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                               ABSTRACT 

Pollutants such as petroleum hydrocarbons are produced from various domestic, 

commercial and industrial sources. Releases of PAHs are increasing and automobile 

is one of the major sources. Pollutants from road runoff therefore pose a risk to 

surface waters if not managed. Sustainable Drainage systems (SuDs) design 

philosophy offers water management, water quality and biodiversity benefits over 

conventional drainage, by replicating natural systems and use cost effective 

solutions with low environmental impact. SuDs utilize a range of features and 

techniques such as source control (SC), site control and regional control. There is a 

need to increase the understanding of the fate of hydrocarbon pollutants in SuDs to 

improve designs and assess the risk posed by pollutant accumulations. 

The aim of this project was to monitor and evaluate the sources, occurrence and fate 

of hydrocarbon pollution in SuDs and conventional/hybrid drainage systems. Multiple 

sites for sampling and testing were used and via extensive monitoring (18 - 24 

months) water and soil quality was examined. An Accelerated Solvent Extractor 

(ASE) was used for extracting hydrocarbons from soils and a Gas Chromatograph - 

Mass Spectrometer (GC-MS), was utilized to identify TPH and PAH concentrations 

for both water and soil samples. General water quality parameter tests were included 

in the monitoring to evaluate their influence on hydrocarbons. 

This study showed that the most abundant PAH compounds that were found in the 

particulate phase of the storm events runoff were PYR, FLAN, PHE, NAP and ANT 

and the PAHs with higher molecular weight showed higher tendency of accumulation 

in soils, while the higher concentrations of lower molecular weight PAHs were found 

dissolved in water. In general, high variability of PAHs in SuDs and 

conventional/hybrid drainage systems was seen but they varied below hazardous 

thresholds. In addition, no significant differences were seen between SuDs and 

conventional/hybrid sites in terms of hydrocarbon pollution, but water quality 

improvements were noticed in SC SuDs and treatment trains. Finally, the source 

identification of hydrocarbons varied between pyrogenic and petrogenic origin 

according to location and the complex and dynamic nature of SuDs and 

conventional/hybrid sites made the evaluation of these systems difficult.           
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1.0 INTRODUCTION 

Over time the number of people that live in urban areas increased leading to physical 

growth of urban areas, known as urbanization. The predominant rural culture is 

being replaced by urban culture but this is not merely a modern phenomenon. 

However, the growth rate of urban areas has increased rapidly the last century and it 

is predicted that by 2050, 64% of the developing and 86% of the developed world will 

be urbanized to a degree that transformation of human social structures on a global 

scale will occur (The Economist, 2012). This residential intensification of urbanization 

is closely linked with the concepts of industrialization, modernization and the 

sociological process of rationalization, influencing the design and infrastructure of an 

urban area. There is a tendency to think that the built environment is separated from 

the environment, whereas it has sustained modifications to turn into a city and fulfill 

human needs. Therefore, the fundamental process of environmental modification 

cannot be separated from the whole concept of urban living and serious attention 

should be paid to the nature of ecological modifications in terms of design. The 

designer Bruce Mau once said that “Urbanization, one of humankind’s most 

successful and ambitious programs, is the triumph of the unnatural over the natural, 

the grid over the organic… Underway on a scale never before witnessed, one side 

effect of urbanization is the liberation of vast depopulated territories for the efficient 

production of ‘nature’.” (Urbanophile, 2010)  

Exponential urban growth has caused concerns to the environmentalist and 

governing bodies in regards to impacts on the environment (United Nations, 2002). 

Due to the varied and intensive human activities, urban environments are converted 

into major depositories, concentrators and emitters of a plethora of organic and 

inorganic pollutants. Water bodies such as lakes, rivers and groundwater can be 

affected significantly by demand for water and also as convenient receiving waters 

for wastewater and surface runoff from urban areas. Large loads of pollutants 

derived from urban activities are transferred to water by air deposition, but mostly by 

urban and in particular road runoff. Understanding and evaluating the sources, 

pathways and fate of these contaminants in the urban environment is essential for 

making informed decisions about effective management and control techniques. 

These techniques can be used to remove toxic cocktails of pollutants including a 
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wide range of heavy metals and organic compounds. Unfortunately, many 

developing and developed countries lack adequate control of these pollutants.  

Foul and surface sewers used to be, and in many cases, still are one and the same. 

These old fashion systems of combining foul and sewers are known as combined 

sewers. During typical weather conditions combined sewers and wastewater 

treatment works could cope efficiently, but during heavy storm events in order to 

prevent sewage from backing up into properties combined sewer overflows (CSOs) 

were introduced to collect the extra water to storage facilities or more often transfer it 

quickly to the sea or rivers causing an environmental burden. In recent years the UK 

government have encouraged separate sewage and stormwater drainage systems 

as it stops large surges of wastewater volumes at treatment plants and also reduces 

the amount of waste that need treatment. This policy has been implemented in 

house construction since the mid-1960s with houses before this period generally 

having combined systems (Water UK, 2009). Separate stormwater drainage 

traditionally was also most concerned with removing surface water quickly without 

emphasizing the control of stormwater pollution. Over 20 years ago these type of 

practices led to the design and installation of green technologies such as 

Sustainable Drainage Systems (SuDs) at many locations, especially in new 

developments (Kirby, 2005). SuDs attempt to recreate pre-development hydrology 

by using a range of techniques, including infiltration, swales, wetlands and vegetated 

detention ponds providing management of water quantity and quality, while also 

providing amenity value. Managing runoff on site, or source control (SC) is an 

accepted part of SuDs philosophy. The complex ecology of vegetated SuDs systems 

exposes pollutants to a range of conditions and processes. This is especially useful 

for treating a wide variety of pollutants as treatment can occur through processes 

such as adsorption, volatilization, photolysis and biodegradation in the same part of 

the SuDs system.  

The reliance of modern cities on fossil fuels means that the cocktail of pollutants in 

urban runoff includes Total Petroleum Hydrocarbon (TPHs) and combustion by 

products such as Polycyclic Aromatic Hydrocarbons (PAHs). These are of particular 

concern due to their toxicity. Although, there have been some previous studies 

(Jefferies et al., 2008; Napier et al., 2009) into the fate of these compounds in SuDs, 

their removal mechanisms and accumulations require further study. In addition there 
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are limited studies that directly compare conventional drainage systems, SuDs and 

combinations of these two in terms of pollutants treatment efficiency and more 

specifically hydrocarbon pollution.  
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2.0 LITERATURE REVIEW 

2.1 Urban Runoff 

Urban runoff can be a significant source of pollution entering aquatic systems. In 

general, runoff is increased due to impervious surfaces such as highways, 

pavements, parking lots and roofs, which during rain can cause high peak flows, 

large runoff volumes and accelerated transport of pollutants. Logic dictates that 

increased impervious surface in a watershed produces increased stormwater runoff, 

which sooner or later can cause structural degradation via weathering, flooding and 

dispersion of pollution in the urbanized area. In urban areas with 75 - 100% 

impervious surface, typically 55% of rain runs off and only 15% infiltrates, whereas in 

natural ground there is typically 50% infiltration and only 10% runoff in a storm 

(USEPA, 2003a). The relationship between the stormwater runoff and impervious 

surface in presented in Figure 1.      

 

Figure 1: Relationship between stormwater runoff and impervious surface (USEPA 

2003). 
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Many of the pollutants in runoff arise from non-point source emissions and roads are 

a major contributor to this load (Thorpe & Harrison, 2008). Pollution accumulates in 

the catchment area, especially after a long Antecedent Dry Period (ADP), and 

consequently is washed off according to the intensity of rainfall. Higher 

concentrations of organic and inorganic pollutants tend to be discharged at the start 

of rain events and this phenomenon is known as the “first flush” effect and has been 

investigated in the past (Aryal, et al., 2006). However, the first flush effect may not 

be so clear regarding hydrocarbons due to their complex nature and unique 

behaviour. In general, more research has involved the monitoring of heavy metals 

than hydrocarbon pollutants (Ellis et al., 2003; Napier et al., 2009). Several storm 

water treatment facilities were constructed throughout the world during the 1990s to 

address this urban drainage problem (Fӓrm, 2003). A combination of physical, 

chemical and microbiological factors influences water quality and directly or 

indirectly, human life. Some typical values regarding basic water quality parameters 

according to land use are presented in Table 1.  

Table 1: Typical values of basic water quality parameters according to land use. 

 Parameter 
(mg/l) 

Residential Commercial Industrial Roads Parking Reference 

Chemical 
Oxygen 
Demand 
(COD)  

102 84 62 - - Tucci, 2007                      

- - - 151 - 250 
101 - 
200 

Fӓrm, 2003 

Total 
Suspended 

Solids  
(TSS)  

228 168 108 - - Tucci, 2007                       

- - - 101 - 600 21 - 100 Fӓrm, 2003 

Biochemical 
Oxygen 
Demand 
(BOD)  

13 14 62 - - Tucci, 2007                       

 

Several organizations like the UK Environment Agency (EA) and European Union 

(EU) have recognized the negative impact stormwater runoff can cause and through 

various efforts created Environmental Quality Standards (EQS) for the protection of 

freshwater aquatic life as presented in Table 2.   
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Table 2: Recommended guidelines for some basic water quality parameters for the 

protection of freshwater aquatic life and surface water quality. 

Parameter 
Water quality guidelines for 
the protection of freshwater 

Aquatic Life  

Protection of 
Surface Water 

Quality 
Reference 

Conductivity < 2500 µS/cm - 
UK and EU standards, 

Environment Agency, 2013 

BOD 

< 2.5 - 15 mg/l - 
UK standards, Environment 

Agency, 2013 

Salmonoid Waters: ≤ 3 mg/l 

Cyprinid Waters: ≤ 6 mg/l 
- 

EU standards, Environment 
Agency, 2013 

  25 mg/l Frost, 2009 

COD - 125 mg/l Frost, 2009 

SS 

Salmonoid Waters: ≤ 25 mg/l 

Cyprinid Waters: ≤ 25 mg/l 
- 

EU standards, Environment 
Agency, 2013 

- 35 mg/l Frost, 2009 

pH 

Salmonoid Waters: 6 -9  

Cyprinid Waters: 6 - 9          

Shellfish waters: 7 - 9            

- 
UK and EU standards, 

Environment Agency, 2013 

 

Moreover, a substantial quantity of organic contaminants in wastewater that 

originates from urban runoff contains a range of hydrocarbons. Total Petroleum 

Hydrocarbons (TPHs) and Polycyclic Aromatic Hydrocarbons (PAHs) are two 

hydrocarbon groups commonly detected entering water courses from stormwater 

(Stenstrom & Kayhanian, 2005). Organic pollutants in urban runoff have been 

included in monitoring in recent years and further research is required to assess their 

sources and fate as new results can provide a better insight regarding their 

behaviour (Jensen et al., 2007; Jefferies et al., 2008; Tobiszewski & Namieśnik, 

2012). An indication of PAHs in urban waste water treatment systems is presented in 

Table 3.  

 

 

 

 

 



39 
 

Table 3: PAHs in Urban Waste Water (UWW) entering Waste Water Treatment 

Systems (WWTS), (European Commission, 2001). 

 

Compound 

 

Country 

WWTS 

Influent 

(μg/l) 

Effluent 

(μg/l) 

 

 

 

 

 

 

 

PAHs 

Austria: 

Total PAHs – 
EPA15 

 

147 – 625 

 

20 – 70 

Germany: 

Total PAHs 

BaP 

BkF 

 

0.79 

0.08 

0.05 

 

 

Greece: 

BaP 

FLAN 

IcP 

 

0.022 

0.24 

0.015 

 

0.005 

0.029 

0.005 

France 0.05 – 0.44 0.02 – 0.09 

Germany 33  

UK 51.8 (5.6 to 349) 30.8 (2.4 – 147) 

 

Organic pollutants have a wide range of properties which affect their fate as some 

tend to be more soluble, others to attach to organic solids while others tend to bio-

concentrate. Each organic contaminant due to its complex nature tends to be 

susceptible to different processes such as adsorption, volatilization, photolysis or 

biodegradation. The analysis of such organic samples is also considered more costly 

and time consuming than heavy metals, which mean that there have been fewer 

studies (De Boer & McGovern, 2001).  

 

2.2 Total Petroleum Hydrocarbons 

In general, hydrocarbons consist of hydrogen and carbon compounds only. 

However, other elements (e.g. O, N and P) or contaminants such as heavy metals 

can be attached to them, creating new complex pollutants. The word “petroleum” 

derives from the merge of the Greek words “petros” and “oleum”, which mean stone 

or rock and oil correspondingly (Totten, 2004). They are naturally occurring 
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compounds as they form when decaying vegetation and organic matter sinks and 

accumulates on the bottom of rivers, lakes or deep ocean basins. Over time the 

amounts of organic matter are buried under many layers of sediment and 

sequentially the applied rising temperatures and pressures generate oil and natural 

gas from the decaying matter. Oil reservoirs capped by impervious rocks close to the 

surface trap the less dense hydrocarbons that migrate upwards through porous 

sedimentary layers.    

Aliphatic (no aromatic rings) and aromatic hydrocarbons (benzene rings or similar 

rings of atoms) are the two main categories of hydrocarbons that are found most 

widespread in the environment and they are involved in the commercial diesel fuels, 

including various additives in order to improve the fuelling properties. The term 

“aliphatic” derives from the Greek word aliphat{os} which means fat. Moreover, the 

aliphatic hydrocarbons are also called acyclic or open chain hydrocarbons and they 

are comprised of carbon atoms, connected in straight or branched chain. Sub-

categories of aliphatic hydrocarbons are known as alkanes, alkenes and alkynes. 

Methane (CH4) is placed in the category alkanes (Table 4), which are considered as 

the most basic group of hydrocarbons containing single bonds and it is the main 

component of natural gas. Alkenes (CnH2n) which is another simple group of 

hydrocarbons, contain hydrocarbons with two or three bonds, such as pentene (5-

carbon chain), propene (3-carbon chain) and ethene (2 carbon atoms). This group 

can be joined with ring structures and it is called cycloalkenes, such as such as 

cyclopentene (5-carbon ring with a double bond) etc. Finally, the group of 

hydrocarbons that is consisted with one or more triple bonds is called alkyne and it 

contains compounds such as ethyne (C2H2). Basic representation of the categories 

of petroleum hydrocarbons is presented in Figure 2.  
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Table 4: Classification of hydrocarbons. 

Hydrocarbons and their formulae 

Alkanes Alkenes Alkynes Cycloalkanes 
Aromatic 

Hydrocarbons 

Methane 
(CH4) 

Ethene 
(C2H4) 

Ethyne 
(C2H2) 

Cyclopropane 
(C3H6) 

Benzene  

(C6H6) 

Ethane  

(C2H6) 

Propene 
(C3H6) 

Propyne 
(C3H4) 

Cyclobutane  

(C4H8) 

Toluene  

(C7H8) 

Propane 
(C3H10) 

Butene 
(C4H8) 

Butyne 
(C4H6) 

Cyclopentane 
(C5H10) 

Xylene  

(C8H10) 

Butane 
(C4H10) 

Pentene 
(C5H10) 

Pentyne 
(C5H8) 

Cyclohexane 
(C6H12) 

Naphthalene 
(C10H8) 

 

 
Figure 2: The categories and subcategories of petroleum hydrocarbons. 

These Total Petroleum Hydrocarbons have been used since 4,000 BC in tar pits next 

to the Euphrates River to waterproof boats, roofs and baths. The need for TPHs, 

during the past century, has been increased due to the occurrence of the industrial 

revolution and in turn the amounts of TPH contamination and by-products have also 

been increased. The amounts of oil and petroleum that are used per day worldwide 

reach 10 million tonnes. Despite the fact that routine ship operations such as 

discharging, loading and bunkering are responsible for the majority of petroleum 

contamination (75%) in water, the attention of the media and the public is mostly 

attracted by major oil spills. Moreover, the transportation of TPHs from oil fields to 



42 
 

the consumer makes a large contributor to TPH pollution, with terrestrial TPH 

contamination from oil wells and pipelines reaching 24% and 35% respectively. 

Pipelines, tankers, tank trucks and rail cars are some of the modes used for 

transportation and these petroleum products are stored at refineries, terminals and 

transfer points along the route. The movement of TPHs involves as many as 10-15 

transfers between several different modes of transportation and during this stage  

Chemicals like petroleum hydrocarbons are exploited by humans for functions such 

as heating, fuel, transportation etc. (CCME, 2008). Commercial fuels include various 

additives in order to improve the fuelling properties and give better engine 

combustion (Hernández et al., 2012). Generally, petroleum hydrocarbons and their 

additives are comprised of a variety of classes of hydrocarbon compounds and can 

be found in different forms such as liquid (crude oil), gas (natural gas) and solid 

(asphalts and tars) (CCME, 2008).  

TPHs include a wide range of hydrocarbon pollutants and in order to provide a more 

precise understanding they are divided into the subcategories of Diesel Range 

Organics (DROs) and Engine oil Range Organics (EROs). These types of organic 

pollutants are classified by the ranges of their carbon number, but these groups tend 

to collide with each other (Figure 3). Due to lack of standardization the determination 

of the carbon number ranges for DROs, EROs and TPHs depends on the quality of 

the hydrocarbon mixtures and the method that they were used to create the 

standards, the sensitivity of the GC-MS or of the Liquid Chromatograph – Mass 

Spectrometer (LM-MS) and on researcher’s preferences. As a result different 

methods give different results and the results of the TPHs between researchers or 

laboratories are incomparable (API, 2001). Gasoline goes up to 12 carbons atoms 

(C12) (API, 2001). In addition, during the formation of the standards the peak created 

from diesel mixture did not exceed C22. That’s why in this study it was determined to 

start the range of the DROs from C12 until C22, while the EROs have carbon numbers 

between C22 - C40. The cumulative range of the TPHs incudes the sum of the ranges 

of the DROs and EROs (TPHs = DROs + EROs).  

http://www.sciencedirect.com/science/article/pii/S001623611100398X
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Figure 3: Defined DROs, EROs and TPHs carbon number ranges. 

TPHs are considered toxic to both humans and animals and they can affect lungs, 

kidneys, nervous system and liver causing cancer along with negative reproductive 

and immunological effects (Rushton et al., 2007). In addition, they can cause 

problems to plant growth in contaminated soil as they are able to displace air in soil 

creating anaerobic conditions, to reduce nutrient mobility, to prevent water infiltration 

and to pass through cell membranes easily into plants leading to inhibition of plant 

growth (Kirk et al., 2005). Germination can also be delayed as the TPHs can form a 

layer around seeds preventing oxygen or water transfer from the environment. 

However, TPHs released into the environment are subjected to chemical, physical 

and biological processes collectively referred to as weathering (Stout & Wang, 

2007). Dispersion, dissolution, evaporation, emulsification, photooxidation, 

adsorption on to suspended materials and microbial degradation are some of these 

processes that can alter the chemical original fingerprint of spilled or discharged 

hydrocarbons (Serrano and Gallego, 2008). 
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2.2.1 Polycyclic Aromatic Hydrocarbons  

PAHs are essentially a group of compounds composed of two or more fused 

aromatic rings bonded together in linear (anthracene), angular 

(dibenzo(a,h)anthracene) or clustered (pyrene) arrangements. The contamination of 

soils by mixtures of PAHs is widespread around the world and especially in urban 

areas due to past activities. They are considered a great environmental burden and 

thus they are classified by several agencies like the Environment Agency and the 

United States Environmental Protection Agency as Persistent Organic Pollutants 

(POPs) (Environment Agency, 2007; USEPA, 2008). In total 32 PAHs are included in 

the POP list, but only 16 have been considered in this study plus two extra 

naphthalene compounds with methyl groups attached. These 16 were selected 

because they are frequently found in waters, they take into account a variety of 

structures, they are easily chemically detectable and they are highly toxic (UBA, 

2012). Moreover, the two extra methyl naphthalene compounds were monitored to 

assist on the source identification of the PAHs (see Chapter 2.2.2). The chemical 

characteristics and the structure of individual PAH compounds are presented in 

Figure 4 and Table 5.    

 
Figure 4: The structure of the 16 priority PAHs and the two methyl group PAHs.        
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Table 5: Chemical characteristics of PAH compounds (CCME, 2008). 

No PAHs Abbreviations 

Chemical 
Abstract 
Registry 
Number 
(CAS) 

Chemical 
Formula 

Number 
of Rings 

Aqueous 
Solubility 
(mg/l) at 

25ᵒC 

Mackay 
Solid 

Solubility 
(µg/l)ᵃ 

Vapour 
pressure 

(mm Hg) at 
25ᵒC 

Henry’s Law 
Constant 
(atm·m3· 

mol-1) 

Log Kow 

Melting 
Point 
(°C)/ 

Boiling 
Point  
(°C) 

1 Naphthalene NAP 91-20-3 C10H8 2 31.7 30995 8.50E-02 4.83E-04 3.36 80/218 

2 2-Methylnaphthalene 2MN 91-57-6 C11H10 2 24.6 25000 0.068 4.99E-04 3.86 - 

3 1-Methylnaphthalene 1MN 90-12-0 C11H10 2 25.8 28001 0.054 3.60E-04 3.87 - 

4 Acenaphthylene ACY 208-96-8 C12H8 3 16.1 16314 9.12E-04 1.13E-05 3.9 to 4.1 92/265 

5 Acenaphthene ACE 83-32-9 C12H10 3 3.90 3800 2.50E-03 1.55E-04 3.92 96/279 

6 Fluorene FLU 86-73-7 C13H10 3 1.90 1900 
6.33E-03 to        
8.42E-03 

6.34E-05 to 
1.00E-04 

4.18 116/293 

7 Phenanthrene PHE 85-01-8 C14H10 3 1.15 1100 1.12E-04 2.33E-05 4.46, 4.55 101/340 

8 Anthracene ANT 120-12-7 C14H10 3 
4.3E-02 to       
7.5E-02 

45 2.67E-E06 
1.93E-05 to 

6.5E-05 
4.45, 4.55 216/340 

9 Fluoranthene FLAN 206-44-0 C16H10 4 2.60E-01 239.9 1.23E-08 
1.3E-05 to 
1.6E-05 

4.95 111/- 

10 Pyrene PYR 129-00-0 C16H10 4 1.35 131.9 
2.45E-06 to   
4.59E-06 

1.10E-05 4.88 to 5.18 149/360 

11 Benzo(a)anthracene BaA 56-55-3 C18H12 4 9.40E-03 11 
3.05E-08 to  
1.05E-07 

3.35E-06 5.7 158/400 

12 Chrysene CHR 218-01-9 C18H12 4 
2E-03 to 
6.3E-03 

2 6.23E-09 9.46E-05 5.7 255/448 

13 
Benzo(e)acephenanthrylene or 

Benzo(b)fluoranthene 
BbF 205-99-2 C20H12 4 1.50E-03 1.501 5.00E-07 1.11E-04 6.2 167/- 

14 Benzo(k)fluoranthene BkF 207-08-9 C20H12 4 8.00E-04 0.7999 2.00E-09 8.29E-07 6.2 217/480 

15 Benzo(a)pyrene BaP 50-32-8 C20H12 5 1.60E-03 4.012 5.49E-09 1.13E-06 5.97, 6.11 179/496 

16 Indeno(1,2,3-c,d)pyrene IcP 193-39-5 C22H12 6 2.20E-05 - 1.00E-10 1.60E-06 6.6 163/- 

17 Dibenzo(a,h)anthracene DhP 53-70-3 C22H14 4 2.49E-03 0.6012 1.00E-10 1.47E-08 6.50, 6.69 262/- 

18 Benzo(g,h,i)perylene BgP 191-07-1 C22H12 6 2.60E-05 0.26 1.00E-10 1.41E-07 6.7 222/- 

- Sum of PAHs ≤ 3 rings LMW-PAHs - - ≤ 3 ≥ 32 - - 
5.0E-02 to 
7.9E-04 

3.4 to 4.18 - 

- Sum of PAHs ≥ 4 rings HMW-PAHs - - ≥ 4 ≤ 0.26 - - 
3.5E-04 to 
2.2E-06 

5.2 to 7.3 - 
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PAHs are commonly classified into two main cumulative groups according to their 

molecular structures (number of rings), which is the Low Molecular Weight PAHs 

(LMW-PAHs) that include PAHs with three of fewer aromatic rings and the High 

Molecular Weight PAHs (HMW-PAHs) with four or more rings (CCME, 2008). In this 

study, the first cumulative group of the LMW-PAHs, includes the following PAH 

compounds:  

LMW-PAHs = Naphthalene (NAP) + 2-Methylnaphthalene (2MN) + 1-

Methylnaphthalene (1MN) + Acenaphthylene (ACY) + Acenaphthene (ACE), 

Fluorene (FLU) + Phenanthrene (PHE) + Anthracene (ANT) 

On the other hand, the second cumulative group of the HMW-PAHs contains the 

following PAH compounds: 

HMW-PAHs = Fluoranthene (FLAN)+ Pyrene (PYR) + Benzo(a)anthracene (BaA) + 

Chrysene (CHR) + Benzo(b)fluoranthene (BbF) + Benzo(k)fluoranthene (BkF) + 

Benzo(a)pyrene (BaP) + Indeno(1,2,3-c,d)pyrene (IcP) + Dibenzo(a,h)anthracene 

(DhP) + Benzo(g,h,i)perylene (BgP).  

The summary of all PAHs (ΣPAHs) in this study is consisted of the LMW-PAH and 

HMW-PAH cumulative concentrations. Finally, the category of the carcinogenic 

PAHs can be defined as ΣPAHs(cancer) and it is consisted of the summary of the 

probably human carcinogenic PAHs of BaA + CHR + BbF + BkF + BaP + DhP + IcP 

(Karlsson & Viklander, 2008).  

The physico-chemical properties of PAHs are crucially determined by the aqueous 

solubility (Sw) and octanol-water partition coefficient (Kow). However, the 

relationship between these two variables is inversely proportional (Table 5). Their 

complex chemical composition and the factors that affect the environmental fate of 

PAHs influence and frequently enhance the environmental burden in soil and water 

bodies.   

Freshwater habitats cover less than 1% of the Earth's surface. However, they 

support approximately 10% of all known species and around one third of all 

vertebrate species. Moreover, the freshwater habitats present faster rates of 

impairments to biodiversity leading towards extinction compared to any other type of 

ecosystem (UK National Ecosystem Assessment, 2011). In addition, higher PAH 

concentrations have been detected in estuaries and rivers in urbanized environment 

transferred mostly by runoff, with most of the PAHs been in higher concentrations at 
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industrial and commercial areas than residential (Herngren et al., 2010). Generally, 

low solubility and high affinity for organic carbon are some of the main characteristics 

of PAHs. Therefore, most PAHs are found attached to settled or suspended particles 

in the water column (Simon and Sobieraj, 2006). The largest burden is often 

associated with suspended organic matter. However, small amounts of PAHs can be 

found in a truely dissolved state or adsorbed on to mineral particles (CCME, 2008). 

Background PAH concentrations in stormwater from a range of locations are 

presented in Table 6.  
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Table 6: Background PAH concentrations in stormwater. 
B
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Countries: 

 

 

Singapore  

(µg/l) 

 

 

Poland  

(µg/l) 

 

 

France 

(µg/l) 

 

 

China, 
Hangzhou  

(µg/l) 

 

 

U.S.A.  

(µg/l) 

 
         France             

Scotland  

(Highway Runoff) (µg/l) 

 

        Median  

          (µg/l) 

 

Mean 
EMC  

 

Median 
EMC  

 

Mean 
EMC  

 

Median 
EMC  

Phase: Total Total Total Total Total Dissolved  Particulate Total Particulate Total Total Dissolved Dissolved 

NAP 0.365 0.750 - 0.989 - - - - - 82 0.10 0.06 0 - - 

2MN - - - - - - - - - - - - - 

1MN - - - - - - - - - - - - - 

ACY 0.111 0.022 - 0.046 - - - - - 24 0.07 0.03 0.00 - - 

ACE 0.026 0.014 - 0.040 0.149 - - - - 15 0.04 0.03 0.00 - - 

FLU 0.029 0.011 - 0.038 0.236 1.683 - - - 28 0.11 0.04 0.01 - - 

PHE 0.100 - 0.255 2.271 - - - 140 0.87 0.35 0.13 - - 

ANT 0.010 0.042 - 0.457 0.053 0.309 - - - 23 0.12 0.08 0.03 - - 

FLAN 0.008 0.116 - 0.365 0.804 0.996 28 7 21 134 1.20 1.02 0.30 - - 

PYR 0.011 0.188 - 0.230 0.746 1.319 31 2 29 177 1.50 1.03 0.31 - - 

BaA 0.019 0.094 - 0.194 0.379 0.245 32 0 32 53 0.58 0.54 0.25 - - 

CHR 0.012 - 0.659 0.538 - - - 104 1.10 0.76 0.29 - - 

BbF 0.033 - 0.418 - 61 0 61 134 1.40 1.02 0.50 - - 

BkF 0.006 0.93 - 0.222 0.197 0.188 47 0 47 52 0.49 0.36 0.16 - - 

BaP 0.010 0.017 - 0.179 0.377 0.218 70 0 70 66 0.71 0.69 0.33 - - 

IcP 0.116 0.012 - 0.091 0.317 - - - - 80 0.69 0.56 0.27 - - 

DhP 0.231 0.0082 - 0.017 0.046 - - - - 30 0.20 - - - - 

BgP 0.055 0.0095 - 0.027 0.332 - 20 0 20 100 0.93 0.59 0.25 - - 

TPHs - - - - - - - - - 6958 4820 747 500 

Year: 2005-2006 2002 2006 2004 1998 - 1999     2008 2008 2008 2008 

 

 

Reference:  

Rianawati 
& 

Balasubra
manian, 

2009 

 

Grynkiewicz et 
al., 2002 

 

Motelay-
Massei et 
al., 2006 

 

Zhu et al., 
2004 

 

 

Bathi, 2007 

 

 

Zgheib et al., 2010 

 

 

Crabtree et al., 2008 

aEMC: Event Mean Concentrations 



49 
 

PAHs can be delivered to soils by water deposition and atmospheric deposition 

(Choi et al., 2012). As atmospheric deposition lands on surfaces it is expected that 

most combustion derived PAH compounds will be limited to a few centimetres below 

the surface. However, a study conducted in urban soils in Miami, Florida showed that 

the contents of PAHs were significantly greater at the first 15 cm (47 - 59%) of the 

surface and continuously decreased with depth (15 - 30cm: 31 - 38%; 30 - 45cm: 15 

- 19%). However, Tallinn, Helsinki, Vilnius, Chicago, and London showed lower 

frequency of detection (~21%) (Banger et al., 2012). In addition, the environmental 

burden of PAHs can vary according to land use. Background PAH concentrations in 

urban, rural and forest soils are presented in Table 7. Depending on proximity to the 

point sources and the type of soil, PAH concentrations in soils can vary by orders of 

magnitude with higher concentrations seen in urban areas. Previous study in Miami, 

Florida showed that all urban soils were two orders of magnitude greater than the 

background levels of PAHs in soils, indicating that the anthropogenic sources are the 

major contributors of PAHs (Banger et al., 2012). Moreover, PAHs are often 

positively correlated with soil organic matter resulting in higher concentrations in 

peaty and forest soils compared to other types of soil (Malawska et al., 2006). The 

most abundant PAHs that have been found in UK soil are FLAN, PYR, PHE, BgP 

and BbF whilst for stormwater: PHE, ANT, FLAN and PYR (Rocher et al., 2004). 

These four PAHs typically make up over 85% of the total PAH (ΣPAHs) load in 

stormwaters (Karlsson & Viklander, 2008).  

  

  

 

 



50 
 

Table 7: Background PAH concentrations in urban, rural and forest soils. 

Background Pollution 

Type: Urban Soil Rural Soil Forest Soil 

Countries: 
New 

Zealand 
Shanghai 

United 
Kingdom 

England 
Northern 
Ireland 

Scotland Wales 
United 

Kingdom 
United 

Kingdom 
England 

Northern 
Ireland 

Scotland Wales United Kingdom 

PAHs 
Median  
(µg/g) 

Median  
(µg/g) 

Median 
(µg/g) 

Median 
(µg/g) 

Median 
(µg/g) 

Median 
(µg/g) 

Median 
(µg/g) 

Median 
(µg/g) 

Median 
(µg/g) 

Median 
(µg/g) 

Median 
(µg/g) 

Median 
(µg/g) 

Median 
(µg/g) 

Mean  
(µg/g) 

NAP 0.005 0.015 - - - - - 0.006 - - - - - 0.154 

2MN - 0.018 - - - - - - - - - - - - 

1MN - 0.007 - - - - - - - - - - - - 

ACY 0.016 0.006 0.034 0.088 0.005 0.023 0.017 - 0.004 0.005 0.003 0.032 0.003 - 

ACE 0.003 0.005 0.019 0.035 0.002 0.011 0.019 
0.037 

0.003 0.003 0.002 0.004 0.005 
0.086 

FLU 0.007 0.007 0.023 0.039 0.002 0.037 0.021 0.035 0.050 0.026 0.020 0.024 

PHE 0.098 0.088 0.296 0.539 0.006 0.191 0.376 0.014 0.047 0.056 0.031 0.041 0.048 0.533 

ANT 0.021 0.015 0.044 0.079 0.025 0.029 0.052 0.002 0.035 0.050 0.026 0.020 0.024 0.017 

FLAN 0.273 0.197 0.769 1.460 0.080 0.308 0.606 0.027 0.079 0.113 0.054 0.046 0.085 1.132 

PYR 0.289 0.169 0.664 1.280 0.069 0.259 0.513 0.031 0.185 0.088 0.044 0.037 0.061 0.573 

BaA 0.106 0.119 0.315 0.528 0.069 0.117 0.325 
0.020 

0.035 0.050 0.026 0.020 0.024 
0.796 

CHR 0.130 0.132 0.417 0.695 0.054 0.221 0.455 0.052 0.069 0.042 0.036 0.037 

BbF 0.220 0.186 0.368 0.714 0.042 0.219 0.404 0.010 0.067 0.090 0.051 0.048 0.058 0.492 

BkF 0.067 0.077 0.285 0.661 0.039 0.116 0.342 - 0.067 0.050 0.028 0.023 0.022 - 

BaP 0.128 0.100 0.333 0.714 0.042 0.132 0.392 0.007 0.046 0.067 0.036 0.024 0.058 0.352 

IcP 0.081 0.055 0.243 0.418 0.033 0.109 0.294 - 0.042 0.055 0.031 0.029 0.037 - 

DhP 0.028 0.009 0.040 0.099 0.006 0.026 0.074 - 0.007 0.011 0.031 0.005 0.007 - 

BgP 0.109 0.068 0.216 0.487 0.036 0.098 0.268 0.033 0.038 0.052 0.026 0.027 0.035 0.685 

Σ16PAHs - 1.450 - - - - - 0.187 - - - - - 4.809 

Reference:  
Environment 
Canterbury, 

2007 

Wang et 
al., 2013 

Environment Agency, 2007 Environment Agency, 2007 
Wild & Jones, 

1993 
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Furthermore, several environmental organizations like the Canadian Council of 

Ministers of the Environment (CCME), the UK Environment Agency (EA), the United 

States Environmental Protection Agency (USEPA), the Australian and New Zealand 

Environment and Conservation Council (ANZECC) and the Dutch Ministry of 

Housing, Spatial Planning and Environment have produced recommended 

guidelines for the protection of water and soil quality in terms of PAHs using 

empirical data from previous studies; for the protection of freshwater aquatic life and 

surface water are presented in Table 8, while for the protection of soil quality are 

presented in Table 9. 

Table 8: Environmental quality guidelines for the protection of freshwater aquatic life 

and surface water. 

PAHs  
Water quality guidelines for the protection of freshwater 

Aquatic Life (µg/l) 

Protection of 
Surface Water 

Quality                
(µg/l) 

NAP 1.1 11 10 16 0.1 70 

2MN - - - - - - 

1MN - - - - - - 

ACY - - - - - - 

ACE 5.8 580 - - - - 

FLU 3 125 - - 0.005 1 

PHE 0.4 1.2 - - 0.03 5 

ANT 0.012 4 0.02 - 0.02 5 

FLAN 0.04 2.5 0.02 - 0.005 1 

PYR 0.025 4   - - - 

BaA 0.018 1.8 - - 0.002 0.5 

CHR - 0.7 - - 0.002 0.05 

BbF - - - - - - 

BkF - - - - 0.001 0.05 

BaP 0.015 1.5 0.03 - 0.001 0.5 

IcP - - - - 0.0004 0.05 

DhP - - - - - - 

BgP - - - - 0.0002 0.05 

ΣPAHs - - - 3 - - 

  LOELᵃ     Optimum Action 

Reference: CCME, 2008 Grontmij, 2012 ANZECC, 2000 
The New Dutchlist, 

2001 

ᵃLOEL: Lowest Observed adverse Effects Level 
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Table 9: Environmental quality guidelines for the protection of soil quality. 

PAHs  

Protection of Soil Quality (µg/g) Environmental health guidelines of Soil (µg/g) 
Risk Based 

Concentrations (µg/g)  

MPCᵃ   Agricultural Residential/Park Commercial  Industrial Agricultural Residential/Park Commercial  Industrial Residential Industrial 

NAP 0.140 - 0.1 0.6 22 22 0.013 0.013 0.013 0.013 3,100 82,000 

2MN - - - - - - - - - - - - 

1MN - - - - - - - - - - - - 

ACY - - - - - - - - - - - - 

ACE - - - - - - - - - - 4,700 120,000 

FLU - - - - - - - - - - 3,100 82,000 

PHE 0.300 - - - - - 0.046 0.046 0.046 0.046 - - 

ANT 0.070 - - - - - 2.5 2.5 32 32 23,000 61,000 

FLAN 0.300 - - - - - 50 50 180 180 3,100 82,000 

PYR - - - - - - 0.1 1 10 10 2,300 61,000 

BaA 0.010 - - - - - 0.1 1 10 10 0.87 7.80 

CHR 0.340 - - - - - -       87 780 

BbF - - - - - - 0.1 1 10 10 0.87 7.80 

BkF 0.040 - - - - - 0.1 1 10 10 8.70 78 

BaP 0.050 0.16 0.1 0.7 0.7 0.7 20 20 72 72 0.09 0.78 

IcP - - - - - - 0.1 1 10 10 0.87 7.80 

DhP - - - - - - 0.1 0.1 10 10 0.09 0.78 

BgP 0.033 - - - - - - - - - - - 

ΣPAHs - - - - - - - - - - - - 

Reference: 
CCME, 
2008 

Environment 
Agency, 2013 

CCME, 2008 CCME, 2011 (EPRI, 2000 

ᵃMPC: Maximum Permissible Concentrations
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Despite the recommended guidelines, legal limits have not been created due to the 

complex environmental conditions and lack of extensive monitoring and 

comprehension regarding the behaviour of individual PAHs. Thus, background 

pollution, depending on the region, in many cases can exceed the recommended 

guidelines without necessarily being considered alarming.  

2.2.2 Sources 

Comprehensive source mapping does not exist for many organic contaminants like 

PAHs. According to Strömvall et al. (2006) and Eriksson et al. (2007), organic 

pollutants in urban runoff are often not included in monitoring and further 

investigations are needed to assess sources and types. PAH compounds are 

principally formed due to natural or anthropogenic actions and are derived from three 

major sources: pyrogenic, petrogenic and biological origin (Zaghden et al., 2007). 

Pyrogenic PAHs are formed by the process of pyrolysis, which involves the exposure 

of organic substances to high temperatures under low or no oxygen (Okere & 

Semple, 2012). Pyrolytic processes involve high temperatures (350°C - 1300°C) and 

can occur intentionally (e.g. thermal cracking of petroleum residuals to lighter 

hydrocarbons, destructive distillation of coal into coke and coal tar) or unintentionally 

(e.g. incomplete combustion of wood in fireplaces and forest fires, incomplete 

combustion of motor fuels, incomplete combustion of oil fuels used for heating) 

(Pakpahan et al., 2009). In general, pyrogenic PAHs present higher concentrations 

in urban areas and close to major combustion sources. In contrast, petrogenic PAHs 

are formed at lower temperatures (100°C – 300°C) like crude oil which is formed 

over millions of years (Boehm & Saba, 2008). Major sources of petrogenic PAHs 

include the widespread use, storage and transportation of crude oil and crude oil 

products. Direct spills to freshwater or marine habitats; ground storage tank leaks; 

transport related substances and the cumulative load from small releases of gasoline 

or motor oil all contribute. In addition, PAHs can be produced biologically as they can 

be formed during the degradation of vegetative organic matter or synthesized by 

certain plants or bacteria (CCME, 2008). A major review of studies regarding 

stationary (domestic and industrial sources), mobile, agricultural and natural sources 

of PAHs was undertaken by Lee in 2010.  
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One of the largest recognized contributors to stormwater pollution is traffic (Mitsova 

et al., 2011). Consequently, due to automobile exhaust emissions, asphalt wear and 

leaching, tyre wear and crankcase oil and drips, higher PAH concentrations tend to 

be detected in soils adjacent to car parks and roads (Mahler et al., 2005; Brown & 

Peake 2006). Their multiple sources provide different combinations of PAH (Mari et 

al., 2010).  

