 4698239 0.9698 3104330 16801039 38531351 2.0 6.6 

BP 34.0 50555468 30813738 25730971 20057789 11429885 8297197 4591105 0.9892 1761604 13582009 25913237 1.2 3.8 

 

Table A.5: Peak areas, resulting calibration line and calculated LOD and LOQs obtained from the 5 standard PAH solutions 
measurements (samples from Bradford from1 to 20) 2017. 
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Figure A.115: calibration line for naphthalene (a), acenaphthene (b), phenanthrene (c), fluoranthene (d), benzo[a]anthracene (e) 
and benzo[b]fluoranthene (f). 
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Figure A.116: calibration line for benzo[a]pyrene (a), dibenzo[a,h]anthracen (b), acenaphthylene (c), fluorene (d), anthracene (e) 
and pyrene (f). 
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Figure A.117: calibration line for chrysene (a), benzo[k]fluoranthene (b), indeno[1,2,3-cd]pyrene(c) and benzo[ghi]perylene (a). 
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compounds RT 
(min) 

peak 
area 

peak 
area 

peak 
area 

peak 
area 

peak area Intercept 
(y-axis) 

Gradient R2 Standard 
error in y 
(peak 
area) 

LOD 
(area) 

LOQ (area) LOD 
(ng/ul) 

LOQ 
(ng/ul) 

NA 5.8 59942442 36655131 26256166 15690971 12986251 5181978 5317294 0.9818 2966315 14080923 34845127 1.7 5.6 

ACY 8.4 64600250 41557439 32295374 26631125 10867265 9223175 6869607 0.9623 4453448 22583517 53757650 1.9 6.5 

ACE 8.8 90632126 52414643 46490075 36149353 20445741 14600395 8844443 0.9890 3165591 24097169 46256309 1.1 3.6 

FL 10.0 90182441 46746037 30271614 20458379 10799004 -1798181 9808434 0.9964 2166218 4700475 19864004 0.7 2.2 

PH 12.8 61630268 40667668 31907270 25994444 15046546 11922475 4758593 0.9797 2888474 20587896 40807211 1.8 6.1 

AN 12.9 57893912 38900985 29749877 23609206 18859828 13382206 4879464 0.9890 1867806 18985625 32060270 1.1 3.8 

FLU 17.2 72162806 49490439 40098834 32634936 19790081 16996405 5981253 0.9724 3773931 28318198 54735714 1.9 6.3 

PY 18.1 72913821 42348310 36337052 34194549 19853372 15284890 6175515 0.9801 3190469 24856297 47189578 1.5 5.2 

BaA 23.4 61169148 42799060 36467782 26464671 19895299 16361828 4860501 0.9730 3034096 25464115 46702787 1.9 6.2 

CH 23.5 58115014 41519705 33243121 26916866 19572478 16343111 4822303 0.9772 2583612 24093948 42179234 1.6 5.4 

BbF 28.0 41686799 30839677 25050310 18682236 16166581 13071063 3137791 0.9665 2164536 19564672 34716427 2.1 6.9 

BkF 28.1 54216013 32153547 26666541 19175322 16656291 9871821 4860005 0.9947 1256665 13641815 22438469 0.8 2.6 

BaP 29.1 48486852 34163284 25561499 20017945 17682435 12702846 4466005 0.9762 2231193 19396424 35014773 1.5 5.0 

IP 33.2 43089203 24883154 20689614 13493221 14159435 7392313 3712424 0.9774 2093629 13673201 28328605 1.7 5.6 

DA 33.4 48367286 27958731 20225393 15745833 12844254 6131268 4374313 0.9921 1461344 10515301 20744710 1.0 3.3 

BP 34.0 42589460 26125929 22879715 15437512 10411899 7172370 3857336 0.9866 1648407 12117592 23656441 1.3 4.3 

 

Table A.6: Peak areas, resulting calibration line and calculated LOD and LOQs obtained from the 5 standard PAH solutions 
measurements (samples from Bradford from 21 to 40) 2017. 



324 
 

Figure A.118: Mass��chromatogram��of the SIM method on 
sample number B1��from Bradford. 

Figure A.119: Mass��chromatogram��of the SIM method on 
sample number B2��from Bradford. 

 

Figure A.120: Mass��chromatogram��of the SIM method on 
sample number B3��from Bradford. 

