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ABSTRACT 

Aquatic ecosystems are threatened by a variety of contaminants contained in 

road runoff. Pollutant mitigation is therefore an important function of sustainable 

drainage systems such as vegetated ponds. However, design is predominantly 

based on “black box” approaches. In addition, most studies do not evaluate 

alternative design layouts for a given location and hydrological regime. This 

research project evaluates a small vegetated pond, by means of experimental 

and numerical methods. The vegetated wet detention pond (two flow balancing 

basins separated by a berm) had 1.6m maximum depth, 304m³ storage 

capacity, a hydro-brake controlling the outflow, and was equipped with sediment 

traps and stage loggers (at the inlet/outlet) for monitoring purposes. It received 

road runoff after a bio-retention area and a swale (L=80m) adjacent to an urban 

road. Experimental methods included the collection of water/sediment from 

strategic parts of the system and subsequent analysis. Water quality 

investigation included BOD5, COD, TSS, VSS, pH, heavy metals and other 

elements. Sediment quality analysis included particle size distribution, 

accumulation rates, volatile substance content and heavy metal/elements 

concentrations in different size fractions. Numerical methods included the 

evaluation of the current design under extreme flow conditions, in terms of flow 

distributions, followed by investigating alternative geometries for the same 

footprint in the interest of promoting sustainable flow regimes and sedimentation 

potential.  

The storm events exhibited first flush patterns in the inflow, but linear 

associations between many pollutants in the inlet and the outlet, suggested 

short-circuiting was affecting effluent quality during storm events.  The pond 

system showed variability and complexity in the behaviour of pollutants with 

influences due to spatial, seasonal, and site-specific effects. The pollution levels 

in the pond (water, sediments) were low compared to standards and the pond 

seemed to have relieved the River Wallington (receiving water-body) from a 

great amount of pollution. However, increased salinity and low biodegradability 

of material found in the pond could be of concern in the long-term. The system 

promoted sedimentation although there was indication of post-depositional re-

suspension especially under high flows. Vegetation probably encouraged 

buffering while increasing the levels of biogenic debris in the pond water. The 
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main factors contributing to the water and sediment quality fluctuations were 

identified during this study. These factors were of a broad-spectrum of variables 

related to environmental stressors and design properties. 

The modelling of the vegetation was very intricate although the CFD code 

modelled relatively accurately the flow distributions within the vegetated 

domain. The simulations suggest that the excessive vegetation diverged the 

flow from the basins to the un-vegetated banks and therefore, increased the re-

suspension potential of settled material. The response of this particular 

vegetated pond in terms of sedimentation potential and velocity distributions 

(during the design flow) was highly influenced by the geometry and the 

vegetation cover of the pond system. In addition, simulations indicated that the 

most appropriate design layout for the given flow regime was an elliptical pond 

with a submerged/emergent island placed at a central location. The response of 

this pond layout, in respect of velocity distributions, could be up to 30% more 

efficient than the existing configuration.   

The research findings of this study contributed to greater knowledge of the 

dynamic nature of treatment mechanisms in vegetated SuDS and offered 

innovative information on how to simulate (vegetated) SuDS ponds using CFD 

codes.  
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 µ= Dynamic (molecular) viscosity [kg/ms] 

 N= Elapsed days before emptying the sediment traps [days] 

 n= Number of samples [-] 

 Na= Sodium [mg/l-water; mg/g-sediment] 

 N EXP= Experimental conditions for the no vegetation configuration 

 NPS= Nonpoint source pollution [-] 

 ν= Kinematic viscosity [m²/s] 

 P= Phosphorus [µg/l-water; µg/g-sediment] 

 P.A= Phragmites australis [-] 

 Pb= Lead [µg/l-water; µg/g-sediment] 

 Pd= Palladium [µg/l-water; µg/g-sediment] 

 PGE= Platinum group elements [-] 

 PSD= Particle size distribution [-] 

 Pt= Platinum [µg/l-water; µg/g-sediment] 

 PZ= Porous zone configuration 

 p= Static pressure [Pa] 

 ρ= Fluid density [kg/m³] 

 Q= Flow rate [m³/s] 

 Re= Reynolds number [-] 

 Rh= Rhodium [µg/l-water; µg/g-sediment] 

 S= Sediment accumulation rate per unit area per day[g/m² day] 

 Si= Source term for the ith (x,y,z) momentum equations [-] 