Several attempts have been made in the past to identify the origin of PAHs that have 

been detected in the environment by linking them directly to sources such as diesel 

fuel, gasoline, used lubricating oil, tyre rubber and bitumen according to the relative 

percentage distribution of individual PAHs (Karlsson & Viklander, 2008). Multiple 

diagnostic ratios have therefore been suggested to identify the pollution sources of 

PAHs from numerous environmental compartments (Tobiszewski & Namieśnik, 

2012). Insufficient data or the complex chemical composition of PAHs can create 

difficulties regarding the choice of ratio and provide inconclusive results. Some 

diagnostic ratios for source identification of PAHs are presented in Table 10. A very 

simple fingerprinting technique to identify the origin of PAHs is described by Boehm 

& Saba (2008), based on the differentiation of petrogenic and pyrogenic paths by 

considering temperature of formation as a crucial factor. As a principle, temperature 

responsible for the formation of PAHs is inversely proportional to the degree of 

alkylation in a given PAH assemblage (Boehm & Saba, 2008). Therefore, the 

characteristic composition of PAHs with methyl groups attached such as 2MN and 

1MN can be used for source identification (e.g. If [NAP] > [1MN] > [2MN] = pyrogenic 

and If [NAP] < [1MN] < [2MN] = petrogenic). Simplifying this theory and taking into 

consideration that NAP and 2MN present the greatest concentration difference after 

formation (Boehm & Saba, 2008), it is safe to assume that when NAP concentrations 

are higher than 2MN the origin of the PAHs is petrogenic, while the opposite 

suggests a pyrogenic source. 
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Table 10: Diagnostic ratios for source identification of PAHs. 

PAH ratio 
Value 
range 

Source Reference 

LMW-PAHs/HMW-PAHs 
< 1 Pyrogenic  

Zhang et al., 2008 
> 1 Petrogenic 

aΣCOMB/ΣPAHs ~1 Combustion Ravindra et al., 2008a 

FLU/(FLU + PYR) 
< 0.5 Petrol emissions 

Ravindra et al., 2008b 
> 0.5 Diesel emissions 

ANT/(ANT + PHE) 
< 0.1 Petrogenic 

Pies et al., 2008 
> 0.1 Pyrogenic 

FLAN/(FLAN + PYR) 

< 0.4 Petrogenic 

De La Torre-Roche et al., 
2009 

0.4 - 0.5 Fossil fuel combustion 

> 0.5 
Grass, wood, coal 

combustion 

BaA/(BaA + CHR) 

0.2 - 0.35 Coal combustion 
Akyüz & Çabuk, 2010 

> 0.35 Vehicular emissions 

< 0.2 Petrogenic 
Yunker et al., 2002 

> 0.35 Combustion 

2MN/PHE 
< 1 Combustion 

Opuene et al., 2009 
2 - 6 Fossil fuels 

bΣMePHE/PHE 
<1 Petrol combustion 

Callen et al., 2011 
>1 Diesel combustion 

IcP/(IcP + BgP) 

< 0.2 Petrogenic 

Yunker et al., 2002 
0.2 - 0.5 Petroleum combustion 

> 0.5 
Grass, wood and 
coal combustion 

BaP/BgP 
< 0.6 Non-traffic emissions 

Katsoyiannis et al., 2007 
> 0.6 Traffic emissions 

aΣCOMB = (FLAN, PYR, BaA, CHR, BkF, BbF, BaP, IcP and BgP); ΣPAHs = Sum of total non-
alkylated PAHs 
bΣMePHE = Sum of the Phenanthrene methyl groups.  

Note: Inconclusive ratios and PAH availability in this study allowed only the ratios in bold to be used 

for source identification.   

 

2.2.3 Transport and Environmental Fate of PAHs 

2.2.3.1 Transport 

The most common way of global PAH movement occurs through atmospheric 

transport with PAHs predominately found adsorbed to suspended particulate matter, 

they can however also be present in the vapour phase and are transferred to soil 

and water through wet or dry deposition (Grimalt et al., 2004). In the soil, PAHs can 

be adsorbed to particulate matter and transported by surface runoff. In aquatic 

systems the highest concentration of PAHs will be adsorbed to suspended 

particulate matter and a very small amount will be dissolved in water due to their 

general low solubility. Potential sedimentation of particulate matter over time will 
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occur, which can lead to entrapment and preservation of the PAHs, turning the 

sediments into their major environmental sink. Accumulation can occur when the rate 

of build-up is faster than removal processes such as biodegradation. The 

environmental behaviour of PAHs is largely determined by their physico-chemical 

properties, with LMW-PAHs being more susceptible than HMW-PAHs to various 

degradation processes such as volatilization, photolysis, adsorption and microbial 

degradation (USEPA, 2003b). In addition LMW-PAHs, due to their low molecular 

weight and small number of rings, tend to be more hydrophilic, whereas HMW-PAHs 

are known to be hydrophobic (CCME, 2008). In general, HMW-PAHs are not 

capable of environmental transport in aqueous solution in the absence of dissolved 

organic matter, as higher molecular weights lead to more hydrophobic behaviours 

(CCME, 2008; Bakhtiari et al., 2009). Finally, PAHs can bio-accumulate in aquatic 

organisms depending on their physico-chemical properties.   

2.2.3.2 PAH Removal Mechanisms  

2.2.3.2.1 Volatilization 

The process of volatilization involves the transfer of PAHs to the vapour phase. The 

molecular weight of PAHs, the movement of water and weather conditions affect the 

rate of volatilization (CCME, 2008). LMW-PAHs are more likely to volatilize from the 

water column than HMW-PAHs. HMW-PAHs with five benzene rings or above do not 

tend to volatilize due to their high melting points (CCME, 2008). According to USEPA 

(2003c), the half-life of NAP from an aqueous solution one meter deep (quantity not 

stated) was estimated 7.2 hours, and it was estimated that volatilization can be 

accelerated by 2-3 times by increasing current velocity 10-fold. In addition, a 

volatilization rate constant of 0.16 per hour for NAP was estimated, which resulted in 

a half-life of 4.3 hours (conditions are not clarified). Moreover, another study showed 

that the half-life of ANT from meter deep water with a water velocity of 1 m/sec and 

wind velocity of 4 m/sec resulted in a half-life of 16.5 hours (CCME, 2008). However, 

the volatilization half-life of a high molecular weight PAH such as PYR ranged from 

115 hours to 3.2 years (conditions not stated) (CCME, 2008).    
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2.2.3.2.2 Photolysis 

Direct photolysis is an important degradation mechanism of PAHs in surface waters, 

which involves the chemical decomposition of PAHs by the action of radiant energy 

in the presence of oxygen. The sensitivity of PAHs to photo-oxidation is different for 

each PAH. The degradation of ACE, ANT, FLU and NAP in aqueous suspensions of 

titanium dioxide (TiO2) on irradiation with artificial UV light as well as sunlight has 

been reported in a previous study. In addition, more researchers have proposed 

photo-oxidation as a degradation mechanism in TiO2 of ANT, PHE and NAP (Kohtani 

et al., 2005). Previous studies showed that the estimated half-lives of photo-oxidized 

BaP and ANT in water ranges between 8.6 days to 1.2 years and 0.1 to 4.4 years 

respectively (CCME, 2008). Even though HMW-PAHs are thermodynamically stable 

due to their large resonance energies, photo-oxidation can occur affecting their 

aromatic rings, forming quinones (derivatives of benzene composed of two isomeric 

cyclic crystalline compounds (C6H4O2)) (Okere & Semple, 2012). Enhancement or 

inhibition of PAH photolysis is influenced by several naturally occurring chemical 

constituents. Chemicals that positively enhance the process of photolysis are known 

as photosensitizers; dissolved organic matter and nitrate are considered two of the 

most important in the water column (Jacobs et al., 2008). However according to Ong 

(2008), one study showed that dissolved organic matter does not essentially affect 

the photo-fate of PAHs.  

2.2.3.2.3 Adsorption and Sedimentation 

The process of adhesion of PAH compounds to an extremely thin layer of molecules 

(solutes, liquids or gases) covering the surface of solids or liquids is known as 

adsorption. The majority of PAHs are generally found attached to solids and a very 

small amount (11%) is found dissolved in water (Karlsson & Viklander 2008). 

Adsorbed PAHs on suspended solids in the aquatic environment can undergo 

sedimentation, which is one of their primary removal mechanisms (CCME, 2008). 

Sediments are considered the final environmental sink for PAHs, as they accumulate 

and preserve several compounds (CCME, 2008). The vertical distribution of PAHs in 

soil and sediments can be controlled by mixing and transport processes and 

degradation mechanisms. The organic carbon content of the substrate taking into 

account transport, adsorption and partition mechanisms of the organic contaminants, 

determines the fate of hydrophobic organic compounds like HMW-PAHs (Tang et al., 
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2005). Slow transformations and elimination of these compounds can occur over 

time and can be enhanced by the process of biodegradation, which depends on the 

bioaccesibility of the PAHs. However, sediments can be re-suspended due to 

various reasons and this may differentiate their route of transport and their 

susceptibility to the various degradation mechanisms (Brinkmann et al., 2010).  

2.2.3.2.4 Biodegradation 

Biodegradation is the process by which PAH compounds are destroyed or broken 

down over time into by-products by the activity of bacteria, fungi and general 

microbial populations. Biodegradation occurs in both water and soil and the degree 

of degradation depends on several environmental (e.g. temperature, dissolved 

oxygen and pH) and molecular factors (number and fusion of the aromatic rings). 

Moreover, microbial degradation is considered a key mechanism in removing PAHs 

from sediments and the water column. Heavy pollution or poor water quality can 

cause anoxic and acidic conditions, which can significantly lower the rate of bacterial 

degradation of PAHs and subsequently increase their residence time. Nevertheless, 

their residence time in sediments is not indefinite, as individual PAHs can also be 

metabolized by anaerobic and facultative bacteria, however this occurs at a much 

slower rate than under aerobic conditions (Kröpfelová, 2008). Sediment-bound PAHs 

biodegradation half-lives range from 0.3 to 129 days for NAP and 0.3 to 58 years for 

BaP (CCME, 2008). In addition, the half-life of naphthalene in water ranges between 

0.5 to 20 days, while for PYR under aerobic conditions it ranges from 0.6 to 5.2 

years (CCME, 2008).  

2.2.4 Health and Environmental Impact of PAHs 

The major route of exposure to PAHs related to human health is from breathing 

direct ambient air, eating food and drinking water that contains them. Although 

several indirect routes such as contact with contaminated water or soil, breathing 

exhaust fumes and exposure to oil spills can occasionally affect human health to a 

greater degree. Many PAH compounds have mutagenic and carcinogenic properties 

so there is concern over their environmental impact (Luch, 2005). The International 

Agency for Research on Cancer (IARC) (IARC, 2010) and USEPA (USEPA, 2013) 

have classified several PAHs as being carcinogenic to animals, including some PAH-

rich mixtures as carcinogenic to humans. PAHs classified by the EPA as probable 

http://www.google.co.uk/search?tbo=p&tbm=bks&q=inauthor:%22Lenka+Kr%C3%B6pfelov%C3%A1%22


59 
 

human carcinogens and possible carcinogens to humans, as well as known animal 

carcinogens, are presented in Table 11 (CCME, 2008). The first PAH that has been 

discovered to cause cancer was BaP. The 7 probable human carcinogenic PAHs 

can be included in a separate group (ΣPAHs (cancer): BaA + BaP + BbF + BkF + CHR 

+ DhP + IcP) in an attempt to simplify and monitor their environmental fate and 

behaviour. 
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Table 11: Classification of PAHs according to their carcinogenic human and 

environmental risk (CCME, 2008). 

Agency PAHs 
Carcinogenic 
classification 

U.S. Department of 
Health and Human 

Services (HHS) 

1) Benz(a)anthracene 
2)Benzo(b)fluoranthene 
3)Benzo(a)pyrene 
4)Dibenzo(a,h)anthracene 
5)Indeno(1,2,3-c,d)pyrene 

Known animal 
carcinogens 

International Agency 
for Research on 

Cancer  
(IARC, 2010) 

1)Benz(a)anthracene 
2)Benzo(a)pyrene 

Probably carcinogenic 
to humans 

1)Benzo(a)fluoranthene 
2)Benzo(k)fluoranthene 
3)Indeno(1,2,3-c,d)pyrene 

Possibly carcinogenic 
to humans 

1)Anthracene 
2)Benzo(g,h,i)perylene 
3)Benzo(e)pyrene 
4)Chrysene  
5)Fluoranthene  
6)Fluorene  
7)Phenanthrene   
8)Pyrene 

Not classifiable as to 
their carcinogenicity to 

humans 

U.S. Environmental 
Protection Agency 

(USEPA, 2013) 

1)Benz(a)anthracene 
2)Benzo(e)pyrene     
3)Benzo(b)fluoranthene   
4)Benzo(k)fluoranthene   
5)Chrysene   
6)Dibenzo(a,h)anthracene  
7)Indeno(1,2,3-c,d)pyrene 

Probable human 
carcinogens 

1)Acenaphthylene  
2)Anthracene  
3)Benzo(g,h,i)perylene  
4)Fluoranthene        
5)Fluorene         
6)Phenanthrene         
7)Pyrene 

Not classifiable as to 
human carcinogenicity 

Essentially, the concentration of PAHs, their innate toxicity, their route and length of 

exposure determine the effects of these compounds on human health. In addition, 

human health effects can be divided into acute short term health effects or long-term 

health effects. Moreover, long term effects include immune problems, genotoxic 

effects as well as carcinogenic and mutagenic affects. According to CCME (2008), 
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HMW-PAHs tend to be more lipophilic than LMW-PAHs. During photo-oxidation 

PAHs are generally more toxic due to the presence of UV light, but when they are 

bound to soil are unlikely to exert toxic effects, except when the soil is highly 

contaminated. However, PAHs are moderately persistent in the environment and can 

bio-accumulate in plants, fish, shellfish and terrestrial invertebrates, although most of 

the time this is prevented due to sufficient metabolic removal. Finally, the complexity 

of environmental conditions can affect the half-life of each individual PAH in the soil. 

Estimation of the half-lives of individual PAHs from several studies are presented in 

Table 12. 

Table 12: Half-lives of PAHs in soil. 

PAHs 

Half-life obtained 
from long-term 
field experiment                              

(years) 

Suggested 
half-life 

from 
modelling                             

(years) 

Half-life                                       
(years) 

Mean half-life              
(hours) 

Range of     
half-lives                
(hours) 

NAP - - 2.1 1700 (~2 months) 1000 - 3000 

2MN - - - - - 

1MN - - - - - 

ACY - 0.11 – 0.34 - - - 

ACE > 3.2 0.11 – 0.34 - 5500 (~8 months) 300 - 10000 

FLU > 3.2 0.34 – 1.15 - 5500 (~8 months) 300 - 10000 

PHE 5.7 0.34 – 1.15 - 5500 (~8 months) 300 - 10000 

ANT 7.9 0.34 – 1.15 - 5500 (~8 months) 300 - 10000 

FLAN 7.8 1.15 – 3.4 - 17000 (~24 months) 10000 - 30000 

PYR 8.5 1.15 – 3.4 - 17000 (~24 months) 10000 - 30000 

BaA 8.1 1.15 – 3.4 - 17000 (~24 months) 10000 - 30000 

CHR 8.1 1.15 – 3.4 - 17000 (~24 months) 10000 - 30000 

BbF 9 1.15 – 3.4 - - - 

BkF -   - 17000 (~24 months) 10000 - 30000 

BaP 8.2 1.15 – 3.4 - 17000 (~24 months) 10000 - 30000 

IcP - - - - - 

DhP - - - 17000 (~24 months) 10000 - 30000 

BgP 9.1 1.15 – 3.4 - 17000 (~24 months) 10000 - 30000 

Reference: Environment Agency, 2007 CCME, 2008. Environment Agency, 2003 
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2.3 Sustainable Drainage System  

Conventional urban and road drainage has traditionally been most concerned with 

removing surface water quickly. This exacerbated flooding problems and did little to 

manage the pollutant load in runoff. Fundamentally, SuDs attempt to recreate the 

pre-developed hydrology using simple techniques of infiltration, conveyance and 

storage by adopting swales, basins, wetlands, permeable surfaces and vegetated 

detention ponds. In addition, SuDs aim to equally exploit three main concerns of the 

drainage system namely water quality, water quantity and habitat amenity for the 

benefit of the environment (Figure 5). Habitat-amenity via biodiversity provides 

aesthetic and wildlife benefits to society. However, occasional constraints that can 

arise due to unique site characteristics, limitations, lack of proper management or 

poor design and monitoring can challenge the balance of the objectives (CIRIA, 

2007). 

 

Figure 5: Primary principles of SuDs. 

Moreover, the complex ecology of vegetated SuDs systems exposes pollutants to a 

range of conditions and processes. This is especially useful for treating the wide 
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variety of petroleum hydrocarbons as treatment can occur through a range of 

processes such as adsorption, volatilization, photolysis and biodegradation in the 

same part of the SuDs system. Some of the main components of SuDs are the 

following: 

 Filter strips 

 Swales 

 Pervious pavements 

 Constructed Wetlands 

 Infiltration basins 

 Extended detention basins 

 Wet ponds 

 Filter drains and perforated pipes 

 Infiltration devices 

 Green roofs 

2.3.1 SuDs Techniques  

There are several fundamental concepts in SuDS design.  One is the treatment train 

concept, where runoff passes through several stages of different SuDS components 

with differing treatment processes.  The other is Source Control, where water is 

managed as close to where it falls as precipitation, passing to Site and subsequently 

Regional Control systems as runoff increases from progressively more intense and 

longer precipitation events.  All these systems cam mitigate pollution, control water 

quantity and enhance biodiversity offer  

2.3.1.1 Source, Site and Regional Control  

The principle of degradation or retention of a range of pollutants at the source or 

near to the source of the pollution is known in SuDs manual as Source Control (SC) 

(CIRIA, 2007). Source control can be provided by SuDs components such as 

pervious pavements, filter drains, filter strips, swales, soakways, infiltrations trenches 

and bio-retention areas.  

According to CIRIA (2007), it is not recommended for areas much greater than 2 

hectares to drain to a single component, but that the catchment should split into sub-

catchments or several other features should be included to drain to the final site 
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control. The management of the surface runoff from larger areas such as housing 

estates, business parks and major roads is described as site control. Swales, ponds, 

wetlands, detention basins, infiltration trenches, infiltration basins, sand filters and 

bio-retention areas are SuDs components that can provide site control. Occasionally, 

depending on design pervious pavements and filter drains can be used for site 

control.     

Similarly, regional control measures can be used to provide management of the 

surface waters downstream of source and site control by dealing with the gathered 

runoff from a much larger area. SuDs components based on the same principles of 

smaller SuDs can be used to cope with much larger volumes of water. SuDs 

components such as ponds, wetlands, detention basins and infiltration basins can be 

used in regional control. (CIRIA, 2007).     

2.3.1.2 Treatment Train 

Several combinations of SuDs designs can be utilized to meet the stormwater 

treatment needs of a particular environment by providing the most efficient pollution 

treatment and deal with the quantity of road runoff efficiently. Frequently, due to the 

complexity of many pollutants and the large volumes of surface runoff a number of 

SuDs (e.g. vegetated swales and basins, and detention ponds) are required to be 

used in sequence. This practise is known as a surface water management train or 

treatment train and it utilizes a series of techniques and mechanisms to minimize 

drainage design problems, control runoff, provide pollution treatment and return the 

water volume to the environment in desirable condition. Essentially, a treatment train 

is able to provide primary, secondary and even tertiary level of treatment (Figure 6). 

It is also vital to select the appropriate SuDs components in the correct order to 

ensure maximum performance. For example a wetland would perform poorly in a 

primary stage if receives gross pollutants (litter) and coarse sediments, but it would 

have a good impact on the treatment of excessive nutrients or heavy metals (CIRIA, 

2007).  
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Figure 6: Primary, secondary and tertiary stages of treatment train (NetRegs, 2014). 

2.3.1.3 “Hybrid” Drainage Systems 

A significant challenge to planners and water management engineers is the need to 

balance land for development, land for encouraging bio-diversity and land for public 

use. In order to maximise the amount of land available and to avoid compromising 

any of these three critical considerations “hybrid” drainage systems can be used by 

combining hard engineered water management solutions (e.g. underground water 

tanks, large diameter pipes) and a range of SuDs components. Moreover, site 

topography and a variety of conditions can limit functionality of SuDs in a specific 

area, leaving these intermediary drainage systems as the only realistic and viable 

solution. For this reason carefully combining engineered solutions and SuDs in 

residential areas space for water is created and there is enough land for both 

development and leisure, while in commercial areas enough land is maintained for 

amenities such as car parks and landscaping (NCE, 2008; Polypipe, 2014). Drainage 

components that are not able to provide degradation or retention of pollutants at the 

source or near to the source of the pollution can be characterised as Non-Source 

Control drainage systems (CIRIA, 2007). Although SC is accepted in SuDs 

philosophy, limited studies have been undertaken to compare the benefit of SC in 

terms of water quality improvement, particularly for hydrocarbons.  
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2.3.2 SuDs Performance and Processes Involved 

SuDs utilize various processes to manage and control road runoff by adopting the 

management techniques to provide flood risk management, stormwater control, 

groundwater recharge and water conservation. Infiltration is a desirable solution for 

runoff management, in which water soaks into the ground and is transferred to a 

different part of the environment. Thus reduction of runoff volume and recharge of 

the local groundwater is accomplished. However, the type of soil and the condition of 

the soil can affect infiltration rates over time. In addition, the use of infiltration in 

areas with vulnerable groundwater should be avoided as it can cause undesirable 

results. The transfer and channelling of surface runoff after infiltration via pipes or 

through open channels and trenches is defined as conveyance. Conveyance is 

considered an essential tool to link SuDs components together and manage flows. 

However, uncontrolled conveyance into the environment is not part of the SuDs 

philosophy and is not considered a sustainable approach. The storage of water can 

assist in reduction of peak flow rates, by extending the duration of runoff and keeping 

the total flow volume constant. Moreover, detention/attenuation of surface flows can 

be offered, by accommodating temporarily the water in subsurface structures and 

permanent ponds (CIRIA, 2007). The performance of these systems depends on 

their proper implementation, which can improve discharged water quality as they can 

reduce or control the amount of toxic cocktails of organics pollutants from road 

runoff. Typical percentage removal efficiencies of several SuDs are presented in 

Tables 13 and 14.  
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Table 13: Typical percentage removal efficiencies of several SuDs. 

  
 Pollutant Removals of Urban 

Runoff in UK                      
(%) 

Percentage Pollutant Removals of                      
Highway Runoff in UK                                        

(%) 

Parameter Wetlands 

Combined 
Retention/ 
Detention 

Basins 

Extended 
Detention 

Basins 

Wetlands 
(Combined 
Retention/ 
Detention) 

Surface 
Flow 

Wetlands 

 
Sub-

Surface 
Flow  

Wetlands 

TSS 36 - 95 13 - 99 46 - 91 - 50 - 70  13 - 99 

BOD 24 - 0 - 69 18 - 5 - 32 

Reference: Ellis et al., 2003 
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Table 14: Typical pollutant removal efficiencies of several SuDs system components. 

Typical Treatment Efficiencies (%) 

Parameter Infiltration Basin    Wet Pond   Vegetated Swale  Porous Pavement 

TSS 65 - 99  - -33 - 99 80 - 68 - 83 < 91 89 - 95 

BOD - 70-90 90% - - - - < 88 - 

COD -  - - - - - - - 

Hydrocarbons -  - - - 75 - - - 

PAHs  -  - - - - - - - 

Reference: 
Department 

of Water, 
2007b    

 

 

Gulliver 
et al., 
2010 

The 
Database, 

2012 

Centre for 
Watershed 
Protection, 

2007 

Neary 
et al., 
2011 

Department 
of Water, 

2007a 

 

 

USEPA, 
2014a 

  
  

Tota-
Maharaj 

& 
Scholz, 
2010 

Cahill, 
2005 
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2.3.2.1 Pervious Pavements 

Pervious pavements allow stormwater to infiltrate through their surface into 

underlying layers. Initially the water volume is temporarily stored before infiltration 

occurs. Interception, containment, filtration and infiltration of the water volume on site 

are some of the capabilities and benefits of pervious pavements (USEPA, 2014c). 

Pervious pavements are suitable for vehicular and pedestrian traffic and good water 

quality treatment can be provided with the use of aggregate sub-bases (USEPA, 

2014c).  

In addition, porous asphalt is considered a SC type of SuDs and good 

implementation of the design can offer durability and cost competitiveness 

alternative to conventional asphalt. Thus, it is commonly used in the construction of 

car parks and roads. However, it is not appropriate for applications with high 

volumes or extreme loads and poor design implementation can limit permeability and 

reduce strength (USEPA, 2014c).  

Another pervious paving technique is the concrete block permeable paved system, 

which similar to porous asphalt is designed to allow rainfall to percolate immediately 

through the surface, eliminating surface ponding. It is considered a simple, practical 

and cost effective solution of source control, which utilizes small concrete blocks 

interlocked together to prevent vertical, horizontal and rotational movement, but also 

to allow water permeability through the voids of the locked blocks. Finally, both 

porous asphalt and permeable pavements provide filtering of road runoff and 

microbial degradation over time (Marshalls, 2013).  

2.3.2.2 Swales 

The collection and soak away of runoff can be achieved with a shallow drainage 

channel with gentle side slopes known as a swale. Vegetated or non-vegetated 

swales can be natural or artificial and they are able to provide entrapment of 

particulate pollutants (e.g. SS), reduce the flow velocity of storm water runoff and 

promote infiltration. Vegetated swales can be used to replace classic stormwater 

drainage systems such as gutters, storm sewer systems and curbs as well as roads 

and yards located in residential, commercial and industrial areas. In addition, they 

can be used next to car parks to deal with highly contaminated runoff (USEPA, 

2014a). Adsorption and bio-filtration are considered the two predominant 
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degradation mechanisms. Rock gabions usually filled with recycled material known 

as bio-retention dams can be added at intervals in the swales to enhance pollution 

removal efficiency (e.g. biofilms) and reduce the amounts of silt (Caltrans, 2003). 

Biofilms are densely packed communities of microorganisms forming a thin but 

robust layer on solid surfaces (MPKB, 2014). Finally, swales are most effective in 

combination with other SuDs (e.g. infiltration strips, wetlands, ponds), but caution 

should be exercised as poor design, poor maintenance or erosion over time can 

result in leaching and flooding.  

2.3.2.3 Basins 

Infiltration and detention basins are shallow impoundments widely used in large 

scale applications, such as parks and car parks. Stormwater runoff is gathered and 

stored in the natural or constructed depressions. Although both infiltration and 

detention basins are highly effective in urban areas are not usually used in situations 

where constant flows needs to be accomplished. According to USEPA (2014b), 

infiltration basins are considered highly efficient in terms of pollution removal by 

utilizing infiltration and the mechanisms of adsorption and biodegradation. Moreover, 

pollutants in infiltration basins are considered permanently absorbed to the soil. 

Occasionally, depending on design and water volume small streams of water are 

created helping to recharge groundwater by restoring low flows (USEPA, 2014b). In 

contrast, detention basins maintain a temporary pool of water depending on the 

season providing to the suspended solids in stormwater runoff more time to settle. 

During this period, the mechanisms of volatilization and photodegradation can occur. 

Overall, both wet detention basins and infiltration basins are considered relatively 

cost effective practices due to the little infrastructure that is required during 

construction (Stormwatercenter, 2013). However, infiltration basins have raised 

general concerns over ground water contamination and sufficient soil infiltration (e.g. 

clogging can occur after long term accumulation of silt) (Clean-water, 2012; USEPA 

2014b).  

2.3.2.4 Wet ponds and Wetlands 

Wet ponds are essentially larger detention basins that maintain a permanent pool of 

water throughout the year and have been widely used to manage and treat 

stormwater runoff. In general, a wider range of removal mechanisms are involved in 
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wet ponds (e.g. volatilization, photolysis, adsorption, sedimentation and microbial 

degradation). According to USEPA (2014d), settling of suspended solids is 

considered the primary removal mechanism, followed by pollutant uptake through 

biological activity. Usually ponds provide sufficient retention time to enhance 

pollution degradation and tend to be surrounded with vegetation. However, limited 

space in urban areas can classify them inappropriate to use and occasionally they 

may pose safety hazards. Larger ponds that incorporate a greater variety of wetland 

plants, volume of water and ecological complexity are known as stormwater 

wetlands or constructed wetlands. The same mechanisms as wet ponds occur in 

constructed wetlands, but the enhanced biodiversity of constructed wetlands makes 

this SuD system a more aesthetically pleasing aspect of urban environments (CIRIA, 

2007).     

2.4 SuDs Policy in England   

Historically, a lack of responsibilities, accountabilities and communication existed 

between various bodies involved in the management and reduction of flood risks. An 

extensive flooding in 2007 led to an independent review into the causes of floods, 

known as “The Pitt Review” (The Pitt Review, 2008), which concluded that SuDs 

were an effective way to reduce the risk of “flash-flooding”. This led the UK 

government to create the “The Flood and Water Management Act 2010” (The Flood 

and Management Act, 2010) to encourage the use of SuDs and improve the 

management of flood risk in England. Moreover, the Act was driven by objectives of 

the Making Space for Water strategy of the Department of Environment, Food and 

Rural Affairs (Defra). The Act defines the Lead Local Flood Authority (LLFA) for an 

area as the unitary authority or the county council and introduces a duty of 

cooperation between all relevant authorities, while the Environment Agency has 

produced tools to help the LLFAs to develop their flood risk management strategies 

in England. The Act, also appointed all the LLFAs as SuDs Approving Bodies (SABs) 

with the responsibility to adopt and approve all SuDs for new developments taking 

into account the local factors of the different locations and to ensure that they meet 

the National SuDs Standards and the best practise guidance. However, for the 

maintenance of SuDs in public roads the highways authorities are considered 

responsible (Defra, 2011). The Act recognises the important role of the district 

councils, highway authorities, internal drainage boards and water companies and it 

http://www.defra.gov.uk/environment/flooding/policy/strategy/
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also encourages discussions between planners, developers, highway authorities and 

SABs from the early stages of the site design to succeed maximum use of SuDs on 

the site and avoid delays in the approval (Defra, 2013).  

Despite the fact that the Act is a major step forward in managing flood risks there is a 

great concern regarding the level of preparation, responsibilities and adequate 

planning policy from the side of the local authorities to deal with flooding as the 

National SuDs Standards have not been finalised yet. It is noticeable that staffing 

has been affected by spending cuts and the engineering skills in flood risk 

management have been in decline in the public sector for more than a decade 

(Hydro International, 2014). Some major concerns remain also in the areas of 

funding the proposed changes and application of the legal agreement about the 

maintenance and upkeep of SuDs. Legislation already exists to implement SuDs in 

England and Wales, but the regulations are rarely enforced.  

In addition, in a letter to shareholders Defra lately stated that “The Government 

remains committed to implementing Suds at the earliest available opportunity, but 

not in a way that affects development. While several departments are working hard 

on this, it has become clear that we will not be in a position to implement Schedule 3 

from October 2014, as we had hoped.”, which put a hold in the ability of the SABs to 

approve SuDs schemes on new developments (Utility Week, 2014). This statement 

of supporting SuDs, but not in a way that affects developments created confusion 

and the sustainability technology firms though the Environmental Industries 

Commission (EIC) seek further explanation on the issue. In general, more 

clarifications are needed as drainage for new developments has turned into a 

regional lottery with some areas embracing SuDs and some others denying to even 

consider adoption.   

Furthermore, the delay of the legislation Schedule 3 of the Sustainable Drainage 

Systems (SuDs) creates more new developments with drainage infrastructure that 

will lack of long term management. A thorny issue that may contributed in the delay 

could be the potential reluctance of certain house builders to adopt SuDs features 

into new housing schemes due to the perception that they take up valuable land, 

influencing the budget and the profits of the construction and in sequence the market 

value of the developments (Defra, 2013; Hydro International, 2014). 
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Overall, the 2010 Act hasn’t been able yet to deliver meaningful results and in 

general no long term sustainable solutions of mitigating inland flood risk have been 

succeeded. Hopefully the updated planning policy of the National SuDs Standards 

will be able to incorporate a clear design guidance on SuDs to the local authorities 

and to all relevant bodies involved, by delivering missing clarifications and imposing 

legislation, ensuring longer socioeconomic benefits. According to SuDs philosophy a 

truly sustainable drainage system must ensure the lowest sum of all environmental 

impacts over its lifetime and deliver the most ideal combination of SuDs components 

for long term efficient performance.  

2.5 Conclusions 

Increased urbanization and the changing weather patterns are forcing cities globally 

to embrace water challenges in the most efficient way. However, controversy exists 

between more traditional engineering solutions. SuDs known as “soft” solutions have 

baffled developers regarding their treatment, practicality and harmony that they can 

offer compared to “hard” conventional solutions. Developers are more likely to favour 

“hard” solutions than ‘soft’ surface solutions in order to avoid the use of space 

exclusively for water management. However, developers involved in vast projects 

such as car parks and shopping centres can face the greatest water management 

problems due to the creation of large impervious surfaces. In this case “soft” 

solutions are clearly suited to provide efficient performance but space loss may be a 

result. Many aspects of the SuDs philosophy are accepted by developers but a body 

of evidence is needed to limit controversy between “soft” and “hard” solutions. 

Despite the proposed national standards for SuDs, water quality may not meet the 

goal that has been set by the Water Framework Directive (WFD). Further guidance is 

needed on sustainable drainage regarding the terms of ‘affordability’, ‘sustainability’ 

and ‘reasonably practicable’. This lack of clarity can cause confusion and 

misconception about the necessity of SuDs in a project compared to more tangible 

“hard” solutions.  

Design of SuDs to achieve water quantity management is relatively straightforward, 

for maximising the benefits of amenity and water quality. However, certain conditions 

may demand the application of hybrid solutions to succeed efficient drainage 

performance. Water quality in particular is often considered in broad black box terms, 
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when actually a range of simultaneous mechanisms deal with the cocktail of 

pollutants, often requiring very different priorities from designers. This study will 

focus on the fate of PAHs and TPHs as they are a major toxic part of road runoff 

pollutants and their fate is generally less well studied compare to other pollutants 

such as heavy metals. Therefore, more evidence is required regarding the 

performance of SuDs, conventional and hybrid drainage systems in terms of 

managing hydrocarbon pollution.          
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3.0 SCOPE OF STUDY 

3.1 Rationale 

There are several questions raised by the literature about the occurrence and fate of 

hydrocarbon pollutants in SuDs. These include identification of the sources, and 

hydrocarbon types key processes affecting their fate in different SuDs components.  

Accumulations of potentially toxic compounds could pose an ecological threat or 

health risk, or affect the disposal options for sediments recovered during 

maintenance. Greater understanding of the role of different systems and 

effectiveness of the SC and treatment train concepts in mitigating hydrocarbons 

would therefore be of would be of benefit to designers and regulators. 

3.2 Aims 

The aims of this study were the following: 

 To characterize the sources, the occurrence and the fate of hydrocarbons in 

SuDs.  

 To assess the effectiveness of SC techniques and the treatment train concept 

in reducing pollutant concentrations.    

 To develop the understanding of the behaviour of hydrocarbon pollutants in 

water and soil of SuDs, hard drainage and hybrid systems, in order to inform 

design guidance for pollutant removal.  

 

3.3 Objectives of the Study 

Four case studies were shaped to investigate different types of SuDs, conventional 

and “hybrid” drainage systems serving commuter roads, car parks, trunk roads and 

residential developments.   

The objectives of this study were the following: 

 To trace, understand and critically analyse the previous research work.  

 Identify study sites across a range of drainage applications to allow 

comparison of SuDs (source control and treatment train) with conventional or 

“hybrid” drainage systems (comparison sites).  



76 
 

 Develop monitoring and analytical protocols to characterize TPHs and PAHs 

in water and soil/sediment of study sites and associated general water quality 

parameters. 

 Undertake monitoring of pollutant concentrations during storm events and 

accumulations in the water and soil/sediments of study sites over 22 months.  

 Data analysis to assess accumulation rates and sources of pollutants 

(particularly PAHs) in study sites. 

 Undertake laboratory studies of the release of PAHs from standard and 

porous asphalt.  

 Evaluate the sources, occurrence and fate of the pollutants in SuDs and other 

drainage systems to inform risk assessments and management practises.  

 

3.4 Research Strategy 

The initial part of the research strategy was to identify suitable case studies around 

the UK, where SuDs, conventional drainage and combination of hybrid drainage 

systems are implemented and able to be monitored. The case studies, their drainage 

features and the concept of pairing and comparison of full scale SuDs and 

comparison sites are presented in Figure 7 (NSC= non-source control “hybrid” 

systems). Fundamentally, the research strategy consisted of the following three 

phase plan:   

Phase 1: 

Use of literature review for the identification of pollutants connected with road runoff, 

which end up in the aquatic environment. This was followed by development of 

sampling, extraction and analysis methods for conducting this research study. The 

first part of this was to develop extraction methods and analytical methods for the 

organic compounds. In addition, the study and determination of the most appropriate 

water quality tests as well as the selection of sites for the monitoring programme was 

undertaken. 
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Phase 2: 

Phase two involved undertaking three types of monitoring programmes. The main 

monitoring programme included regular monitoring of all chosen sites for a 22 month 

period with a bimonthly timetable on most sites and monthly on the commuter road 

site. Periodical monitoring of storm events (three hours each) focused on a local site 

with easy and safe access. Thirdly to investigate the hydrocarbon contribution of 

porous and non-porous asphalt surfaces and identify patterns with real life 

application (car parks case study), a leaching experiment was set up and monitored 

for a period of 6 weeks.  

Phase 3:  

In this stage statistical analysis of the data was conducted. Before the final data 

analysis, smaller data sets were analysed to fulfil progress reports and publish initial 

findings for conferences and papers. 
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Figure 7: Conceptual Diagram of the paired case studies.
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The comparison of SuDs with conventional drainage systems mainly focused on the 

performance of SuDs in terms of pollution treatment efficiency. The design of SuDs 

for pollutant removal has general been previously addressed with black box 

guidance based on empirical observations. Therefore, this study attempts to assess 

the removal rates and fate of hydrocarbon pollutants to increase the understanding 

of treatment mechanisms so that design guidance can be refined to address 

particular pollutants. The pollutants that were chosen to be monitored in this study 

included organic matter and hydrocarbon pollutants to determine the fate and the 

behaviour of these toxic pollutants within the SuDs. Initially monitoring of the TPHs 

showed that the TPHs were influenced by Hexane Extractable Material (HEM) in the 

environment so PAHs were included in the monitoring to provide a more precise 

indication of hydrocarbon pollution. In addition, the variety of SuDs that were chosen 

for this study, were suggested by SuDs practitioners by taking also into consideration 

the monitoring feasibility according to distance and the provision of safe access to 

the sites. In addition to site sampling a laboratory simulation was undertaken to 

assess weathering between porous and standard asphalt as some interesting 

patterns had been observed in the field (Chapter 4.3). To conclude this study aims to 

provide further insight on the “soft” water management solutions in terms of water 

quality, water quantity and biodiversity.  
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4.0 MATERIALS AND METHODS 

4.1 Introduction 

The study assesses the occurrence and distribution of TPHs and PAHs in SuDs 

systems and compare to hybrid/conventional drainage systems over a 22 month 

monitoring programme. The search for comparison sites i.e. SuDs and 

hybrid/conventional systems and sites of similar size took time. Choices were limited 

by lack of sites, access to the sites and the feasibility of monitoring certain systems 

in a suitable way that could be statistically compared to its pair later. Initially, while 

various locations were inspected to provide the suitable sampling sites for 

comparison, a local SuD system (Waterlooville) was used to develop methods for 

water and soil sampling as well as analysis. 

4.2 Site Descriptions 

The sites selected include a commuter access road, housing developments, car 

parks and trunk roads served by a range of SuDs such as porous asphalt, swales, 

basins and vegetated ponds. One of the most important criteria considered for the 

choice of SuDs was the existence of source and non-source control systems. Where 

possible SuDs and hybrid/conventional systems have been selected in the same or 

similar catchments to allow comparison. Figure 8 shows the sites that were selected 

in the UK.  
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Figure 8: The sites that were selected in the UK. 

4.2.1 Sample Point Locations 

For sampling, access to the sites and safety were crucial factor. At the detention 

ponds the inlets and outlets of the ponds were chosen as monitoring points to 

determine their performance. Most of the sample points were chosen to combine soil 

and water sampling opportunities, in order to be able to observe and examine the 

same types of pollutants in different phases. Permanent disturbance of the ground 

was avoided where possible during the collection of samples. Manhole lifters were 

used at the locations where porous and standard asphalt were monitored to collect 

water samples from collection pipes. Different code names were used for the 

samples according to the name of the site and the type of sample. The coding of 

samples can be seen in Table 15.  
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Table 15: Coding of soil and water samples. 