Figure A.121: Mass��chromatogram��of the SIM method on 
sample number B4��from Bradford. 
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Figure A.122: Mass��chromatogram��of the SIM method on 
sample number B5 from Bradford. 

 

Figure A.123: Mass��chromatogram��of the SIM method on 
sample number B6��from Bradford. 

Figure A.124: Mass��chromatogram��of the SIM method on 
sample number B7��from Bradford. 

 

Figure A.125: Mass��chromatogram��of the SIM method on 
sample number B8��from Bradford. 
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Figure A.126: Mass��chromatogram��of the SIM method on 
sample number B9��from Bradford. 

Figure A.127: Mass��chromatogram��of the SIM method on 
sample number B10��from Bradford. 

 

Figure A.128: Mass��chromatogram��of the SIM method on 
sample number B11��from Bradford. 

Figure A.129: Mass��chromatogram��of the SIM method on 
sample number B12��from Bradford. 
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Figure A.130: Mass��chromatogram��of the SIM method on 
sample number 13��from Bradford. 

Figure A.131: Mass��chromatogram��of the SIM method on 
sample number B14��from Bradford. 

 

 

Figure A.132:  Mass��chromatogram��of the SIM method on 
sample number B15��from Bradford. 

Figure A.133: Mass��chromatogram��of the SIM method on 
sample number B16��from Bradford. 
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Figure A.134: Mass��chromatogram��of the SIM method on 
sample number B17��from Bradford. 

 

Figure A.135: Mass��chromatogram��of the SIM method on 
sample number B18��from Bradford. 

 

Figure A.136: Mass��chromatogram��of the SIM method on 
sample number B19��from Bradford. 

 

Figure A.137: Mass��chromatogram��of the SIM method on 
sample number B20��from Bradford. 
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Figure A.138: Mass chromatogram of the SIM method on 
sample number B21 from Bradford. 

 

Figure A.139: Mass chromatogram of the SIM method on 
sample number B22 from Bradford. 

Figure A.140: Mass chromatogram of the SIM method on 
sample number B23 from Bradford. 

 

Figure A.141: Mass chromatogram of the SIM method on 
sample number B24 from Bradford. 
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Figure A.142: Mass chromatogram of the SIM method on 
sample number B25 from Bradford. 

 

Figure A.143: Mass chromatogram of the SIM method on 
sample number B26 from Bradford. 

Figure A.144: Mass chromatogram of the SIM method on 
sample number B27 from Bradford. 

Figure A.145: Mass chromatogram of the SIM method on 
sample number B28 from Bradford. 
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Figure A.146: Mass chromatogram of the SIM method on 
sample number B29 from Bradford. 

Figure A.147: Mass chromatogram of the SIM method on 
sample number B30 from Bradford. 

Figure A.148: Mass chromatogram of the SIM method on 
sample number B31 from Bradford. 

Figure A.149: Mass chromatogram of the SIM method on 
sample number B32 from Bradford. 
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FigureA.150: Mass chromatogram of the SIM method on 
sample number B33 from Bradford. 

Figure A.151: Mass chromatogram of the SIM method on 
sample number B34 from Bradford. 

Figure A.152: Mass chromatogram of the SIM method on 
sample number B35 from Bradford. 

Figure A.153: Mass chromatogram of the SIM method on 
sample number B36 from Bradford. 
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Figure A.154: Mass chromatogram of the SIM method on 
sample number B37 from Bradford. 

Figure A.155: Mass chromatogram of the SIM method on 
sample number B38 from Bradford. 

Figure A.156: Mass chromatogram of the SIM method on 
sample number B39 from Bradford. 

Figure A.157: Mass chromatogram of the SIM method on 
sample number B40 from Bradford. 
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Calibration line for 16 PAHs from area between Bradford and Leeds 2017  

  

Figure A.158: calibration line for naphthalene (a), acenaphthene (b), phenanthrene (c), fluoranthene (d), benzo[a]anthracene (e) 
and benzo[b]fluoranthene (f). 
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Figure A.159: calibration line for benzo[a]pyrene (a), dibenzo[a,h]anthracen (b), acenaphthylene (c), fluorene (d),   anthracene (e) 
and pyrene (f). 
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Figure A.160: calibration line for chrysene  (a), benzo[k]fluoranthene  (b), indeno[1,2,3-cd]pyrene (c) and  benzo[ghi]perylene (d).                           
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compounds RT 
(min) 

peak 
area 

peak 
area 

peak 
area 

peak 
area 

peak 
area 

Intercept 
(y-axis) 

Gradient R2 Standard 
error in 
y (peak 
area) 

LOD 
(area) 

LOQ 
(area) 

LOD 
(ng/ul) 

LOQ 
(ng/ul) 

NA 5.8 53946726 33600187 29052546 21795187 19807995 13517110 3835644 0.9933 1290877 17389740 26425876 1.0 3.4 
ACY 8.4 61917009 35073541 28294220 23697936 13518304 8283614 6406505 0.9954 1431336 12577622 22596975 0.7 2.2 
ACE 8.8 99217705 62584584 50855773 42715320 22695498 18168171 9564650 0.9804 4593431 31948464 64102483 1.4 4.8 
FL 10.0 71943874 42322928 33477096 26684165 15009415 9324600 6752457 0.9947 1800653 14726561 27331135 0.8 2.7 

PH 12.8 69090233 40663928 33943379 25640726 14507416 9503806 5610150 0.9927 2024253 15576565 29746335 1.1 3.6 
AN 12.9 77677156 44158570 30482483 21053006 11105509 2548103 8207226 0.9944 2242789 9276469 24975990 0.8 2.7 

FLU 17.2 87655745 55214519 46859277 31452227 18434633 13229894 8030876 0.9777 4544380 26863034 58673693 1.7 5.7 
PY 18.1 88718709 57329863 49097947 33019531 19844880 15154679 8231185 0.9720 5065362 30350765 65808301 1.8 6.2 

BaA 23.4 81781150 46548245 38813101 23381700 13050024 5722386 8100106 0.9889 3215863 15369976 37881018 1.2 4.0 
CH 23.5 83484758 45208786 37300977 24856527 14611920 5921774 8684153 0.9978 1439130 10239162 20313069 0.5 1.7 

BbF 28.0 66685419 30272595 22022263 17039465 10032797 -250697 6891510 0.9911 2414676 6993331 23896065 1.1 3.5 
BkF 28.1 83732216 36972733 31202901 15954950 9312704 -3369466 9476085 0.9935 2711589 4765300 23746420 0.9 2.9 
BaP 29.1 69792490 40460788 31741950 16983931 10072777 2882123 8381644 0.9842 3396808 13072546 36850201 1.2 4.1 

IP 33.2 62891844 31776371 25678054 12280845 6758227 -1318326 6829332 0.9923 2225365 5357768 20935320 1.0 3.3 

DA 33.4 72164589 35872363 28421716 11158737 5175807 -4394526 8091011 0.9886 3258419 5380731 28189662 1.2 4.0 

BP 34.0 70060750 39615087 23741640 16745830 10300862 495094 7469915 0.9874 3097835 9788599 31473446 1.2 4.1 

 

Table A.7: Peak areas, resulting calibration line and calculated LOD and LOQs obtained from the 5 standard PAH solutions 
measurements (samples from area between Bradford and Leeds from1 to 20)  2017. 
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Figure A.161: Mass chromatogram of the SIM method on 
sample number BL1 from the area between Bradford and 

Leeds. 

Figure A.162: Mass chromatogram of the SIM method on 
sample number BL2 from the area between Bradford and 

Leeds. 

Figure A.163: Mass chromatogram of the SIM method on 
sample number BL3 from the area between Bradford and 

Leeds. 

Figure A.164: Mass chromatogram of the SIM method on 
sample number BL4 from the area between Bradford and 

Leeds. 
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Figure A.165: Mass chromatogram of the SIM method on 
sample number BL5 from the area between Bradford and 

Leeds. 

Figure A.166: Mass chromatogram of the SIM method on 
sample number BL6 from the area between Bradford and 

Leeds. 

 

 

 

Figure A.167: Mass chromatogram of the SIM method on 
sample number BL7 from the area between Bradford and 

Leeds. 

Figure A.168: Mass chromatogram of the SIM method on 
sample number BL8 from the area between Bradford and 

Leeds. 
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Figure A.169: Mass chromatogram of the SIM method on 
sample number BL9 from the area between Bradford and 

Leeds. 

Figure A.170: Mass chromatogram of the SIM method on 
sample number BL10 from the area between Bradford and 

Leeds. 

 

Figure A.171: Mass chromatogram of the SIM method on 
sample number BL11 from the area between Bradford and 

Leeds. 