Sample Coding  Location Type of 
samples 

Number of points and coding specification 

WWSI1,WWSI2,WWSMPt, 
WWPI & WWPO 

Commuter Road, Waterlooville 
 

Water 
WW: Waterlooville Water, S: Swale, I: Inlet, 

MPt: Middle Point, P: Pond & O: Outlet 

WSSI1,WSSI2,WSSMPt,  
WSPI, WSPO & WSC 

Commuter Road, Waterlooville 
 

Soil 
WS: Waterlooville Soil, S: Swale, I: Inlet,  

MPt: Middle Point, P: Pond,  
O: Outlet & C: Control 

WSE1,2,3,4,5 Commuter Road, Waterlooville 
Water  WSE: Waterlooville Storm Events                 

LDWB1, LDWS1,  
LDWB2 & LDWS2 

Housing Development,  
Lamb Drove, Cambourne 

Water LDW: Lamb Drove Water,  
B: Basin & S: Swale 

LDSB1, LDSS1, LDSB2,  
LDSS2 & LDSC 

Housing Development,  
Lamb Drove, Cambourne 

Soil LDS: Lamb Drove Soil, B: Basin,               
 S: Swale & C: Control 

FRW Housing Development,  
Friar Way, Cambourne 

Water FRW: Friar Way Manhole 

PI1 & PI2 Housing Development, Cambourne Water  P: Pond & I: Inlet  

PA, SA & AR,  
 

Car Parks, London 
 

 
Water 

PA: Porous Asphalt, SA: Standard Asphalt & 
AR: Access Road  

LSWPA, LBPA, LC,  
LSSWA & LFC 

 
Car Parks, London 

 

 
Soil 

L: London, SW: Swale, B: Basin, P:Porous,  
S: Standard, F: Forest & C: Control 

SAE & PAE Laboratory Experiment, 

 University of Portsmouth 
Water PA: Porous Asphalt, SA: Standard Asphalt & 

E: Experiment 

M27I & M27O Trunk Road, M27 Town Hill Water M27: M27 Town Hill, I: Inlet & O: Outlet 

NBI, NBO, NCI & NCO Trunk Road, A34 Newbury Bypass Water NB: Newbury pond B, NC: Newbury pond C,        
I: Inlet & O: Outlet 
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4.2.2 Case Study 1 – Commuter Road Waterlooville 

This site was used to develop the laboratory methodology for this project and is 

located at the Newlands development in Waterlooville, Hampshire, UK (Latitude = 

50.881315, Longitude = -1.037575). It is a major development project with the future 

prospect of over 2000 new houses and approximately 15 new vegetated detention 

ponds designed by Mayer Brown Ltd. Due to project delays only a swale-pond 

system built for road runoff management (Plate 1) was monitored. The pond receives 

runoff from an urban commuter road (B2150), roundabout and site access road with 

predevelopment peak hour traffic flows of approximately 3,100 cars and 100 lorries, 

which equates to an average daily traffic count per day (ADT) of about 40,000 

(unpublished Traffic Survey 2009, Mayer Brown). The close distance of this location 

from the University of Portsmouth and the characteristics of this SuD system made it 

ideal for the development of the laboratory methodology for this project. This SuD 

system comprised of a vegetated pond system planted with Phragmites australis and 

Typha latifolia fed by a 100 m swale along an adjacent road with conventional 

asphalt. Plant density varied according to the depth of flow in the pond. 

A “bio-retention area” received part of runoff and transferred it to a swale. The swale 

received all runoff from the urban road via two pipes, one directly from the road and 

the second one from the “bio-retention area” (Figure 9). Then the swale directed the 

runoff to the pond system. Both swale and “bio-retention area” offer SC (CIRIA, 

2007). The storage capacity of the pond was 304 m3 and the permanent water depth 

1 m, rising to 1.60 m. A hydro-brake flow control chamber responsible for the proper 

regulation of the outlet offers the ability to stop the discharge in case of pond 

contamination and also to maintain a desirable outflow. Via a swale the treated water 

directed to the adjacent River Wallington (RW). The plan area of the system 51 x 26 

m and included two flow balancing pools with a submerged “berm” between them 

depending on water depth (Plate 2). The water and soil sampling points that were 

chosen are highlighted in Figure 10. The sampling codes of this site can be found in 

Table 15, Chapter 4.2.1.  
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Plate 1: Aerial photograph of the Waterlooville site in Hampshire. The red circle 

highlights the pond system during construction (Commuter Road). 

   
Figure 9: Detailed map of the commuter road swale-pond system at Waterlooville. 

The blue arrows signify the direction of the runoff, while the black dotted lines 

underground pipes.   

Construction site 

Bio-retention Area 

Pond System 

(100m) 



85 
 

 
Figure 10: The sampling points of the swale-pond system at the commuter road in 

Waterlooville. The black dotted lines signify underground pipes. 

  
Plate 2: Horizontal views of the pools and “berm” (red circle) immediately after 

construction took place (left) and after a few months (right) at Waterlooville 

(Commuter Road). 
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4.2.3 Case Study 2 – Housing Development Cambourne 

Cambourne (Cambridgeshire, UK) is a major housing development which has been 

used as a demonstration site for SuDs (Plate 3.A) (Susdrain, 2012). SuDs 

practitioner Steve Wilson (working for EPG ltd in 2005) suggested monitoring this 

site, which was part of a European funded programme (FLOWS) (Susdrain, 2012). 

Previous monitoring of 5 traffic related PAHs for this area was conducted by Royal 

Haskoning (Royal Haskoning, 2012). The catchments compared in this study are 

located in Friar Way (Latitude = 52.212464, Longitude = -0.073840), and Lamb 

Drove (Latitude = 52.212942, Longitude = -0.065143) not very far from each other 

(Figure 11). The site control catchment (Lamb Drove) studied included a sequential 

treatment train of two detention basins (numbered 1 and 2) connected with swales 

(Figure 12). Along the swales minor bio-retention rock dams were created to 

temporarily suspend and filter the passing water (Plate 3.B). Techniques such as this 

provide higher levels of pollutant attenuation and they are known as bio-swales. 

According to CIRIA (2007), the swales in the treatment train and the pervious 

pavements surrounding the treatment train can provide SC. On the other hand, the 

drainage in Friar Way was designed to receive runoff from permeable pavement 

providing SC. However, it is combined with hard conventional drainage and this 

“hybrid” system (Friar Way) to receive and transfer runoff quickly by utilizing 

underground pipes. The site control treatment train was designed to manage the 

stormwater from 35 residential dwellings, while the “hybrid” drainage (Friar Way) 29 

residential dwellings. Oil drips in parking bays of the SC SuDs can be seen in Plate 

5. Both systems discharge into a large vegetated detention pond planted with 

Phragmites australis, Glyceria maxima and Typha latifolia (Figure 11 and Plate 4.B). 

The monitoring included water and soil sampling (Figures 13 and 14). 
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Figure 11: Overview of the Friar Way manhole and Lamb Drove treatment train in 

Cambourne (Housing Development). The blue arrows signify the direction of the 

water flow, while the dotted lines underground pipes. The large pond collects the 

runoff of both sites. 

 
Figure 12: The treatment train of the Lamb Drove in Cambourne. The blue arrows 

signify the direction of the water flow. 

Friar Way 
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Figure 13: The sampling points of the treatment train in Lamb Drove (Housing 

Development, Cambourne). The blue arrows signify the direction of the water flow. 

 
Figure 14: The sampling point at the manhole in Friar Way (Housing Development, 

Cambourne). The blue arrows signify the direction of the water flow, while the dotted 

lines underground pipes. 
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Plate 3: Street level view of the initial basin (A) and the consecutive swale (B) of the 

treatment train (SC) at Lamb Drove (Housing Development, Cambourne). Red circle 

shows one of the bio-retention rock dams. 

 

 

Plate 4: A: One of the two inlet structures (PI2) of the large pond in Cambourne 

(Housing Development). B: The large detention pond that drains both Friar Way and 

Lamb Drove in Cambourne (Housing Development).  

A B 

B A 
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Plate 5: Oil drip on the parking bays in Lamb Drove (Housing Development, 

Cambourne). 

4.2.4 Case Study 3 – Mount Vernon Car Parks  

The SuDs at Mount Vernon Treatment Centre in London were suggested by Stephen 

Gibson from what was at the time Giffords (now working at Wilsham Consulting Ltd). 

This site provides the opportunity to compare porous (SC) with conventional asphalt 

(Figure 15). There is a car park with permeable asphalt (SC) (Plate 7.B) with a 

parking capacity of 150 - 200 cars (Plate 7.D) per day and (Latitude = 51.616881, 

Longitude = -0.444699). Next to the treatment centre there is an older car park with 

standard asphalt (Plate 7.A) and a parking capacity of 110 cars (Plate 7.C), which 

contains an oil interceptor (Latitude = 51.616946, Longitude = -0.445874). There is 

also an access road with standard asphalt which is widely used by buses and 

connects the two car parks. The different levels of ground next to the car parks 

determines the flow direction of stormwater (Plate 7.F and 7.E). A treatment train is 

located next to the SC car park, which includes a swale and a basin. The swale 

offers SC and feeds runoff to the basin. On the other hand, a ditch adjacent to forest 

(nominally classified as a swale) receives runoff from the standard asphalt car park 

after has passed through an oil interceptor. Essentially, the performance of a site 

with hard conventional drainage is compared with SuDs that provide SC and 

moreover site control. Water (Plate 6.A and 6.B) and soil monitoring was conducted 

for this case study to determine the performance of porous and standard asphalt in 

terms of hydrocarbon treatment efficiency. Multiple sampling points were involved 
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including water and soil samples from manholes, swales and from the nearby forest 

as a control (Figure 16). 

    

Plate 6: A: Water sampling from the storm drain of the conventional asphalt car park 

using a hand pump. B: Water sampling from the manhole chamber of the permeable 

asphalt car park (SC) (Car parks, Mt Vernon Treatment Centre, London). 

 

 

 

 

 

 

 

 

 

A B 
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Plate 7: A: Standard asphalt car park. B: Porous asphalt car park (SC). C: Traffic 

load of standard car park. D: Traffic load of porous car park. E: Elevated ground next 

to the standard asphalt car park. F: Swale next to porous asphalt car park (SC) (Car 

Parks, Mt Vernon Treatment Centre, London). 

A B 

C D 

E F 
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Figure 15: The porous and standard asphalt car parks, including the access road that connects them at Mt Vernon Treatment 

Centre, London (Car Parks). The blue arrows signify the direction of the water flow, while the dotted lines underground pipes. 
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Figure 16: The sampling points of the standard and porous car parks, including the access road that connects them at Mt Vernon 

Treatment Centre, London (Car Parks). The blue arrows signify the direction of the water flow, while the dotted lines underground 

pipes. 
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4.2.5 Case Study 4 – Trunk roads A34 and M27   

Two trunk road locations with detention ponds were selected. A “hybrid” system was 

located on the M27 at Tower Hill (Latitude = 50.937128, Longitude = -1.347590) 

includes a detention pond next to the major motorway in Hampshire, UK (Figure 17). 

This pond is a rectangular shape (Regular Dimensions: 9 x 113 m; Maximum 

Dimensions: 25 x 113 m; Depth: Unknown) and through conventional drainage pipes 

receives runoff directly from a concrete 6 lane highway with 61,457 ADT (HATRIS, 

2007). At the inlet to the pond there is a small vegetated zone planted with 

Phragmites australis and the rest of the pond is filled with short irregularly dispersed 

vegetation barely above water level (Plate 9). The sides of the pond sloped smoothly 

towards the centre and at the outlet there is a two stepped outflow concrete barrier 

(Plate 8) to provide greater retention periods to protect the receiving water body. 

This “hybrid” drainage is compared with SC detention ponds C (Latitude = 

51.364868, Longitude = -1.359183) and B (Latitude = 51.364181, Longitude = -

1.358346), A34 Newbury Bypass (30,000 vehicles per day (HATRIS, 2007)) that 

receive road runoff from a porous road (Figure 19) and through oil interceptors, 

which are located before the inlet of the ponds (Figure 20). These vegetated ponds 

have been densely planted with Phragmites australis pond B and pond C with 

Glyceria maxima (Plate 10 and 11). The shapes of these SC ponds differ from the 

conventional pond as they are designed to be elliptical, which can influence the flow 

in a more curved direction, increasing the attenuation time in the pond. The water 

samples from M27 Tower Hill pond and pond C (A34 Newbury Bypass) were 

collected from the outlet zones (water not released yet to the environment) and not 

from the outlets, as for pond C there was no access and for the M27 detention pond 

no outflow was recorded during this monitoring. The sampling points of the ponds 

can be observed in Figures 18 and 21.  
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Plate 6: Two stepped outflow concrete barrier on the M27, Tower Hill detention pond 

(Trunk Roads). 

  

Plate 7: M27 Tower Hill detention pond (Trunk Roads). The red circle on the right 

photo indicates the reeds at the beginning of the detention pond. The M27 pond 

installed/constructed between 1978–1983 (The Motorway Archive, 2014). 
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Figure 17: The M27 Tower Hill detention pond. The blue arrows signify the direction 

of the water flow. The blue arrows signify the direction of the water flow, while the 

dotted lines underground pipes. 

 
Figure 18: The sampling points of the M27 Tower Hill detention pond (Trunk Roads). 

The blue arrows signify the direction of the water flow. The blue arrows signify the 

direction of the water flow, while the dotted lines underground pipes. 

M27 Motorway 
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Figure 19: Overview of the SC detention ponds at the A34 Newbury Bypass (Trunk 

Roads). 
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Figure 20: The SC ponds B and C at the A34 Newbury Bypass (Trunk Roads). The blue arrows signify the direction of the water 

flow, while the dotted lines underground pipes. 
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Figure 21: The sampling points of the SC ponds B and C at the A34 Newbury Bypass (Trunk Roads). The blue arrows signify the 

direction of the water flow, while the dotted lines underground pipes. 
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Plate 8: A: Outlet of pond B. B: Horizontal view of pond B (SC) (A34 Newbury 

Bypass) (Trunk Roads). 

    

Plate 9: A: Sediment trap at the inlet of pond C. B: Horizontal view of pond C (SC) 

(A34 Newbury Bypass) (Trunk Roads).  

                               

 

   

A B

M 

A B 
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4.3 Field Sampling Strategy 

4.3.1 Sampling Interval 

The soil samples were collected bi-monthly from Waterlooville, Cambourne (Lamb 

Drove) and Mount Vernon Treatment Centre sites. The water samples were also 

collected bi-monthly from every site, except Waterlooville. The total duration of 

sampling for all sites in this study was 22 months. For Waterlooville, due to its easy 

location, a more intense monitoring programme was undertaken. Water sampling 

was conducted monthly (Not Available indicates no runoff available) depending on 

the rainfall frequency and intensity and soil samples were collected bi-monthly (Table 

17). Reasons such as lack of coordination (University staff, Highways Agency etc.) 

and unexpected events forced the sampling to be cancelled (Table 17). In addition, 

storm events were monitored periodically (Table 16). Criteria for events used in this 

study were precipitation higher than 2.5 mm, minimum three hours duration of the 

storm event with collection of the water samples at the start of the storm events 

being possible. The sampling intervals of all storm events were in minutes. Five 

storms during the monitoring period fulfilled these criteria, with water samples 

collected from the swale inlet 2 as this received water directly from the road only 

three metres away.    

Table 16: Storm Events monitoring at Waterlooville. 

Location Storm Events Dates Tests Criteria for Storm Selection 

Waterlooville 

1 31/03/2011 

BOD, COD, 
Conductivity, 

pH, TPHs 
and PAHs for 
Filtered and 
Unfiltered 
samples 

Duration: 
Minimum of 

3 hours 
2 24/01/2012 

3 25/04/2012 Precipitation: 

 
> 2.5 mm 

4 14/12/2012 
Intervals: 

0, 15, 30, 45, 60 

5 12/01/2013 90, 120, 180 min 
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4.3.2 Soil Sampling 

To conduct soil sampling mild steel tubes (60 mm long, 50.8 mm diameter) were 

used (Figure 22). They were hammered into the ground to full depth. The cores were 

carefully extracted using a trowel, wrapped in foil, placed inside plastic bags and 

stored inside a cooling box for transportation to the lab. At the lab the cores were 

placed horizontally on a metal plate and using a wooden stick with equal diameter to 

the cores Finally, at the lab the cores were sliced into three different equal layers (0 

– 20 mm, 20 - 40 mm and 40 – 60 mm) for analysis of TPHs and PAHs. 

 
Figure 22: Design specification of soil sampling tubes. 

 

4.3.3 Water sampling 

The water samples were collected using a hand pump providing gentle suction to 

avoid aeration. On some occasions the hand pump was not able to be used and a 

small stainless steel bucket was used to collect a water sample from inlets and 

outlets. They can be described as grab samples. In addition, reagent bottles with 

stoppers were used to ensure there were no air bubbles in the same bottles. These 

samples were used for the basic water quality tests. In addition, 500 ml amber glass 

bottles with a screw cap lined with foil were used to store water, to preserve potential 

amounts of hydrocarbons. The samples were acidified to pH 2 with 6N HCl to inhibit 

biological activity and 5 ml of methanol was added to prevent hydrocarbons in the 

water attaching onto the glass surface of the bottles (EPA method 550.1, 2011). The 

storm events had to fulfil the criteria in Table 16 with a duration of more than three 

hours, have precipitation higher than 2.5 mm and samples had to be collected at the 

beginning of the storm (first flush). The water samples that were collected during 

storm events were separated into unfiltered (with suspended solids; water before the 
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TSS test) and filtered (no suspended solids; water after the TSS test) (Chapter 

4.6.2.1). For the prediction of the storm events the Met Office forecasts were used 

(Met Office, 2014b). In addition, to verify that the precipitation was higher than 2.5 

mm, the WunderMap application was used on site (WunderMap, 2014). All the water 

samples were stored inside a cool box until they reached the laboratory.  
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Table 17: Sampling schedule. 
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4.4 Asphalt Leaching Experiment  

To provide a better understanding of the data collected from the different types of 

asphalt on the Mt Vernon Treatment Centre site a laboratory simulation experiment 

was devised to investigate the amount of PAH leaching and reveal the fate of the 

PAH compounds associated with Hot Rolled Asphalt and Porous Asphalt, as both 

porous and conventional asphalt contain bitumen and bitumen is a source of PAHs 

(Karlsson & Viklander, 2008). Further justification for the conduction of this 

experiment can be found in Chapters 7.1.2.3 and 9.0. The Transportation 

Engineering Centre at Nottingham University prepared five specimens of Hot Rolled 

Asphalt and five specimens of Porous Asphalt mixtures. The leaching experiment 

and analysis was carried out at the University Portsmouth laboratories. 

4.4.1 Asphalt Sample Preparation 

The mixture for the HRA 30/14 F surf 40/60 (Standard asphalt) samples was based 

on the BS EN 13108-4:2006 European standards, the specifications can be seen in 

Table 18. 

Table 18: The mixture of the HRA 30/14 F surf 40/60 samples (Standard Asphalt). 

 Non Porous Asphalt  

Binder Content 6.60 % 

Binder Volume 11 % 

Void Content 3 % 

Water Sensitivity 70 % 

Temperature of the mixture 150ºC to 190 ºC 

Grading (passing): 20 mm sieve 100 % 

14 mm sieve 93 % 

10 mm sieve 76 % 

6.3 mm sieve Not Previously Defined (NPD) % 

2.0 mm sieve 62 % 

0.5 mm sieve 55 % 

0.25 mm sieve 35 % 

0.063 mm sieve 7 % 
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The mixture for the PA 11 70/100 (Porous asphalt) samples was based on BS EN 

13108-7:2006 European standards, specifications can be seen in Table 19. 

Table 19: The mixture of the PA 11 70/100 samples (Porous asphalt). 

 Porous Asphalt  

Binder Content 64.5 % 

Binder Volume - 

Void Content 22 % 

Water Sensitivity 90 % 

Temperature of the mixture 140ºC to 170 ºC 

Grading (passing): 22.4 mm sieve 100 % 

16 mm sieve 94 % 

11.2 mm sieve 75 % 

5.6 mm sieve 20 % 

2.0 mm sieve 15 % 

0.5 mm sieve 8 % 

0.063 mm sieve 4.5 % 

 

Clean graded gravel was sent to the University of Nottingham 24 hours before the 

creation of the asphalt mixtures in order for it to be dried in an oven (150ºC) for at 

least 8 hours in order to achieve maximum consistency. The moulds used were 

cylindrical and had dimensions D = 10.2 cm and H = 14.0 cm. The gravel and 

bitumen were mixed by hand at the temperatures specified in the recipes. When 

ready the mixtures were poured in to the moulds and compacted with a Kango 

hammer to form a cylinder of asphalt 7 cm deep. After 2 hours the mixtures were 

cool enough to remove them from the moulds. They were then transported back to 

Portsmouth where they were placed inside Perspex tubes of diameter 10.2 cm and 

height 14.0 cm. The bottom of the tube was covered with wire mesh of 1.5 x 1.5 cm 

spacing to keep the samples fixed and to allow water to pass though the porous 

asphalt. Paraffin free wax was melted and poured between the walls of the tubes 

and the asphalt sample to seal any gaps, so that water would not short circuit in the 

experiment. A control sample was also created with the same type of gravel that was 

used to the rest of the batches to represent a blank sample. One blank sample with 
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just a mixture of the same gravel was created to verify that the PAHs were not 

leached from the gravel, the wax or the Perspex tubes. 

 

4.4.2 Asphalt Leaching Experiment 

For the leaching experiment the samples (Figure 23) of porous asphalt and the blank 

were placed on top of glass beakers. A volume of distilled water (400 ml) was poured 

onto the sample columns and collected in a glass beaker. 400 ml is approximately 

equivalent to the average annual rainfall intensity of London (Met Office, 2014a). The 

columns with the porous asphalt and the control were supported on top of the 

beakers using a wired mesh. The water was not acidified for this experiment. The 

porous asphalt samples retained a small portion of the added distilled water, which 

was recorded for every sample. For the standard asphalt samples 400 ml of water 

was also poured onto the column and then the column was gently stirred and left for 

five minutes. This retention time was used as in real life three minutes is the average 

time for the water to remain on the asphalt and two minutes the average time for the 

water to move from the centre of the road to the gutter (Highways Agency, 2006). In 

this simulation the original 16 EPA PAH priority pollutants were monitored along with 

2MN and 1MN. This was repeated weekly for three months to simulate a year (1 

week = 1 month). The standard and porous asphalt samples as well as the blank 

sample are presented in Plate 12.    

 

Figure 23: Sketch of the collection method of the control, the porous and the 

standard asphalt samples. 
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Plates 10: The left Perspex tube contains standard asphalt (5 samples) the middle 

porous asphalt (5 samples) and the tube on the right contains the mixture of gravel 

(1 control sample) that was used to make the porous and the standard asphalt 

samples (Laboratory simulation). 

4.5 Seasons 

The seasons that were used in this study are based on the meteorological calendar 

instead of the astronomical calendar. The position of Earth's orbit in relation to the 

sun defines the astronomical seasons, which vary in length and the start date of a 

season can change every year. On the other hand, the meteorological seasons are 

based on the annual temperature cycle and correspond to the calendar to offer a 

clear transition between seasons. In the UK were this study took place summer 

covers the duration of June, July and August, while winter is classified as beginning 

in December and ending in February. Generally, summer is the warmest season in 

the UK due to the northern hemisphere being tilted towards the sun, while winter is 

typically the coldest season with the shortest days often accompanied by unsettled 

weather conditions. Moreover, spring is the transition season between winter and 

summer and according to the meteorological calendar is the season beginning in 

March and ending in May. In addition, autumn is the transition season between 

summer and winter and it begins in September and ends in November. As this study 

includes environmental monitoring the data were presented seasonally to reduce 

outliers and variability and offer a more pragmatic and stable representation (Met 

Office, 2014c).  
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4.6 Analytical Methods 

4.6.1 Introduction 

All analytical methods and laboratory experiments were conducted in the labs at the 

University of Portsmouth. Extensive laboratory work was conducted before the 

official monitoring started to develop methods for water quality analysis and in 

particular the analytical techniques for hydrocarbons.  

4.6.2 Basic Water Quality Analysis 

During standard monitoring the water samples were taken to the labs as soon as 

possible and basic water quality parameters were analysed such as BOD(7 day), COD, 

TSS, Volatile Suspended Solids (VSS), Electrical Conductivity (EC) and pH using 

standard methods (Greenberg et al., 1992). Several water quality parameters can be 

measured in waters to sensor their effects on water quality and the organisms that 

depend on water for survival. For most professionals the BOD, COD, TSS, VSS, EC 

and pH tests are considered the standards for basic water quality testing and they 

are also referred to many official guidelines (Greenberg et al., 1992; Stevenswater, 

2014). In addition, the resources and the equipment of the University of Portsmouth 

were limited to these tests. Concurrently blank water samples consisting of de-

ionised water were run together with the site samples as a control measure. 

Temperature was measured in-situ.  

4.6.2.1 Total Suspended Solids (TSS) 

To measure the suspended solids in the water samples a suitable volume 

(depending on the turbidity of the sample) of water was filtered through a dry pre-

weighed GF/C Whatman filter paper, placed in a Buchner funnel connected to a 

vacuum pump (Plate 13).  After filtering the paper was dried in an oven at 105ºC for 

two hours, placed in a desiccator for a short period to cool down and then reweighed 

to 4 decimal places. In this study the water samples before this process takes place 

are described as unfiltered and after this process takes place as filtered. The units 

for suspended solids are mg/l and were calculated using the following formula:  
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Suspended Solids (mg/l)  

 

 

Plate 11: Suspended solids equipment. 

4.6.2.2 Volatile Suspended Solids 

The filter paper that was used to measure the amount of suspended solids was 

placed in a crucible and inserted in a furnace at 550ºC for 20 min. The paper was 

placed in a desiccator for a short period to cool down and reweighed in 4 decimal 

places. The organic matter or Volatile Suspended Solids (mg/l) was calculated using 

the following formula: 

Volatile Suspended Solids (mg/l) 

 

Inorganic matter or Fixed Suspended Solids was calculated using the following 

formula: 

Inorganic matter (mg/l) = Suspended Solids (mg/l) – Volatile Suspended Solids 

(mg/l) 

4.6.2.3 Chemical Oxygen Demand (COD) 

The COD test utilizes an oxidizing agent which can chemically oxidise the amount of 

the organic matter in the water samples. In this study the HACH micro method 

(Greenberg et al., 1992; Boyles, 1997) was used. The COD vials for measuring 0 – 

1500 ppm contain 86% sulphuric acid, chromium trioxide and mercury sulphate. A 2 
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ml sub-sample was placed into the COD vials (Plate 14). The lids of the vials were 

tightly sealed, they were carefully shaken to mix and were placed on a preheated 

(150oc) COD reactor block (DRB200, Hach, UK) for two hours. They were then 

removed to cool down and read on a colorimeter (DR890, Hach, UK). Finally, if the 

water sample was diluted prior to digestion the dilution factor was multiplied by the 

colorimeter reading to give a reading in mg/l. Dilution was used only when the water 

was highly contaminated and the COD readings exceeding the scale limit. The 

soluble COD (SCOD) readings indicate the COD readings of the filtered samples 

(water samples with no suspended solids).  

 

Plate 12: COD equipment. 

4.6.2.4 Biochemical Oxygen Demand (BOD) 

BOD, the amount of biochemically degradable organic matter, determined by 

measuring the oxygen that is consumed by microbes (Liu et al., 2000). One millilitre 

of ferric chloride, calcium chloride, magnesium sulphate, phosphate buffer and 

allylthiourea solutions was mixed with one litre of aerated distilled water. Then this 

mixture was used to dilute the water samples. Dilution varied depending on the 

degree of storm water contamination. Then using an oxygen meter (50B, YSI, UK) 

the initial dissolved oxygen concentration of each diluted sample was measured 

(Plate 15.A). All the samples including an extra blank control sample containing only 

the dilution mixture were placed inside a dark incubator for 7 days at 20ºC. After 7 

days the dissolved oxygen concentration was re-measured. The soluble BOD 

(SBOD) readings indicate the BOD readings of the filtered samples (without TSS). 

The BOD concentrations were calculated using the following formula: 
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Where:  

S1 = Initial dissolved oxygen concentration of the sample 

S2 = Final dissolved oxygen concentration of the sample 

B1 = Initial dissolved oxygen concentration of the blank control 

B2 = Final dissolved oxygen concentration of the blank control 

1/F = Dilution factor 

4.6.2.5 Conductivity and pH 

Electrical Conductivity (EC) is a measure of the ability of a solution to conduct an 

electrical current. The conductivity test is used in many environmental applications 

as a way of determining the ionic content in a solution. The higher the dissolved ions 

in the aqueous sample the greater the EC. The units of EC are µS/cm and the 

conductivity meter (Mettler Toledo FE30) that was used can be seen in Plate 15.B.  

In addition, pH test measured, which is based on determining the hydrogen ion 

concentration of water samples. The pH levels are based on a logarithmic scale, 

ranging between 1- 6 for acidic levels, 7 for neutral and between 8-14 basic. Before 

the pH meter (Jenway 3305) was used, it was calibrated with pH 4.0 and 7.0 buffer 

solution. The probe was placed in the solution and stirred until the reading was 

stable (Plate 15.C).  

       

Plate 13: A: BOD equipment. B: pH meter. C: Conductivity meter. 

A B C 
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4.6.2.6 Temperature, Precipitation and Antecedent Dry Period  

The air temperature of each site was measured in-situ the day of sampling. The data 

regarding rainfall precipitation and Antecedent Dry Period (ADP) for each sampling 

site were collected by a commercial weather service that provides real-time weather 

information: Weather Underground, Michigan, USA (WunderMap, 2014). Sometimes 

ADP can be zero as its unit is in days and more than one rain event can start the 

same day.    

4.6.3 Hydrocarbon Analysis 

Total Petroleum Hydrocarbons (TPHs) and the Polycyclic Aromatic Hydrocarbons 

(PAHs) are two categories of hydrocarbon pollutants that were monitored and 

analysed in this study. The original 16 EPA PAH priority pollutants were monitored 

along with 2-methylnaphthalene and 1-methylnaphthalene, which are commonly 

found from incomplete fuel combustion (Lerda, 2010).  

4.6.3.1 Method Development 

The first six months of this study involved method development to determine the 

appropriate solvents for the extraction of TPHs and PAHs from soils and water. The 

first site to carry out sampling for TPH and PAH testing was the SC SuDs in 

Waterlooville (Commuter Road) as it was the closest to the laboratories of the 

University of Portsmouth. The method for water and soil sampling was tested on the 

swale and the pond of this site. In addition, the cores that were used for soil 

collection allowed to carry and remove the samples from the cores in an efficient way 

without spoiling the sample.  

After multiple attempts the TPH and PAH standards were created by diluting diesel 

fuel for the TPHs and a mixture of PAHs (16 EPA priority PAHs and 2 methyl group 

PAHs) in distilled water. Then the diluted mixtures were injected into the GC-MS and 

identified, creating the standards. Simultaneously, the best conditions for running the 

GC-MS were established. After the standards were input and identified by the GC-

MS a number of methods were tried for the extraction of TPHs (EPA method 1664 

revision A, 2012) and PAHs (EPA Method 550.1, 2011) using application note 54 

from SUPERLCO (Sigma Aldrich) for C18 discs) from water samples (Chapter 

4.6.3.3), as water samples were easier to handle, avoiding accidental contamination 
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of the GC-MS column. These two methods that were used in this study for water 

extraction provided the highest recovery rates, when pre-determined concentrations 

of TPHs and PAHs were injected to blank samples (Chapter 4.6.3.2).  

Similar process was followed for the extraction of the TPHs (Dionex, 2011a) and 

PAHs (Dionex, 2011b) from soil samples (Chapter 4.6.3.4). Careful steps needed to 

be taken to avoid accidental contamination of the GC-MS as multiple steps were 

involved between the collection of the samples and their input into the GC-MS. Two 

vital factors to avoid this was the weight determination of the sample that was used 

and the dilution factor, including the silica columns (cartridges) of the samples after 

the use of the ASE. The method for the TPHs recommended between 3 – 20 g of 

soil sample, while for the PAHs recommended 7 g. The soil to test these methods 

was collected from the SuDs of Waterlooville (Commuter Road). Initial attempts of 

using approximately 7 g for both methods were proven unsuccessful, as very high 

readings were seen in the MS. To reduce the risk of contamination of the GC column 

smaller soil weights were tested. The ideal weight for the available GC-MS and for 

the methods that were followed was 4 g, as traces of TPHs and PAHs could be 

clearly seen on the MS without compromising the GC column.  

Moreover, during method development one specific type of cartridge was used 

(Chapter 4.6.3.3 and 4.6.3.4) for both soil and water extraction to remove any 

residual water. However, for the soil samples in order to remove any impurities 

attached to TPHs and PAHs different silica columns were tried before the ones that 

were used in this study. The columns that provided the best performance were 

chosen. The silica columns and the processes that were followed are presented in 

Chapter 4.6.3.4.  

Furthermore, an important step for the separation of the TPHs into DROs and EROs 

was taken at the beginning of the method development. The GC-MS provides the 

option of overlaying the MS traces and it was used to overlay the DROs and EROs in 

order to determine their ranges (Chapter 2.2 and 4.6.3.5). The GC-MS sensitivity 

comprised a vital factor for the determination of these ranges, as any other GC-MS 

equipment could provide different ranges. Finally, as soon as the methodology was 

successfully developed and the logistics (time required to process the samples) were 
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carried out in the SuDs of the commuter road (Waterlooville) the official monitoring 

started to the rest of the selected sites.  

4.6.3.2 Recovery Rates 

At this stage, recovery rates were also established, as losses of organics occur at 

each stage of handling and with each process stage. Recovery rates for TPHs were 

determined using diesel fuel. Uncontaminated soil was spiked with diesel and taken 

through the whole method, giving mean recovery rate of 119% ± 2% (n = 5). For 

water samples recovery tests were made using distilled water spiked with diesel, 

giving mean recovery of 60% ± 4% (n = 5). For PAH recovery tests, four deuterated 

PAHs (dAcenapthene, dFluorene, dPyrene and dBenzo(a)anthracene) were used to 

spike the uncontaminated soil and distilled water. For soils the mean recovery rate 

was 94% ± 1% (n = 5) and for water samples the mean recovery rate was 75% ± 1% 

(n = 5). The percentage recovery loss or increase were added or deducted 

respectively during production of numerical results for the samples (e.g. with 94% 

recovery rate for the PAHs in the soils, 6% was added to the final numerical amounts 

to reach 100% and with 119% recovery rate for the TPHs in the soils 19% was 

deducted from the final concentrations to represent the actual hydrocarbon 

pollution). These development stages determined the extraction methods and GC-

MS conditions for the monitoring and are described below. The recovery rates of the 

TPHs were influenced upwards (more than 100% recovery) possibly due to the 

existence of hexane extractable non-oily matter in the samples. The nature of the 

Hexane Extractable Material (HEM) can affect the material measured and the 

interpretation of results (EPA Method 1664 revision A, 2012). 

4.6.3.3 Water Extraction 

For TPH, hexane was the solvent (EPA method 1664 revision A, 2012), while for 

PAHs, dichloromethane (DCM) was used (EPA Method 550.1 (2011) using 

application note 54 from SUPERLCO (Sigma Aldrich) for C18 discs) (Plate 16). The 

process of water extraction involved the following steps: 

 Rinse all glass parts of the filter apparatus with acetone. 

 A C18 empore disc was placed into the filtration apparatus. 

 Wash disc stage: 10ml of Hexane (TPH extraction) or DCM (PAH extraction) 

were added and the vacuum was turned on for one minute to dry the disc. 
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 Condition disc stage: 10 ml of Methanol was added and the vacuum turned on 

to suck a small volume through and immediately stopped to let the disc soak 

for one minute. Then the vacuum was turned on again until the point that 

there was enough methanol to cover the disc, in order to avoid the disc 

drying out.  

 30 ml of distilled water added and the vacuum was turned on to suck most of 

this through the filter but leave enough water to cover the disc.  

Note: If the disc went dry during these two steps they were repeated in order 

to have the disc wet when adding the sample.  

 The sample was added, with the vacuum on, and distilled water was used to 

rinse the sample container and the glass of the solid phase water extractor. 

 When the sample was sucked through, the vaccum was kept on to dry the 

disc, but not for more than 5 minutes.  

 The collection vial was inserted in the solid phase water extractor. 

 10 ml of Hexane (for TPH extraction) or DCM (for PAH extraction) were added 

to the sample flask to rinse it out. This was added to the filter assembly to 

rinse down the sides. The vacuum was turned on to suck a few drops through 

and immediately stopped. After two minutes the vacuum was turned on to 

draw the rest of the liquid through.  

 The previous step was repeated again.  

 Then the vacuum was turned on to dry the disc for 5 minutes.  

 Finally, the collection vial was removed and stored in the dark until the next 

stage.  

 

The extract was then passed through a 1 g anhydrous Na2SO4 cartridge (Bond Elut) 

to remove residual water. Fifty microliters of nonane was added and samples 

concentrated down to 1 ml at 40˚C in a stream of nitrogen (N2) prior to injection into 

the GC-MS.  
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Plate 14: Fume hood (A) and a solid phase water extractor (B). 

4.6.3.4 Soil Extraction 

For the extraction of TPHs and PAHs associated with soils an Accelerated Solvent 

Extractor (ASE200 Dionex) apparatus was used (Plate 15). An ASE can extract 

samples in considerably less time and with significantly less solvents than other 

common techniques such as sonication and Soxhlet. At this stage samples of soil 

were taken and analyzed for dry weight. Heat was not used to dry samples because 

some TPHs and PAHs would then be lost. Four grams of soil (mass determined 

during method development), were well mixed with an equal volume of drying agent 

Hydromatrix (Varian, UK) and packed between acid washed sand (VWR, UK) and 

cellulose filters (Dionex, UK) in an extraction cell and placed on the ASE. The 

conditions used in the ASE are described in Table 20.  

A B 
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Plate 15: Accelerated Solvent Extractor (ASE200). 

Table 20: The conditions used in the ASE. 

Conditions TPHs PAHs 

Solvent used Hexane:Acetone – 50:50 Hexane:DCM – 50:50 

Preheat up time 0 minutes 5 minutes 

Heat time 9 minutes 5 minutes 

Static time 5 minutes 5 minutes 

Flush time 60 % 60 % 

Nitrogen purge 60 seconds 60 seconds 

System pressure 10.342 MPa 10.342 MPa 

Oven temperature 200ºC 100ºC 

Cycles 1 1 

Dionex methods 
Dionex 2011a  
Application note 324  

Dionex 2011b  
Application note 313  

Once the samples had been extracted, the solvent was passed through a Bond Elut 

anhydrous Na2SO4 1GM cartridge to remove any remaining water. 50 μl of nonane 

was added to preserve the TPHs and PAHs for the next processing stages. The 

extract was filtered (0.45 μm Chromacol filters) to remove any particles that would 

block the GC column. Heat and N2 were used to blow down the samples to 1 ml prior 

Nitrogen Cylinder 

ASE 

Fume Hood 
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to injection into the GC-MS. Once the PAH extraction had been passed through the 

drying cartridges and concentrated down to 1 ml in hexane, a further clean up stage 

using Bond Elut silica gel cartridges 500 MG was undertaken. Firstly the silica gel 

cartridge was conditioned with 4 ml hexane, then the sample was added. The PAHs 

were eluted off using 60:40 Hexane:DCM at all stages ensuring that the column did 

not dry out (EPA Method 3630C). At that point 50 μl of nonane was added and the 

samples blown down to 1 ml again before GC-MS analysis. 

4.6.3.5 GC-MS Analysis 

TPHs and PAHs were analysed using a Varian 43GC with a 21-MS Ion trap, auto-

sampler CP-8400 and a VF5 column (Plate 16) using the methods detailed below. 

 Ion trap conditions were:  

Trap: 220˚C; Manifold: 80˚C; Transfer line: 300˚C.  

The injection was a split/split less injection of 1 µl. 

 Column conditions for TPHs:  

Injector temperature: 280˚C; Initial temperature 50˚C held for 1.5 minutes.  

Increased @ 15˚C/min to 300˚C, held for 10 minutes. 

 Column conditions for PAHs:  

Injector temperature 250˚C; Initial temperature 60˚C held for 1 minute; 

Increased to 150˚C at rates of 30˚C/min; Then increased to 186˚C at a rate of 

6˚C/min then increased to 280˚C at a rate of 4˚C/min and held for 20 minutes. 

 
Plate 16: Varian 43GC with a 21-MS Ion trap and a CP-8400 auto sampler. 

CP-8400 Auto Sampler 

Varian 

43GC 

Varian 
21-MS 
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For the TPHs calibration peaks were prepared using diesel and engine oil at 

concentrations of 20 - 1000 µg/ml. A standard containing the alkanes C10-C40 

(Sigma-Aldrich) was also regularly injected to confirm the retention times for DRO 

(C12-22) and ERO (C22-40). The retention time for the area under the peak of the DROs 

was between 5.5 – 15 min, as the C22 during the creation of the standards was 

spotted at the 15th minute (Figure 24.A). In addition, the retention time for the area 

under the peak of the EROs was between 15 – 26 min (Figure 24.B). Then these 

areas under the peaks for DROs and EROs were integrated according to the 

standards. The calibration peak of µg/ml diesel against the area under the peak were 

plotted to get a linear regression equation and this was used to convert the area 

under the peak into µg/ml of TPH. This was converted to concentration per dry 

weight of soil: 

 

For PAHs, the calibration spikes were prepared using PAH mix 14 from QMx (Figure 

25). This contains the 16EPA priority PAHs plus the two methylnaphthalene 

compounds previously identified. Each PAH has an identifier ion that is used to 

confirm the spike and a specific retention time (Table 21).  

 

 

 

 

 

 



122 
 

Table 21: The retention time of PAHs and their characteristic ion numbers. 