Figure A.172: Mass chromatogram of the SIM method on 
sample number BL12 from the area between Bradford and 

Leeds. 
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Figure A.173: Mass chromatogram of the SIM method on 
sample number BL13 from the area between Bradford and 

Leeds. 

 

Figure A.174: Mass chromatogram of the SIM method on 
sample number BL14 from the area between Bradford and 

Leeds. 

 

Figure A.175: Mass chromatogram of the SIM method on 
sample number BL15 from the area between Bradford and 

Leeds. 

Figure A.176: Mass chromatogram of the SIM method on 
sample number BL16 from the area between Bradford and 

Leeds. 
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Figure A.177: Mass chromatogram of the SIM method on 
sample number BL17 from the area between Bradford and 

Leeds. 

Figure A.178: Mass chromatogram of the SIM method on 
sample number BL18 from the area between Bradford and 

Leeds. 

Figure A.179: Mass chromatogram of the SIM method on 
sample number BL19 from the area between Bradford and 

Leeds. 

 

Figure A.180: Mass chromatogram of the SIM method on 
sample number BL20 from the area between Bradford and 

Leeds.
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Calibration line for 16 PAHs from Leeds 2017  

   

Figure A.181: calibration line for naphthalene (a), acenaphthene (b), phenanthrene (c), fluoranthene (d), benzo[a]anthracene (e) 
and benzo[b]fluoranthene (f). 
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Figure A.182: calibration line for benzo[a]pyrene (a), dibenzo[a,h]anthracen (b), acenaphthylene (c), fluorene (d),   anthracene (e) 
and pyrene (f). 
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Figure A.183: calibration line for chrysene (a), benzo[k]fluoranthene (b), indeno[1,2,3-cd]pyrene (c) and benzo[ghi]perylene (d). 
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Table A.8: Peak areas, resulting calibration line and calculated LOD and LOQs obtained from the 5 standard PAH solutions 
measurements (samples from Leeds from1 to 20) 2017. 

 

 

compounds RT 
(min) 

peak 
area 

peak 
area 

peak 
area 

peak 
area 

peak 
area 

Intercept 
(y-axis) 

Gradient R2 Standard 
error in 
y (peak 
area) 

LOD 
(area) 

LOQ 
(area) 

LOD 
(ng/ul) 

LOQ 
(ng/ul) 

NA 5.8 54335841 34476058 27517335 24876403 15050183 11842602 4107632 0.9865 1969166 17750101 31534265 1.4 4.8 
ACY 8.4 77292384 43348911 31872229 20061751 11755848 2883370 8990173 0.9953 2018183 8937920 23065204 0.7 2.2 
ACE 8.8 52730796 29873209 30218446 20867700 13329256 9950402 4968960 0.9730 2806867 18371002 38019068 1.7 5.6 
FL 10.0 54466571 26487381 25184588 13611229 11410049 3584879 5353921 0.9815 2692020 11660939 30505078 1.5 5.0 

PH 12.8 50977010 30587069 22644803 11407376 10417522 3309703 4505566 0.9743 3079486 12548162 34104566 2.1 6.8 
AN 12.9 50422782 33552572 21647017 15620079 10584464 5433438 5001659 0.9705 3161993 14919418 37053371 1.9 6.3 

FLU 17.2 57715337 31076267 20956556 19585490 13069123 5242363 5379211 0.9855 2446631 12582256 29708673 1.4 4.5 
PY 18.1 51510163 32603967 20043866 15346360 13802302 6045189 4926199 0.9673 3283017 15894240 38875359 2.0 6.7 

BaA 23.4 64632181 40534181 30680466 26390829 15056821 10701014 5730991 0.9878 2388275 17865838 34583762 1.3 4.2 
CH 23.5 60866842 40926158 30775197 20995196 11333575 7993934 6169249 0.9648 4136839 20404449 49362319 2.0 6.7 

BbF 28.0 62053042 31351344 20517386 16674444 8036231 -98327 6508729 0.9949 1721571 5066385 17117380 0.8 2.6 
BkF 28.1 66096937 42078280 30038720 20089462 11256723 5774821 6871112 0.9791 3564230 16467511 41417122 1.6 5.2 
BaP 29.1 67595819 42266290 30210023 20604043 12842109 6366460 7679457 0.9854 2988079 15330696 36247247 1.2 3.9 

IP 33.2 53202222 26183739 22342930 14968048 1752624 -1294558 5844321 0.9792 3156761 8175725 30273050 1.6 5.4 

DA 33.4 60624786 28171719 15646035 12899477 5979176 -3993377 6633707 0.9872 2826377 4485754 24270392 1.3 4.3 

BP 34.0 50975673 26563968 13026135 10346085 6363957 -2462995 5654411 0.9766 3205367 7153106 29590676 1.7 5.7 
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Figure A.184: calibration line for naphthalene (a), acenaphthene (b), phenanthrene (c), fluoranthene (d), benzo[a]anthracene (e) 
and benzo[b]fluoranthene (f). 
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Figure A.185: calibration line for benzo[a]pyrene (a), dibenzo[a,h]anthracen (b), acenaphthylene (c), fluorene (d),   anthracene (e) 
and pyrene (f). 
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Figure A.186: calibration line for chrysene (a), benzo[k]fluoranthene (b), indeno[1,2,3-cd]pyrene (c) and benzo[ghi]perylene (d). 
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compounds RT (min) peak 
area 

peak 
area 

peak 
area 

peak 
area 

peak 
area 

Intercept 
(y-axis) 

Gradient R2 Standard 
error in y 
(peak area) 

LOD 
(area) 

LOQ 
(area) 

LOD 
(ng/ul) 

LOQ 
(ng/ul) 

NA 5.8 34426605 19590637 16207371 12639355 6936244 4234217 2904937 0.9948 863064 6823408 12864853 0.9 3.0 
ACY 8.4 41019570 21990827 17123564 13990528 6977549 3147305 4516694 0.9958 959286 6025163 12740163 0.6 2.1 
ACE 8.8 49855892 28332243 22549315 12313961 9899158 3418035 5407938 0.9872 2089215 9685679 24310184 1.2 3.9 
FL 10.0 41667823 24381470 19469656 12415684 8213706 3946156 4085937 0.9929 1266198 7744749 16608132 0.9 3.1 

PH 12.8 37171966 21757799 17055436 15122100 6697448 4714922 3054738 0.9806 1810543 10146552 22820357 1.8 5.9 
AN 12.9 36737749 20132114 15661139 14496340 5606710 3420290 3609682 0.9783 1952010 9276318 22940385 1.6 5.4 

FLU 17.2 45537080 27387192 21732993 19762025 9078321 7062560 4082630 0.9753 2434334 14365563 31405904 1.8 6.0 
PY 18.1 47414401 28884228 23106355 20416189 9719002 7614865 4371128 0.9773 2415442 14861190 31769282 1.7 5.5 

BaA 23.4 36922444 20667474 15325776 14244727 4674987 2760866 3612550 0.9741 2203176 9370394 24792626 1.8 6.1 
CH 23.5 36538537 21315149 16490415 14580462 5984895 4124259 3668551 0.9787 1898660 9820240 23110861 1.6 5.2 

BbF 28.0 19970585 10263832 7512055 5356841 2084025 -21644 2119091 0.9981 344527 1011937 3423626 0.5 1.6 
BkF 28.1 20540179 10513881 7609518 4673383 2164146 -382134 2315593 0.9990 266395 417050 2281812 0.3 1.2 
BaP 29.1 16770690 7886787 5857868 4453139 1394114 -455313 2094264 0.9960 426377 823818 3808457 0.6 2.0 

IP 33.2 2137546 925130 624496 651889 116354 -102001 232300 0.9732 142931 326791 1327305 1.8 6.2 

DA 33.4 4805936 1503928 996446 868082 150266 -723175 552802 0.9801 373458 397198 3011401 2.0 6.8 

BP 34.0 2279461 1203512 962227 507174 337863 41692 240273 0.9928 75119 267048 792881 0.9 3.1 

 

Table A.9: Peak areas, resulting calibration line and calculated LOD and LOQs obtained from the 5 standard PAH solutions 
measurements (samples from Leeds from 21 to 40) 2017. 
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Figure A.187: Mass chromatogram of the SIM method on 
sample number L1 from Leeds. 

Figure A.188: Mass chromatogram of the SIM method on 
sample number L2 from Leeds. 

 

Figure A.189: Mass chromatogram of the SIM method on 
sample number L3 from Leeds. 

 

Figure A.190: Mass chromatogram of the SIM method on 
sample number L4 from Leeds. 
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Figure A.191: Mass chromatogram of the SIM method on 
sample number L5 from Leeds. 