No PAHs 
Ion 

Number 

Retention 
Time 
(min) 

1 Naphthalene 128 5.16 

2 2-Methylnaphthalene 141 6.07 

3 1-Methylnaphthalene 141 6.22 

4 Acenaphthylene 152 7.78 

5 Acenaphthene 153 8.16 

6 Fluorene 165 9.51 

7 Phenanthrene 178 12.62 

8 Anthracene 178 12.82 

9 Fluoranthene 202 17.81 

10 Pyrene 202 18.89 

11 Benzo(a)anthracene 228 25.43 

12 Chrysene 228 25.62 

13 
Benzo(e)acephenanthrylene or 

Benzo(b)fluoranthene 
252 31.20 

14 Benzo(k)fluoranthene 252 31.34 

15 Benzo(a)pyrene 252 32.81 

16 Indeno(1,2,3-c,d)pyrene 276 39.15 

17 Dibenzo(a,h)anthracene 278 39.15 

18 Benzo(g,h,i)perylene 276 40.97 

 

Standards were made up at concentrations from 20 – 1000 ng/ml. For each PAH the 

area under the spike was calculated by integration and a linear calibration spike was 

prepared (Plate 21), by linear regression. For the water samples this equation was 

used to calculate the PAH in a sample by determining the areas under the spikes 

(Figure 26) for each PAH compound and putting that into the linear regression 

equation to get ng/ml. Then the concentrations were divided by the filtered water 

volume to give ng/l.  In some results the PAH concentrations are given as total PAH 

rather than individually. In this case all the individual ones are summed. An example 

of a PAH trace from the GC-MS can be observed in Plate 20. 
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Figure 24: A: Example of an area under the peak of DROs. B: Example of an area 

under the peak of EROs. Note: Areas under the peak vary depending on sample. 

 

Figure 25: Example of a PAH trace from the GC-MS. Each spike represents an 

individual PAH compound. 

For soil samples, the same calculations were used to give ng/ml then as with the 

TPH data the result was converted to dry weight of soil. The recovery rate was also 

taken into account in the final calculation as was described in Chapter 4.5.3.1. 

Finally, the soluble TPHs (STPHs), DROs (SDROs) and EROs (SEROs) indicate the 

TPHs, DROs and EROs of the filtered samples (water samples with no TSS).   

A B 

Retention Time 
5.5 – 15 min 

C22 
Retention Time  

15 – 26 min 
C22 

Peak 
(Unresolved 

Complex 
Mixture) 

 

Spikes 
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Figure 26: Integration of spike area for PAH compounds. 

4.6.3.6 Unresolved Complex Mixture (UCM) 

In environmental samples of biogenic organic compounds, incomplete degradation of 

hydrocarbons, alkanes, sterols, sterones, fatty alcohols, fatty acids, wax esters and 

waxes cause the characteristic “peak” of the Unresolved Complex Mixture (UCM) 

(Figure 24) in the GC-MS chromatogram. When using baseline to baseline 

integration (as shown in Figure 24) the “peak” of UCM increases the area under the 

peak to more than the individual spikes. The chromatograms for the TPHs (Figure 

24) could be either analyzed by taking the area under the peak of each individual 

spike without including the UCM or by including the area under the peak of the UCM 

and of the individual spikes, which was used in this study. This method of analysis 

was preferential to one involving measuring of each peak height due to the lack of 

distinct peaks found in the chromatograms during the development of the 

methodology. This method has been used in many published papers investigating 

environmental samples (Mujis & Jonker, 2009; Bregnard et al., 2000).  

4.6.4 Data Management - Statistics  

All the raw data was collected systematically, processed, reviewed and compared to 

the results that were obtained from sampling previous months. Means and standard 

errors of means (SEMs) were calculated to create histograms and boxplots to 

evaluate soil and water quality across the SuD systems on each sampling occasion. 

An important factor for successful data analysis is careful and concise data 

management, due to the considerable variability that can occur between seasonal 

patterns and paired samples. Finally, software that was used to statistically analyze 

Fluoranthene 
Pyrene 
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the data of this study was Minitab version 17 (previous versions are not capable of 

conducting Spearman’s test) and despite the results that are presented in the 

Appendices 15.1-15.8, a CD with all the numerical data is included in Appendix 15.9. 

All test parameters are reported according to the connections reported in Chapter 

3.0.      

4.6.4.1 Data Grouping 

Data grouped by site (SuDs and comparison sites) and location. Wherever required 

each main category of data was divided into subcategories. Then in order to present 

distribution patterns, box plots were used to present the medians and interquartile 

ranges, annotations giving the mean and outliers.  

Comparisons between different parts of a system or different SuDs systems was 

done by grouping data into different components. The behaviour of pollutants is 

influenced by each other depending on the system or part of a system due to the 

diversity of the sites. Thus progressive changes over time can be evaluated.  

4.6.4.2 Errors and Outliers 

Many outliers can be observed on the boxplots that were used for the presentation of 

various distribution patterns. Outliers can be caused due to genuine errors. However, 

as this study is based on environmental sampling, the outliers reflect the variability of 

sampling, road runoff and SuDs. Outliers are always a problem for every group of 

data and by increasing the number of samples it could reduce or eliminate the 

problem. However further or more intense monitoring was not feasible.  

4.6.4.3 Normality Testing and Pearson’s Correlation 

Anderson-Darling normal probability plots were used to assess if the data are 

categorized as normally or not normally distributed and it was the first step in the 

statistical analysis that was conducted. In the case of the not normally distributed 

data the logarithmic transformation of the data was tested in order to improve the 

distribution. Pearson’s correlation coefficient was used to normally distributed data to 

measure the strength of the linear relationship between two group variables. This 

test was conducted between the categories and the subcategories of the data to 

show any relationships than could be raised.  
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4.6.4.4 Regression analysis, t-test and analysis of Variance 

A regression analysis is used to investigate and model the relationship between a 

response variable and one or more predictors. In the case of continuous and 

categorical predictors, or a polynomial model, the use of general regression is 

required to perform least squares regression. To examine the relationship between 

two continuous variables, regression analysis is used. The variables are separated 

into a response and a predictor. By creating a fitted line plot the predictor is 

displayed on the x-axis and the response variable on the y-axis. The linear 

regression equation is expressed as (Yates, 2012): 

 

m = slope or gradient 

c = the y intercept 

Then the best regression model to describe the relationship between them was 

chosen. Regression models are separated into linear, quadratic or cubic. To perform 

lack of fit tests, generate prediction and confidence intervals, generate point 

estimates, examine residual diagnostics, store regression statistics and for fitting 

least square models the process of regression analysis is ideal.  

A statistical hypothesis test was used to test for significant differences between two 

groups known as a t-test. This test determines if there is a significant difference 

between two normally distributed groups by supporting a null hypothesis. The t-test 

is expressed as: 

 t(DF) = t-value  

DF = Degrees of Freedom 

p = p value 

To analyse the difference between more than two groups the t-test cannot be used, 

therefore analysis of variance (ANOVA) is conducted to compare three or more 

groups or variables for statistical significance. Both a t-test and ANOVA compare 

either means or the spread of data for statistical difference. In ANOVA, the p value, 

the mean square value (MSE) and the F-value, with degrees of freedom for the 
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effect and degrees of freedom for the error term are reported. The MSE is necessary 

to quantify the difference between values implied by an estimator and the actual 

values of the quantity being estimated. The F-value equals the between group 

variability divided by the within group variability and is expressed as F(degrees of 

freedom for the effect, degrees of freedom for the error term) = F-value (Walker, 

2008).  

4.6.4.5 Non-Parametric Mood’s Median Test 

In case the data after the transformation to the log scale were still not normally 

distributed the non-parametric Mood’s Median test was used to analyze the data. In 

this non-parametric test it is assumed that the samples are randomly and 

independently drawn from variables that have the same shape. Essentially, this test 

is used to determine whether the medians of two or more groups differ and it is more 

robust for data with outliers compare to the non-parametric test of Kruskal-Wallis. 

This test can be considered the non-parametric version of One-Way Analysis of 

Variance. Moreover, this test is linked to Pearson's chi-squared test or chi-squared 

test (χ2) and it is presented in the following form (Lean Sigma, 2014): 

DF = Degrees of Freedom 

χ2 = H = Chi-squared result 

p = p value 

For Mood's median test, the hypotheses are: 

H0: the population medians are all equal 

H1: the medians are not all equal 

4.6.4.6 Spearman's rank-order Correlation 

To measure the strength between two non-parametric (not normally distributed) 

variables the Spearman's rank-order correlation was used. The coefficients for 

Spearman’s correlation was described with the symbol “p”. The null hypothesis was 

rejected for p values less than 0.05 for all tests used. Essentially, this test is the non-

parametric version of Pearson’s Correlation. 

http://en.wikipedia.org/wiki/Pearson%27s_chi-squared_test
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4.7 Conclusions 

The SuDs as well as the conventional and hybrid drainage systems were introduced 

by describing the sites and providing all information available. The systems 

monitored in this study included SuDs components (SC SuDs and treatment trains) 

and hard engineering solutions (e.g. concrete barrier and conventional pipes) with 

various arrangements. The sampling points and the sampling frequency was limited 

by the proximity of the sites and the ability to access them, as several drainage and 

highway representatives needed to be involved and coordinated on each site visit. 

Sampling frequency was also determined by the logistics of laboratory sample 

processing and analysis. For this reason extensive monitoring (monthly water 

samples depending on rainfall and storm events) was conducted on the commuter 

road SC SuD system close to the University of Portsmouth, while on the rest of the 

sites bimonthly monitoring was conducted.  

Moreover, the tests of the basic water quality parameters that were selected are 

commonly used for the monitoring of waters, as they can provide an indication of the 

water condition, which can be important for water based organisms. Methods were 

developed to sample and quantify TPH and PAH concentrations in soils and 

sediments of drainage systems. TPHs included the UCM in the results, which 

provides an indication of hydrocarbon pollution that may be affected by hexane 

extractable materials. Therefore, 16 POP PAHs were included in this study with a 

variety of molecular structures to provide a more reliable indication of hydrocarbon 

pollution from runoff. Furthermore, the statistical analysis focused on the normal 

distribution of the data, correlations using “p” values, linear regression, t-test, 

ANOVA and non-parametric tests (Mood’s Median Test). Finally, in the following 

chapters the behaviour of general water quality parameters, TPHs and PAHs in 

SuDs, conventional and hybrid drainage systems for each site will be presented, 

analysed and discussed.     
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5.0 RESULTS - DISCUSSION OF COMMUTER 

ROAD (WATERLOOVILLE) 

In this chapter results of the SC vegetated swale - detention pond SuDs system in 

Waterlooville will be presented and discussed. The site as described in Chapter 

4.2.1 comprised a pond and swale constructed as part of a housing development. 

The pond was created next to a local road to avoid flooding, manage road runoff and 

deal with pollutants derived from road runoff. The regular monitoring of this system 

included soil (bimonthly) and water (monthly and storm events whenever available) 

samples. Precipitation ranged between 0 - 18.5 mm during the scheduled collection. 

ADP ranged between 0 – 29 days, temperature ranged between 3 – 14 ºC and the 

ADT of this commuter road was 40,000 cars. The full data set of the results that are 

presented in this chapter can be seen in Appendix A.  

5.1 Storm Events 

Storm events were targeted to identify and evaluate hydrocarbon pollutant 

concentrations in road runoff, the distribution of concentrations during storms and 

possible origin of the pollutants. For the first storm event all the basic water quality 

tests (BOD, SBOD, COD, SCOD, TSS, VSS, pH and EC), as well as TPHs, STPHs, 

DROs, SDROs, EROs and SEROs were conducted, except the monitoring of the 

PAHs. ADP, daily precipitation and temperature of the individual storm events are 

presented in Table 22.  

Table 22: ADP, precipitation and temperature characteristics of the 5 storm events in 

Waterlooville (Commuter Road). 

Storm 
Event 

Date 
Antecedent 
Dry Period 

(Days) 

Daily 
Precipitation 

(mm) 

Air 
Temperature 

(ᵒC) 

1 31/03/2011 0 10.4 10 

2 24/01/2012 20 7.1 6 

3 25/04/2012 0 7.1 9 

4 14/12/2012 8 12.7 8 

5 13/01/2013 3 18.5 4 
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5.1.1 First Flush Profiles (Commuter Road) 

Mean concentrations of TPHs, ΣPAHs and SS in road runoff over time after the start 

of the storm events are presented in Figure 27. The progressive decrease of TSS in 

road runoff over the first three hours of the storm events clearly indicates the 

phenomenon of the first flush. VSS showed a similar pattern of reducing over time, 

but tended to make up a larger proportion of the total SS as the storm progressed. A 

similar pattern was seen in the ΣPAH concentrations of unfiltered samples, but not in 

the filtered with the highest concentration seen at 45 min after the start of the storms 

reflecting their association with particles. The TPHs presented a less clear pattern as 

a sudden increase and decrease of their unfiltered concentrations was seen 60 

minutes after the start of the storm, possibly indicating a delayed first flush event 

potentially influenced by naturally occurring compounds that are extractable by 

hexane.  

 

Figure 27: Mean concentrations of TPHs, ΣPAHs and SS in road runoff against time 

after the start of storm events in Waterlooville (SS and TPHs: n = 5, ΣPAHs: n = 4) 

(Swale Inlet 2, Commuter Road, Waterlooville). 

s  
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COD, SCOD, BOD, SBOD, TSS and VSS concentrations in road runoff over time of 

the individual storm events are presented in Figure 28. BOD, COD, TSS and VSS 

concentrations presented the most stable patterns similar to the first flush 

phenomenon between storm events, but the complex nature of road runoff and of 

environmental conditions made each storm event unique and the comparison of 

these variables difficult. There was no clear pattern for SBOD and SCOD 

concentrations. The highest COD (8,430 mg/l), TSS (8,969 mg/l) and VSS (3,766 

mg/l) concentrations were monitored in the second storm event, which was the one 

with the longest ADP. The highest BOD (78 mg/l), SBOD (85 mg/l) and SCOD (98 

mg/l) concentrations were monitored in the third storm event, an event with no ADP, 

so there was very little build-up of TSS. 
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Figure 28: COD, SCOD, BOD, SBOD, TSS and VSS concentrations in road runoff over time after the start of each storm events at 

the swale inlet 2, in Waterlooville.

31/03/2011 24/01/2012 25/04/2012 14/12/2012 13/01/2013 
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The pH and conductivity levels in road runoff over time after the start of individual 

storm events are presented in Figure 29. In general, EC presented no clear pattern 

between storm events. However, the third and fifth storm event exhibit first flush 

phenomenon. The highest EC recorded was 1,673 µS/cm at 90 min in the first storm 

event. For the majority of the storm events pH was slightly alkaline (7 - 8). However, 

there is no clear pattern, as in the third storm pH was slightly acidic at 6.4 and in the 

fourth it exhibited high pH values of 9.7.  

 

 
Figure 29: pH and conductivity levels in road runoff over time after the start of 

individual storm events at the swale inlet 2, in Waterlooville (Commuter Road). 

DRO, SDROs, EROs, SEROs, TPHs and STPHs concentrations in road runoff over 

time after the start of the individual storm events are presented in Figure 30. The first 

three storm events presented similar patterns and concentrations of DROs, SDROs, 

EROs, SEROs, TPHs and STPHs, while the DROs, EROs and TPHs of the fourth 

and fifth storm events showed more irregular behaviour and higher concentrations 

presenting a reduction over time supporting an irregular first flush phenomenon. 

14/12/2012 24/01/2012 13/01/2013 25/04/2012 31/03/2011 
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Figure 30: DROs, SDROs, EROs, SEROs, TPHs and STPHs in road runoff over time after the start of individual storm events at the 

swale inlet 2, in Waterlooville (Commuter Road).

31/03/2011 24/01/2012 25/04/2012 14/12/2012 13/01/2013 
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In addition, the highest DROs (36,725 µg/l), SDROs (7,380 µg/l), EROs (2,514 µg/l), 

TPHs (36,954 µg/l) and STPHs (8,027 µg/l) concentrations were seen between 0 – 

60 min of the fifth storm event and the highest SEROs concentrations (920 µg/l) 

were seen at 15 min into the fourth storm event. These high concentrations may be 

due to increased traffic since the two storm events were monitored in December 

(fourth SE) and January (fifth SE).  

The PAH concentrations of each storm event from the swale inlet 2 are presented in 

Figure 31. LMW-PAHs showed greater variety of PAH compounds than the HMW-

PAHs, but in general the HMW-PAHs presented higher concentrations than LMW-

PAHs with PYR and FLAN being the most abundant PAHs of the storm events. In 

addition, the most abundant PAH compounds from the LMW-PAHs category were 

ANT, NAP and PHE.  

 
Figure 31: The median PAH concentrations in road runoff at the swale inlet 2, in 

Waterlooville (Commuter Road). 

Soluble, particulate and total concentrations of the LMW-PAHs (Soluble LMW-PAHs: 

SLMW-PAHs; Particulate LMW-PAHs: PLMW-PAHs) and HMW-PAHs (Soluble 

HMW-PAHs: SLMW-PAHs; Particulate HMW-PAHs: PLMW-PAHs) from the storm 

events are presented in Figures 32 and 33. LMW-PAHs had higher dissolved 

concentrations reflecting their generally higher solubilities, while the HMW-PAHs had 
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higher concentrations attached to suspended solids. In general, very low 

concentrations of LMW-PAHs and HMW-PAHs were dissolved (SLMW-PAHs and 

SHMW-PAHs) with the highest concentrations seen in the fourth storm event. In 

addition, only in the fourth storm event soluble HMW-PAHs were detected over the 

first 15 min, but soluble LMW-PAHs, due to their lower molecular weight presented 

three times higher concentrations and a more irregular pattern until 120 min. 

Similarly, three times higher concentrations of HMW-PAHs were seen attached to 

particulates compared to LMW-PAHs with the highest HMW-PAHs seen in the fifth 

storm event. However, the first flush phenomenon for both HMW-PAH and LMW-

PAH concentrations attached to suspended solids lasted for the first 60 min, with 

particulate HMW-PAHs showing a more homogeneous pattern than LMW-PAHs.  

 
Figure 32: Soluble, particulate and total LMW-PAH concentrations in road runoff 

against time after the start of storm events at the swale inlet 2, in Waterlooville 

(Commuter Road).  
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Figure 33: Soluble and particulate HMW-PAH concentrations in road runoff against 

time after the start of storm events at the swale inlet 2, in Waterlooville (Commuter 

Road).   

Soluble, particulate and total concentrations of ΣPAHs from individual storm events 

are presented in Figure 34. In general, the ΣPAH concentrations were mainly 

composed of HMW-PAHs attached to solids. Similar to LMW-PAHs the dissolved 

ΣPAHs presented an irregular first flush phenomenon with greater duration (0 - 120 

min) than when they were monitored in the particulate phase (0 – 120 min). In 

addition, storm events with the highest and clearest first flush behaviour were the 

fifth (Jan - 13) and second (Jan-12) storm event; their highest peaks were seen at 45 

min (120.9 µg/l) and 30 min (29.5 µg/l) respectively. However, during the monitoring 

of all storm events only one spike of ΣPAHs(cancer) (Appendix F, Table 105) was 

seen during the second storm event (4.8 µg/l) in the first 15 minutes. The median, 

min and max values of the basic water quality parameters, DROs, EROs, TPHs and 

PAHs of each storm event can be seen between Tables 34 and 40, Appendix A.  
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Figure 34: Soluble and particulate ΣPAHs concentrations in road runoff against time 

after the start of storm events at the swale inlet 2, in Waterlooville (Commuter Road 

Access).  

5.1.2 Origin of PAHs in Road Runoff (Commuter Road) 

All the ratios involve total PAH concentrations, as there was not enough data to 

conduct source identification for the dissolved PAHs. The origin of PAHs can be 

determined by examining the ratios of different PAHs (Table 10, Chapter 2.2.2); for 

example FLAN/(FLAN+PYR) with IcP/(IcP+BgP) and BaP/BgP with IcP/(IcP+BgP) 

(De La Torre-Roche et al., 2009; Yunker et al., 2002) . However BgP was not found 

in the storm water.  
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Figure 35: Scatterplot of the total concentration of NAP against 2MN during storm 

events at the swale inlet 2, in Waterlooville (Commuter Road).      

The NAP/2MN ratio (values closer to vertical axis (NAP) indicate pyrogenic origin, 

while values scattered closer to the horizontal axis (2MN) indicate petrogenic) can 

also be used for a more general source evaluation (Chapter 2.2.2). Only the third 

storm event provided enough data to use this ratio. The scatterplot of PAHs in storm 

runoff in Figure 35, indicates a more petrogenic origin of the PAHs derived from non-

combustion sources (oil loss, drips etc.).   

According to Maliszewska-Kordybach et al. (2008), the ANT/(ANT+PHE) marker is 

considered less informative than the combination of FLAN/(FLAN+PYR), BaP/BgP 

and IcP/(IcP+BgP). However, the limited number of PAH compounds detected 

makes the diagnostic ANT/(ANT+PHE) marker a more useful source indicator 

(Bucheli et al., 2004). The scatterplot of ANT/(ANT+PHE) against FLA/(FLAN+PYR) 

ratio of the individual storm events (Figure 36) contrary to the NAP/2MN ratio, 

indicated a pyrogenic origin for PAHs.  
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Figure 36: Scatterplot of ANT/(ANT+PHE) against FLA/(FLAN+PYR) ratio of storm 

events at the swale inlet 2, in Waterlooville (Commuter Road).  

 
Figure 37: The LMW-PAHs/HMW-PAHs ratio of the storm events at the swale inlet 2, 

in Waterlooville (Commuter Road). 
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A more general perspective regarding the pyrogenic and petrogenic origin of the 

PAHs of the storm events is presented in Figure 37 using the ratio of LMW-

PAHs/HMW-PAHs (Zhang et al., 2008) (Table 10, Chapter 2.2.2). This ratio also 

supported that the majority of the PAHs derived from pyrogenic sources with only the 

fourth and slightly the first storm events having PAHs of petrogenic origin. The 

numerical data for these ratios can be found in the CD in Appendix 15.9.          

5.1.3 PAH Partitioning in Road Runoff (Commuter Road) 

In the storm event monitoring the majority of PAHs were found in the particulate 

phase (Figure 34). Dissolved PAHs were found only in the fourth and fifth storm 

event, the most abundant of which was NAP. NAP was the most common of the 

PAHs in the first 90 min of the fourth storm event (Soluble NAP: 42% of the soluble 

ΣPAHs), it was also the only compound seen in the fifth storm event (0.073 µg/l). 

NAP has a low molecular weight and a relatively high aqueous solubility so is 

considered a hydrophilic compound. FLAN however, is considered a hydrophobic 

compound; it was also found in the dissolved phase, but only at the start (0 min) of 

the fourth storm event (Soluble FLAN: 58% of the soluble ΣPAHs). The most 

abundant PAH compounds that were found in the particulate phase of the storm 

events were PYR (100%), FLAN (100%), PHE (100%), NAP (91% - 100%) and ANT 

(100%). In addition, LMW-PAHs (84% - 100%) and HMW-PAHs (100%) were found 

attached to suspended solids. Of the total PAHs in road runoff during the storm 

events, 8% were soluble and 92% were in the particulate phase. Therefore, the fact 

that the majority of the PAHs preferentially attach to particles leads to the conclusion 

that adsorption was the primary mechanism determining the fate of PAHs in 

stormwater runoff.  

5.2 Water Quality (Commuter Road) 

5.2.1 General Water Quality  

The general water quality in parameters in the vegetated swale – pond system are 

presented in Figure 38. In general, median BOD and COD concentrations were low 

along the swale – pond system. However, high variability was seen at swale inlet 2 

for both parameters, but high variability at the pond outlet was only found for BOD 

values. The BOD increase between swale MPt (Middle Point) and pond outlet may 
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be caused by biogenic material from the pond derived from dead vegetation. Except 

swale inlet 2, the median TSS and VSS presented acceptable concentrations 

(compare with Table 2, Chapter 2.1) along the system. The highest median pH (7.6) 

and BOD (24 mg/l), COD (328 mg/l), TSS (692 mg/l) and VSS (225 mg/l) 

concentrations were monitored at swale inlet 2. Moreover, the minimum and 

maximum values of the EC levels varied greatly along the vegetated system with the 

lowest variability monitored at the pond outlet and the highest median EC monitored 

at the middle point of the swale (570 µS/cm). Temperature, ADP and rainfall of the 

standard monitoring as well as the values of the general water quality parameters 

are presented in detail in Table 110, Appendix H and Table 41 Appendix A.  

 
Figure 38: General water quality parameters in the swale – pond system in 

Waterlooville (Commuter Road). The cross symbol “+” in the graph signifies outliers.  

In general the highest median concentrations and greatest variability in minimum and 

maximums of BOD, COD, TSS and VSS and pH were seen in the swale inlet 2. This 

comes directly off the road, whereas swale inlet 1 is pre-treated in a bio-retention 

area. Overall, a gradual decrease in median BOD, COD, TSS and VSS 

concentrations was found along the swale – pond system with the lowest median 

concentrations monitored at the pond outlet (6 mg/l, 57 mg/l, 9 mg/l and 5 mg/l 
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respectively). However, high variability in the minimum and maximum values was 

seen at the pond outlet possibly due to dead vegetation. In addition, the pH was 

generally alkaline along the whole swale – pond system, but the EC levels showed 

no clear pattern. 

5.2.1.1 Seasonality and Associations 

Median BOD, COD, TSS and VSS concentrations per season in the swale – pond 

system are presented in Figure 39. In general the highest median BOD and COD 

concentrations were monitored in summer (35 mg/l and 574 mg/l respectively) from 

swale inlet 2. However, higher variability for minimum and maximum values in BOD 

was seen during winter for swale inlet 2 and at the pond outlet, but also high 

variability was observed during autumn at the swale MPt. The highest BOD peak 

was monitored in Dec-12 at the swale inlet 2 of 47 mg/l. Similarly, the higher 

variability in minimum and maximum values of COD was seen at the swale MPt 

during winter were the highest COD peak was also found in Dec-11 with 1,040 mg/l. 

In addition, higher median TSS and VSS concentrations were found between 

autumn and winter with the highest during autumn at swale inlet 1 (1,731 mg/l and 

294 mg/l respectively). However, the highest variability in minimum and maximum 

values of SS was seen during winter at the inlet of the pond with the highest peak 

values in Dec-11 (4,488 mg/l for TSS and 949 mg/l for VSS respectively). Statistical 

analysis showed significant differences in log transformed COD (Two-Sample T-

Test, T-Value = -2.39, DF = 23, p = 0.026), TSS (Two-Sample T-Test, T-Value = -

3.27, DF = 21, p = 0.004) and VSS (Two-Sample T-Test, T-Value = -2.74, DF = 18, p 

= 0.013) in the water between the swale and pond. Moreover, the highest median EC 

levels across the whole system were found during winter with the highest peak value 

of 1,210 mg/l in Jan-12. However, high variability was seen between seasons 

presenting no clear pattern. Furthermore, similar median pH levels were monitored 

between seasons, but higher variability was found during winter across the whole 

system with the highest peak (9.4) pH monitored at the swale inlet 2 in Dec-12. 

Median EC per season at the swale – pond system are presented in Figure 40. The 

seasonal TSS, VSS, COD and BOD concentrations in the swale – pond system as 

well as EC can be found between Tables 45 and 47, Appendix A. 
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Figure 39: The median BOD, COD, TSS and VSS concentrations per season in the 

swale – pond system in Waterlooville (Commuter Road). 

 
Figure 40: Median Conductivity per season in the swale – pond system in 

Waterlooville (Commuter Road). 
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5.2.2 Regular Monitoring - Hydrocarbons (Commuter Road) 

5.2.2.1 Petroleum Hydrocarbons (TPHs) in Water  

Median DRO, ERO and TPH concentrations in the swale – pond system are 

presented in Table 23. In general, they exhibited similar trends in concentration 

along the whole swale – pond system with the highest median concentrations of 

DRO, ERO and TPHs observed at the pond outlet (2,311 µg/l, 136 µg/l and 2,447 

µg/l respectively). In addition the ERO concentrations were below the limits of 

detection (BLD) compare to DRO concentrations. ERO were only seem at the swale 

inlet 2 and at the pond outlet. Furthermore, TPH concentrations presented great 

variability and outliers along the swale – pond system including the pond outlet, with 

the highest peak seen for swale inlet 2 (9,377 µg/l). Finally, values at the pond outlet 

were based on 4 samples, due to the limited outflow of the system, compared to 11 

samples at the other points. Thus, there is less confidence in how representative 

these outlet concentrations are.  

Table 23: Median DRO, ERO and TPH concentrations of the swale – pond system in 

Waterlooville. 

Variable 
Median  
(µg/l)    

Min 
(µg/l)    

Max 
(µg/l)    

N Point Location Type 

DROs           

382 87 6,128 11 Swale Inlet 1 Waterlooville Commuter Road 

403 93 9,014 11 Swale Inlet 2 Waterlooville Commuter Road 

235 86 5,135 11 Swale MPt Waterlooville Commuter Road 

316 89 4,939 11 Pond Inlet Waterlooville Commuter Road 

2,311 80 4,564 4 Pond Outlet Waterlooville Commuter Road 

EROs    

BDL BDL 2,836 11 Swale Inlet 1 Waterlooville Commuter Road 

53 BDL 763 11 Swale Inlet 2 Waterlooville Commuter Road 

BDL BDL 1,967 11 Swale MPt Waterlooville Commuter Road 

BDL BDL 923 11 Pond Inlet Waterlooville Commuter Road 

136 BDL 1,262 4 Pond Outlet Waterlooville Commuter Road 

TPHs  

495 87 7,168 11 Swale Inlet 1 Waterlooville Commuter Road 

993 93 9,377 11 Swale Inlet 2 Waterlooville Commuter Road 

312 86 5,614 11 Swale MPt Waterlooville Commuter Road 

383 89 5,506 11 Pond Inlet Waterlooville Commuter Road 

2,447 80 5,826 4 Pond Outlet Waterlooville Commuter Road 

 

5.2.2.2 Concentrations of PAHs in Water (Commuter Road) 

Median PAH concentrations in the swale – pond system are presented in Figure 41. 

In general, the PAH compounds that were found in the water were LMW. NAP was 
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the only PAH compound that was present along the whole swale–pond system with 

the lowest median concentration at the pond outlet (0.047 µg/l). In addition, high 

concentrations of FLAN (median=3.8 µg/l) were found compare to recommended 

EQS (see Table 8, Chapter 2.2.1) in swale inlet 2 (Figure 41). Moreover, the 

maximum concentration of FLAN reached extremely high levels (46.990 µg/l) 

possibly because of an accidental oil spill on the road surface. The PAH compounds 

and the LMW-PAHs, HMW-PAHs and ΣPAHs that were found in this system can be 

observed between Tables 42 and 44, Appendix A.  
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Figure 41: Median PAH concentrations at the swale – pond system in Waterlooville (Commuter Road).
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5.2.2.3 Inlet – Outlet Comparison of Swale/Pond System 

The highest median DRO, ERO and TPH concentrations along the swale – pond 

system were found at the pond outlet. The concentrations of TPHs and 

subcategories represent the HEM, biogenic material in the pond could therefore 

interfere with the method. In addition, the higher median concentrations of DRO and 

TPHs at the pond outlet compare to the rest of the points could be a result of the 

limited number of samples that were collected.     

PAH concentrations represent a more reliable test to determine actual hydrocarbon 

pollution from road runoff. In general NAP, which is the most soluble PAH compound 

was present all along the swale–pond system. Moreover, the only excessive 

concentration of FLAN was found at the swale inlet 2, which receives direct road 

runoff and are possibly derived from accidental drip loss of fuel. Despite occasional 

incidences along the system none of these PAH compounds were found at the pond 

outlet. Higher molecular weight PAHs tend to be more hydrophobic and adsorbed by 

sediments.  

5.2.2.4 Seasonality and Associations 

Seasonal variations in TPH, DRO and ERO median concentrations in the swale - 

pond system are presented in Figure 42. In general across the system the highest 

median DRO concentrations were found in the winter and the highest ERO 

concentrations were found during summer. TPHs had the highest concentration at 

the pond outlet (median=5,239 µg/l) in winter 2013. The whole system had high 

variability during winter, with the biggest ranges  seen in swale inlet 2; the highest 

DRO and TPH concentrations were found at this point in Jan-2013 (9,014 and 9,377 

µg/l respectively), while the highest ERO concentrations occurred in Dec-2012 at the 

swale inlet 1 (2,836 µg/l). With PAHs it was again the swale inlets that showed the 

highest median ΣPAH concentration (23.5 µg/l) and the highest variability (Figure 

43). The only significant differences was the log-transformed ΣPAHs (Two-Sample 

T-Test, T-Value = -2.74, DF = 19, p = 0.013) in the water between the swale and 

pond. The highest concentration of NAP (16.482 µg/l) was detected in the middle of 

the swale in Oct-12. NAP was the only PAH compound that was found at the pond 

outlet with median and maximum concentrations of 0.047 µg/l and 0.568 µg/l (Jan-

13) respectively. The seasonal DRO, ERO, TPH, LMW-PAH, HMW-PAH and ΣPAH 
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concentrations in the swale – pond system can be found in Tables 48 and 51, 

Appendix A.  

 
Figure 42: Median DRO, ERO and TPH concentrations by season in the swale – 

pond system in Waterlooville (Commuter Road).  
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Figure 43: Median LMW-PAH, HMW-PAH and ΣPAH concentrations by season in 

the swale – pond system in Waterlooville (Commuter Road). 

5.2.2.5 Origin of PAHs in Water 

Evaluation of the storm events at swale inlet 2 suggested a mixed range of PAHs 

originating mostly from pyrogenic sources (Figure 37) for both the LMW and HMW 

PAH. The scatterplot of NAP against 2MN in Figure 44 suggests a mixed origin of 

PAHs, as half the values are close to the NAP axis (e.g. pyrogenic) and the other 

half next to the 2MN axis (e.g. petrogenic). However, the more precise method of 

combining the ANT/(ANT+PHE) and FLAN/(FLAN+PYR) ratios was limited by 

insufficient data for all locations apart from the swale. The swale inlet 2 PAHs were  

mostly  of pyrogenic origin, including fossil fuel and fossil fuel combustion. However, 

PAHs derived from grass, wood or coal combustion products of pyrogenic origin 

were also identified. The identification of PAH origin utilizing ANT/(ANT+PHE) and 

FLAN/(FLAN+PYR) is presented in Figure 45. 
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Figure 44: Scatterplot of NAP against 2MN concentrations along the swale-pond 

system in Waterlooville (Commuter Road). 

 
Figure 45: Scatterplot of ANT/(ANT+PHE) against FLA/(FLAN+PYR) ratio for water 

in the swale and pond in Waterlooville (Commuter Road). 
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Figure 46: The LMW-PAHs/HMW-PAHs ratio along the swale-pond system in 

Waterlooville (Commuter Road). 

The ratios involving LMW and HMW PAHs suggested that the majority of the PAHs 

in swale inlet 2 were linked to pyrogenic and petrogenic sources (Figure 46). Swale 

inlet 2 was dominated by pyrogenic origin PAHs but there was a slight indication of 

PAHs from petrogenic origin. Moreover, swale inlet 1 and swale MPt presented a 

mixed PAH profile from petrogenic and pyrogenic sources, with the PAHs in swale 

inlet 1 and swale MPt leaning towards petrogenic origin. Unfortunately, no results 

were available for source identification of pond outlet and the inadequate data for 

pond inlet showed petrogenic origin. The numerical data for these ratios can be 

found in the CD in Appendix 15.9.        

5.3 Soil Quality (Commuter Road) 

The soil moisture content in the swale – pond system can be observed in detail in 

Table 52, Appendix A. In general the soil at the swales inlets had higher moisture 

content than the middle point (Figure 47) and the first layer was the wettest, which 

decreased with depth. The rest of the sampling points presented no clear pattern 

between moisture content and layers. The first layer of swale inlet 2 was the wettest 
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point with 56% moisture content by weight. The control point for this case study also 

received atmospheric deposition as it was located between the road, pavement and 

the swale. It tended to have the lowest moisture content as it was physically higher 

and did not receive direct runoff.  

 
Figure 47: Median moisture content per layer at the swale – pond system in 

Waterlooville (Commuter Road). 

5.3.1 Petroleum Hydrocarbon in soils (Commuter Road) 

The sampling intervals of soil sampling from the commuter road SuDs can be 

observed in Table 19, Chapter 4.3.3. There were variations in the median DRO, 

ERO and TPH concentration by layer in the swale – pond system (Figure 48). In 

general, the highest concentrations were found in the first or middle layer of the 

sample core. The highest median concentrations for every layer was found in the 

first layer of swale inlet 2 (102 µg/g for DROs, 326 µg/g for EROs and 402 µg/g for 

TPHs), reflecting exposure to the source of pollution. The control point gave the 

lowest variability. DRO, ERO and TPH concentrations in soil along the swale – pond 

system are presented in detail  in Table 53, Appendix A.  
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Figure 48: Median DRO, ERO and TPH concentration by soil layer in the swale – 

pond system in Waterlooville (Commuter Road). 

5.3.1.1 Swale – Pond Comparison and Seasonal Variations 

The soil at the swale inlets exhibited much higher amounts of DRO, ERO and TPHs 

than the rest of the system, with swale inlet 2 having the highest concentrations, 

which decreased with depth. The middle of the swale had the lowest concentrations, 

which were less than the control point. For DROs and TPHs the highest median soil 

concentrations were found in the autumn and winter (Figure 49). Traces of ERO 

concentrations were mostly found in summer, however the highest median ERO 

concentration (296 μg/l) was found during autumn, at swale inlet 2. In addition, high 

variability was seen in the minimum and maximum values of DROs, EROs and TPHs 

by season (Tables 61 and 62, Appendix A).   
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Figure 49: Seasonal variations of the median DRO, ERO and TPH concentrations in 

the soil of the swale–pond system in Waterlooville (Commuter Road). 

5.3.2 PAHs in Soils (Commuter Road) 

In general, there was greater variety and higher concentrations of HMW-PAHs in 

comparison to LMW-PAHs in soil along the swale – pond system (Figure 50). The 

five traffic related PAH compounds (BkF, BbF, BaP, IcP and BgP) were expected to 

be found in this SuDs system. However, no IcP was found in the system soils. 

Median concentrations of BkF, BbF and BaP in the swale ranged between 0 – 0.239 

µg/g, 0.005 – 0.532 µg/g and 0 – 0.287 µg/g respectively. Contrary to what it was 

expected, the control point (located between the swale and the pavement) showed 

the highest concentrations of traffic related PAHs compare to the rest of the 

sampling points with 0.799 µg/g for BbF, 0.273 µg/g for BkF, 0.459 µg/g for BaP and 

0.631 µg/g for BgP (medians). However, no traffic related PAHs exceeded 

dangerous concentrations (compared with Table 9, Chapter 2.3.1).   

On the other hand, the median concentrations of PHE exceeded the recommended 

guidelines of soil for residential/commercial/industrial areas in all sampling points 

(Swale inlet 1: 0.208 μg/g; Swale inlet 2: 0.822 μg/g; Swale MPt: 0.177 μg/g; Pond 

inlet: 0.089 μg/g; Control: 0.298 μg/g) except pond outlet, where PHE concentrations 
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were BDL. However, PHE (Figure 50) exceeded the maximum permissible 

concentration of 0.3 (see Table 19, Chapter 2.3.1) only in swale inlet 2, which 

received runoff directly from the road. Similarly, the concentrations of PYR (median = 

2.754 µg/g) exceeded the acceptable levels for residential areas only in swale inlet 2 

(compare with Table 19, Chapter 2.3.1), but it was not exceeding 

commercial/industrial levels. The median, min and max concentrations of PAHs in soil 

along the vegetated swale – pond system, in Waterlooville can be found between Tables 

54 and 59 in Appendix A.          

Categorizing the PAHs (Figure 51) and focusing on the PAH distribution in depth, the 

first layer had the highest median concentration with swale inlet 2 being the most 

polluted (LMW-PAH: 2.277 µg/g, HMW-PAH: 9.530 µg/g and ΣPAH: 11.160 µg/g). 

However, there was high variability with the biggest outlier being in the first layer of 

the pond inlet (ΣPAH 206.800 µg/g). More information regarding LMW-PAHs, HMW-

PAH and ΣPAHs in soils can be found in Table 60, Appendix A. Moreover, the 

carcinogenic PAHs were found in much greater concentrations in the soils compared 

to the water (Tables 105 and 108, Appendix F). In soils, the higher median 

concentrations of ΣPAHs(cancer) were found to progressively increase in depth at all 

points except swale inlet 2 (the highest variability was seen) and the control point 

(Figure 52). The highest median ΣPAHs(cancer) concentrations in swale inlet 1, 

swale inlet 2, swale MPt, pond inlet and control point were 2.990 µg/g (first layer), 

5.270 µg/g, 3.420 µg/g (third layer), 1.204 µg/g (third layer) and 4.630 µg/g (first 

layer) respectively. However, the ΣPAHs(cancer) concentrations in pond outlet were 

below detection limit (Table 105, Appendix F). Statistical analysis showed that there 

were significant differences between sampling points regarding the carcinogenic 

PAHs (Mood’s Median test, H = 25.24, DF = 5, p = 0), but no significant differences 

between layers. 
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Figure 50: Median soil concentrations of specific PAH compounds in the swale – pond system in Waterlooville (Commuter Road). 
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Figure 51: Median LMW-PAH, HMW-PAH and ΣPAH concentrations per soil layer at 

the swale – pond system in Waterlooville (Commuter Road). 

 
Figure 52: Median carcinogenic PAH concentrations per soil layer in the swale – 

pond system in Waterlooville (Commuter Road). 
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5.3.2.1 Swale – Pond Comparison 

Overall, the soil in the swale accumulated a wider variety of PAHs than the pond and 

also higher concentrations of LMW-PAHs and HMW-PAHs. Moreover, higher median 

HMW-PAHs than LMW-PAHs were found in the soil of the whole system, as HMW-

PAHs tend to be more hydrophobic and susceptible to adsorption and sedimentation. 