 

Figure A.192: Mass chromatogram of the SIM method on 
sample number L6 from Leeds. 

 

Figure A.193: Mass chromatogram of the SIM method on 
sample number L7 from Leeds. 

Figure A.194: Mass chromatogram of the SIM method on 
sample number L8 from Leeds. 
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Figure A.195: Mass chromatogram of the SIM method on 
sample number L9 from Leeds. 

Figure A.198: Mass chromatogram of the SIM method on 
sample number L10 from Leeds. 

 

 

Figure A.196: Mass chromatogram of the SIM method on 
sample number L11 from Leeds. 

Figure A.197: Mass chromatogram of the SIM method on 
sample number L12 from Leeds. 
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Figure A.199: Mass chromatogram of the SIM method on 
sample number L13 from Leeds. 

Figure A.202: Mass chromatogram of the SIM method on 
sample number L14 from Leeds. 

Figure A.200: Mass chromatogram of the SIM method on 
sample number L15 from Leeds. 

Figure A.201: Mass chromatogram of the SIM method on 
sample number L16 from Leeds. 
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Figure A.203: Mass chromatogram of the SIM method on 
sample number L17 from Leeds. 

Figure A.206: Mass chromatogram of the SIM method on 
sample number L18 from Leeds. 

Figure A.204: Mass chromatogram of the SIM method on 
sample number L19 from Leeds. 

Figure A.205: Mass chromatogram of the SIM method on 
sample number L20 from Leeds. 
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Figure A.207: Mass chromatogram of the SIM method on 
sample number L21 from Leeds. 

 

Figure A.210: Mass chromatogram of the SIM method on 
sample number L22 from Leeds. 

 

Figure A.208: Mass chromatogram of the SIM method on 
sample number L23 from Leeds. 

Figure A.209: Mass chromatogram of the SIM method on 
sample number L24 from Leeds. 
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Figure A.211: Mass chromatogram of the SIM method on 
sample number L25 from Leeds. 

Figure A.214: Mass chromatogram of the SIM method on 
sample number L26 from Leeds. 

 

Figure A.212: Mass chromatogram of the SIM method on 
sample number L27 from Leeds. 

Figure A.213: Mass chromatogram of the SIM method on 
sample number L28 from Leeds. 
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Figure A.215: Mass chromatogram of the SIM method on 
sample number L29 from Leeds. 

Figure A.218: Mass chromatogram of the SIM method on 
sample number L30 from Leeds. 

Figure A.216: Mass chromatogram of the SIM method on 
sample number L31 from Leeds. 

Figure A.217: Mass chromatogram of the SIM method on 
sample number L32 from Leeds. 
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Figure A.219: Mass chromatogram of the SIM method on 
sample number L33 from Leeds. 

 

Figure A.222: Mass chromatogram of the SIM method on 
sample number L34 from Leeds. 

Figure A.220: Mass chromatogram of the SIM method on 
sample number L35 from Leeds. 

Figure A.221: Mass chromatogram of the SIM method on 
sample number L36 from Leeds. 
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Figure A.223: Mass chromatogram of the SIM method on 
sample number L37 from Leeds. 

 

Figure A.226: Mass chromatogram of the SIM method on 
sample number L38 from Leeds. 

 

Figure A.224: Mass chromatogram of the SIM method on 
sample number L39 from Leeds. 

 

Figure A.225: Mass chromatogram of the SIM method on 
sample number L40 from Leeds.  
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Appendix B 

X-ray diffraction to determine the mineralogy in soil samples 

Soil samples from Bradford 

  

a                                                                                                                                 b 

Figure B.1.a: XRD pattern for sample B7 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.1. b: XRD pattern for sample B7 with matching silica from the database. 

 

a                                                                                                               b 

Figure B.2.a: XRD pattern for sample B10 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.2. b: XRD pattern for sample B10 with matching silica from the database. 
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                                  a                                                         b 

Figure B.3.a: XRD pattern for sample B6 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.3.b: XRD pattern for sample B6 with matching silica from the database. 

 

a                                                              b                                                                                                                                  

Figure B.4.a: XRD pattern for sample B7 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.4.b: XRD pattern for sample B7 with matching silica from database. 
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a                                                                                                                        b 

Figure B.5.a: XRD pattern for sample B11 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.5. b: XRD pattern for sample B11 with matching silica from the database. 