Therefore, more LMW-PAHs than HMW-PAHs, which tend to be more hydrophilic, 

were found at the pond outlet. In addition, the highest build-up of PAH compounds 

was found at swale inlet 2, probably because it received road runoff straight from the 

gullies, while swale inlet 1 presented 5 times lower median concentrations, but a 

wider variety of PAH compounds. Thus, adsorption, sedimentation in the bio-

retention area and potential creation of biofilm around the gravel filter before swale 

inlet 1 may have contributed to the reduction of PAHs. The swale therefore operated 

as a sink of PAHs while providing water quantity management. Thus, the only PAHs 

at pond outlet were NAP, 2MN, 1MN, FLAN and PYR. Furthermore, the design 

characteristics of the pond possibly enhanced the degradation mechanisms, as it 

comprised a berm (Plate 2, Chapter 4.2.2) between the two pools and provided an 

important secondary treatment stage within the pond for the PAHs. However, no 

clear pattern was observed between soil layers and variability between the minimum 

and maximum values of each point and between sampling points could be an 

important issue. The significant differences of PAHs in the soil between swale-pond 

and swale-control point are presented in Table 24. The statistical analysis between 

the swale (swale inlet 1, swale inlet 2, swale MPt) and the pond (pond inlet and pond 

outlet) of this SuDs system supported that there were significant differences of all 

PAHs (except FLU) as well as DROs and EROs (but not TPHs) between swale and 

pond, leading to the conclusion that the pollutants behaved differently in each SuDs 

system. In addition, due to their close proximity the control and the swale were also 

statistically analysed, but the analysis showed that all the PAHs (except ACY and 

ACE) as well as the TPHs, DROs and EROs had no significant differences between 

swale and control. Therefore, there is the possibility that the control point was 

influenced by the same kind of hydrocarbon pollution from the nearby pavement or 

road, presenting similar behaviour.  
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Table 24: The significant differences of the variables in the soil between swale-pond 

and swale-control point in Waterlooville (Commuter Road). 

Variable Factor Test 
Df for 

the 
error  

T-Value H P 

Log DRO Control/Swale Mood Median  1 - 7.29 0.007 
Log ERO Control/Swale Two-sample t 5 -3.35 - 0.020 
Log TPHs Control/Swale Mood's Median 1 - 14.44 0.000 
Log NAP Control/Swale Mood's Median 1 - 0.30 0.584 
Log 2MN Control/Swale Two-sample t 22 -0.51 - 0.614 
Log 1MN Control/Swale Mood's Median 1 - 0.25 0.615 
Log ACY Control/Swale Two-sample t 23 -2.92 - 0.008 
Log ACE Control/Swale Two-sample t 16 -2.23 - 0.040 
Log FLU Control/Swale Two-sample t 12 -0.13 - 0.896 
Log PHE Control/Swale Two-sample t 29 -1.38 - 0.179 
Log ANT Control/Swale Two-sample t 63 -2.03 - 0.047 
Log LMW-PAHs  Control/Swale Mood's Median 1 - 1.09 0.297 
Log FLAN  Control/Swale Two-sample t 28 -0.34 - 0.737 
Log PYR  Control/Swale Mood's Median 1 - 2.31 0.128 
Log BaA  Control/Swale Two-sample t 25 -1.13 - 0.268 
Log CHR  Control/Swale Mood's Median 1 - 0.00 1.000 
Log BbF  Control/Swale Mood's Median 1 - 0.30 0.582 
Log BkF  Control/Swale Two-sample t 29 -1.80 - 0.082 
Log BaP  Control/Swale Mood's Median 1 - 0.08 0.780 
Log IcP Control/Swale Two-sample t 26 -0.49 - 0.629 
Log DhP  Control/Swale Two-sample t 18 0.23 - 0.822 
Log BgP  Control/Swale Two-sample t 27 -0.21 - 0.833 
Log HMW-PAHs  Control/Swale Mood's Median 1 - 0.27 0.602 
Log ΣPAHs  Control/Swale Mood's Median 1 - 2.60 0.107 
Log ΣPAHs(cancer) Control/Swale Mood's Median 1 - 0.00 1.000 

Log DROs Swale/Pond Mood Median  1 - 7.66  0.006 

Log EROs Swale/Pond Mood Median 1  - 18.24 0.000 
Log TPHs Swale/Pond Mood Median 1 - 17.53 0.000 
Log NAP Swale/Pond Two-sample t 105 -2.87 - 0.005 
Log 2MN Swale/Pond Two-sample t 94 -2.61 - 0.010 
Log 1MN Swale/Pond Mood's Median  1 - 7.34 0.007 
Log ACY  Swale/Pond Two-sample t 24 -3.29 - 0.003 
Log ACE Swale/Pond Two-sample t 30 -3.57 - 0.001 
Log FLU Swale/Pond Two-sample t 5 0.16 - 0.879 
Log PHE Swale/Pond Two-sample t 62 -4.45 - 0.000 
Log ANT Swale/Pond Two-sample t 38 -3.42 - 0.002 
Log LMW-PAHs  Swale/Pond Two-sample t 96 -4.58 - 0.000 
Log FLAN  Swale/Pond Two-sample t 76 -3.67 - 0.000 
Log PYR  Swale/Pond Two-sample t 71 -6.03 - 0.000 
Log BaA  Swale/Pond Two-sample t 41 -3.95 - 0.000 
Log CHR  Swale/Pond Two-sample t 56 -3.64 - 0.001 
Log BbF  Swale/Pond Two-sample t 48 -3.19 - 0.003 
Log BkF  Swale/Pond Two-sample t 26 -4.21 - 0.000 
Log BaP  Swale/Pond Mood Median  1 - 5.05 0.025 
Log IcP Swale/Pond Two-sample t 20 -2.70 - 0.014 
Log DhP  Swale/Pond Mood Median 1 - 5.04 0.025 
Log BgP  Swale/Pond Two-sample t 20 -3.23 - 0.004 
Log HMW-PAHs  Swale/Pond Mood Median  1 - 23.15 0.000 
Log ΣPAHs  Swale/Pond Mood Median  1 - 24.07 0.000 
Log ΣPAHs(cancer) Swale/Pond Mood Median  1 - 18.65 0.000 
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5.3.2.2 Seasonal Performance in Soils 

In general, there is no clear seasonal pattern of PAHs in soils. The highest LMW-

PAH, HMW-PAH and ΣPAH concentrations (2.6 µg/g, 18.6 µg/g, 21.9 µg/g) (Figure 

53) were detected at swale inlet 2 during autumn. The control point also presented 

high median LMW-PAH, HMW-PAH and ΣPAH concentrations compare to the rest of 

the points but the highest median concentrations were in winter (0.9 µg/g, 10.3 µg/g 

and 11.2 µg/g respectively). However, the highest concentrations for LMW-PAHs, 

HMW-PAHs and ΣPAHs were found in Jun - 11 at the inlet of the pond (33.2 µg/g, 

173.6 µg/g and 206.8 µg/g respectively).  

The median PHE and PYR concentrations presented similar seasonal pattern, but 

PHE showed lower concentrations (Figure 54). The highest median PHE (1.1 µg/g) 

and PYR (3.5 µg/g) concentrations were found in autumn for both PAHs. In addition, 

the highest concentrations of PHE (14.5 µg/g) and PYR (67.8 µg/g) were seen in the 

pond of the system on Jun-11. The higher concentrations of PAHs in autumn-winter 

may be due to increased vehicular activity or higher atmospheric deposition derived 

from heating.  

 
Figure 53: Median LMW-PAH, HMW-PAH and ΣPAH concentrations by season in 

soils of the swale – pond system in Waterlooville (Commuter Road). 
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Figure 54: Median concentrations of PHE and PYR by season in soils of the swale–

pond system in Waterlooville (Commuter Road).   

5.3.2.3 PAH Accumulation in Soils 

The LMW-PAH concentrations at swale inlet 2, which received the highest amount of 

PAHs did not show accumulations over time (Figure 55). However, HMW-PAHs did 

increase especially in the second layer (from 8.5 µg/g in Oct-11 to 27.1 µg/g in Oct-

12), which may indicate potential vertical movement of the PAHs from the first to the 

second layer. The highest HMW-PAH concentration was 30.1 µg/g in Dec-12, which 

was 19% higher than the highest concentration of the previous year (Oct-11: 24.5 

µg/g). However, it is unclear if the increase in PAHs will remain the same for the 

following years as the degradation mechanisms within the soil may reduce these 

accumulations.   
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Figure 55: Median LMW-PAH, HMW-PAH and ΣPAH concentrations in soils at swale 

inlet 2 in terms of time (Waterlooville, Commuter Road).  

After logarithmic transformations to establish normality and assuming linear 

extrapolation (Figure 56), constant but stable additions of PAHs and under the 

current environmental media (e.g. weather conditions) the regression equation of 

Log HMW-PAHs (µg/g) = - 83.9 + 0.00207 Months (m = 0.002, R2 = 0.397, p = 

0.000) and Log ΣPAHs (µg/g)  = - 73.9 + 0.00182 Months (m = 0.002, R2 = 0.331, p 

= 0.002) were produced. Assuming that the concentrations will not drastically change 

and under analogous environmental conditions in a period of 300 months (equals to 

25 years) the ΣPAHs and HMW-PAH concentrations will be increased by 4.426x10-74 

µg/g and 5.26x10-84 µg/g respectively. Essentially, the degradation rates by the 

mechanisms involved compensated to a substantial degree the accumulation rates 

of the ΣPAHs. 
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Figure 56: Scatterplot of Log HMW-PAHs and Log ΣPAHs over time at the second 

swale inlet in Waterlooville. 

5.3.2.4 PAHs Origin in Soils 

The overall evaluation of the LMW/HMW PAH ratio showed that PAHs trapped in the 

soil originated from pyrogenic source (LMW/HMW < 1) due to incomplete 

combustion of fossil fuels or wood with HMW-PAHs being the most predominant 

(Figure 57). However, the pond outlet showed that PAHs of petrogenic origin were 

also trapped in the soil. In addition, the FLAN/(FLAN+PYR) against IcP/(IcP+BgP) 

ratio is presented in Figure 58, indicating that the majority of PAHs derive from 

pyrogenic sources. However, a small fraction of PAHs indicated a petrogenic origin 

such as spilt oil or petroleum products. The BaP/BgP against IcP/(IcP+BgP) ratios 

presented in Figure 59 support the previous theory that the majority of the PAHs in 

this site derive from fuel combustion products. To take it a step further, using the 

BaP/BgP ratio the data showed that vehicular activity was the major source of fuel 

combustion as BaP/BgP > 0.6 (Katsoyiannis et al., 2007). The numerical data for 

these ratios can be found in the CD, in Appendix 15.9.  
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Figure 57: The LMW-PAHs/HMW-PAHs ratio of the storm events at the swale inlet 2, 

in Waterlooville (Commuter Road). 

 
Figure 58: Scatterplot of FLAN/(FLAN+PYR) against IcP/(IcP+BgP) ratio of the 

particulate PAHs for source mapping in Waterlooville (Commuter Road). 
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Figure 59: Scatterplot of BaP/BgP against IcP/(IcP+BgP) ratio of the particulate 

PAHs for source mapping in Waterlooville (Commuter Road). 

5.4 Commuter Road Discussion 

5.4.1 Swale-pond treatment efficiency of water 

The evaluation of this swale – pond system involved sampling of the standing water 

and storm monitoring. In general, the system gave good performance in terms of 

general water quality parameters. Despite the fact that high concentrations of COD, 

TSS and VSS were monitored in the swale and pond, the outlet demonstrated 

concentrations below or within recommended EQS. To be more specific the median 

BOD, COD, TSS and VSS concentrations at the pond outlet were 6 mg/l, 57 mg/l, 9 

mg/l and 5mg/l, while the median EC and pH levels at the outlet were at 487 µS/cm  

and 7.4 respectively. Concentrations that can be considered good compared with the 

recommended EU, UK and Environment Agency EQS (2013) (Table 2, Chapter 2.1). 

The pond discharges into the adjacent River Wallington and the peak values of BOD, 

COD, TSS, VSS, EC and pH (34 mg/l, 89 mg/l, 24 mg/l, 26 mg/l, 629 µS/cm and 7.7 

respectively) are unlikely to have a significant impact on the river. Nevertheless, high 

median concentration of TPHs (2,447 µg/l) discharged to the River Wallington, are 
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2.5 - 5 times higher than concentrations from the commuter road. Therefore, either 

re-suspension took place, but most likely the testing method for the TPHs was 

affected by biogenic materials produced within the pond and extracted using hexane. 

According to the literature, much higher median TPH concentrations have been 

detected in highway runoff in Scotland (4,820 µg/l) (Crabtree et al., 2008). In 

addition, median NAP and ΣPAH concentrations (both were 0.047 µg/l) at the pond 

outlet were lower than the various recommended water quality guidelines for the 

protection of freshwater aquatic life of 10 µg/l (UK and EU standards, Environment 

Agency, 2013) or 3 µg/l (ANZECC, 2000), showing that the swale – pond system 

provided effective hydrocarbon treatment.  

5.4.2 Origin of hydrocarbons in road runoff 

In this chapter several methods have been applied to identify the source of the 

PAHs. This suggested that the majority of PAHs found in this swale-pond system 

were from pyrogenic sources (e.g. fossil fuel combustion) most likely deriving from 

traffic. Most of the storm event PAHs also appeared to be of pyrogenic origin but 

during one event petrogenic PAH ratios were detected (e.g. oil spill). Assessing the 

source of the aqueous PAHs was not possible due to the narrow range of PAHs 

detected. However the limited data suggested that they derive from a combination of 

pyrogenic and petrogenic origins. Detailed source mapping was only possible in the 

swale where the highest PAH concentrations were found and this implied that the 

major source was of pyrogenic origin, with most of the PAHs deriving from fossil fuel 

combustion, with a few from grass, wood or coal combustion and a limited number 

derived from petrogenic sources (e.g. oil spills). Nevertheless, the soil offered a 

plethora of PAHs providing the most reliable results in terms of source mapping. 

Therefore, most PAHs entrapped in the soil derived from pyrogenic traffic related 

origins. Overall, the PAHs derived from a combination of petrogenic and pyrogenic 

origins, with pyrogenic traffic related PAHs being the most predominant.  

5.4.3 Hydrocarbon build up in swale-pond soils 

In general, DROs, EROs and TPHs presented low concentrations in the soil 

compared to the water, with the highest median concentration for all three found in 

swale inlet 2 (88 µg/g, 162 µg/g and 235 µg/g respectively). The soil samples at the 
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pond outlet showed significantly lower TPH concentrations compared to the water 

samples.  

The regular monitoring showed that the most abundant PAHs in the road runoff were 

PHE, ANT, FLAN and PYR (Figure 41). In addition, the most abundant PAH 

compounds in soil along the swale were PYR, ANT, PHE, FLAN, BaA, CHR, BbF, 

BkF and BaP (Figure 50) and the same PAHs were found in the pond. However, only 

PYR and PHE (median concentrations) exceeded the environmental quality 

guidelines (Table 9, Chapter 2.2.1) and only at swale inlet 2 (2.8 µg/g and 0.8 µg/g 

respectively). The residence time of the PAHs varies not only due to their 

physicochemical properties but also from the environmental media and 

bioavailability. According to Environment Agency (2013), the half-lives of PHE and 

PYR can reach up to 5.7 and 8.5 years respectively. However, suggested half-lives 

from modelling indicate between 0.34 – 1.15 and 1.15 – 3.4 years respectively 

(Environment Agency, 2013). Therefore, potential future monitoring of this system 

should include the evaluation of these two PAHs to determine potential maximum 

accumulations.  

In general the control point presented high concentrations of PAHs (Figure 50) in 

soils compared to the rest of the points (except swale inlet 2) concentrations, 

probably due to its close proximity to the road (e.g. exhaust emissions) and the lower 

flushing flows. Most likely  PAHs were gradually carried away from the pavement, 

delayed by the vegetation in the swale allowing adsorption and sedimentation to take 

place. In addition, the control point presented the lowest moisture content and 

different behaviour in terms of season compare to the rest of the sampling points. In 

addition the statistical analysis between the swale and control showed that there 

were no significant differences between the swale and the control point regarding the 

PAHs (except ACY and ACE), but there were significant differences in terms of 

DROs, EROs and TPHs, which may suggest the existence of different HEM in the 

soils of the swale and the control point (Table 24, Chapter 5.3.2.1).   

In general, LMW-PAHs presented similar patterns but their concentrations were 

much lower in soil, indicating the increased susceptibility of HMW-PAHs to 

adsorption. PAH concentrations showed a progressive decrease and reduced variety 

along the whole swale-pond system, which is probably due to the effective operation 
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of the swale, in reducing the velocity of the water promoting adsorption and 

sedimentation. Moreover, this SC system showed lower concentrations of PAHs at 

the inlet of the pond and insignificant amounts at the outlet. The narrow inlet of the 

pond increased water velocity and probably most of the SS are dispersed in the 

pond rather than settling out at the inlet. However, settling would then occur due to 

the design characteristics of the pond as the first and then the second pool provide 

more than enough retention time. In support of this assumption is that less than half 

the number of samples were collected from the outlet in comparison with the inlet, 

due to limited outflow as the water level had to reach a specific height to pass 

through the berm and then through the outlet. Thus, increased biodegradation 

probably occurred due to the enhanced development of microbial populations over 

time. Nevertheless, re-suspension could not be disqualified as a possibility; an 

assessment of PAH degrading microbial populations was not undertaken. Finally, 

this site was used to develop the methods of this study and determine the amount of 

soil that needed to be used for the detection of PAHs. During the method 

development the soil samples that were used for the determination of TPHs were 

influenced by HEM material, classifying TPHs as a much less accurate indication of 

hydrocarbon pollution compare to PAHs.  

5.4.5 Conclusions 

Overall, the behaviour of the hydrophobic HMW-PAHs, hydrophilic LMW-PAHs) and 

individual PAHs varied according to the phase (dissolved or attached to particles) 

that they were found in. In addition, the fate of PAHs in a complex system (SC SuDs 

with bio-retention area receiving runoff from conventional asphalt) such as this 

depends on the various mechanisms that take place and design characteristics. 

Although accumulation of PAHs in soil was observed, it was below the 

recommended eco-toxicological threshold. Finally, both pyrogenic and petrogenic 

sources of PAHs were found with the majority derived from pyrogenic traffic-related 

sources. In the next chapter with housing development with a hybrid drainage 

system (porous asphalt and conventional pipes) and SuDs (treatment train offering 

SC and site control) will be analysed and discussed in terms of general water quality 

parameters and hydrocarbons pollution (TPHs and PAHs).  
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6.0 RESULTS - DISCUSSION OF HOUSING 

DEVELOPMENT (CAMBOURNE)  

In this chapter two sites in a residential development are examined in terms of water 

and soil quality focusing on the treatment of hydrocarbons pollutants. The sites are 

paired into “hybrid” drainage and SC SuDs as described in Chapter 4.2.3. The SC 

SuDs include porous pavement and a treatment management train consisting of 

swales and detention areas, which is capable of providing SC as well as site control 

(Lamb Drove, Cambourne). On the other hand, the hybrid system includes porous 

pavement (SC) and conventional storm-water drainage pipes (Friar Way, 

Cambourne). Both sites direct runoff to a large pond, which was also monitored. 

Temperature, ADP and rainfall are presented in detail in Table 115, Appendix H. 

6.1 Water Quality (Cambourne) 

6.1.1 General Water Quality 

The general water quality parameters of the sites with SC SuDs and SC hybrid 

drainage as well as of the pond (Figure 11 and Plate 4, Chapter 4.2.3) are presented 

in Table 25. Generally the BOD and COD at the start of regular monitoring in Lamb 

Drove were low (6 mg/l and 15 mg/l respectively) indicating that there was little traffic 

flow in that part of Cambourne. The EC measurements show wide-variability in both 

SuD and hybrid systems with no large differences being observed between them. 

The pH in both SuDs and hybrid systems was slightly alkaline around pH 7.7. 

However, highly alkaline conditions (median pH: 8.8 and maximum pH: 9.8) were 

observed in the initial stages of the SuD system, but these were buffered in the 

treatment train.   

The management train of the SuD system comprised by four consequential stages of 

treatment. The median values of BOD, COD, TSS and VSS at the inlet and outlet of 

the treatment train remained low. However, there was high variation in COD, TSS 

and VSS between the minimum and maximum values at the sampling points of 

second (first swale) and third stage (second basin) of the treatment train. This was 

probably due to entrapment of solids in the grass or evaporation concentrating 

samples. Finally, no seasonal effect was observed probably because variability 
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depends on the weather (i.e. rain or hot sun) and sampling dates could not be 

matched to rainy days. 
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Table 25: Water quality parameters in water from Lamb Drove SuDs (SC), Friar Way 

hybrid systems (SC and site control) and of the large pond in Cambourne (Housing 

Development). 

Variable Median  Min Max N Point Location Type 

BOD                     
(mg/l) 

6 3 6 5 LDWB1  Lamb Drove Treatment Train 

7 3 12 5 LDWS1 Lamb Drove Treatment Train 

3 3 16 5 LDWB2 Lamb Drove Treatment Train 

3 BDL 5 3 LDWS2 Lamb Drove Treatment Train 

2 BDL 9 9 PI1 Big Pond Large Pond 

4 BDL 11 8 FRW Friar Way Manhole 
2 BDL 6 10 PI2 Big Pond Large Pond 

COD                       
(mg/l) 

15 BDL 55 5 LDWB1 Lamb Drove Treatment Train 

43 22 111 5 LDWS1 Lamb Drove Treatment Train 

36 13 175 5 LDWB2 Lamb Drove Treatment Train 

26 BDL 28 3 LDWS2 Lamb Drove Treatment Train 

2 BDL 58 8 PI1 Big Pond Large Pond 

BDL BDL 32 7 FRW Friar Way Manhole 
2 BDL 34 9 PI2 Big Pond Large Pond 

TSS                       
(mg/l) 

15 8 94 5 LDWB1 Lamb Drove Treatment Train 

19 13 423 5 LDWS1 Lamb Drove Treatment Train 

15 10 366 5 LDWB2 Lamb Drove Treatment Train 

22 15 31 3 LDWS2 Lamb Drove Treatment Train 

7 BDL 52 9 PI1 Big Pond Large Pond 

13 2 32 8 FRW Friar Way Manhole 
5 BDL 39 10 PI2 Big Pond Large Pond 

VSS            
(mg/l) 

15 8 60 5 LDWB1 Lamb Drove Treatment Train 

19 13 118 5 LDWS1 Lamb Drove Treatment Train 

15 10 153 5 LDWB2 Lamb Drove Treatment Train 

22 15 31 3 LDWS2 Lamb Drove Treatment Train 

7 BDL 52 9 PI1 Big Pond Large Pond 

13 BDL 32 8 FRW Friar Way Manhole 
5 BDL 20 10 PI2 Big Pond Large Pond 

EC                 
(µS/cm) 

378 190 508 3 LDWB1 Lamb Drove Treatment Train 

795 540 1050 3 LDWS1 Lamb Drove Treatment Train 

730 490 747 3 LDWB2 Lamb Drove Treatment Train 

825 789 860 2 LDWS2 Lamb Drove Treatment Train 

738 200 775 6 PI1 Big Pond Large Pond 

565 310 721 6 FRW Friar Way Manhole 
680 328 745 7 PI2 Big Pond Large Pond 

pH 

8.8 8.0 9.8 3 LDWB1 Lamb Drove Treatment Train 

7.4 7.2 7.6 3 LDWS1 Lamb Drove Treatment Train 

7.4 7.2 7.7 3 LDWB2 Lamb Drove Treatment Train 

7.5 7.1 8.0 2 LDWS2 Lamb Drove Treatment Train 

7.7 7.4 8.0 6 PI1 Big Pond Large Pond 

7.6 7.5 8.0 6 FRW Friar Way Manhole 
7.8 7.4 8.5 7 PI2 Big Pond Large Pond 
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6.1.2 Hydrocarbon Concentrations (Cambourne) 

6.1.2.1 Petroleum Hydrocarbons (DROs, EROs and TPHs) in Water 

Hydrocarbon pollutants in water from Lamb Drove SuDs (SC) and Friar Way hybrid 

systems, including the final large site control pond are presented in Table 26. 

Generally, median DRO concentrations were similar at for both systems, providing 

no clear pattern. The highest concentration for DRO was detected at one of the inlets 

(Lamb Drove side: PI1) of the pond (4,022 µg/l). The highest concentration of EROs 

(245 g/l) in this study was detected at one of the inlets of the pond, which receives 

water from the side of the hybrid system (PI2), but the median ERO concentrations 

were zero. This peak value may represent an oil spill on the road, which passed in 

the drainage system. TPH results reflect the DRO and ERO values and show no 

clear pattern. 

Table 26: DRO, ERO and TPH concentrations in water from Lamb Drove SuDs (SC), 

Friar Way hybrid systems (SC and site control) and of the large pond in Cambourne 

(Housing Development). 

Variable 
Median 
(µg/l) 

Min 
(µg/l) 

Max  
(µg/l) 

N Point Location Type 

DROs 

411 258 525 6 LDWB1 Lamb Drove Treatment Train 

419 345 866 6 LDWS1 Lamb Drove Treatment Train 

461 340 656 5 LDWB2 Lamb Drove Treatment Train 

492 321 748 3 LDWS2 Lamb Drove Treatment Train 

384 220 4,022 10 PI1 Big Pond Large Pond 

428 232 3,776 8 FRW Friar Way Manhole 

441 174 1,959 10 PI2 Big Pond Large Pond 

EROs 

BDL BDL 90 11 LDWB1 Lamb Drove Treatment Train 

BDL BDL 60 11 LDWS1 Lamb Drove Treatment Train 

BDL BDL 81 10 LDWB2 Lamb Drove Treatment Train 

BDL BDL BDL 10 LDWS2 Lamb Drove Treatment Train 

BDL BDL 108,359,322 11 PI1 Big Pond Large Pond 

BDL BDL 176,119,322 11 FRW Friar Way Manhole 

BDL BDL 244,719,322 11 PI2 Big Pond Large Pond 

TPHs 

426 258 525 6 LDWB1 Lamb Drove Treatment Train 

419 357 866 6 LDWS1 Lamb Drove Treatment Train 

541 340 656 5 LDWB2 Lamb Drove Treatment Train 

492 321 748 3 LDWS2 Lamb Drove Treatment Train 

384 248 108,363,012 10 PI1 Big Pond Large Pond 

428 BDL 176,123,098 8 FRW Friar Way Manhole 

504 199 244,721,224 10 PI2 Big Pond Large Pond 
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6.1.2.2 PAH concentrations in Water (Cambourne) 

In Figure 60 the median PAH concentrations in the Lamb Drove SuDs and the hybrid 

systems (Friar Way), including the large pond are presented. The only PAHs 

detected were NAP, 1MN, 2MN and ACE reflecting their solubility in water. ACE was 

only found in hybrid drainage, whereas the other three compounds were found in 

both systems. The highest median concentration that was detected though out the 

SC SuD system was NAP (4.6 µg/l). High variability was seen in the minimum and 

maximum values for all three compounds and their concentrations are presented 

between Tables 66 and 69 in Appendix B. In addition, two more PAH compounds 

(ACE and PYR) appeared dispersed in the treatment train.  
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Figure 60: Median PAH concentrations in water from Lamb Drove SuDs (SC), Friar Way hybrid systems (SC and site control) and 

of the large pond in Cambourne (Housing Development). 

PI1 PI2 
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Median concentrations of LMW-PAHs, HMW-PAHs and ΣPAHs are presented in 

Figure 61, with the full data presented in Table 70, Appendix B. ΣPAHs show no 

clear pattern between SuDs and hybrid systems. Much lower HMW-PAH 

concentrations were found in the SC treatment train compared to the hybrid drainage 

pipe with the highest concentration detected in one of the inlets of the pond deriving 

from the side of the hybrid drainage (PI2: 3.4 µg/l). LMW-PAH were found in both 

systems, but the highest concentration (10.9 µg/l) was found in the second basin 

(LDWB2) of the treatment train. In general, the median carcinogenic PAHs 

(ΣPAHs(cancer)) were below detection limits, but some peaks were detected only in 

both inlets of the large ponds and in the manhole chamber of the hybrid system (PI1: 

2.1 µg/l, PI2: 3.3 µg/l and FRW: 3.2 µg/l). The ΣPAHs(cancer) are presented in more 

detail Table 105, Appendix F.  

 
Figure 61: Median water concentrations of LMW-PAHs, HMW-PAHs and ΣPAHs 

from Lamb Drove SuDs (SC), Friar Way hybrid systems (SC and site control) and of 

the large pond in Cambourne (Housing Development). 
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6.1.2.3 Treatment Train Behaviour   

Generally, DRO concentrations presented no clear pattern along the treatment train, 

showing variations between minimum and maximum values. The highest 

concentration was seen in Jul-12 in the inlet (PI1: 4022) of the large pond derived 

from Lamb Drove site. In addition the highest concentrations of EROs in this study 

and consequently of TPHs were found seen in Nov-12 in the inlet (PI2: 244 g/l) of the 

detention pond derived from Friar Way site. The median concentrations of NAP 

showed no clear pattern along the train, but high variations were detected between 

minimum and maximum values. 1MN, 2MN, ACE and PYR were the only 

compounds that were detected in the treatment train. Moreover, LMW-PAHs showed 

no clear pattern along the treatment train, but wide variations between the minimum 

and maximum values were detected (Figure 61). However, much lower 

concentrations of HMW-PAHs were found in water compare to the LMW-PAHs, due 

to their hydrophobic behaviour. Therefore, the ΣPAHs in water showed similar 

pattern as the LMW-PAHs.  

6.1.2.4 Origin of PAHs in Water  

The wide variation in the LMW/HMW PAH ratio (Figure 62) provided limited results, 

only for the inlet of the large pond and Friar Way manhole, suggesting  that the 

PAHs derived from petrogenic sources (LMW/HMW > 1) such as spilt oil and 

petroleum products (Plate 5, Chapter 4.2.2). To support this conclusion the 

scatterplot of NAP against 2MN showed that aqueous PAHs tended to plot mostly 

along the 2MN axis, which according to Boehm & Saba (2008) is considered an 

indication of petrogenic origin of PAHs (Figure 63). Unfortunately, no other source 

identification ratios were able to be compared due to the low range of compounds 

detected. 
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Figure 62: The LMW-PAHs/HMW-PAHs ratio in water from Lamb Drove SuDs (SC), 

Friar Way hybrid systems (SC and site control) and detention pond in Cambourne 

(Housing Development). 

 
Figure 63: Scatterplot of NAP against 2MN of the aqueous PAHs from Lamb Drove 

SuDs (SC), Friar Way hybrid systems (SC and site control) and detention pond in 

Cambourne (Housing Development). 
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6.2 Soil Quality 

The soil samples were collected along the SuDs treatment train including a control 

point. In Figure 64 the moisture content of the samples are compared by location 

and layer; the full data set can be found in Table 71, Appendix B. Generally, 

moisture content decreased gradually along the treatment train and with increasing 

depth. However, median moisture content for the control point remained stable with 

increasing depth as there was no substantial water content at this point, despite 

rainfall.  

 
Figure 64: Moisture content (median %) of soil by location and depth at the treatment 

train in Lamb Drove, Cambourne (Housing Development). 

6.2.1 Petroleum Hydrocarbons in Soil (Lamb Drove) 

In Table 27 median DRO, ERO and TPH concentrations in soil are presented. 

Generally DRO was the predominant category of hydrocarbons in the soil with low 

levels of ERO. These were no clear patterns between the sampling points or with 

depth. 
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Table 27: DRO, ERO and TPH concentrations in soil along the treatment train in 

Lamb Drove, Cambourne (Housing Development). 

Variable Layers 

   Median 
per  

layer  

(µg/g) 

Min 
(µg/g)   

Max 
(µg/g)   

N 

Median 
per  

point 

(µg/g)   

Min 
(µg/g)   

Max 
(µg/g)   

N Point Location Type 

D
R

O
s
  

1st 74 BDL 845 10 
45 BDL 3,038 32 

 LDSB1  

(Basin 1)  

Lamb 

Drove 

Housing 

Development 2nd 70 BDL 134 11 

3rd 42 BDL 3,038 11 

1st 33 BDL 554 11 
34 BDL 554 32 

 LDSS1  
 (Swale 1) 

Lamb 
Drove 

Housing 
Development 2nd 42 1 282 10 

3rd 34 BDL 84 11 

1st 21 BDL 434 11 
23 BDL 614 31 

 LDSB2  

 (Basin 2) 

Lamb 

Drove 

Housing 

Development 2nd 33 BDL 614 9 

3rd 23 1 478 11 

1st 44 BDL 255 11 
29 BDL 255 32 

LDSS2   
(Swale 2) 

Lamb 
Drove 

Housing 
Development 2nd 25 1 74 10 

3rd 30 BDL 247 11 

1st 43 BDL 9,294 8 
19 BDL 9,294 26 

LDSC   

(Control) 

Lamb 

Drove 

Housing 

Development 2nd 13 BDL 8,027 9 

3rd 18 BDL 945 9 

E
R

O
s
  

1st 1 BDL 82 11 
BDL BDL 82 33 

LDSB1  
(Basin 1) 

Lamb 
Drove 

Housing 
Development 2nd BDL BDL 39 11 

3rd BDL BDL 23 11 

1st 2 BDL 22 11 
BDL BDL 22 32 

LDSS1  

 (Swale 1) 

Lamb 

Drove 

Housing 

Development 2nd BDL BDL 20 10 

3rd BDL BDL 13 11 

1st BDL BDL 37 11 
BDL BDL 37 31 

LDSB2  
 (Basin 2) 

Lamb 
Drove 

Housing 
Development 2nd BDL BDL 18 9 

3rd BDL BDL 15 11 

1st BDL BDL 51 11 
BDL BDL 51 32 

LDSS2   

(Swale 2) 

Lamb 

Drove 

Housing 

Development 2nd BDL BDL 20 10 

3rd BDL BDL 9 11 

1st BDL BDL 18 9 
BDL BDL 23 27 

LDSC  
(Control) 

Lamb 
Drove 

Housing 
Development 2nd BDL BDL 23 9 

3rd BDL BDL 15 9 

T
P

H
s
  
 

1st 77 BDL 845 10 
47 BDL 3,041 32 

LDSB1  

(Basin 1) 

Lamb 

Drove 

Housing 

Development 2nd 71 1 165 11 

3rd 47 1 3,041 11 

1st 33 1 564 11 
38 BDL 564 32 

LDSS1  
 (Swale 1) 

Lamb 
Drove 

Housing 
Development 2nd 52 1 282 10 

3rd 36 BDL 84 11 

1st 21 1 434 11 
25 BDL 624 31 

LDSB2  
 (Basin 2) 

Lamb 
Drove 

Housing 
Development 2nd 33 BDL 624 9 

3rd 25 1 478 11 

1st 52 BDL 255 11 
34 BDL 255 32 

LDSS2   
(Swale 2) 

Lamb 
Drove 

Housing 
Development 2nd 32 1 74 10 

3rd 30 BDL 247 11 

1st 48 1 9,312 8 
30 BDL 9,312 26 

LDSC  
(Control) 

Lamb 
Drove 

Housing 
Development 2nd 26 BDL 8,051 9 

3rd 33 2 952 9 
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6.2.2 Baseline of PAHs in Soils (Lamb Drove) 

Figure 65 presents median PAH concentrations at each point of the treatment train. 

Higher concentrations of PAHs were found in the swales, compared to basins. In all 

the stages of the train a great diversity of PAH compounds were detected, with 

heavier four ring compounds (FLAN and above) appearing in higher concentrations. 

In Figure 66, LMW-PAH and HMW-PAH concentrations are compared; the full data 

set is accessible between Tables 72 and 78, in Appendix B. In general, HMW-PAHs 

dominate ΣPAHs in the soil compared with LMW-PAHs in every layer, except the 

second layer of basin 2, where LMW-PAHs were detected in higher concentrations. 

In addition, the highest median HMW-PAH concentration was detected in the first 

layer (0 – 2 cm) of swale 1 (1.6 µg/g), but the highest median concentration of all 

three layers was seen in swale 2 (1.2 µg/g) of the SC SuD system (1.2 µg/g). 

Similarly the highest median concentration of ΣPAHs (1.4μg/l) was found at the 

same point (swale 2) of the treatment train. The highest outlier was in the first layer 

of swale 1 of the treatment train (186.4 µg/g in Nov-11). The highest peak in LMW-

PAHs (588.3 µg/g) was found in Sep-11 in swale 1. A gradual decrease in median 

LMW-PAH and HMW-PAH concentrations was observed with depth with the lowest 

concentrations of these two PAH categories generally found in the deepest layer. In 

addition, median ΣPAHs(cancer) (part of HMW-PAHs) (Figure 67), presented similar 

behaviour to HMW-PAHs, but in much lower concentrations. The highest outlier in 

the whole treatment train was seen in the upper layer of basin 1 (97.8 µg/g). The 

ΣPAHs(cancer) can be found in more detail in Table 110, Appendix F.  
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Figure 65: Median PAH concentrations in soil at each point at the treatment train in Lamb Drove, Cambourne (Housing 

Development). 
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Figure 66: Median LMW-PAH and HMW-PAH concentrations in soil by location and 

depth at the treatment train in Lamb Drove, Cambourne (Housing Development).  

 
Figure 67: Median ΣPAH(cancer) concentrations in soil by location and depth at the 

treatment train in Lamb Drove, Cambourne (Housing Development). 
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In Figure 68 median concentrations of the five most traffic related PAHs (BkF, BbF, 

BaP, IcP and BgP) and of the ΣPAHs by depth and location can be seen. The 

highest median concentrations of these compounds in basins was found in the first 

layer (0 – 20 mm) of the sampling points, the second and third layers exhibited 

similar levels. In addition, the compound with highest concentration was BbF (0.16 

µg/g) in swale 2. Swales presented a more complex behaviour, since in swale 2 the 

highest median concentrations of PAH compounds and ΣPAHs were found in the 

second layer, indicating accumulation of PAHs over time and penetration to greater 

depth. In all other stages the greatest ΣPAH concentrations were found in the first 

soil layers while the second and third layers had similar levels.  

 
Figure 68: Median concentrations of BkF, BbF, BaP, IcP, BgP and ΣPAHs with depth 

at the treatment train in Lamb Drove, Cambourne (Housing Development). 

6.2.2.1 PAH Behaviour in Treatment Train (Soils) 

There were greater concentrations of PAH compounds in the soil at the outlet (swale 

2) than at the inlet of the treatment train (basin 1). At the inlet the concentration of 

PAHs decreased with depth in the soil, but at the outlet PAHs appeared to 

accumulate in the second layer, possibly indicating a build-up in the soil. For LMW-

PAHs, greater concentrations were found at the inlet of the treatment train than at 
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the outlet. For the HMW PAHs, this was not the case as higher concentrations were 

seen at the last stage of the train, possibly due to other runoff sources joining along 

the treatment train. Interestingly, the five traffic related PAHs showed higher 

concentrations in the third layer of the last stage of the train (swale 2) than the rest of 

the stages, perhaps indicating a concern regarding down core leaching.  

6.2.2.2 Seasonal Performance and Accumulation 

The seasonal variations of BkF, BbF, BaP, IcP and BgP can be seen in Figure 69. In 

general, the highest concentrations of these five traffic related compounds were 

seen during winter and autumn, perhaps due to increased automobile activity. 

Moreover, high variability was seen in the minimum and maximum values for all five 

compounds in the first layer at the beginning (basin 1) of the treatment train. The 

highest peaks of BkF (5.3 µg/g), BbF (14.3 µg/g), BaP (10.5 µg/g), IcP (38.8 µg/g) 

and BgP (8.6 µg/g) were detected in Nov-11. Figure 70 shows the seasonal median 

variations of LMW-PAHs, HMW-PAHs and ΣPAHs per point along the treatment 

train. In general, the highest median concentrations of LMW-PAHs and HMW-PAHs 

were found between winter and autumn. Nevertheless, Figure 71 shows that median 

concentrations in the second layer of swale 2 were higher than the first layer, which 

may be evidence of down core PAH movement. The median, min and max BbF, 

BkF, BaP, IcP, BgP, LMW-PAH, HMW-PAH and ΣPAH concentrations per season in 

soils from the Lamb Drove treatment train can be found between Tables 79 and 82 in 

Appendix B.     
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Figure 69: Seasonal median BkF, BbF, BaP, IcP and BgP concentrations at the 

treatment train in Lamb Drove, Cambourne (Housing Development).  

 
Figure 70: Seasonal median LMW-PAH, HMW-PAH and ΣPAH concentrations at the 

treatment train in Lamb Drove, Cambourne (Housing Development). 

Basin 1 (LDSB1) Swale 1 (LDSS1) Basin 2 (LDSB2) 

Swale 2 (LDSS2) Control (LDSC) 

 Basin 1 
(LDSB1) 

 

Swale 1 
(LDSS1) 

 

 Basin 2 
(LDSB2) 

 

 Swale 2 
(LDSS2) 

 

Control 
(LDSC) 

 

 Basin 1 
(LDSB1) 

 

 Swale 1 
(LDSS1) 

 

 Basin 2 
(LDSB2) 

 

 Swale 2 
(LDSS2) 

 

Control 
(LDSC) 

 



187 
 

 
Figure 71: Median ΣPAH concentrations in swale 2 over time at Lamb Drove, 

Cambourne (Housing Development).  

6.2.2.3 Origin of PAHs in Soil 

In contrast to the aqueous PAHs, the majority of PAHs in soil showed a pyrogenic 

source of origin as LMW/HMW < 1 (Figure 72) and FLAN/(FLAN+PYR) < 0.5 (Figure 

73). However, according to these ratios a limited number of petrogenic PAHs were 

monitored in basin 2 and control. The IcP/(IcP+BgP) ratio indicates mixed pyrogenic 

sources of PAHs derived from incomplete combustion of fuel, coal or firewood. In 

addition, most of the PAHs were traffic related as the BaP/BgP ration was higher 

than 0.6 (Figure 74). However, the control point next to the treatment train showed 

that a small number of PAHs were derived from non-traffic petrogenic origins.  
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Figure 72: The LMW-PAHs/HMW-PAHs ration in soil for source mapping at the 

treatment train in Lamb Drove, Cambourne. 

 
Figure 73: Scatterplot of FLAN/(FLAN+PYR) against IcP/(IcP+BgP) for PAHs in soil 

for source mapping at the treatment train in Lamb Drove, Cambourne. 
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Figure 74: Scatterplot of BaP/BgP against IcP/(IcP+BgP) ratio of the PAHs in the soil 

for source mapping at the treatment train in Lamb Drove, Cambourne. 

6.3 Housing Development Discussion (Cambourne) 

6.3.1 Water 

The water quality of the SC SuDs and hybrid system was good compared to the 

guidelines of EQS (Environment Agency, 2013) (compare Table 25, Chapter 6.1.1 

with Table 2, Chapter 2.1). A previous study at the site showed higher BOD and 

COD levels from hybrid system compared to the SC SuDs site (Royal Haskoning, 

2012). However, this study showed slightly higher median COD concentrations at the 

SC SuDs site compare to the hybrid system. In general, very low concentrations for 

all these tests were found at the inlets of the site control detention pond. However, 

some peaks in TSS slightly exceeded guidelines (< 35 mg/l) for the protection of 

freshwater aquatic life, but most likely were dispersed into the large water volume of 

the pond (PI1: 52 mg/l and PI2: 39 mg/l) causing no major problems.  

The TPH concentration in water entering the regional control detention pond varied 

significantly.  Values ranged from 504 µg/l to 245 g/l on the hybrid side and 384 µg/l 

to 245 g/l on the SuDs side.  These peak values coincided and could either 
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represent an oil spill or autumnal influences of decaying vegetation, although as no 

corresponding increase in PAHs were observed the latter may be the cause.  These 

samples were compared with the rest of the sites and they were processed together 

with other samples (Lamb Drove and Mt Vernon Treatment Centre water samples) to 

verify that the GC-MS was not contaminated. In fact it would be more logical to find 

similar or greater TPH concentrations in soils, as it contains more hexane extractable 

material than water and this did not occur. Most likely the increased amount of 

rainfall during autumn transferred HEM into the drainage network and to the pond. In 

general dilution and other treatment mechanisms within the pond may allow this to 

be mitigated during its residence time in the pond. Nevertheless, high concentrations 

of hydrocarbons, even sporadic, can cause serious effects in the aquatic 

environment and indirectly to human life.  

Furthermore, in a previous a study (Royal Haskoning, 2012) PAH compounds BkF, 

BbF, BaP, IcP, BgP were monitored at the same SuDs and hybrid sites, with greater 

concentrations detected at the hybrid site compare to the SuDs site. In this study 

these compounds were below detection limits in an aqueous form at the SC SuDs 

site, but BbF was detected at the hybrid drainage site and at the inlets of the 

detention pond (PI1 and PI2). The maximum concentrations of this compound at the 

inlets of the large pond exceeded the maximum contaminant level of 0.2 µg/l, 

recommended by the U.S. Environmental Protection Agency (USEPA, 2011b). Most 

BbF is expected to be adsorbed to sediments with that dissolved in water susceptible 

to the processes of volatilization, photolysis and photo oxidation. However, dissolved 

BbF is not expected to be significant, but bio-concentrations of this compound in fish 

may be an issue. However, fish can rapidly metabolize PAHs by the action of 

microsomal oxidase (Toxnet, 2013).  

In addition, NAP and ACE at the inlets of the detention pond and at the SC SuDs 

and hybrid drainage sites overall remained under EQS of guidelines for the 

protection of freshwater aquatic life (Environment Agency, 2011; CCME, 2008). 

Likewise, PYR did not exceed guidelines (0.3 - 10 µg/l) for urban runoff at the hybrid 

drainage and at the inlets (PI1 and PI2) of the large pond (Speclab, 2013). PYR is 

expected to adsorb very strongly to sediments and particulate matter (Pubchem, 

2004). Median concentrations of ΣPAHs at the inlets of the large pond and at the 
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hybrid drainage reached 2.0 µg/l (PI1), 1.7 µg/l (PI2) and 2.0 µg/l (FRW) respectively 

and those at the outlet were less than 3 µg/l, all less than the EQS water quality 

guidelines for the protection of freshwater life in NZ (ANZECC, 2000). 

6.3.2 Soil  

The soil samples that were collected in this case study were from critical points of 

the treatment train to analyse and evaluate its performance in terms of hydrocarbon 

treatment efficiency as well as determining the behaviour of these pollutants the soil. 

TPH concentrations can be easily influenced by fulvic and humic acids in the soil 

(EPA Method 1664 revision A, 2012). Thus, the concentrations of individual PAH 

compounds provide more reliable results in terms of hydrocarbon pollution. Despite 

the fact that none of the 5 traffic related PAH compounds were detected in water 

samples from hybrid or SC SuDs, unlike in a previous study (Royal Haskoning, 

2012), accumulations of all these PAH compounds were identified in the soil 

samples along the treatment train. According to the World Health Organization 

(WHO/IPCS, 1998), concentrations in soil from sources such as automobile exhaust, 

are in the range 2 - 5 μg/g; for unpolluted areas 0.005 – 0.1 μg/g and for areas near 

to industrial sources the individual PAH levels could reach up to 1000 μg/g. The most 

common of these traffic related compounds is BaP, which can cause significant 

accumulations in exposed organisms. In soils, BaP tends to bind very strongly to 

particles, but there is also the possibility of small amounts leaching to groundwater. 

In addition, BaP is considered a Persistent Organic Pollutant (POP) as it is generally 

stable (5 rings), but it can remain and travel in the environment for a long period of 

time. Median BaP concentrations in the soil samples along the whole treatment train 

did not exceed the recommended EQS (0.16 μg/g) UK National Guideline 

(Environment Agency, 2013). The highest median concentration (0.12 μg/g) of this 

compound was found in swale 2, indicating transport of the compound through all 

three previous stages. The highest peak BaP was found in the second soil layer in 

swale 2 rather than the first layer. Moreover, the highest overall concentration of BaP 

was found in both swales. BkF, BbF, IcP, BgP and ΣPAHs also presented higher 

median concentrations in both swales compared to the basins. In general, potential 

release of BaP to third layers causes concern as according to CCME (2008), it is 

classified as a probable human carcinogen.   
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Furthermore, HMW-PAHs showed higher concentrations compared to LMW-PAHs in 

the soil, as the majority of LMW-PAHs have hydrophilic tendencies and can be 

transferred with runoff to the environment, avoiding soil adsorption. HMW-PAH 

concentrations were highest in winter compared to LMW-PAHs that presented more 

complex seasonal behaviour. In general ΣPAH concentrations were higher in the first 

layer of every stage of the treatment train, except swale 2. Accumulation and 

leaching of the ΣPAHs as well as ΣPAHs(cancer) was clear at this point as the 

highest ΣPAH and  ΣPAH(cancer) concentrations were found in the second layer 

(2.0 μg/g and 1.139 μg/g respectively) of swale 2 with the first layer showing the 

lowest median concentrations between all three layers. PAHs can reach 

groundwater and fresh surface water by leaching through soil and by surface run-off 

(CCME, 2008). However, this monitoring only went to a depth of 6 cm and the results 

generally show that leaching is not an immediate problem. 

6.3.3 Conclusions 

In general the SC SuDs (Lamb Drove) presented lower LMW-PAHs and ΣPAHs in 

water compare to the hybrid drainage system (Friar Way). However, the inlet (PI1) of 

the detention pond that receives water from Lamb Drove presented similar and 

slightly higher median LMW-PAH and ΣPAH concentrations compare to the inlet that 

receives water from the hybrid system. This may suggest that the conventional pipes 

that connect both systems with the detention pond receive additional runoff 

influencing the final PAH concentrations that the detention pond received (PI1 and 

PI2). In addition, the detention pond received from both inlets substantial amounts of 

TPHs that maybe due to the existence of different type of PAHs (not included in this 

study) or hydrocarbon by-products. Generally, the treatment train provided good 

hydrocarbon treatment performance by trapping PAHs in soil, with the highest 

median ΣPAH concentrations found in the swales rather than the basins of the 

system. The wider land use of the basins most likely scattered PAHs reducing point 

concentrations. Another case study that involved permeable (SC and treatment train) 

and conventional asphalt (non-vegetated swale) car parks is presented in Chapter 

7.0.  

 



193 
 

7.0 RESULTS - DISCUSSION OF CAR PARKS 

(MT VERNON TREATMENT CENTRE, LONDON) 

7.1 Water Quality Results 

This chapter examines the water quality of two car parks, one porous and one 

standard asphalt, at the Mount Vernon Treatment Centre in London (Chapter 4.2.3). 

The parking load of the porous asphalt car park (150 - 200 cars) is bigger than the 

standard asphalt car park (110 cars). Also included in the monitoring was a standard 

asphalt access road, which connects the two car parks to the main road network and 

received runoff from storm drains. The water samples for the porous asphalt car park 

and standard asphalt access road were collected by manhole chambers, while for 

the standard asphalt car park the samples were collected from a storm drain. 

Temperature, antecedent dry period and rainfall are presented in detail in Table 114, 

Appendix H. 

7.1.1 Water Quality  

Water quality parameters showed lower median BOD and COD concentrations for 

the porous asphalt car park (SC) compared to the standard asphalt car park and 

access road (Figure 75). The highest median BOD and COD concentrations were 

detected at the standard asphalt car park at 3.72 mg/l and 44.5 mg/l respectively. 

However, the standard asphalt access road demonstrated the highest COD 

variability and the highest peak of 129 mg/l. TSS and VSS (Table 83, Appendix C) 

concentrations were low compare to the recommended EQS (Table 2, Chapter 2.1) 

and their peak values showed low variability. However, higher median 

concentrations of TSS were monitored for the porous asphalt car park. Moreover, 

conductivity showed great variability for the standard asphalt car park and there was 

a large difference between the adjacent car parks regarding their median 

concentrations (190 µS/cm and 1,769 µS/cm for the standard and porous car park 

respectively). In addition, the standard asphalt access road (1,690 µS/cm) showed 

similar median concentration to the porous asphalt car park, which may indicate that 

EC variations are possibly being influenced by the amount and frequency of salts 

that are used  during autumn and winter. Both car parks had similarly alkaline pH 

with the standard asphalt access road having highest alkalinity (9.9 and 11.5 
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respectively), possibly because the storm-water encountered alkaline ingredients 

(limestone or other carbonates) the asphalt mixture or from the manhole’s concrete 

chambers (Kaushal et al., 2013). The full set of data for the general water quality 

parameters of these porous and standard asphalt sites can be seen in Table 83, 

Appendix C.    

 
Figure 75: Basic water quality parameters in porous (SC) and standard asphalt sites 

at Mt Vernon Treatment Centre, in London. The cross symbol “+” in the graph 

signifies outliers (Car Parks).  

7.1.1.2 Seasonal Variations and differences 

The highest peaks of BOD (SA: 39.8 mg/l) and COD (AR: 129 mg/l) were observed 

in May-12 and Sep-11 respectively. BOD, COD, TSS and VSS concentrations in 

terms of time in the porous and standard asphalt drainage sites are presented in 

Figure 76. In general, BOD and COD from all the sites showed highest median 

concentrations during the summer. High COD variability was seen in all three sites 

during autumn. Organic matter accumulations and hence  COD can be influenced by 

ADP (Table 114, Appendix H) and rainfall precipitation. Organic matter and inorganic 

matter can build up over large ADP and carried away by strong storm events causing 

an increase of COD, BOD and SS. Median concentrations of SS (27.8 mg/l) were 
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highest during winter for the porous asphalt car park (SC), probably due to small 

particles of silt or most likely dead vegetation (contributing biogenic material). 

However, on the standard asphalt the median concentrations of SS were highest 

during spring (SA: 17.5 mg/l and RA: 18 mg/l), possibly due to higher amounts of silt 

directed into the storm drain. In addition, there were significant differences between 

porous and standard asphalt car parks in terms of BOD (logarithmic scale) levels 

(Two-Sample T-Test, T-Value = -2.24, DF = 13, p = 0.043).  

 
Figure 76: BOD, COD, TSS and VSS concentrations in porous and standard asphalt 

drainage car park sites over time at Mt Vernon Treatment Centre, in London.   

Furthermore, the highest median EC concentrations from the porous car park and 

standard asphalt access road were seen during the spring (2,240 µS/cm and 2,180 

µS/cm respectively), while the highest median concentration of the standard asphalt 

car park (1,173 µS/cm) was seen during the autumn. However, the highest peaks of 

SS, conductivity and pH levels were seen in Jan-12 with 39 mg/l (porous asphalt car 

park), 2,370 µS/cm (porous asphalt car park) and 11.5 (standard asphalt access 

road) respectively (Figure 76 and 77).  
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Figure 77: Conductivity and pH levels in porous and standard asphalt drainage car 

park sites over time at Mt Vernon Treatment Centre, in London. 

EC from the porous asphalt was much higher than from standard asphalt and 

decreased over time. Higher EC in the porous asphalt could possibly indicate 

evaporation from the voids of the porous asphalt (i.e. ions in solution become more 

concentrated) (Figure 78). Dilution and wash off over time could then possibly 

decrease the EC of the porous asphalt. Moreover, significant EC differences were 

detected between porous (SC) and standard asphalt car park using the 

logarithmically transformed EC (Mood Median Test, H = 9.00, DF = 1, p = 0.002). In 

addition, significant differences between the standard asphalt car park and the highly 

trafficked access road were detected in terms of EC (Mood Median Test, H = 6.89, 

DF = 1, p = 0.046) and pH levels (Two-Sample T-Test, T-Value = -7.87, DF = 12, p = 

0.000). The different patterns of EC over time between the standard asphalt car park 

and access road are probably caused by the higher traffic loads that the access road 

receives. More extensive monitoring could help in better understanding the 

behaviour of the general water quality parameters between standard and porous 

asphalts. 
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Figure 78: EC and temperature of porous asphalt car park over time, at Mt Vernon 

Treatment Centre, in London.  

7.1.2 Dissolved Hydrocarbon Concentrations (Car Parks) 

7.1.2.1 Total Petroleum Hydrocarbons  

Median, minimum and maximum values of DRO, ERO and TPH are presented in 

Table 28. Higher DRO and TPH median concentrations were detected in runoff from 

the porous asphalt car park (710 µg/l), but low ERO concentrations were detected. 

Less dissolved EROs is expected as heavier hydrocarbons are more difficult to 

dissolve since they are preferentially adsorbed to suspended solids. Moreover, high 

variability was seen in the minimum and maximum values of all three drainage sites.  
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Table 28: Median, minimum and maximum values of DRO, ERO and TPH in the 

porous and standard asphalt sites at Mt Vernon Treatment Centre, London. 

Variable  
Median 
(µg/l) 

Min 
(µg/l) 

Max 
(µg/l) 

N Point Location Case 

DROs  

710 107 2,591 11 PA Mt Vernon (London) Car Park 

463 182 2,329 11 SA Mt Vernon (London) Car Park 

602 142 2,331 11 AR Mt Vernon (London) Car Park 

EROs  

BDL BDL 1,831 11 PA Mt Vernon (London) Car Park 

BDL BDL 1,919 11 SA Mt Vernon (London) Car Park 

BDL BDL 990 11 AR Mt Vernon (London) Car Park 

TPHs  

710 148 4,423 11 PA Mt Vernon (London) Car Park 

463 213 3,112 11 SA Mt Vernon (London) Car Park 

603 169 2,845 11 AR Mt Vernon (London) Car Park 

 

7.1.2.2 Dissolved PAH Concentrations (Car Parks) 

Median PAH concentrations of the porous and standard asphalt sites are presented 

in Figure 79. In general, the majority of the PAH compounds that were found in the 

manhole chambers and storm drain of the porous and standard asphalt drainage 

were LMW-PAHs. The only PAH compounds detectable in the porous and standard 

asphalt car parks were NAP and 2MN with the porous asphalt showing slightly 

higher median concentrations. However, greater variety of PAH compounds was 

seen from the standard asphalt access road probably due to the extensive use of 

this road for cars, ambulances and especially buses, as it is the main entrance for 

emergencies and providing services to the public. The spikes of NAP, ACY, ACE, 

FLU and FLAN from the highly trafficked access road can be seen in the “fingerprint” 

in Figure 79. In all three drainage sites NAP presented the highest concentrations as 

it has more hydrophilic tendencies (lowest molecular weight) compare to the rest of 

PAHs, but it did not exceed the recommended EQS (Table 8, Chapter 2.2.1). Table 

84 and 85 in Appendix C presents the values for PAH compounds. 
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Figure 79: Median PAH concentrations in water from porous and standard asphalt car parks and access road at Mt Vernon 

Treatment Centre, in London. 
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7.1.2.3 Porous – Standard Asphalt Comparison  

In general, higher concentrations of DRO and TPHs were detected from the porous 

asphalt car park (SC) compared to both the standard asphalt car park and standard 

asphalt access road. Moreover, slightly higher concentrations of NAP and 2MN 

compounds were found at the porous asphalt car park (SC) compared to the 

standard asphalt car park. However, potentially higher evaporation from the porous 

asphalt could result in higher concentrations in the manhole chamber and 

consequently increased concentrations of TPHs, NAP and 2MN. Finally, a variety of 

four individual PAH compounds (ACY, ACE, FLU and FLAN) were only seen in the 

standard asphalt access road, possibly due to increased traffic use or asphalt 

weathering. However, their concentrations were below below hazardous levels.    

DRO and ERO concentrations of the porous and standard asphalt sites over time are 

presented in Figure 80. In general, concentrations of DROs and EROs increased 

over time in this case study. In addition, these parameters may be influenced by the 

availability of biogenic material, which is higher during autumn and winter. The 

highest median DRO and ERO concentrations were during the winter with their 

highest peaks in Nov-12 (2,591 µg/l and 1,919 µg/l respectively).  

 
Figure 80: DRO and ERO concentrations in water of porous and standard asphalt 

drainage sites over time at Mt Vernon Treatment Centre, in London.  
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In general, TPH concentrations increased over time with the highest concentrations 

found from the porous asphalt car park compared to the standard asphalt car park 

(Figure 81) or the access road. The highest peaks found during the autumn (Nov-11 

and Nov-12) were probably due to accumulation of organic debris in the system. 

However, no significant differences were detected in terms of seasonality, rainfall 

and antecedent dry period for DRO, ERO and TPH concentrations.  

 
Figure 81: TPH concentrations in water of porous and standard asphalt drainage 

sites over time at Mt Vernon Treatment Centre, in London (Car parks). 

LMW-PAHs, HMW-PAHs and ΣPAHs over time from the porous and standard 

asphalt sites are presented in Figures 82 and 83. In general, the highest median 

LMW-PAH concentrations were found in autumn, while the highest median HMW-

PAH concentrations were seen in summer for all three sites. The highest 

concentration of LMW-PAHs (11.4 µg/l) was found in Jul-12 in the porous asphalt car 

park (SC) and the highest concentration of HMW-PAHs (3.6 µg/l) was found in Mar-

13 at the standard asphalt car park. The min, max and median LMW-PAH, HMW-

PAH and ΣPAH concentrations can be found in Table 86, Appendix C.    
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Figure 82: LMW-PAH and HMW-PAH concentrations from of porous and standard 

asphalt sites over time at Mt Vernon Treatment Centre, in London. 

Furthermore, the highest median ΣPAH concentrations from all three sites were seen 

during summer (PA: 7.416 µg/l, SA: 3.431 µg/l and AR: 5.149 µg/l). Initially ΣPAH 

concentrations which mainly consisted of LMW-PAHs gradually decreased over time 

(between Sep-11 and Mar-12) (Figure 83). The standard asphalt access road 

demonstrated the highest concentrations of ΣPAHs and the standard asphalt car 

park the lowest. This trend reflects the behaviour of several combined PAH 

compounds involving multiple processes such as asphalt weathering, PAH dilution, 

biodegradation, volatilization and solubility. Therefore, to focus on the leaching of 

PAHs from permeable and conventional asphalt and reveal the fate of the PAH 

compounds associated with asphalt, an asphalt leaching experiment was devised to 

simulate PAH behaviour and investigate the processes of weathering and solubility 

between porous and standard asphalt. However, the general patterns of the PAH 

compounds of the standard asphalt access road and porous and standard asphalt 

car parks changed after May-12, when the laboratory leaching experiment started. 

More information regarding the patterns of the leaching experiment with real life 

applications can be found in Chapter 9.0.   
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Figure 83: ΣPAH concentrations of porous and standard asphalt drainage sites over 

time at Mt Vernon Treatment Centre, in London. 

7.1.2.4 Origin of PAHs in Water 

LMW-PAHs/HMW-PAHs ratio in this case study could not be used due to data 

limitations. The different approaches to identify the sources of the PAHs gave 

varying results, since the limited number of individual PAH compounds present 

restricted the use of ratios: FLAN/(FLAN+PYR) with IcP/(IcP+BgP) and BaP/BgP 

with IcP/(IcP+BgP). However, the scatterplot of NAP with 2MN in Figure 84 suggests 

that the majority of the PAHs derive from combustion sources with a few PAHs 

deriving from non-combustion sources as the majority of the points are located 

closer to NAP. The use of only one method to identify the PAH origin created an 

uncertain conclusion regarding the source of the PAHs in the water.   
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Figure 84: Scatterplot of NAP and 2MN of the water samples from porous and 

standard asphalt sites at Mt Vernon Treatment Centre, in London.  

7.2 Soil Quality (Car Parks) 

The median moisture contents per layer from the porous and standard asphalt sites 

are presented in Figure 85. In general the moisture content of the forest soil next to 

the standard asphalt car park was almost double that of the swale, basin and the 

control point next to the porous asphalt car park (SC), possibly because increased 

organic matter in forest soils can sustain higher moisture content. Figures 108 – 112, 

Appendix G show some selected TPH chromatograms of the samples collected from 

the forest compared to these collected from the basin and the control point next to 

the porous asphalt car park. The area under the peak of the UCM (Chapter 4.6.3.6) 

in the chromatograms is much greater in the forest samples (red chromatogram) 

than the rest (green chromatogram) suggesting higher accumulations of HEM from 

leaf litter etc. The highest median moisture contents were in the first layers with a 

progressive decrease with depth. However, the moisture content from the swale 

adjacent to the standard asphalt car park did not present a very clear pattern.  

To support these observations, significant differences between moisture content and 

sampling points were detected (Mood Median Test, H = 79.32, DF = 4, p = 0.000), as 
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well as significant differences between moisture content and the layers in the swale 

(ANOVA, F(2,30) = 4, MSE = 29.3, p = 0.03) and basin (ANOVA, F(2,30) = 11.61, 

MSE = 34.8, p = 0.000) next to the porous asphalt car park. Table 87 in Appendix C 

shows the moisture content of the porous and standard asphalt sites.  

 
Figure 85: The moisture content in soils per layer from porous (SC) and standard 

asphalt car parks at Mt Vernon Treatment Centre, in London. The cross symbol “+” 

in the graph signifies outliers (Car Parks).  

7.2.1 Petroleum Hydrocarbons in soils (London) 

Median DRO and ERO concentrations from porous (SC) and standard asphalt sites 

are presented in Figure 86. In general higher median DRO than ERO values were 

seen in soils of all sites. EROs were only detected in the basin of the porous asphalt, 

and in the swale and the control point next to the standard asphalt, with the highest 

concentration seen in the first layer of swale (2.2 μg/g). In addition, higher median 

DRO concentrations were in the first and second layers of the swales in both sites. 

However, substantial outliers and high variability was seen for minimum and 

maximum DRO values with the highest peak being at the standards asphalt swale 

(1,301,539 µg/g). Table 88, Appendix C shows the summary of the full data set.    
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No clear pattern of background pollution was seen in the control points for either site. 

However, median DRO and ERO concentrations were higher from the control points 

compared to the SuDs with the highest peak in ERO values from the forest control 

point (71 µg/g). Higher background TPH concentrations could indicate the presence 

of a wide range of hydrocarbons in the “natural” soil or HEM.  

 

Figure 86: Median DRO, ERO and TPH values in soils from porous (SC) and 

standard asphalt car parks at Mt Vernon Treatment Centre, in London.  

Both sites show a similar pattern having the greatest concentrations of DRO, ERO 

and TPH mainly in the first and second layer. Moreover, both sites showed similar 

median DRO concentrations with the porous asphalt SuDs being slightly higher. 

However, EROs were only detected in the non-vegetated swale. The basin had 

lower concentrations of DROs, EROs and TPHs than the swales, probably because 

relatively low rainfall gave little runoff for infiltration.  

7.2.2 PAH Concentrations 

Median PAH concentrations for the both sites are presented in Figure 87. Generally, 

the soil of both sites had a higher variety of HMW-PAHs than LMW-PAHs, with 

similar median concentrations of HMW-PAHs. In addition, the highest median PAH 
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concentrations were in the basin next to the porous asphalt car park (SC). However, 

very high median concentrations were found from the control points of both sites 

possibly indicating the existence of a common background PAH burden in the soil. 

Contributors of background pollution could be soil fill or atmospheric deposition, 

which in cities such as London can be quite significant. Median concentrations of 

individual PAHs at both sites can be found in Tables 89 – 94, Appendix C.    

Median LMW-PAH and HMW-PAH concentrations per layer for both are presented in 

Figure 88. It can be clearly observed that concentrations of HMW-PAH are much 

greater in the soil samples than LMW-PAHs. In addition, the highest median HMW-

PAH and LMW-PAH concentrations were found in the first layer for both sites. 

However, the HMW-PAHs and LMW-PAHs demonstrated a clear gradual decrease 

with depth next to the porous asphalt site (treatment train), but not so clear 

behaviour next to the standard asphalt site. Table 95 in Appendix C provides more 

information for the LMW-PAH, HMW-PAH and ΣPAH concentrations in soils for both 

sites.    
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Figure 87: Median concentrations in soils of the individual monitored PAHs from porous (SC) and standard asphalt car parks at Mt 

Vernon Treatment Centre, in London. 
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Figure 88: The median LMW-PAH, HMW-PAH and ΣPAH concentrations per soil 

layer from porous (SC) and standard asphalt car parks at Mt Vernon Treatment 

Centre, in London.  

Median concentrations of the five traffic related PAH compounds and ΣPAHs are 

compared in Figures 89 and 90, which show an increase with depth for the control 

points from both sites. The control point of the porous asphalt car park had higher 

median concentrations than that of the standard asphalt car park, possibly because 

the grass and trees slowed down atmospheric deposition in the soil. Further 

information about BbF, BkF, BaP, IcP, BgP and ΣPAH concentrations in soils of the 

SuDs and conventional/hybrid sites can be found in Tables 93, 94 and 95, Appendix 

C.    
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Figure 89: Median concentrations of BbF, BkF and BaP per soil layer from porous 

(SC) and standard asphalt car parks at Mt Vernon Treatment Centre, in London.  

 
Figure 90: Median concentrations of IcP, BgP and ΣPAHs per soil layer from porous 

(SC) and standard asphalt car parks at Mt Vernon Treatment Centre, in London. 
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7.2.2.1 Soils Comparison (Car Parks, London) 

A similar variety of PAH compounds were found at the both sites, but the highest 

median concentrations found in the basin of the porous asphalt car park were almost 

twice that found in the swale. However, PAH concentrations from the basin were 

skewed by two extremely high values associated with the basin. The highest ΣPAH 

values were found in Sep-11 (271.2 µg/g) and Jan-12 (299.4 µg/g). High 

concentrations such as these were maybe caused by filled material that was 

potentially mixed during the construction process (Figure 91).   

 
Figure 91: ΣPAH concentrations from the basin per soil layer next to the porous 

asphalt over time at Mt Vernon Treatment Centre, in London.  

In addition, both sites showed the highest median LMW-PAH concentrations in the 

first layer and the same distribution of LMW-PAH concentrations between all three 

layers. However, very low LMW-PAH concentrations were found compared to HMW-

PAH. The highest HMW-PAH concentrations were from the first layer of both sites. 

However, median HMW-PAH concentrations progressively decreased down core, 

while the soils next to the standard asphalt car park showed an irregular behaviour. 

Similarly, the highest median concentrations of traffic related pollutants and ΣPAHs 
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were from the first layer of the soils next to the porous asphalt car parks, but no clear 

pattern existed in soils next to standard asphalt car park.  

Median TPH and ΣPAH concentrations in soils per point are presented in Figure 92, 

showing different behaviour at each sampling point, probably due to variability in the 

soils or the TPHs being influenced by humic and fulvic acids.  The porous asphalt 

fed into a swale and the standard asphalt into a ditch in the forest, no significant 

differences were seen between hydrocarbon concentrations in soils from both 

locations. 

 
Figure 92: TPH and ΣPAH concentrations in soils per point from porous (SC) and 

standard asphalt car parks at Mt Vernon Treatment Centre, in London.  

7.2.2.2 Seasonal Variations (Car Parks)  

DRO, ERO and TPH concentrations in soils from both sites are presented in Figure 

93. The highest DRO and TPH concentrations from both sites were found between 

autumn (Nov-11) and winter (Jan-13) with the highest in Nov-11. The DRO and TPH 

concentrations in Nov-11 were higher by many orders of magnitude skewing the rest 

of the results, but the much lower concentrations of DROs and TPHs that were found 

over time possibly indicate the effectiveness of the degradation mechanisms 

involved in the SuDs. The extreme DRO concentrations were potentially caused by 
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an accidental diesel spillage reported to have occurred next to the site (anonymous 

personal communication). There is also the possibility that in an attempt to move the 

spillage the control points were contaminated, presenting similar concentrations of 

DROs. However, the EROs exhibited no pattern showing only a spike during Jul-12.  

 
Figure 93: DRO, ERO and TPH concentrations in soils from porous (SC) and 

standard asphalt car parks at Mt Vernon Treatment Centre, in London.  

Seasonal concentrations of BkF, BbF, BaP, IcP, BgP and ΣPAH are presented in 

Figures 94 and 95. Generally, the highest median concentrations of these PAH 

compounds and of the ΣPAHs were during autumn and summer at the SC site, while 

the highest median concentrations at the hybrid site were monitored during summer. 

However, the highest peaks of BkF, BbF, BaP, IcP, BgP and ΣPAHs were found in 

Jan-12 (10.8 µg/g, 28.9 µg/g, 46.9 µg/g, 28.3 µg/g, 18.8 µg/g and 299.40 µg/g 

respectively). The seasonal concentrations of Figures 94, 95 and 96 can be found 

between Tables 96 and 98 in Appendix C.  
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Figure 94: Seasonal variations in median BkF, BbF, BaP concentrations from porous 

(SC) and standard asphalt car parks at Mt Vernon Treatment Centre, in London.  

 
Figure 95: Seasonal variations in median IcP, BgP and ΣPAH concentrations from 

porous (SC) and standard asphalt car parks at Mt Vernon Treatment Centre, in 

London.  
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LMW-PAH and HMW-PAH concentrations from both sites by season are presented 

in Figure 96. Separating the PAH compounds into LMW-PAHs and HMW-PAHs, it is 

clear that HMW-PAHs dominate in soils compared to LMW-PAHs. All the sites had 

highest concentrations in summer, apart from the swale next to the porous asphalt 

car park, in autumn. In addition, the highest peaks of LMW-PAHs and HMW-PAHs 

were detected in the basin next to the porous asphalt car park in Sep-11 (83.6 µg/g) 

and Jan-12 (255.8 µg/g) respectively.  

 
Figure 96: Median LMW-PAH and HMW-PAH concentrations per season from 

porous (SC) and standard asphalt car parks at Mt Vernon Treatment Centre, in 

London.  

7.2.2.3 Origin of PAHs in Soils (Car Parks, London) 

The generalised LMW/HMW ratio showed pyrogenic origin for the majority of the 

PAHs in both sites (Figure 97). A small fraction of PAHs derived from petrogenic 

sources in the swale next to the porous asphalt and in the forest control point. 

Moreover, PAH ratios in soils next to the porous and standard asphalt car parks 

suggest pyrogenic origin, characterised by IcP/(IcP+BgP) > 0.5 (Figure 98). In 

addition, the FLAN/(FLAN+PYR) ratio was higher than 0.5, which suggests that most 

of the PAHs are derived from coal/wood/grass combustion sources; however a small 
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proportion is lower than 0.5 indicating that a minor amount was derived from fuel 

combustion.  

 
Figure 97: The LMW-PAHs/HMW-PAHs ratio in soils next to porous (SC) and 

standard asphalt car parks at Mt Vernon Treatment Centre, in London. 

 
Figure 98: Scatterplot of FLAN/(FLAN+PYR) and IcP/(IcP+BgP) ratios in soils next to 

porous (SC) and standard asphalt car parks at Mt Vernon Treatment Centre, in 

London.  
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Despite the fact that the BaP/BgP (indicator for traffic and non-traffic sources) ratio is 

considered less promising as a molecular diagnostic ratio, Figure 99 shows an 

indication of traffic and non-traffic related sources regarding fuel and 

coal/wood/grass combustion. This shows what traffic emissions were linked most 

likely to atmospheric deposition as the ratio was higher than 0.6. Moreover, the 

IcP/(IcP+BgP) ratio suggests mostly coal/wood/grass combustion rather than fuel 

combustion.  

 
Figure 99: Scatterplot of BaP/BgP and IcP/(IcP+BgP) ratios from the soils next to 

porous (SC) and standard asphalt car parks at Mt Vernon Treatment Centre, in 

London.  

It is therefore unclear if the PAHs detected in this study represent fresh or old 

pollution. The degradation processes and the half-lives of the PAHs according to 

their physico-chemical properties can change their concentrations and 

consequentially the ratios that were produced in Figures 98 and 99, by eventually 

changing the shape of the clusters. Therefore, the implications of different PAH 

decay rates for source apportionment derived from PAH ratios can be significant, as 

the source identification cannot not distinguish between “fresh” and “old” 

hydrocarbon pollution.  
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7.3 Car Parks Discussion (London) 

7.3.1 Water Quality 

In general, SS and BOD levels from the SuDs and conventional sites did not exceed 

20 mg/l and 15 mg/l respectively. COD showed higher variability than BOD, but the 

highest peak from the standard asphalt access road did not exceed 129 mg/l (125 

mg/l the recommended EQS for the protection of surface water) (Environment 

Agency, 2013). The pH levels ranged from 7 to 9 for both standard and porous 

asphalt car parks between similar alkaline levels, but extreme pH levels (9.4 – 11.5) 

were monitored at the standard asphalt access road, possibly because cleaning 

fluids (NaOH) (Prevor, 2011) or alkaline ingredients such as limestone or other 

carbonates the asphalt mixture was released due to weathering of the heavily 

trafficked road surface. Water from the standard asphalt access road exceeded the 

recommended EQS guidelines (pH: 6 – 9) for the protection of freshwater aquatic life 

(median = 9.9) (Environment Agency, 2013). Alkaline water promotes the breakdown 

of large asphalt molecules into smaller more soluble components (Black Diamond 

Paving, 2012).  

Higher EC was found from the porous rather than the standard asphalt car park 

possibly due to the different amount of salts that were dispersed on each car park. 

Porous asphalt requires less salt during winter due to little or no black ice, therefore 

higher concentration of salts may increase the EC levels (Pavement Interactive, 

2010). The highest EC variability was seen from the standard asphalt access road 

possibly again due to the extensive and frequent usage of this surface. According to 

the Environment Agency and Water Framework Directive, runoff from standard and 

porous asphalt car parks could be released to the environment without any additional 

type of treatment as they comply with the recommended EC EQS for the protection 

of freshwater aquatic life (Environment Agency, 2013).  

In addition, individual PAH concentrations were below the Environment Agency 

EQS, but the ΣPAH peaks from the standard asphalt sites (standard asphalt car 

park: 3.7 µg/l, porous asphalt car park: 2.6 µg/l, standard asphalt access road: 5.3 

µg/l) exceeded the New Zealand EQS of 3 µg/l (Environment Agency, 2013; 

ANZECC, 2000). These concentrations reflect hydrocarbon pollution in the manhole 

chambers, which can change significantly over time through the processes of 
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microbial degradation and dilution before they finally reach the environment. 

Moreover, the multiple air voids or cells in the permeable asphalt provide source 

control though degradation of hydrocarbons into dioxide and water (Pavement 

Interactive, 2011). A greater variety of PAH compounds found in soils next to the car 

parks than from the water, perhaps due to the dominant swift adsorption process and 

the long residence time of PAHs in soil compared to water (Environment Agency, 

2013).  

7.3.2 Soil 

In general higher median TPH concentrations were found in soil receiving runoff from 

the standard asphalt car park compared to the porous asphalt car park. In addition, 

TPH concentrations from the forest control point (46.1 µg/g), were higher than those 

from the swale next to the standard asphalt (42.6 µg/g), which may be due to 

existence of more HEM. Therefore, the TPH concentrations may not represent 

hydrocarbon pollution as fulvic and humic acids from soil can interfere with GC-MS 

readings. Analysis of PAHs provides more reliable results in terms of hydrocarbon 

pollution, because extraction and sample clean-up eliminates fulvic and humic acids.  

Theoretically the swale and basin next to the porous asphalt car park were designed 

to receive similar quantities of runoff and in case there was an excess quantity of 

runoff, the swale was designed to be connected to the basin in order to be able to 

transfer, manage and disperse any overflow runoff to the basin. However, in practise 

the swale received runoff along its sides, and due to the elevated ground between 

the swale and the basin, water accumulated in the swale. Essentially, a slight 

mistake in construction probably affects the mechanisms that take place in the swale 

and basin and consequentially, the behaviour and accumulation of PAHs. In general, 

the basin next to the porous asphalt car park had higher PAH concentrations than 

the swales. The basin was rarely used so tended to be drier than the swales. In the 

swales rain may adsorb and disperse airborne as well as soluble PAH deposition. 

The vegetated swale next to the porous asphalt parking had similar concentrations 

and variety of PAHs compared to the non-vegetated swale next to the standard 

asphalt car park, indicating that the source of PAHs may be the same and the 

vegetation did not change dispersion patterns.  
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In general the soil had higher median HMW-PAH concentrations than LMW-PAHs 

and next to the porous asphalt car park a progressive decrease in their 

concentrations was seen with depth. However, the concentrations in the swale and 

forest control point next to the standard asphalt car park had an irregular pattern in 

terms of layers. The highest median HMW-PAH and LMW-PAH concentrations next 

to both porous and standard asphalt car parks were found during summer, whereas 

Zhou et al., (2005) and Tan et al., (2006) suggest highest levels in winter because of 

increased traffic, lower temperatures, less wet deposition and slower photolysis and 

degradation rates. With adsorption as the dominant process in soils the half-lives of 

the PAHs ranged from 152 to 313 days for 3-ring PAHs and from 117 to 492 days for 

4 and 5-ring PAHs (Oleszczuk & Baran, 2003). Therefore questions may rise 

regarding the magnitude of the accumulation and degradation rates of PAHs in soils 

of these SuDs. Unfortunately the limited data cannot produce linear regression in 

order to determine this relationship.    

The highest median BbF and BaP concentrations were found at the basin next to the 

porous asphalt car park (1.14 µg/l and 1.02 µg/l respectively). Moreover, the UK 

national guideline for the protection of soil quality recommends EQS for BaP of 0.16 

µg/g. Every sampling point next to the SuDs and conventional sites exceeded this. It 

is considered a Persistent Organic Pollutant (POP) as it is generally stable and can 

remain and travel in the environment for a long period of time (half-life of 8.2 years 

(Environment Agency, 2013). Moreover, the median concentrations of BaP and of 

the 4 traffic linked PAHs (BkF, BbF, IcP and BgP) showed higher levels in the first 

layer of the soil in autumn and summer, with ΣPAHs following the same pattern. 

According to Jefferies et al. (2008), moisture content is a crucial factor affecting the 

behaviour and preservation of PAHs in soil samples. In addition, there was limited 

association between LMW-PAHs and moisture content in soils, but HMW-PAH 

concentrations, were generally inversely proportional to moisture content of the soil. 

Increased moisture content leads to more anaerobic conditions and as a result to 

slower degradation rates of PAH by microbial populations (Jefferies et al., 2008).    
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7.3.3 Fate and Behaviour of PAHs 

The fate of LMW-PAHs in the environment is primarily controlled by their physico-

chemical properties and environmental conditions as they are more volatile, water 

soluble and less lipophilic than HMW-PAHs. Figure 79 reflects the dominance of 

NAP in water due to its high solubility (Water solubility: 32 mg/l, LogKow: 3.5) 

compared to BgP (Water solubility: 0.000265 mg/l, LogKow: 7.23). Low solubility can 

contribute to a more rapid transfer within drainage sites. However, lighter PAHs such 

as NAP are more susceptible to biotic and abiotic degradation. According to Kim et 

al. (2009), the use of diagnostic ratios as a means of source apportionment may not 

be reliable for older pollution. More specifically the study showed that different PAH 

decay rates used for source apportionment based upon PAH ratios varied, even for 

24 h in the case of some ratios (Kim et al., 2009). 

Runoff that is not absorbed and filtered by the porous asphalt is transferred sideways 

to the adjacent vegetated swale and basin, where the HMW-PAHs are adsorbed by 

sediments in the water and finally trapped and vertically distributed in the swale soil. 