 

 a                                                                                                                        b 

Figure B.6.a: XRD pattern for sample B12 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.6.b: XRD pattern for sample B12 with matching silica from the database. 
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               a                                                                                                                                b 

FigureB.7. a: XRD pattern for sample B13 and XRD for reference patterns calcite(blue),hematite(green) and silica (red). Figure 
B.7.b: XRD pattern for sample B13 with matching silica from the database. 

 

                                                                   a                                                                                                                          b 

Figure B.8.a: XRD pattern for sample B14 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). 
FigureB.8. b: XRD pattern for sample B14 with matching silica from the database. 
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                                                                      a                                                                                                                               b 

Figure B.9.a: XRD pattern for sample B15 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.9.b: XRD pattern for sample B15 with matching silica from the database. 

 

      a                                                                                                                                 b 

Figure B.10.a: XRD pattern for sample B16 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.10.b: XRD pattern for sample B16 with matching silica from the database. 
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      a                                                                                                                              b 

Figure B.11.a: XRD pattern for sample B17 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.11.b: XRD pattern for sample B17 with matching silica from the database. 

 

      a                                                                                                                           b 

Figure B.12. a: XRD pattern for sample B18 and XRD for reference patterns calcite(blue),hematite(green) and silica (red). Figure 
B.12. b: XRD pattern for sample B18 with matching silica from the database. 
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             a                                                                                                                              b 

Figure B.13.a: XRD pattern for sample B19 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.13.b: XRD pattern for sample B19 with matching silica from the database. 

 

                                                              a                                                                                                                            b 

Figure B.14.a: XRD pattern for sample B20 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.14.b: XRD pattern for sample B20 with matching silica from the database. 
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    a                                                                                                                                   b 

Figure B.15.a: XRD pattern for sample B21 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). 
FigureB.15. b: XRD pattern for sample B21 with matching silica from the database. 

 

      a                                                                                                                               b 

Figure B.16.a: XRD pattern for sample B22 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.16.b: XRD pattern for sample B22 with matching silica from the database. 
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                a                                                                                                                               b 

Figure B.17.a: XRD pattern for sample B23 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.17.b: XRD pattern for sample B23 with matching silica from the database. 

 

                                                                  a                                                                                                                               b 

Figure B.18.a: XRD pattern for sample B24 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.18.b: XRD pattern for sample B24 with matching silica from the database. 
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                                                                        a                                                                                                                         b 

Figure B.19.a: XRD pattern for sample B25 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.19.b: XRD pattern for sample B25 with matching silica from the database. 

 

  a                                                                                                                          b 

Figure B.20.a: XRD pattern for sample B26 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.20.b: XRD pattern for sample B26 with matching silica from the database. 
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                                                                   a                                                                                                                         b 

Figure B.21. a: XRD pattern for sample B27 and XRD for reference patterns calcite(blue),hematite(green) and silica (red). Figure 
B.21.b: XRD pattern for sample B27 with matching silica from the database. 

 

          a                                                                                                                               b 

Figure B.22.a: XRD pattern for sample B28 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.22. b: XRD pattern for sample B28 with matching silica from the database. 
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a                                                                                                                                             b 

Figure B.23.a: XRD pattern for sample B29 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.23.b: XRD pattern for sample B29 with matching silica from the database. 

 

           a                                                                                                                            b 

Figure B.24.a: XRD pattern for sample B30 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.24.b: XRD pattern for sample B30 with matching silica from the database. 
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                                                                    a                                                                                                                              b 

Figure B.25. a: XRD pattern for sample B31 and XRD for reference patterns calcite(blue),hematite(green) and silica (red). Figure 
B.25.b: XRD pattern for sample B31with matching silica from the database. 

 

                                                                 a                                                                                                                              b 

Figure B.26. a: XRD pattern for sample B32 and XRD for reference patterns calcite(blue),hematite(green) and silica (red). Figure 
B.26.b: XRD pattern for sample B32 with matching silica from the database. 
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a                                                                                                                                             b 

Figure B.27.a: XRD pattern for sample B33 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.27.b: XRD pattern for sample B33 with matching silica from the database. 

 

a                                                                                                                            b 

Figure B.28.a: XRD pattern for sample B34 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.28.b: XRD pattern for sample B34 with matching silica from the database. 
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                                                                 a                                                                                                                       b 

Figure B.29.a: XRD pattern for sample B35 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.29.b: XRD pattern for sample B35 with matching silica from the database. 