According to Gocht et al. (2007), 90% of PAH compounds accumulate in soils 

essentially converting the soil into a “sink” mostly for HMW-PAHs. Such hydrophobic 

PAHs can then be subjected to microbial degradation over time. The microbes that 

are developed in the soil as well as the half-lives of the individual PAHs will 

determine their fate. According to Tang et al., (2005), the fate of the hydrophobic 

organic compounds is determined by the organic carbon content of the substrate. 

However, LMW-PAHs are more susceptible to dilution in the stagnant (small water 

volume is stagnant until it reaches a specific level and then it is directed into the 

basin) water of the swale and processes such as volatilization and photo-

degradation can be very effective in the decomposition of hydrocarbon pollutants 

(e.g. NAP). In general, comparing PAH concentrations in the SuDs with those from 

the control points, which demonstrate background hydrocarbon pollution, SuDs 

provide better hydrocarbon treatment than the control points, despite the fact that the 

control points receive only atmospheric PAH deposition. According to Nam et al. 

(2008), LMW-PAHs are more easily to be transferred than HMW-PAHs, which 

remain in close proximity to their source. In addition, PAHs from atmospheric 

deposition are better preserved in the upper soils (Grimalt et al., 2004). Furthermore, 

median ΣPAH concentrations in swales and control points were similar in value to 
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typical PAH concentrations in UK soils (4.2 µg/g for urban and 4.8 µg/g for forest soil 

(Environment Agency, 2007). Thus, the basin is the only SuD system on the site 

demonstrating elevated concentrations (8.5 µg/g), possibly due to the different 

treatment mechanisms in operation. Overall, the porous asphalt and standard 

asphalt drainage performed in a similar way in terms of hydrocarbon treatment 

efficiency. Last but not least, the vegetated swale next to the porous asphalt 

presented a more stable hydrocarbon pattern with depth compared to the non-

vegetated swale next to the standard asphalt car park. This additional characteristic 

and the unequal elevated connection of the treatment train (small amount of 

stagnant water remains in the swale due to inadequate slope) between the 

vegetated swale and the basin indicate that design and periodic maintenance of the 

SuDs are important factors that should not be disregarded in order to ensure 

maximum performance.  

7.3.4 Conclusions  

In this chapter the evaluation of water quality from porous and standard asphalt was 

conducted, including the analysis of soils from two swales and a basin (small 

treatment train) next to the porous and standard asphalt car parks. General water 

quality parameters from the storm drain and the manhole chambers (from porous 

asphalt car park and from standard asphalt access road) ranged between low 

concentrations compare to the rest of the case studies with EC and pH presenting 

the highest concentrations. The dominant PAHs in water for all three sites are 

categorized to LMW-PAHs with the standard asphalt access road presenting the 

widest variety. However, all PAH concentrations in water were below hazardous 

limits for all sites and the source identification due to limited number of PAHs 

detected was inconclusive.  

The moisture content in soils of all SuDs presented similar pattern with gradual 

decrease down-core. The substantial DRO concentrations that found on one 

occasion in all SuDs caused due to accidental diesel spillage reported to have 

occurred next to the site by an anonymous personal communication. In general the 

soil operated as a “sink” trapping a variety of PAHs with HMW-PAHs being the most 

dominant and in higher concentrations compare to LMW-PAHs. In addition, both 

HMW-PAHs and LMW-PAHs decreased gradually down-core with the vegetated 
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swale (next to porous asphalt car park) presenting a more stable behaviour 

compared to the non-vegetated swale (next to standard asphalt car park). Moreover, 

the majority of PAHs in soils derived from traffic related pyrogenic sources. Finally, 

the treatment train could provide better treatment performance if the original design 

had not been disturbed. The next chapter (Chapter 8.0) is presented a case study 

(Trunk Roads) that involved the performance evaluation of two detention ponds 

collecting their runoff from a porous asphalt highway via an oil interceptor and they 

will be compared against a detention pond that receives runoff from a conventional 

asphalt motorway.     
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8.0 RESULTS - DISCUSSION TRUNK ROADS 

(A34 NEWBURY BYPASS AND M27 

MOTORWAY)  

In this section general water quality and hydrocarbon quality analysis of vegetated 

ponds receiving runoff from highly trafficked roads will be presented. Road runoff in 

the SC ponds derives from a highway (A34) with ADT of 30,000 cars, while the 

hybrid pond receives runoff from a 6 lane motorway (M27) with ADT of 61,457 cars 

(Chapter 4.2.4). Two SC detention ponds located next to each other on the A34 are 

compared with a hybrid detention pond. This comparison is based on bi-monthly 

sampling with the 6 samples collected from the A34 Newbury Bypass and 5 from 

M27 throughout the monitoring period. Temperature, antecedent dry period and 

rainfall are presented in detail in Table 113, Appendix H. 

8.1 General water quality 

Water quality for the inlets and outlet zones of the ponds is presented in Table 29. 

Generally the water quality was very good (BOD < 10 mg/l and COD < 32 mg/l) 

compared to the recommended EQS (Table 2, Chapter 2.1). However for the hybrid 

pond there was great variability with the highest value having a COD of 933 mg/l. 

There were generally lower concentrations seen at the outlet, although an increase 

in median COD levels was seen for A34 pond C. This may be due to the presence of 

biogenic solids, as although TSS generally decreased, high variability was seen in 

the minimum and maximum values for all three systems. The conductivity 

measurements in Table 30 also show wide variability, with large differences 

observed between the adjacent catchments of ponds B and C at Newbury. 

Particularly in pond C, the highest peak value was 11,500 µS/cm. The pH of runoff 

tended to be more alkaline in the M27 pond, perhaps reflecting the geology or 

concrete road surface.  

 

 



225 
 

Table 29: BOD, COD, TSS and VSS concentrations of the SuDs and hybrid trunk 

road ponds at the M27 Tower Hill and A34 Newbury Bypass. 

Variable 
Median  
(mg/l) 

Min Max N Point Location Type 

BOD  

8 1 57 5 M27I M27 Tower Hill Trunk Road 

1 3 10 5 M27O M27 Tower Hill Trunk Road 

7 BDL 14 6 NBI A34 Newbury Trunk Road 

1 BDL 5 6 NBO A34 Newbury Trunk Road 

4 BDL 6 6 NCI A34 Newbury Trunk Road 

1 BDL 4 6 NCO A34 Newbury Trunk Road 

COD 

29 2 933 5 M27I M27 Tower Hill Trunk Road 

19 2 35 5 M27O M27 Tower Hill Trunk Road 

32 BDL 41 6 NBI A34 Newbury Trunk Road 

21 BDL 48 6 NBO A34 Newbury Trunk Road 

21 BDL 54 6 NCI A34 Newbury Trunk Road 

32 6 67 6 NCO A34 Newbury Trunk Road 

TSS  

13 3 70 5 M27I M27 Tower Hill Trunk Road 

4 2 101 5 M27O M27 Tower Hill Trunk Road 

50 22 140 6 NBI A34 Newbury Trunk Road 

5 3 921 6 NBO A34 Newbury Trunk Road 

13 2 604 6 NCI A34 Newbury Trunk Road 

1 1 31 6 NCO A34 Newbury Trunk Road 

    VSS 

13 3 67 5 M27I M27 Tower Hill Trunk Road 

4 2 101 5 M27O M27 Tower Hill Trunk Road 

32 22 66 6 NBI A34 Newbury Trunk Road 

5 3 921 6 NBO A34 Newbury Trunk Road 

11 2 604 6 NCI A34 Newbury Trunk Road 

11 1 31 6 NCO A34 Newbury Trunk Road 
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Table 30: Conductivity and pH levels of the SuDs and hybrid trunk road ponds at the 

M27 Tower Hill and A34 Newbury Bypass. 

Variable Median Min Max N Point Location Type 

Conductivity          
(μS/cm) 

1,109 796 1,580 5 M27I M27 Tower Hill Trunk Road 

1,020 545 1,400 5 M27O M27 Tower Hill Trunk Road 

1,295 960 2,550 5 NBI A34 Newbury Trunk Road 

1,210 1,050 1,730 5 NBO A34 Newbury Trunk Road 

675 590 11,500 5 NCI A34 Newbury Trunk Road 

888 300 1,460 5 NCO A34 Newbury Trunk Road 

pH 

7.7 7.6 8.1 5 M27I M27 Tower Hill Trunk Road 

7.5 6.8 8.1 5 M27O M27 Tower Hill Trunk Road 

6.9 6.6 7.0 5 NBI A34 Newbury Trunk Road 

7.1 6.9 7.2 5 NBO A34 Newbury Trunk Road 

7.1 6.7 7.8 5 NCI A34 Newbury Trunk Road 

7.4 6.4 7.7 5 NCO A34 Newbury Trunk Road 

 

The median COD and conductivity values showed a slight decrease by the outlet of 

the hybrid pond and at the outlet of pond B, whereas for pond C the opposite was 

found. In addition, median pH levels at the outlets of all the ponds were similarly 

alkaline. The great variability that was seen in the minimum and maximum values of 

COD, TSS, VSS and conductivity at the inlets and outlets of the ponds can influence 

their median concentrations and it can make the inlet-outlet comparison difficult. In 

general all three ponds provide good treatment efficiency in terms of basic water 

quality parameters.      

8.1.2 Seasonal Variations 

Water quality tended to worsen during winter, possibly due to increased runoff 

velocity, colder weather, increased weathering or more availability of debris from the 

trunk roads. The highest concentrations of BOD (57 mg/l) and COD (933 mg/l) at the 

inlet of the hybrid pond were found in winter (Feb-12), possibly due to higher organic 

debris. The SC systems also had the worst inlet zone quality in Feb-12 (in terms of 

TSS – 604 mg/l, EC – 11,500 μS/cm and pH – 7.8) which also corresponded to high 

TSS at the outlet of pond B.  
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8.2 Hydrocarbon Concentrations (Trunk Roads) 

8.2.1 Petroleum Hydrocarbons in Water  

The range of hydrocarbons in the inlets and outlet zones of the ponds is shown in 

Table 31. Generally, TPH values consisted mainly of DRO rather than ERO. The 

inlet of the hybrid pond had the greatest variability, varying from 166 to 24,841 μg/l. 

Table 31: DRO, ERO and TPH concentrations in water from the SuDs and hybrid 

trunk road ponds at the M27 Tower Hill and A34 Newbury Bypass. 

Variable 
Median 
(µg/l) 

Min Max N Point Location Case 

DROs  

411 166 24,841 5 M27I M27 Tower Hill  Trunk Road 

344 240 8,261 5 M27O M27 Tower Hill  Trunk Road 

685 210 6,873 6 NBI A34 Newbury  Trunk Road 

457 188 671 6 NBO A34 Newbury  Trunk Road 

424 174 8,354 6 NCI A34 Newbury  Trunk Road 

455 211 3,524 6 NCO A34 Newbury  Trunk Road 

EROs  

BDL BDL 1,557 5 M27I M27 Tower Hill  Trunk Road 

BDL BDL 786 5 M27O M27 Tower Hill  Trunk Road 

BDL BDL 822 6 NBI A34 Newbury  Trunk Road 

BDL BDL 648 6 NBO A34 Newbury  Trunk Road 

BDL BDL 347 6 NCI A34 Newbury  Trunk Road 

BDL BDL 783 6 NCO A34 Newbury  Trunk Road 

TPHs  

411 166 24,841 5 M27I M27 Tower Hill  Trunk Road 

344 240 8,261 5 M27O M27 Tower Hill  Trunk Road 

685 210 6,873 6 NBI A34 Newbury  Trunk Road 

457 188 1,150 6 NBO A34 Newbury  Trunk Road 

424 174 8,354 6 NCI A34 Newbury  Trunk Road 

455 211 3,524 6 NCO A34 Newbury Trunk Road 

 

8.2.2 PAHs in Water (Trunk Roads) 

PAH concentrations in water from the inlets and outlet zones of the ponds are 

presented in Figure 100. NAP, 1MN and 2MN were the most common PAH 

compounds present in all three ponds. The highest individual PAH concentration was 

NAP (median = 1,154 µg/l) at the outlet zone of pond B. However, there was great 

variability seen in all three compounds. PHE at the inlet of the hybrid pond was the 

greatest concentration (40.9 µg/l) and ANT at the outlet of pond B (SC) was the 
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lowest (0.02 µg/l), the concentration of PHE was highly variable. The concentrations 

of the individual PAH compounds and of LMW-PAHs, HMW-PAHs and ΣPAHs are 

presented in detail in Tables 99 – 102, Appendix D.  
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Figure 100: Median PHA concentrations at the inlets and outlet zones of the trunk road ponds at the M27 Tower Hill and A34 

Newbury Bypass.      
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Median LMW-PAH and HMW-PAH concentrations from the inlets and outlet zones of 

the ponds are presented in Figure 101. Generally, the majority of the PAHs 

pollutants detected in these ponds had no more than 2 – 3 rings. Thus, median 

LMW-PAH concentrations dominated PAHs in the aqueous form, possibly because 

HMW-PAHs tend to attach to solids. The highest median LMW-PAH concentration 

(3.3 µg/l) was found at the outlet of pond B. Carcinogenic PAHs were found in every 

inlet and outlet zone of the ponds but the highest variability and highest median 

concentration was seen at the inlet of pond B (0.5 µg/l). The variability of the LMW-

PAHs, HMW-PAHs and ΣPAHs was demonstrated by the very high peak values 

observed in Table 102 in Appendix D.  

 
Figure 101: Median LMW-PAH and HMW-PAH concentrations in water at the inlets 

and outlet zones of the trunk road ponds at the M27 Tower Hill and A34 Newbury 

Bypass.  

8.2.3 Inlet – Outlet Quality and Seasonal Variations 

In general, high variability in TPH values was observed between the inlets and the 

outlet zones of the ponds. No significant differences were seen between the inlets 

and outlets of all three ponds regarding TPHs. More specifically DROs were the 

most predominant with the highest concentration (24,841 µg/l) found in the hybrid 
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pond (Feb-12), while EROs were only found in Oct-12 and the highest concentration 

was recorded at the inlet of the hybrid pond (1,557 µg/l). Pond B (SC) and the M27 

pond showed similar behaviour regarding treatment efficiency of the wide range of 

hydrocarbons with 33% and 16% TPH reduction respectively between inlets and 

outlet zones.  

However, the variability made it difficult to distinguish any overall patterns. The main 

PAH compounds at the inlets and outlet zones of the ponds were NAP, 1MN and 

2MN, but no clear pattern was observed between the SuDs and hybrid ponds. The 

highest concentration of NAP was found at the outlet of pond B (SC) in Jun-12, but 

the highest concentrations of 1MN and 2MN were found at the inlet of the hybrid 

pond in Feb-12 (4.015 µg/l and 4.553 µg/l respectively). Statistical analysis showed 

that significant differences of NAP (ANOVA, F(3,2) = 21.74, MSE = 0.0265, p = 

0.044,) and 2MN (ANOVA, F(3,1) = 491.26, MSE = 0.000177, p = 0.033) in terms of 

season were found at the outlet zone of pond C. In addition, significant differences of 

NAP (ANOVA, F(3,2) = 1086.76, MSE = 0.000209, p = 0.001) with season were 

found at the outlet zone of pond B. Potentially due to the small number of samples 

no more significant differences emerged involving seasonality as a factor during the 

statistical analysis.  

LMW-PAH concentrations were much higher than HMW-PAHs, with the lowest 

variety of HMW-PAHs observed during winter. Median LMW-PAH and HMW-PAH 

concentrations at the inlets and outlet zones of the ponds per season are presented 

in Figure 102. Generally, the ponds showed poor treatment efficiency in terms of 

ΣPAHs, with the greatest ΣPAHs reduction (51%) found in the M27 pond. For pond 

C the reduction in ΣPAHs did not exceed 4%, while an increase of 28% was found at 

the outlet of pond B, probably due to re-suspension and release of PAHs from the 

pond’s sediments. The high variability in runoff was shown by the pattern of PAHs in 

adjacent ponds B and C having little shared variation and often having more 

similarity with the hybrid pond 60 km away.   
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Figure 102: Median LMW-PAH and HMW-PAH concentrations at the inlets and outlet 

zones of the trunk road ponds by season at the M27 Tower Hill and A34 Newbury 

Bypass.  

8.2.5 Origin of PAHs in Trunk Roads  

The LMW/HMW PAH ratio showed that LMW PAHs dominate with LMW/HMW > 1 

indicating petrogenic origin of contamination (Figure 103). The scatterplot of NAP 

against 2MN did not present a conclusive diagnosis, however there was a general 

tendency for points to scatter along the 2MN axis, which indicates petrogenic origin 

of PAHs (Figure 104). The utility of the FLAN/(FLAN+PYR) and BaP/BgP ratios were 

restricted by the number of samples. 
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Figure 103: LMW-PAHs/HMW-PAHs ratio of the aqueous PAHs from the three trunk 

road ponds at the M27 Tower Hill and A34 Newbury Bypass. 

 
Figure 104: Scatterplot of NAP against 2MN of the aqueous PAHs from the three 

trunk road ponds at the M27 Tower Hill and A34 Newbury Bypass. 
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8.3 Trunk Road Discussion 

8.3.1 General water quality 

All three ponds provided very good BOD treatment efficiency (88% reduction for the 

M27 pond, 86% reduction for pond B and 75% reduction for pond C). The outlet 

zones ranged from 4 mg/l to 10 mg/l, which had limited impact on the O2 balance of 

receiving waters. COD concentrations were also within the recommended guideline 

for the protection of surface waters according to the Water Framework Directive 

(WFD) (Frost, 2009) of 125 mg/l.  

However the suspended solids in the outlet zones of both SuDs and hybrid ponds 

exceeded the limit of 25 mg/l of the recommended EQS (Table 2, Chapter 2.1). This 

can often be a problem for vegetated ponds especially in the autumn and winter 

because of decaying vegetation or accumulation of biogenic material. According to 

Chaplin (2002), solids can be increased dramatically during winter and salting may 

contribute to up to 25% of the winter SS loadings of rural motorways. However, EC 

did not exceed the recommended EQS for the protection of freshwater aquatic life 

(Environment Agency, 2013), nor did the pH. Therefore the water has been treated 

adequately by both SuDs and hybrid ponds to be discharged into the rivers.  

8.3.2 Hydrocarbon quality 

Although the individual peaks of TPH concentration from the outlets of the SC ponds 

were less than that of the hybrid pond, the hybrid pond received higher 

concentrations at the inlet, so essentially treatment TPH efficiency of the ponds was 

similar. As the carbon range selected to determine for TPHs can vary it is difficult to 

compare these values to other studies. However, the median TPH concentrations 

reported for highway runoff in Scotland were 7-11 times higher than that for the inlet 

of the trunk road ponds (Crabtree et al., 2008).  

LMW-PAHs such as NAP (2 rings) were efficiently treated in ponds C and the hybrid 

pond, but not in pond B; possibly due to the different vegetation or design of the 

pond.  However, the inlet and outlet concentrations of pond B were less than 10 µg/l, 

the recommended EQS for the protection of freshwater aquatic life (Environment 

Agency, 2013). The ponds received lower concentrations of ACE than the 
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recommended Canadian EQS (5.8 µg/l), so this was not a pollution problem (CCME, 

2008).  

PHE (3 rings), a slightly heavier and less hydrophilic PAH compare to 2 ring PAHs, 

varied greatly in concentration in all the ponds and was highest in the hybrid pond. 

The median concentration of PHE at the outlet zones of all ponds was below the 

recommended guidelines of 0.03 µg/l for the protection of surface water quality (The 

New Dutch List, 2001). Although a higher median concentration than this was found 

at the inlet of pond B (0.07 µg/l).   

The maximum concentrations of PYR (4 ring PAH) exceeded the recommended 

Canadian EQS of 0.025 µg/l (CCME, 2008) at the outlet zones of all ponds. PYR 

tends to adsorb strongly to sediments and particulate matter in the water. Photo-

degradation has been suggested as the predominant removal process for this 

compound (Toxnet, 2013), so in vegetated ponds there is plenty of organic material 

for chemicals to bind to so these types of pollutant could build up over time as plant 

material may shield the chemicals from light. The half-life of NAP in water due to the 

process of volatilization varies between 4.2 - 7.3 hours and only 10% is associated 

with organic material and settles in sediment. The rest is degraded by photolysis with 

a half-life 21 -72 hours (USEPA, 2003c). Therefore the dominant PAHs (NAP, 2MN 

and 1MN) of Pond C and M27 ponds were not posing a threat as they will be easily 

break down into non-hazardous derivatives, considering that the samples were 

collected from the outlet zones and the water still needed time to be released to the 

environment. Moreover Pond B that presented the highest median NAP 

concentrations in the outlet (released to the environment) directs the water to a river 

were these compound will probably dilute more and the process of photolysis will 

also occur.   

The median BkF (4 rings) concentrations exceeded the recommended guidelines for 

the protection of surface water quality (0.001 µg/l) at the outlet zones of the SC 

ponds only, but not the lowest observed adverse effects level (0.05 µg/l) (The New 

Dutch List, 2001). However, the median BaP (5 rings) concentrations at the outlet 

zones of the ponds were below the Canadian recommended guidelines (0.015 µg/l) 

for all ponds except pond C (0.018 µg/l) (CCME, 2008). Interestingly, the median 

concentrations that were seen at the inlet of this pond (0.005 µg/l) were lower than 
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the outlet, which may indicate re-suspension of BaP concentrations adsorbed on the 

sediments of the pond. Unfortunately, sediment quality in terms of hydrocarbon 

pollution was not included in this study. Finally, the peaks of the ΣPAHs exceeded 

the recommended New Zealand EQS of 3 µg/l at the outlets, but the median 

concentrations remained below this limit in the outlets of all ponds except pond B 

(ANZECC, 2000). Overall, the complexity of these ponds, the limited number of 

samples, the high variability of the PAHs and the environmental conditions make 

comparing SuDs and hybrid ponds in terms of hydrocarbon treatment efficiency 

inconclusive. 

8.3.4 Conclusions 

In this chapter the SuDs and hybrid detention ponds provided good treatment 

performance comparing the general water quality parameters of their outlets (pond 

B) or outlet zones (ponds C and M27) with the recommended EQS. Substantial DRO 

concentrations were seen in the inlets of all ponds but their median concentrations 

were similar to Waterlooville SC detention pond and the median EROs were below 

detection limit. Moreover, the LMW-PAHs were the most dominant in all three 

detention ponds with NAP, 2MN and 1MN prevailing, but they cannot pose 

significant risk to environment as volatilization and photolysis, provided adequate 

degradation rates to deal with these compounds. In addition, PAHs in these three 

detention ponds derived from a mixture of petrogenic and pyrogenic sources with the 

majority deriving most likely from petrogenic. Finally, these systems have shown 

good removals of pollutants, but their dynamic nature indicates that this is not always 

progressive. In this chapter the last case study with real life SuDs was evaluated. In 

Chapter 9.0 the evaluation of a leaching experiment will be conducted, to determine 

leaching PAHs from porous and conventional asphalts. Chapter 9.0 is associated 

with Chapter 7.0, which included the evaluation of porous and standard asphalt car 

parks.  

 

 

 

 



237 
 

9.0 ASPHALT LEACHING EXPERIMENT 

The objective of this experiment was to establish the bitumen contribution to PAH 

emissions into the aqueous environment by leaching from porous and standard 

asphalt. In addition, the variety of PAHs, their quantity and their release time were 

studied in this experiment. The runoff from the car park study showed a  presented a 

gradual decrease of ΣPAHs concentrations from both conventional and porous 

asphalt between Jul 11 to May 12 (Fig 83). Therefore this experiment started in May-

12 to evaluate the behaviour of the PAHs and identify any associations of PAHs 

leaching from bitumen under controlled conditions. However, in the real life case 

study after May-12 the behaviour of PAHs in porous and standard asphalt became 

more irregular presenting no clear pattern. Nevertheless the leaching experiment 

started and continued with 5 porous asphalt samples, 5 conventional asphalt 

samples and one control sample (same type of gravel and wax used in porous and 

conventional asphalt). The PAHs for the control sample were below detection limits 

and therefore were not included in any of the graphical representations.  

9.1 Overall Hydrocarbon Release 

The weekly median (5 samples of porous and standard asphalt) concentrations of 

individual PAH compounds over time from the porous and standard asphalt leaching 

experiment are presented in Figure 105. This presents rather a complex pattern, 

very different from the first 10 months of the car park study (Figure 83). BkF and BaP 

followed the same fluctuating pattern in porous asphalt during the 2nd, 5th and 9th 

week, whereas from the standard asphalt BaP was released the first week and then 

the 7th and 9th weeks. In any case BaP was seen in higher concentrations than BkF 

with the highest weekly median concentration seen from the porous asphalt (Porous: 

week 2 ~ 2.3 µg/l, Standard: week 1 ~ 1.2 µg/l). PYR was another PAH compound 

that was released only from the porous asphalt with the highest median 

concentrations seen during the second (3.945 µg/l) and 8th weeks (1.3 µg/l). In 

addition, BaA and CHR were seen in both types of asphalts with the highest weekly 

median concentrations in the standard asphalt seen in week 8 (6.3 µg/l and 4.5 µg/l 

respectively), while for porous asphalt in week 9 (3.1 µg/l and 6.4 µg/l respectively). 
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Figure 105: Weekly median (5 samples of porous and standard asphalt) PAH concentrations from the porous and standard asphalt 

leaching experiment. 
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Figure 106 shows median LMW-PAH, HMW-PAH and ΣPAH concentrations from the 

porous and standard asphalt leaching experiment over time. Both porous and 

standard asphalt presented much higher median concentrations of HMW-PAHs than 

LMW-PAHs. The highest median LMW-PAH concentration in the porous (1.7 µg/l) 

and standard (1.6 µg/l) asphalt appeared at the same time (week 9). However, 

HMW-PAHs, which are the predominant ΣPAHs were released a week later in the 

porous asphalt (week 9: 22.1 µg/l) compared to the standard asphalt (week 8: 24.8 

µg/l).  

 
Figure 106: Median LMW-PAH, HMW-PAH and ΣPAH concentrations from the 

porous and standard asphalt leaching experiment over time. 
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9.2 Comparison of Porous and Standard Asphalt  

The concentrations of the individual PAHs from the porous and standard asphalt 

leaching experiment are presented in Figure 107. BkF and BaP had greater median 

concentrations in the porous (0.045 µg/l and 0.162 µg/l respectively) than the 

standard asphalt (0.02 µg/l and 0.05 µg/l correspondingly). However, higher outliers 

for both PAHs were seen in the standard asphalt (5.5 µg/l and 15.3 µg/l 

respectively). Statistical analysis showed that none of the PAH compounds had 

significant differences between the porous and standard asphalt leaching 

experiment. 

The median HMW-PAH concentrations for the porous asphalt (0.9 µg/l) were more 

than double that of the standard asphalt (0.4 µg/l). High variability of these PAHs 

was seen for both types of asphalt (0 – 56.8 µg/l in the standard asphalt and 0 - 40.8 

µg/l in the porous asphalt) while their median concentration in the porous asphalt 

was 0.8 µg/l and in the standard asphalt 0.4 µg/l. The median LMW-PAH (Appendix 

E, Table 104) concentrations for standard (0.056 µg/l) and porous (0.057 µg/l) 

asphalt were similar. High outliers of LMW-PAHs and HMW-PAHs were detected in 

both types of asphalt with the highest in the standard asphalt (2.0 µg/l and 83.6 µg/l 

respectively). The variability of the individual PAHs and of the LMW-PAHs, HMW-

PAHs and ΣPAHs in the porous and standard asphalt experiment are presented in 

detail in Table 103, Appendix E.  
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Figure 107: Median concentrations of the individual PAHs from the porous and standard asphalt leaching experiment of the whole 

12 weeks.               
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9.4 Discussion of Asphalt Leaching Experiment 

Until May-12 the monitoring of the porous and standard asphalt car parks showed 

that higher ΣPAH concentrations were found in the porous asphalt car park rather 

than the standard asphalt car park or standard asphalt access road (Figure 83, 

Chapter 7.1.2.3). Thus, this laboratory experiment was conducted to determine if 

porous asphalt releases more PAHs than standard asphalt under controlled 

conditions and to monitor the behaviour of the released PAHs taking into 

consideration their aqueous solubility. The real life application makes it difficult to 

determine whether PAHs derive from atmospheric deposition, tyre weathering or 

vehicular emissions compared to the laboratory experiment where PAHs can be 

released only from the asphalt bitumen. Interestingly, different patterns of PAHs 

were seen in the laboratory experiment compared to real life applications in the car 

parks of Mount Vernon treatment centre in London. The laboratory experiment was 

dominated by HMW-PAH for both standard and porous asphalt (HMW-PAHS: PAE = 

0.37 μg/l, SAE = 0.86 μg/l, LMW-PAHs: PAE = 0.06 μg/l, SAE = 0.057 μg/l), while 

the real life porous and standard asphalt car parks and access road were dominated 

by LMW-PAHs (LMW-PAHs: PA = 1.13 μg/l, SA = 0.87 μg/l, AR = 2.5 μg/l, HMW-

PAHs: PA = 0 μg/l, SA = 0.04 μg/l, AR = 0.22 μg/l) (Figure 82, Chapter 7.1.2.3 vs. 

Figure 106). Moreover, higher HMW-PAH concentrations were released in the 

experiment than that of the real life car parks, but lower LMW-PAHs were released. 

However, median ΣPAH concentrations were higher in the real life car parks 

compare to the leaching experiment (Experiment: PAE = 0.6 μg/l, SAE = 0.9 μg/l, 

Real life: PA = 1.3 μg/l, SA = 1.9 μg/l, AR = 3.6 μg/l) probably due to additions of 

PAHs from vehicular emissions, atmospheric deposition, oil drips and more intense 

weathering of the asphalt surfaces.  

A closer investigation of the PAHs in the asphalt leaching experiment showed that 

ΣPAHs were influenced by different individual PAH compounds that were released 

from the porous and standard asphalt. In general, the highest median weekly 

concentrations of the individual PAH compounds were released from the standard 

asphalt in the 1st and 8th weeks, while the highest median weekly concentrations 

from the porous asphalt were released a week later (2nd and 9th), possibly because 

the permeable asphalt retained 1% – 5% of the water within the voids between the 

asphalt particles. Moreover, the porous and standard asphalt leaching experiment 



243 
 

showed that there were no significant differences between them in terms of PAHs. In 

general, a variety of PAHs (Figure 105) were detected in the weekly monitoring but 

their quantities were not substantial to appear on the median concentrations of the 

asphalt leaching experiment of the whole 12 weeks (Figure 107). PHE, BaA, CHR 

and PYR were the only PAHs exhibiting temporal trends during this experiment 

(Figure 105) without providing any definite conclusions. The detection of BkF and 

BaP (Figure 107) in this experiment supports that porous and standard asphalt 

partially contribute to the total amount of traffic related pollutants from road runoff.        

In addition, the main differences in PAH concentrations between the asphalt from the 

car parks and the asphalt from the leaching experiments are probably related to the 

different types of bitumen that were probably used, surface area, the leachabili ty of 

the materials or the age of construction. The porous car park was newly built 

compared to the existing standard asphalt car park so there is high possibility that 

the standard asphalt car park released different concentrations and PAH compounds 

in the first years after construction. The median ΣPAH concentrations were higher in 

the car parks than the leaching experiment, possibly due to tyre weathering, more 

intense asphalt weathering, exhaust emissions, atmospheric deposition and oil 

drops. However, many mechanisms will counteract the increase of PAH 

concentrations with more taking place in the porous asphalt, such as microbial 

degradation, chemical degradation and evaporation. In cases where adequate 

oxygen and necessary nutrients are provided, microbial organisms feeding on PAHs 

may develop within the voids of the porous asphalt providing microbial degradation. 

However, road salts, despite the fact that they contribute to high conductivity and to 

elevated suspended solids concentrations, are usually washed though permeable 

pavements establishing a negative impact on biomass growth (Scholz, 2006). In 

addition, higher temperatures offer higher microbial activities and consequently 

better microbial treatment (Scholz, 2013). Moreover, the efficient chemical 

degradation of PAHs is limited by their low aqueous solubility and vapour pressure 

(Ukiwe et al., 2013). Therefore ΣPAH concentrations were lower in the porous car 

park than the standard car park, while the opposite was seen in the laboratory 

experiment. All the PAH compounds that were monitored during this asphalt leaching 

experiment were diffused by distilled water and not acidified as in real life and it may 

affected the PAH release. However, the high concentrations that were occasionally 
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monitored indicate the potential existence of microscopic-particles mixed in the water 

due to initial asphalt weathering, as all samples were unfiltered. Further monitoring 

could have revealed more information regarding the behaviour of the various PAHs 

through the process of weathering. To conclude, asphalt weathering should be 

considered an important contributor to the hydrocarbon load of road runoff up to a 

certain degree, depending on asphalt usage and type of bitumen. 

9.5 Conclusions 

This leaching experiment was designed and conducted in order to evaluate PAH 

behaviour under controlled conditions and compared with the case study of the car 

parks. It was based on the assumption that ΣPAHs leached in higher concentrations 

from porous than conventional asphalt with both presenting a gradual decrease over 

time. However, the pattern of ΣPAHs in the car parks case study changed by the end 

of this experiment and moreover no such pattern was detected under controlled 

conditions. A variety of PAHs presented temporal trends during leaching but their 

overall concentrations were not substantial. PAHs leached from the same type of 

bitumen that was used for both porous and standard asphalt, with LMW-PAHs and 

HMW-PAHs presenting similar patterns over time and HMW-PAHs presenting higher 

temporal concentrations than LMW-PAHs. Moreover, BaP and BkF were the only 

PAHs that their median concentrations were seen in the leachate of porous and 

standard asphalt experiment of the whole 12 weeks. Despite the fact that they are 

categorised as traffic related PAHs, their concentrations were considerably less than 

the recommended EQS. In chapter 10.0 a comparison of all case studies will be 

conducted to enrich the evaluation of SuDs and conventional as well as hybrid 

drainage systems.   
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10.0 DISCUSSION 

10.1 Occurrence of Hydrocarbon Pollutants 

Petroleum hydrocarbons are released from various domestic, commercial and 

industrial sources. In this study 16 out of the 32 PAHs classified as priority pollutants 

were investigated plus two extra (1- and 2- methylnaphthalene). They can exhibit 

strong toxic, mutagenic and carcinogenic effects on aquatic life and some are known 

or suspected human carcinogens and can be found widely in urban stormwater 

runoff (Ravindra et al., 2008a). The amount of PAHs found in urban stormwater 

runoff is considered a significant source of surface water pollution and presents a 

serious water quality challenge (National Research Council, 2008; USEPA, 2005; 

Davis, 2005). Thus PAHs have climbed on the priority list of various environmental 

agencies globally. According to Le Fevre et al., (2012) little research has been 

conducted regarding the removal of petroleum hydrocarbons from stormwater by 

SuDs and on the fate of the removed hydrocarbons. All the PAH compounds that 

were included in this study were identified in multiple types of SuDs, conventional 

drainage and hybrid systems with different levels of pollution. The monitoring 

included a wide variety of drainage components such as SuDs (e.g ponds, swales, 

basins, permeable pavements) and conventional systems (e.g.pipes and manholes).  

The evaluation of the fate of the PAHs examined runoff and soils, covering baseline 

concentrations, storm events and a laboratory simulation.  

During this study the partition between solid and water of different PAHs was 

monitored in the first flush events from Waterlooville. According to Stein et al., 

(2006), the total concentration of the PAHs is highest at the beginning of the first 

flush event which then decreases with time. In this study the same pattern was seen 

as ΣPAH concentrations decreased over the first 60 min of storms. However, an 

irregular pattern was seen for the soluble LMW-PAHs, which often had peak 

concentrations later in storm events. Previous studies have shown that PAHs are 

associated with suspended solids and thus only a small amount of the total load was 

found in the dissolved form (Karlsson & Viklander, 2008). However, in this study 

suspended solids were significantly correlated with ΣPAHs in only one of five storm 

events (Pearson’s Correlation, Log TSS and Log ΣPAHs, p = 0.018). This was also 

the only storm when the carcinogenic PAHs (BaA, CHR, BbF, BkF, BaP, BgP and 
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IcP) were detected in runoff (Karlsson & Viklander, 2008; Hou et al., 2013). The 

highest median concentration of these compounds was  4.8 μg/l which is similar to 

previously reported values for gull pots of  3.3 ± 2.5 μg/l (Viklander & Karlsson, 

2008). The highest mean TSS concentration of all five storm events was seen in the 

first 15 minutes, while the highest mean concentrations of ΣPAHs was seen at 45 

minutes (Figure 27, Chapter 5.1.1). There were also differences in the distribution of 

TSS and TPHs during storm events.  This may be explained by the observation by 

Aryal et al. (2005) that the composition of TSS changed over storm duration as 

different solid size fractions had different transport characteristics. 

The use of TPHs, appeared to be of limited value especially in soils, due to 

interference and inclusion of natural organic compounds. Thus, PAHs are suggested 

as a better way of assessing fate and performance as they are more specific to 

automobile contamination. The monitoring of storm events and the standard 

monitoring in this study showed that LMW-PAHs were predominant in the water 

compared to HMW-PAHs which were predominant in soils. According to the 

literature the same behaviour has been monitored in previous studies and according 

to Gocht et al. (2007), 90% of PAHs accumulate in soils. However, several other 

studies have highlighted that bitumen surfactants, can increase the solubility of 

hydrophobic PAHs (Li & Chen, 2009). Generally, PAHs were accumulating in soil in 

SuDs over time. This raises a concern about the long term functionality of SuDs in 

terms of quality that has troubled SuDs practitioners and designers (Napier et al., 

2009). ΣPAHs, and more specifically of HMW-PAHs from the commuter road swale 

(Waterlooville),  increased over time.  It is extrapolated that this accumulation rate 

would no give rise to concentrations above EQS thresholds and therefore not be a 

major concern during the life expectancy of this SuD system, although it is 

recommended that these levels are checked every 5 years. However, this result 

should not be considered definitive, as many site specific factors affect the quality of 

runoff and influence accumulations (Stein et al., 2006). The most abundant PAHs 

found attached to suspended solids in stormwater were NAP (91% - 100%), PYR 

(100%), FLAN (100%), PHE (100%) and ANT (100%). According to Karlsson & 

Viklander (2008) the most abundant PAHs in stormwater were ANT, FLAN, PHE and 

PYR. However Stout et al. (2004), investigated surface sediments in 9 US 

waterways and found that the most abundant PAHs sediments was NAP (58%), 
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FLAN (11%), PHE (9%) and PYR (7%). Therefore, PAH compounds and their 

percentage abundance in stormwater can vary according to the location, traffic, 

industrial activity and precipitation. In this study approximately 8% of the ΣPAHs 

were found in soluble form and 92% attached to particles, this is similar to another 

study of storm water which showed that 87% of PAHs were particle-bound (Hwang & 

Foster, 2006).  

10.2 Sources 

Trace levels of PAHs are ubiquitous in the water and soil of most residential, 

commercial, industrial and rural areas. Most of the PAHs are released to air (e.g. 

PAH emissions) before subsequently passing to other transport media such as 

stormwater (Teaf, 2008). Various diagnostic rations of individual PAH concentrations 

have been suggested for source identification.   

The commuter road at Waterlooville (SC) presented a combination of PAH sources 

mostly of pyrogenic origin derived from fuel combustion related to traffic (e.g. 

exhaust emission) rather than petrogenic. In contrast, the housing development 

(SuDs treatment train in Lamb Drove, Cambourne), which received much lower 

traffic load than the commuter road showed PAHs of petrogenic origin in the water, 

potentially derived from oil drips - many of which were observed in parking bays 

(Plate no). The traffic related PAHs of pyrogenic origin detected in these soils could 

be due to entrapment of these pollutants during construction. However this is an 

ongoing development and construction traffic increased on a site road adjacent to 

the latter stages of the treatment train during this study which could have increases 

atmospheric deposition. Cross contamination of SuDs from adjacent activity is a 

phenomenon seen in other studies (Barrett, 2006). 

Increased PYR concentrations that were found in the commuter road runoff could 

possibly indicate tyre rubber as the main source of PAH compounds as the 

roundabout located next to the road gully could potentially increase tyre-asphalt 

friction and therefore wear (Karlsson & Viklander, 2008).  

The PAH ratios seen at the porous and standard asphalt car parks were ambigious, 

but in the adjacent soil (control points) next to the car parks, PAHs of pyrogenic 

origin were seen to dominate. Traffic and heating emissions could also be a source. 
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Higher concentrations of PAHs tend to exist in soils adjacent to roadways and car 

parks compared to rural soil due to asphalt and vehicle emissions (Mahler et al., 

2005). According to Karlsson & Viklander (2008), petrol could be the main source of 

pollution as NAP was the most dominant PAH compound for the standard asphalt 

access road and porous and standard asphalt car parks. However, PAH sources of 

the standard asphalt roundabout were probably a combination of petrol, diesel fuel 

and bitumen (Karlsson & Viklander, 2008). 

The use of diagnostic ratios on the trunk roads was limited by the range of 

compounds detected, but it did suggest that PAHs in the pond water was of 

petrogenic origin with only pond B showed traffic related PAHs.  

The remaining applications of PAH diagnostic ratios showed no clear resolution of 

the sources (Karlsson & Viklander, 2008).  The decay rates of different PAHs can 

vary due to various environmental factors (e.g. weather, anaerobic conditions etc.) 

and therefore caution must be taken on implementing diagnostic ratios as a means 

of source apportionment (Kim et al., 2009).  Environmental processes will also 

differentially transport or remove specific compounds, so the ration approach may 

only be appropriate for recent pollution.   

PAH concentrations tended to be higher in the first layers of soil and fall off rapidly 

with pathways, suggesting limited vertical mobility and limited threat to groundwater. 

Limited vertical leaching has also been reported elsewhere (Kordybach et al., 2008). 

Generally most PAH pollution was observed in autumn and winter, but some sites 

(car park) had highest concentrations in summer, perhaps due to limited dilution and 

evaporation.  Seasonal factors have been shown to affect releases of some PAHs 

with large increases of 40-66% of BgP and BaP in winter, compared to 9 to 12% 

changes for others, e.g. FLAN and PYR.  Temperature, and therefore season, also 

affect a range of physical process rates, such as partitioning and condensation, 

further complicating interpretation of seasonal influences on pollutant fate (Esen et 

al., 2008; Marr et al., 2006). 
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10.3 Design and Treatment Performance of SuDs, 

Hard Drainage and Hybrid Systems 

Until relatively recently conventional drainage systems were designed to discharge 

stormwater immediately to nearby aquatic environments, without considering the 

eventual environmental costs and biodiversity problems. Sustainability was therefore 

not a concern greatly neglected in the design implementation of drainage systems. 

However, over the years the emergence of SuDs as a design concept has offered a 

paradigm for overcoming such problems. However there are many instances of 

“partial SuDs” including some of the “hybrid systems” in this study where SuDs 

components have been combined with conventional drainage components without 

regard for source control or treatment train concepts.  There are a variety of studies 

and guidance for how best to design SuDs treatment trains, the studies in this thesis 

provide additional insights into the development of this guidance for pollutant 

removal.  

The comparison of pollutants from porous and standard asphalt consisted 

concentrations of PAH in water collected in manhole chambers, but not the runoff 

volume and therefore no mass balance was possible.  Visually the porous asphalt 

gave less surface pooling of water, previous studies have shown that porous car 

parks can provide 93% less water runoff compare to a standard car park produce 

less runoff (Dreelin et al., 2006).  There were indications that PAH concentrations in 

runoff have a progressive development as surfaces weather and there is potential for 

considering measures such as placing adsorbent materials (e.g. activated carbon 

sacks) in collection points during the early phases of SuDs establishment.  

According to Jefferies et al., (2008) a swale or a basin should be used prior to a 

pond, as vegetation in these SuDs promotes removal of organic compounds from 

highway runoff. In this study the vegetated swale leading to the pond adjacent to the 

commuter road (Waterlooville) showed good performance at trapping solids, and 

associated pollutants (TSS reduced by 62% - 82% and with a ΣPAHs reduction of 

46% - 86%. Therefore, higher progressive accumulations of ΣPAHs was detected in 

the swale compared to the pond. Previous studies have shown that TSS removals 

improve as vegetation in swales matures and develops, highlighting the filtration 

effect of the vegetation (Weiss et al., 2010). The performance of the swale 
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components of the SuDs management train at Lamb Drove (Housing Development) 

was less clear, possibly due to lower pollutant loads, the porous pavement source 

control and additions of runoff and deposition from adjacent construction activity.  

The TSS levels detected in these SuDs in this study were similar to earlier work on 

the site (Royal Haskoning, 2012). However, TSS concentrations more than 10x 

higher than this earlier baseline study were seen in the adjacent hybrid site (Friar 

Way) which may indicate that the SuDs were buffering increasing TSS loads as the 

system matures (Royal Haskoning, 2012).    

The PAH concentrations in the basins at Lamb Drove were highly variable, 

stormwater showed specific preferential pathways, which may cause differential 

deposition patterns between wet and dry areas. However, PAH concentrations of 

Lamb Drove in soils did not exceed expected background levels (Environment 

Canterbury, 2007). Jefferies et al., (2008) found that that contamination levels in 

basin soils depended on the direction of water flow and the inlet basin design. More 

specifically, pollutant concentrations were less when the flow spread across the 

whole basin, while they remained higher when the flow was confined to a narrow 

channel (Jefferies et al., 2008). The literature suggests that good design 

implementation for infiltration basins can provide a reduction of 60% - 98% for TSS 

(USEPA, 2011a). Basins should be avoided in locations when risk of major 

accidental spillages is sufficiently high as they can be damaged (Highways Agency, 

2006). In general they should not be narrow and deep but wide and shallow to avoid 

sediment and pollution accumulations on a specific point, which can be created by 

flow short circuiting (Jefferies et al., 2008). The PAH concentrations of the basin next 

to the porous asphalt car park (London) were skewed by a high outlier. There were 

several aspects of the construction of these swales and basins that were not ideal, 

giving interruptions to flow and unintended flow paths.  This may have contributed to 

variability in pollutant accumulation patterns and erosion of the swale. This highlights 

the importance of checking the construction of SuDs follows designs and that that 

poor workmanship does not affect intended performance. 

Several vegetated detention ponds with different designs were investigated in this 

study and clearly the design influenced the performance of the ponds in terms of 

pollution treatment efficiency. The vegetated pond next to the commuter road at 

Waterlooville showed large reductions (>86%) in solids and ΣPAHs (97%). Pond B 
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on the A34 Newbury Bypass also gave large reductions in solids (90%) but had an 

increase of 28% for ΣPAHs. According to Neary & Boving (2011), soluble PAHs can 

pass through stormwater structures relatively unhindered and as a result they can 

possibly cause adverse effects downstream. Moreover, the dynamic and complex 

nature of these ponds, due to their shape and vegetation, probably influences the 

variability of results. Previous studies showed that similar SuD systems provided 

reductions of 99% for PAHs and 83% for TSS (Highways Agency, 2006) and another 

study (Ellis et al., 2003) provided reduction of 40% - 75% for TSS. The rectangular 

design of the M27 pond is the oldest design of all the ponds in this study and it was 

installed about 35 years ago to provide accidental spillage attenuation and peak flow 

water management. The two stepped outflow concrete barrier provided no discharge 

during the sampling visits in this study despite the constant inflow that this pond was 

receiving. Unfortunately more detailed design characteristics of this basic hybrid 

pond system are unknown due to its age.  

In general all systems studied showed potential for removal of pollutants. However, 

despite the apparent good percentage reductions, vegetated ponds such as pond C 

(A34 Newbury Bypass), seemed to be affected by increased organic matter and 

TSS, due to dead plants (Glyceria maxima) and organic debris. The limitations of 

vegetated systems in achieving conventional discharge consents has been 

recognised in previous studies, particularly when plant residues are counted as SS 

(Fogg et al., 2014).  

Furthermore, not all SuDs are considered appropriate for highway use (Highways 

Agency, 2006), but ponds are possibly the most practical and effective method for 

treating highway runoff, as long as sufficient detention time is allowed for 

sedimentation and biological degradation to occur. Last but not least, stormwater in 

the SuDs for the housing development (Cambourne) showed lower PAH 

concentrations than the trunk roads and commuter road SuDs, but similar 

concentrations to the car parks. In contrast a previous study showed that an access 

road to a housing area (500 vehicles per day) had higher mean PAH concentrations 

than a more heavily trafficked road (25,500 vehicles per day) (Karlsson & Viklander, 

2008). 
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10.4 Source, Site and Regional Control  

Many previous studies have examined  SuDs with source control , site control and 

regional control such as porous asphalt, permeable pavements (James et al., 2013) 

different vegetated ponds and wetlands (Van Metre et al., 2009; Kamalakkannan et 

al., 2004) and other categories of SuDs (Jefferies et al., 2008). In addition to 

enhancing this performance database, particularly concerning the fate of 

hydrocarbons, this study has aimed to compare SuDs with adjacent 

conventional/hybrid drainage systems to inform the debate over design guidance. 

The trunk road systems (A34 and M27) gave highly variable readings, and despite 

differences in traffic loadings (e.g. M27 over 60,000 vehicles per day compared to 

30,000 on the A34) and designs (A34 having porous asphalt and oil interceptors, 

compared to conventional drainage on the M27) the pollutant distributions and 

accumulation did not allow conclusive differences in treatment to be established. The 

adjacent systems on the A34 with similar designs gave very different patterns of 

pollutant accumulation.  Lower levels of PAH accumulation were seen in the 

conventional M27 pond, with less dense vegetation, which could suggest that this 

pond was not effective in trapping pollutants.  The more intensively monitored swale 

and vegetated pond system at Waterlooville (40,000 vehicles per day) demonstrated 

how effective source control and treatment train concepts are at trapping solids and 

HMW-PAH in soils and sediments. 

The comparison of the SuDs treatment train with a hybrid system at the Cambourne 

housing development showed that the treatment train generally provided effective 

treatment, but was influenced by adjacent construction activity. The SuDs did 

provide a more aesthetically pleasing urban design and the benefits for flood risk 

management for this system were established in a previous study (Royal Haskoning, 

2012). Finally, the small treatment train (next to porous asphalt car park in London) 

presented relatively good treatment performance by trapping pollutants, but poor 

construction quality made it difficult to interpret the progressive pollutant removals 

through the system. The initial patterns observed in runoff quality suggested a 

weathering process as asphalt surfaces become established, but this became more 

complicated over time and the laboratory PAH leaching study on different asphalt 

designs (porous vs. conventional) gave inconclusive results for making about design, 



253 
 

and traffic load rather asphalt type seemed to be the dominant factor influencing 

PAH concentrations in runoff. 

10.5 Treatment Mechanisms in SuDs 

Adsorption, sedimentation, photolysis, and biodegradation were probably the main 

processes affecting the fate of PAH concentrations in the SuDs of this study. 

Adsorption onto solids was seen in the swales and basins mostly for the less 

hydrophilic PAHs (e.g. HMW-PAHs). This process offers high removal efficiencies as 

it traps the PAHs, but does not initially break them down. Previous studies have 

shown that occasionally potentially dangerous metabolites can be created by 

oxidation and other mitigation processes (Valderrama et al., 2007). According to 

Neary & Boving (2011), the fine sand fraction of road runoff is enriched mostly with 

three-ring PAHs, while the fine silt fraction with six-ring PAHs. Previous studies 

showed that various adsorbents can be used effectively to enhance the removal of 

PAHs, such as zeolite, organoclays and other organic-free hydrophilic minerals like 

alumina and silica (Chang et al., 2004; Lemić et al., 2007; Changchaivong & 

Khaodhiar, 2009).  

Due to the high association of PAHs with suspended solids, sedimentation is one of 

the most common fate and control mechanisms for adsorbed PAHs. Fully functioning 

detention ponds are expected to remove at least 80% of suspended solids (RIDEM, 

2010). In this study the detention ponds (commuter road pond and pond B at the 

Newbury Bypass) removed 90% of the TSS. In addition, PAH desorption from 

sediments can occur and increase concentrations of soluble PAHs in the detention 

ponds.  PAH accumulations, as seen in the swale at Waterlooville, have been seen 

in detention pond sediments in other studies, which raises the possibility that they 

can lead to high disposal costs in order to remove and treat these accumulations 

appropriately (Kamalakkannan et al., 2004). However the concentrations seen in this 

study were well below any thresholds which might trigger such concerns.  

Photodegradation of PAHs such as PYR can occur in ponds and has shown to 

decrease as humic acid and ionic strength increase (Clark et al., 2006).  However 

the pattern of PYR accumulations suggests that adsorption and sedimentation were 

the dominant removal process. 
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 Biodegradation is probably the most important degradation process in soil and water 

of the SuDs and it can occur under aerobic and anaerobic conditions (Haritash & 

Kaushik, 2009). The oxidative process initiated by enzymes is based on the 

development of microbial growth. Microbial populations in this study may be 

developed in the air voids of the porous asphalt, the bio-filters (e.g. bio-retention rock 

dams), in the soil of SuDs and in the water and sediments of the ponds. 

Temperature, pH and nutrient levels significantly influence the rate of petroleum 

degradation under aerobic conditions (Le Fevre et al., 2012). However, anaerobic 

decomposition of petroleum hydrocarbons has generally lower rates (Kröpfelová, 

2008). Microbial populations and activity rates were not included in the monitoring of 

this study so degradation efficiencies cannot be compared. However, a previous 

laboratory study showed that LMW-PAHs were reduced by between 48% - 95% 

within the first three hours of the storm event, but no significant reduction was seen 

in HMW-PAHs reflecting their limited availability for biological breakdown (Jefferies 

et al., 2008). Moisture content can also influence the biodegradation process in soils 

as excessive moisture can limit the supply of oxygen and reduce the decomposition 

rate of petroleum hydrocarbons. According to previous studies the optimum moisture 

content is between 50% - 70%, but in this study most of the soils were less than 50% 

(Jefferies et al., 2008). However, another study showed that there was no significant 

difference in terms of biodegradation of LMW-PAHs between 40% and 90% moisture 

content (Jefferies et al., 2008). Finally, vegetation can enhance biodegradation and 

provide efficient phytoremediation. It has also been observed that fescue grass 

(Pannicum Virgatum) and switch grass (Festuca Arundinacea) can degrade 38% of 

PYR in 190 days, suggesting that the vegetation in swales and basins can enhance 

degradation (Chen et al., 2003). Moreover, the rhizosphere of reeds such as 

Phragmites australis that are widely used in vegetated ponds can promote microbial 

degradation of pollutants through root exudates and oxygen effusion. A previous 

study showed that Phragmites australis reeds successfully remediated contaminated 

soil by degrading 74% of PAHs (Muratova et al., 2003). 

10.6 Drainage and Costs 

The proper application of SuDs has been shown to bring substantial environmental 

and economic benefits. The construction costs of a SC treatment train, similar to the 

one in Lamb Drove, has been shown to be less than conventional piped drainage 

http://www.google.co.uk/search?tbo=p&tbm=bks&q=inauthor:%22Lenka+Kr%C3%B6pfelov%C3%A1%22
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and also provides open space and improved development aesthetics (HR 

Wallingford, 2004). The Lamb Drove SuDs scheme is reported to have cost 10% 

less in capital costs compared to conventional systems and savings could have been 

greater and if the SuDs layout had been considered at the beginning of the housing 

development construction (Susdrain, 2012). Maintenance costs of SuDs can be a 

more intangible considering that many SuDs have not been operating for a long 

period of time. However, a previous studies of the fiscal impact of SuDs reported that 

the SC system at Lamb Drove costs 4% less in terms of maintenance compared to 

conventional piped drainage (Royal Haskoning, 2012). The cost of SuDs is scale 

related, as in a cost study conducted by DEFRA the cost of SuDs in large 

developments was similar to the cost of conventional drainage, but in smaller 

projects the cost of SuDs was significantly lower compare to the cost of conventional 

drainage (Table 32). However, using SuDs in large scale developments, especially 

when part of the initial master plan, provide greater benefits than using SuDs in 

smaller, medium scales (Wilson, 2014). Even though SuDs can cost as much as 

conventional drainage in some cases, they also provide additional benefits, such as 

water quality improvement, compared to conventional drainage systems. 

Demonstrating the cost effectiveness of SuDs is important in order to increase 

uptake and motivate developers to select them compare to conventional drainage. 

Design costs can be a significant element, especially of demonstration schemes, so 

standardised design guidance and standards are important.  

Table 32: Cost studies regarding SuDs and conventional drainage (Wilson, 2014). 

Location SuDs Cost 
 

Traditional 
Drainage Cost 

 

Marlborough Road, Telford 
 

£966,119 
 

£1,074,528 
 

Matchborough School, 

Redditch, Worcestershire 
 

 

  £93,015 
 

 

£116,700 
 

Redhill School, Worcester 
 

  £51,900 
 

£173,700 
 

Daniel’s Cross, Newport 
 

 £780,836 
 

£889,052 
 

Caledonian Road, Islington 
 

   £22,700 
 

£75,100 
 

Railfreight Terminal, Telford 
 

   £51,088 
 

£372,259 
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10.7 Overview  

Referring back to the aims of this study (Chapter 3.2) the occurrence of the 

hydrocarbon pollutants, especially PAHs was extensively monitored across a range 

of SuDs and comparison sites in both the liquid and soil phases. PAHs proved to be 

more useful for tracking the fate of hydrocarbon pollution as naturally occurring HEM 

altered TPH measurements.  

The sources of hydrocarbon pollutants were investigated using PAH diagnostic 

ratios, generally showing mixed pyrogenic and petrogenic origins. This technique 

needs careful consideration in its application as background concentrations and 

removal processes can affect the outcome.  

The fate of PAHs generally followed physico-chemical parameters, with the heavier 

hydrophobic PAHs appearing to predominately be attached to solids, which settled 

as sediments or were trapped by vegetation. Other fate processes are less clear, 

and have been discussed in the context of environmental conditions and water 

chemistry. Overall, PAHs in SuDs and comparison sites were less than the toxic 

thresholds of several EQS and these systems appear to be safely delivering both 

water quantity and quality functions of SuDs.  

The inherent variability of drainage systems and environmental monitoring, 

combined with site specific factors, means that making generalisations about the 

comparative performance of SuDs and conventional/hybrid systems is difficult.  

Generally, SC in swales was shown to retain solids and associated pollutants. 

Basins offered good treatment, but preferential flow pathways and other factors 

affected pollutant distribution, meaning that the progressive nature of pollutant 

removal and accumulations were not as clearly demonstrated. Progressive 

improvements in water quality were seen through treatment trains, but external 

influences and poor construction gave discontinuities in pollutant profiles. The 

highway ponds had much more dynamic and complex behaviour and the monitoring 

did not really distinguish any difference in terms of hydrocarbon treatment 

performance, possibly due to the limited ability of the hybrid pond to collect 

hydrocarbon pollutants from the highway. Similarly, limited conclusions were also 

drawn from the comparison of porous and standard asphalts, as well as permeable 

pavements regarding their performance in the treatment of hydrocarbon pollution.  
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In Conclusion, this thesis has therefore contributed to increasing the understanding 

of the behavior of hydrocarbon pollutants by extensive site monitoring and 

comparison of SuDs with conventional/hybrid systems. It also provides evidence and 

advice for developers, planners and SuDs practitioners about the advantages and 

performance of SuDs, and can potentially enhance existing guidelines on green 

infrastructure with respect to hydrocarbon removals. 
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11.0 CONCLUSIONS 

 This study provided an important contribution to comparing the fate of 

hydrocarbons in SuDs, conventional drainage and hybrid drainage systems as 

well as background pollution database in terms of hydrocarbon pollution. 

 The monitoring of storm events confirmed the first flush phenomenon for 

particulate PAHs, total suspended solids and volatile suspended solids.  

 The difference in patterns of the first flush phenomenon for TSS and TPHs 

with time may indicate that TPHs are attached to particular types of solid 

matter and that the bulk TSS parameter alone does not represent the process. 

 First flush events showed that in stormwater 92% of ΣPAHs were attached to 

particles and 8% were soluble. The most abundant particulate associated 

PAHs were NAP (91% - 100%), PYR (100%), FLAN (100%), PHE (100%) and 

ANT (100%). 

 TPHs appear to be of limited value for assessing hydrocarbon pollution 

especially in soils, due to interference and inclusion of natural organic 

compounds. PAHs are recommended as a better way of evaluating 

hydrocarbon pollution, by providing more reliable and precise traces.  

 The most dominant mechanism that occurred in the swale soils and basins 

was the process of adsorption and it seems that was proved a highly effective 

process of trapping hydrophobic HMW-PAHs from stormwater. 

 There was an increase of HMW-PAH concentrations over time in the 

commuter road swale soil, but extrapolating this rate of increase over the 

expected lifetime of the SuDs predicts that concentrations would be below 

hazardous thresholds.     

 During SuDs monitoring, LMW-PAHs were predominant in water compared to 

HMW-PAHs which prevailed in soils. Hydrophobic PAH compounds (HMW-

PAHs) show the tendency to remain in higher concentrations in the upper 

layers of the soil, with swales acting as a sink for PAHs. In general, the PAH 

concentrations in soils showed progressive decrease with depth. 
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 LMW-PAHs and HMW-PAHs in soils varied according to location and season. 

The highest concentrations were found between autumn and winter, but in the 

car park case study, they were higher during summer.  

 The source evaluation of PAH ratios showed that in all cases PAHs derived 

from a mixture of pyrogenic and petrogenic sources. The proportion of 

pyrogenic and petrogenic pollution varied between sites. However, different 

PAHs detected at different locations, combined with potentially different 

removal rates, make overall conclusions about sources difficult.  

 The vegetated swale-pond system (SC) adjacent to the commuter road 

showed good performance in terms of basic water quality parameters (BOD, 

TSS, VSS) and PAHs compared to the recommended EQS. In addition, 

progressive improvement of these factors was seen across the treatment 

train.      

 Traffic intensity possibly influenced the amount of hydrocarbon pollution in 

stormwater. More precisely the higher the traffic load, the greater the 

hydrocarbon pollution. The trunk roads and the commuter road of this study 

exhibited higher PAH concentrations in stormwater than the residential 

development and car parks, which presented similar amounts of hydrocarbon 

pollution. 

 The dynamic and complex nature of highway ponds due to their shape and 

vegetation made it difficult to evaluate treatment performance in terms of 

general water quality parameters and hydrocarbon pollution, due to variability 

in results.  

 Both the treatment train in Lamb Drove and the hybrid system in Friar Way 

exhibited similar hydrocarbon treatment performance. Both drainage systems 

utilized SC, which in this case could have been an adequate prevention for 

water quality. However, the treatment train offered further treatment, cost less, 

was more aesthetically pleasing and it seemed that provided a more 

integrated approach to deal with both water quality and quantity.       
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 Comparing porous (SC) with conventional asphalt in a full scale case study 

(Car Parks, London) the PAH concentrations in water were below hazardous 

limits for all sites. In addition, both HMW-PAHs and LMW-PAHs decreased 

gradually down-core with the vegetated swale (next to porous asphalt car 

park) presenting a more stable behaviour compared to the non-vegetated 

swale (next to standard asphalt car park). 

 In the leaching experiment a variety of PAHs presented temporal trends, but 

their overall concentrations were not substantial and there was no pattern in 

relation to on-site empirical observations.  

 Variation of HMW-PAHs was seen in SuDs especially early in treatment train. 

In addition, not all sites showed increases over time and the concentration 

levels were below concern.   

 More work is required on fate processes and mechanisms to understand in 

greater depth concentrations and implications on ecological health and 

disposal options.  
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12.0 FUTURE WORK 

There are many challenges facing SuDs designers as increasing demand for 

housing and roads puts more pressure on aquatic ecosystems, compounded by the 

uncertainties of climate change. Improving the design of SuDs to maximise the 

benefits for amenity and water quality requires design guidance to focus more on 

these issues.  

Therefore, more monitoring is required to establish a more reliable and precise 

database of pollutants and more evidence will be necessary regarding SuDs 

performance and more specifically of soil and vegetated based SuDs. A full 

hydrological balance for paired SuDs and conventional\hybrid drainage systems 

should be conducted to investigate inlet – outlet water volumes, PAH loadings with 

closer examination of fate processes. Setting up a paired experiment, in which SuDs 

and comparison systems receive exactly the same runoff will provide essential 

information regarding the different performances of SuDs and behaviour of the 

PAHs. An ideal SuDs system for this kind of experiment would be a treatment train, 

such as the one in Lamb Drove.  

The accumulation of pollutants, especially in the soil of SuDs, could have long term 

implications for maintenance costs. More investigation is needed to determine the 

accumulation rates and maximum peak concentrations of PAHs as this will improve 

the long term management and maintenance of SuDs. Moreover, the long term 

ecological impact of PAHs in SuDs should be examined to determine PAH limits for 

the safety of flora, animals and human health. In addition, long term accumulation of 

pollutants may result in disposal of large amounts of contaminated soil, so the most 

viable ways of disposal should be examined.  

Furthermore, the degradation mechanisms in already established SuDs are less well 

understood. More investigation of these mechanisms in detail should be conducted 

to enrich existing knowledge. Laboratory experiments of microbial degradation, 

photolysis, volatilization and adsorption will provide important information regarding 

the degradation rates of the PAHs and methodological, chemical and physical 

aspects can be developed to determine suspension, sedimentation, re-suspension of 

solids associated with PAHs and the release of PAHs from solids. In addition, 
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preferable attachments of the PAHs to different solid sizes and types can be 

conducted. Pond sediments were not included in this study and it would be 

significant to investigate further in order to determine PAH concentrations and 

possible biodegradation.   

In addition, more research involving vegetation and plants in SuDs would be 

beneficial, such as the effects of the rhizosphere on pollutants such as PAHs as they 

can promote TPH and PAH degradation. However, knowledge of degradation rates, 

degree of degradation and the behaviour of these pollutants around the rhizosphere 

is limited. The role of wetland plants, such as Phragmites australis, Glyceria maxima 

and others, in pollutant removal processes should therefore be studied to be 

incorporated in plant selection criteria for SuDs such as vegetated ponds and of the 

large pond.        

Finally, PAH diagnostic ratios can be investigated in a greater degree as more PAH 

combinations may produce more reliable and precise source identification. More 

reliable diagnostic ratios can enhance source identification and can be used as a 

means of source apportionment. This may lead to the ability to differentiate fresh and 

old PAHs in the environment. In general, data generated of this recommended future 

work will optimise SuDs design to succeed high levels of treatment efficiency by 

meeting the future regulatory requirements.  
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13.0 LIMITATIONS 

Generally environmental monitoring implicates many limitations that involve 

sampling, sample processing, use of equipment, logistics and budget. In this study 

site proximity to the University of Portsmouth, where the Environmental Sciences 

laboratories are located was a crucial factor in the selection of drainage systems for 

the preservation of soil and mostly water samples. Several types of soft and hard 

drainage systems were suggested by drainage companies, but when they were 

inspected there was no suitable access, therefore multiple close proximity sites 

excluded from monitoring. For the above reasons the site of Waterlooville was 

selected for extensive monitoring as there was easy flexible access and it was close 

to the laboratories. Occasionally it was not feasible to liaise between the various 

bodies involved in this study to synchronise sampling. Therefore limited samples 

were collected from the detention ponds of the trunk road case study as the 

Highways Agency was not able to provide necessary personnel or access to the 

sites.  

Equipment and budget availability can limit any project to a certain degree. In this 

study all the resources provided in such a way to collect and conduct with the most 

efficient way the maximum number of samples and necessary tests. Greater budget, 

extra equipment and personnel could provide greater amount of results in a shorter 

period of time, speed up sampling and involve more sites.  

Limitations on the budget allowed the use of only one auto-sampler and the 

Waterlooville site was selected as the most suitable site to set it up due to the 

extensive monitoring that was conducted there. However, the auto-sampler was 

vandalised twice during this project and flow gauging equipment also suffered 

breakdowns and vandalism. Therefore, the velocities of runoff and sequentially of the 

water discharge could not be produced. By calculating the water discharge and using 

hydrological maps mass balance and kinetic modelling of the individual PAHs could 

be succeeded investigating the behaviour of the individual PAHs in a more detailed 

way. Unfortunately, the project was limited to comparing and evaluating 

concentrations of PAHs and excluding PAH kinetics.    

In addition, more laboratory simulations were initially planned to be conducted during 

this study in order to evaluate under control conditions and in greater detail the 

mechanisms of adsorption, volatilization, biodegradation (e.g. biofilms) that affect 
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PAH degradation. However, budget limitations and lack of time limited the study only 

to site monitoring and conduction of only one leaching experiment. Finally,      the 

complexity and the dynamic nature of the drainage systems (e.g. SuDs and hybrid 

systems) involved, as well as variations of the runoff quality made the comparison 

difficult, as the sampling period was restricted to 22 months. Longer period of 

monitoring may have provided more conclusive results with lower outliers and 

potentially more distinct patterns.   
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15.0 APPENDICES 

15.1 APPENDIX A 

15.1.1 STORM EVENTS 

Table 33: BOD, COD, TSS, VSS, Conductivity and pH concentrations of each storm 

event at swale inlet 2, in Waterlooville (Commuter Road). 
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Table 34: DRO, Soluble DRO, Particulate DRO, ERO, Soluble ERO, Particulate 

ERO, TPHs, Soluble TPHs and Particulate TPH concentrations of each storm event 

at swale inlet 2, in Waterlooville (Commuter Road). 
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Table 35: Nap, Soluble Nap (SNAP), Particulate Nap (PNAP), 2MN, Soluble 2MN 

(S2MN), Particulate 2MN (P2MN), 1MN, Soluble 1MN (S1MN), Particulate 1MN 

(P1MN), ACY, Soluble ACY (SACY), Particulate ACY (PACY), ACE, Soluble ACE 

(SACE), Particulate ACE (PACE), FLU and Soluble FLU (SFLU) concentrations of 

each storm event at swale inlet 2, in Waterlooville (Commuter Road).  
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Table 36: Particulate FLU (PFLU), PHE, Soluble PHE (SPHE), Particulate PHE 

(PPHE), ANT, Soluble ANT (SANT), Particulate ANT (PANT), FLAN, Soluble FLAN 

(SFLAN), Particulate FLAN (PFLAN), PYR, Soluble PYR (SPYR), Particulate PYR 

(PPYR), BaA, Soluble BaA (SBaA), Particulate BaA (PBaA), CHR and Soluble CHR 

(SCHR) concentrations of each storm event at swale inlet 2, in Waterlooville 

(Commuter Road).  
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Table 37: Particulate CHR (PCHR), BbF, Soluble BbF (SBbF), Particulate BbF 

(PBbF), BkF, Soluble BkF (SBkF), Particulate BkF (PBkF), BaP, Soluble BaP 

(SBaP), Particulate BaP (PBaP), IcP and Soluble IcP (SIcP) concentrations of each 

storm event at swale inlet 2, in Waterlooville (Commuter Road). 
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Table 38: Particulate IcP, DhP, Soluble DhP (SDhP), Particulate DhP (PDhP), BgP, 

Soluble BgP (SBgP) and Particulate BgP (PBgP) concentrations of each storm event 

at swale inlet 2, in Waterlooville (Commuter Road). 
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Table 39: LMW-PAHs, Soluble LMW-PAHs, Particulate LMW-PAHs, HMW-PAHs, 

Soluble HMW-PAHs and Particulate HMW-PAHs concentrations of each storm event 

at swale inlet 2, in Waterlooville. 
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Table 40: ΣPAHs, Soluble ΣPAHs and Particulate ΣPAHs concentrations of each 

storm event at swale inlet 2, in Waterlooville. 
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15.1.2 Standard Monitoring Water 

Table 41: BOD, COD, TSS, VSS, Conductivity and pH concentrations at the 

vegetated swale – pond system, in Waterlooville. 
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Table 42: The median concentrations of NAP, 2MN, 1MN, PHE, ANT, FLAN, PYR, 

BaA and CHR in the water of the vegetated swale – pond system, in Waterlooville. 
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Table 43: The median concentrations of ACY, ACE, FLAN, BbF, BkF, BaP, IcP, DhP 

and BgP in the water of the vegetated swale – pond system, in Waterlooville. 
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Table 44: Median LMW-PAH, HMW-PAH and ΣPAH concentrations at the vegetated 

swale – pond system, in Waterlooville. 
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Table 45: Seasonal BOD and COD concentrations at the vegetated swale – pond 

system, in Waterlooville. 
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Table 46: Seasonal TSS and VSS concentrations at the vegetated swale – pond 

system, in Waterlooville. 
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Table 47: Seasonal EC at the vegetated swale – pond system, in Waterlooville. 
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Table 48: Seasonal DRO and ERO concentrations at the vegetated swale – pond 

system, in Waterlooville. 
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Table 49: Seasonal TPH concentrations at the vegetated swale – pond system, in 

Waterlooville. 
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Table 50: Seasonal LMW-PAH and HMW-PAH concentrations at the vegetated 

swale – pond system, in Waterlooville. 
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Table 51: Seasonal ΣPAH concentrations at the vegetated swale – pond system, in 

Waterlooville. 
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15.1.2 Soil 

Table 52: The median Moisture Content along the vegetated swale – pond system 

per layer, in Waterlooville. 
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Table 53: The median DRO, ERO and TPH concentrations in the soil along the 

vegetated swale – pond system, in Waterlooville. 
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Table 54: The median concentrations of NAP, 2MN, and 1MN, in the soil along the 

vegetated swale – pond system, in Waterlooville. 
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Table 55: The median concentrations of ACY, ACE and FLU in the soil along the 

vegetated swale – pond system, in Waterlooville. 
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Table 56: The median concentrations of PHE, ANT and FLAN in the soil along the 

vegetated swale – pond system, in Waterlooville. 
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Table 57: The median concentrations of PYR, BaA and CHR in the soil along the 

vegetated swale – pond system, in Waterlooville. 
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Table 58: The median concentrations of BbF, BkF and BaP in the soil along the 

vegetated swale – pond system, in Waterlooville. 
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Table 59: The median concentrations of IcP, DhP and BgP in the soil along the 

vegetated swale – pond system, in Waterlooville. 
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Table 60: The median concentrations of LMW-PAHs, HMW-PAHs and ΣPAHs in the 

soil along the vegetated swale – pond system, in Waterlooville. 
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Table 61: Seasonal DRO and ERO concentrations in soils of the swale-pond system 

of the commuter road (Waterlooville). 
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Table 62: Seasonal TPH concentrations in soils of the swale-pond system of the 

commuter road (Waterlooville). 
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Table 63: Seasonal PHE and PYR concentrations in the soil along the vegetated 

swale – pond system, in Waterlooville. 
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Table 64: Seasonal LMW-PAH and HMW-PAH concentrations in the soil along the 

vegetated swale – pond system, in Waterlooville. 
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Table 65: Seasonal ΣPAH concentrations in the soil along the vegetated swale – 

pond system, in Waterlooville. 
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15.2 APPENDIX B 

15.2.1 Water 

Table 66: The median NAP, 2MN and 1MN concentrations of the water samples at 

the housing development, Cambourne. 
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Table 67: The median ACY, ACE, FLU, PHE and ANT concentrations of the water 

samples at the housing development, Cambourne. 
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Table 68: The median FLAN, PYR, BaA, CHR and BbF concentrations of the water 

samples at the housing development, Cambourne. 
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Table 69: The median BkF, BaP, IcP, DhP and BgP concentrations of the water 

samples at the housing development, Cambourne. 
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Table 70: The median LMW-PAH, HMW-PAH and ΣPAH concentrations of the water 

samples at the housing development, Cambourne. 

 

15.2.1 Soil 

Table 71: The moisture content in the soil of the treatment train at the housing 

development, Cambourne. 
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Table 72: The median NAP, 2MN and 1MN concentrations in the soil of the 

treatment train at the housing development, Cambourne. 
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Table 73: The median ACY, ACE and FLU concentrations in the soil of the treatment 

train at the housing development, Cambourne. 
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Table 74: The median PHE, ANT and FLAN concentrations in the soil of the 

treatment train at the housing development, Cambourne. 

 

 

 

 

 

 



327 
 

Table 75: The median PYR, BaA and CHR concentrations in the soil of the treatment 

train at the housing development, Cambourne. 
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Table 76: The median BbF, BkF and BaP concentrations in the soil of the treatment 

train at the housing development, Cambourne. 

 

 

 

 

 

 



329 
 

Table 77: The median IcP, DhP and BgP concentrations in the soil of the treatment 

train at the housing development, Cambourne. 
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Table 78: The median LMW-PAHs, HMW-PAHs and ΣPAHs concentrations in the 

soil of the treatment train at the housing development, Cambourne. 
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Table 79: Seasonal BbF and BkF concentrations in the soil of the treatment train at 

the housing development, Cambourne. 
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Table 80: Seasonal BbF and BkF concentrations in the soil of the treatment train at 

the housing development, Cambourne. 
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Table 81: Seasonal BgP and ΣPAH concentrations in the soil of the treatment train at 

the housing development, Cambourne. 
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Table 82: Seasonal LMW-PAH and HMW-PAH concentrations in the soil of the 

treatment train at the housing development, Cambourne. 
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15.3 Appendix C 

15.3.1 Water 

Table 83: BOD, COD, TSS, VSS, Conductivity and pH levels from the porous (SC) 

and standard asphalt systems at Mount Vernon Treatment Centre, in London. 
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Table 84: The median concentrations of the individual LMW-PAH compounds from 

the porous and standard asphalt systems at Mount Vernon Treatment Centre, in 

London. 
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Table 85: The median concentrations of the individual HMW-PAH compounds from 

the porous and standard asphalt systems at Mount Vernon Treatment Centre, in 

London. 
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Table 86: The median LMW-PAH, HMW-PAH and ΣPAH concentrations from the 

porous and standard asphalt systems at Mount Vernon Treatment Centre, in 

London. 

 

15.3.2 Soil 

Table 87: The median moisture content per layer and per point next to the porous 

and standard asphalt car park at Mount Vernon Treatment Centre, in London. 
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Table 88: The DRO, ERO and TPH values per layer and per point next to the porous 

and standard asphalt car park at Mount Vernon Treatment Centre, in London. 
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Table 89: The values of NAP, 2MN and 1MN per layer and per point next to the 

porous and standard asphalt car park at Mount Vernon Treatment Centre, in London. 
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Table 90: The values of ACY, ACE and FLU per layer and per point next to the 

porous and standard asphalt car park at Mount Vernon Treatment Centre, in London. 
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Table 91: The values of PHE, ANT and FLAN per layer and per point next to the 

porous and standard asphalt car park at Mount Vernon Treatment Centre, in London. 

 

 

 

 



343 
 

Table 92: The values of PYR, BaA and CHR per layer and per point next to the 

porous and standard asphalt car park at Mount Vernon Treatment Centre, in London. 
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Table 93: The values of BbF, BkF and BaP per layer and per point next to the porous 

and standard asphalt car park at Mount Vernon Treatment Centre, in London. 
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Table 94: The values of IcP, DhP and BgP per layer and per point next to the porous 

and standard asphalt car park at Mount Vernon Treatment Centre, in London. 
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Table 95: The values of LMW-PAHs, HMW-PAHs and ΣPAHs per layer and per point 

next to the porous and standard asphalt car park at Mount Vernon Treatment Centre, 

in London. 
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Table 96: The seasonal values of BbF and BkF per layer and per point next to the 

porous and standard asphalt car park at Mount Vernon Treatment Centre, in London. 
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Table 97: The seasonal values of BaP and IcP per layer and per point next to the 

porous and standard asphalt car park at Mount Vernon Treatment Centre, in London. 
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Table 98: The seasonal values of LMW-PAHs and HMW-PAHs per layer and per 

point next to the porous and standard asphalt car park at Mount Vernon Treatment 

Centre, in London. 
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15.4 APPENDIX D 

15.4.1 Water 

Table 99: The median concentrations of NAP, 2MN, 1MN, ACY, ACE, FLU and PHE 

at the inlet and outlet zones of the A34 Newbury and M27 Tower Hill detention 

ponds. 
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Table 100: The median concentrations of ANT, FLAN, PYR, BaA, CHR and BbF at 

the inlet and outlet zones of the A34 Newbury and M27 Tower Hill detention ponds. 
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Table 101: The median concentrations of BkF, BaP, IcP, DhP and BgP at the inlet 

and outlet zones of the A34 Newbury and M27 Tower Hill detention ponds. 
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Table 102: The median concentrations of LMW-PAHs, HMW-PAHs and ΣPAHs at 

the inlet and outlet zones of the A34 Newbury and M27 Tower Hill detention ponds. 
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15.5 APPENDIX E 

Table 103: The concentrations of the individual PAH compounds from the porous 

and standard asphalt leaching experiment. 
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Table 104: The LMW-PAH, HMW-PAH and ΣPAH concentrations from the porous 

and standard asphalt leaching experiment. 
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15.6 APPENDIX F 

Table 105: Inlet and Outlet ΣPAH(cancer) concentrations in water from all the systems of this study (Commuter Road, Car Parks, 

Trunk Roads and laboratory experiment). 

 
 

Table 106: Soluble and Particulate ΣPAH(cancer) concentrations of all storm events (Commuter Road). 
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Table 107: ΣPAH(cancer) concentrations in water of all sampling points in Cambourne. 

 
 

Table 108: ΣPAH(cancer) concentrations of all case studies (Car Park, Commuter Road and Cambourne). 
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Table 109: ΣPAH(cancer) per point and per layer in soils of the swale-pond system 

in Commuter Road (Waterlooville). 

 

Table 110: ΣPAH(cancer) per point and per layer in soils of the treatment train in 

Lamb Drove (Cambourne). 
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Table 111: ΣPAH(cancer) per point and per layer in soils next to porous and 

standard asphalt car parks (London). 
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15.7 APPENDIX G 

 
Figure 108: TPHs chromatogram of the forest control point versus the basin of the treatment centre at Mount Vernon Treatment 

Centre, London (third layer). 
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Figure 109: TPHs chromatogram of the forest control point versus the basin of the treatment centre at Mount Vernon Treatment 

Centre, London (top layer). 
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Figure 110: TPHs chromatogram of the forest control point versus the control point next to the porous asphalt of the treatment 

centre at Mount Vernon Treatment Centre, London (third layer). 
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Figure 111: TPHs chromatogram of the forest control point versus the control point next to the porous asphalt of the treatment 

centre at Mount Vernon Treatment Centre, London (second layer). 
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Figure 112: TPHs chromatogram of the forest control point versus the control point next to the porous asphalt of the treatment 

centre at Mount Vernon Treatment Centre, London (third layer).               
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15.8 APPENDIX H 

Table 112: Antecedent Dry Period, temperature and rainfall at the commuter road in 

Waterlooville. 

 

Table 113: Antecedent Dry Period, temperature and rainfall at the trunk roads of the 

M27 Tower Hill and A34 Newbury Bypass. 
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Table 114: Antecedent Dry Period, temperature and rainfall at Mount Vernon 

Treatment Centre car parks, in London. 
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Table 115: Antecedent Dry Period, temperature and rainfall at the housing 

development in Cambourne. 
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