 

 

a                                                                                                                 b 

Figure B.30.a: XRD pattern for sample B36 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.30.b: XRD pattern for sample B36 with matching silica from the database. 
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                                                                 a                                                                                                                            b 

Figure B.31.a: XRD pattern for sample B37 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). 
FigureB.31. b: XRD pattern for sample B37 with matching silica from the database. 

 

     a                                                                                                                         b 

Figure B.32.a: XRD pattern for sample B38 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.32.b: XRD pattern for sample B38 with matching silica from the database. 
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                                                               a                                                                                                                        b 

Figure B.33.a: XRD pattern for sample B39 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.33.b: XRD pattern for sample B39 with matching silica from the database. 

 

    a                                                                                                                      b 

Figure B.34.a: XRD pattern for sample B40 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.34.b: XRD pattern for sample B40 with matching silica from the database. 

Soil samples from area between Bradford and Leeds (BL) 
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        a                                                                                                                                      b 

Figure B.35. a: XRD pattern for sample BL2 and XRD for reference patterns calcite(blue),hematite(green) and silica (red). Dark 
blue XRD patterns show 1g pure silica mix with 1g pure calcite, light green XRD patterns show mix 1g silica to 3g calcite and pink 

XRD patterns show 3g silica to 1g calcite. Figure B.35. b: XRD pattern for sample BL2 with matching silica from the database. 

 

         a                                                                                                                               b 

Figure B.36. a: XRD pattern for sample BL3 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Dark 
blue XRD patterns show 1g pure silica mix with 1g pure calcite, light green XRD patterns show mix 1g silica to 3g calcite and pink 

XRD patterns show 3g silica to 1g calcite. Figure B.36. b: XRD pattern for sample BL3 with matching silica from the database. 
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                                                                   a                                                                                                                                b 

FigureB.37. a: XRD pattern for sample BL5 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). 
FigureB.37. b: XRD pattern for sample BL5 with matching silica from the database. 

 

                                                               a                                                                                                                        b 

Figure B.38.a: XRD pattern for sample BL6 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.38. b: XRD pattern for sample BL6 with matching silica from the database. 
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               a                                                                                                                        b 

Figure B.39.a: XRD pattern for sample BL7and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.39.b: XRD pattern for sample BL7 with matching silica from the database. 

 

  a                                                                                                                    b 

Figure B.40.a: XRD pattern for sample BL9 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.40.b: XRD pattern for sample BL9 with matching silica from the database. 
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          a                                                                                                                                 b 

Figure B.41.a: XRD pattern for sample BL10 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.41.b: XRD pattern for sample BL10 with matching silica from the database. 

 

a                                                                                                                       b 

Figure B.42.a: XRD pattern for sample BL11 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.42.b: XRD pattern for sample BL11 with matching silica from the database. 
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                                                                a                                                                                                                                   b 

Figure B.43.a: XRD pattern for sample BL12 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.43.b: XRD pattern for sample BL12 with matching silica from the database. 

 

  a                                                                                                                       b 

Figure B.44.a: XRD pattern for sample BL13 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.44.b: XRD pattern for sample BL13 with matching silica from the database. 
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  a                                                                                                                         b 

Figure B.45.a: XRD pattern for sample BL14 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.45.b: XRD pattern for sample BL14 with matching silica from the database. 

 

                                                             a                                                                                                                                      b 

Figure B.46.a: XRD pattern for sample BL16 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.46.b: XRD pattern for sample BL16 with matching silica from the database. 
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             a                                                                                                                         b 

Figure B.47.a: XRD pattern for sample BL17 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.47.b: XRD pattern for sample BL17 with matching silica from the database. 

 

                 a                                                                                                                        b 

Figure B.48.a: XRD pattern for sample BL18 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.48.b: XRD pattern for sample BL18 with matching silica from the database. 
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  a                                                                                                                              b 

Figure B.49.a: XRD pattern for sample BL19 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). Figure 
B.49.b: XRD pattern for sample BL19 with matching silica from the database. 

 

               a                                                                                                                 b 

Figure B.50.a: XRD pattern for sample BL20 and XRD for reference patterns calcite (blue), hematite (green) and silica (red). 
FigureB.50. b: XRD pattern for sample BL20 with matching silica from the database.



386 
 

 



387 
 

 

 

 

 



388 
 

 


	Abstract
	Acknowledgements