 Sk= User-defined source term [-] 

 STotal= Total sediment accumulation [kg] 

 Sε= User-defined source term [-] 

 SBOD5= Soluble biochemical oxygen demand [mg/l] 

 SCOD= Soluble chemical oxygen demand [mg/l] 

 SEA= Storm event analysis [-] 

 SIMPLE= Semi-Implicit Method for Pressure-Linked Equations [-] 

 ST= Sediment trap [-] 

 SUDS= Sustainable urban drainage systems [-] 

 SuDS= Sustainable drainage systems [-] 

 σε= Turbulent Prandtl number [-] 

 σκ= Turbulent Prandtl number [-] 

 T= Temperature [°C] 
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 T.L= Typha latifolia [-] 

 t= Time [min] 

 td= Detention time [h] 

 TSS= Total suspended solids [mg/l] 

 U= Mean velocity [m/s] 

 u= Velocity component in the x direction [m/s] 

 u


= Velocity vector [-] 

 u= Root mean square of the turbulent velocity fluctuations [-] 

 UCFD= Computational depth-averaged velocity [m/s] 

 Uexp= Experimental depth-averaged velocity [m/s] 

 UKWIR= United Kingdom Water Industry Research 

 V= Volume [m³] 

 v= Velocity component in the y direction [m/s] 

 v = Velocity magnitude [m/s] 

 Vt= Total volume [m³] 

 Vf= Volume of fluid [m³] 

 VC= Vegetation cover [n/m²] 

 VCD= Vegetation cover of the deep flow region of the pond [n/m²] 

 VCS= Vegetation cover of the shallow flow region of the pond [n/m²] 

 VSC= Volatile substances content [%] 

 VSS= Volatile suspended solids [mg/l] 

 W= Width [m] 

 w= Velocity component in the z direction [m/s] 

 w =mean fall/settling velocity [mm/h] 

 Wa= Weight of sample after loss on ignition test [g] 

 Wb= Weight of sample before loss on ignition test [g] 

 Ym= Contribution of the fluctuating dilatation in compressible turbulence to 

the overall dissipation rate [-]  

 z= Distance from the bed of the settling cylinder and/or the bed of the flume 

[m] 
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1.0 INTRODUCTION 

1.1 Outline of the Problem 

Climate change presents very serious global risks, and it demands an urgent 

global response (Stern, 2006; IPCC, 2007). Climate change predictions suggest 

that the number and severity of storm events across England is likely to 

increase (Stern, 2006). This will result in increased river flows and increased 

sea levels (Charlton and Arnell, 2014). Intensification of river flows and upsurge 

of sea levels will increase the fluvial flood risk and tidal flood risk, respectively, 

of relevant regions across the UK. To deal with these risks, we must deploy 

more sustainable approaches to tackling flood risk, such as Sustainable 

Drainage Systems (SuDS) (Tixier et al., 2011). In addition, aquatic ecosystems 

receiving stormwater runoff are threatened by a variety of contaminants 

contained in this runoff (Marsalek et al., 1999).  

Pollutant mitigation and flood management is therefore an important function of 

SuDS, such as wet vegetated ponds. However, performance variations of a 

broad spectrum of treatment mechanisms in different ponds make mechanistic 

design hard to generalise (UKWIR, 2014). In addition, the use of vegetated 

ponds has introduced uncertainty into the prediction of the flow distributions and 

the subsequent pond treatment behaviour (CIRIA, 2007).  

Furthermore, most studies (Färm, 2002; Dechense et al., 2004; Stovin et al., 

2009; Camponelli et al., 2010; Khan et al., 2012) focus on the evaluation of 

either the treatment or the hydraulic behaviour of such systems. Consequently, 

there is need for further research especially in understanding SuDS (vegetated 

ponds in this case) performance, examining that systems function as designed, 

and investigating the influence of vegetation on flow distributions along with the 

improvement of pond geometry (UKWIR, 2014). 

1.2 Outline of the Research Project 

Taking into consideration the above information and current concerns, this 

study aimed to contribute to the advancement of knowledge of vegetated SuDS 

ponds. This research project evaluated a small vegetated pond, by means of 

experimental and numerical methods, offering an integrated assessment by 

combining the investigation of both treatment and flow behaviour; thus, 
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providing information towards better understanding (vegetated) ponds 

performance, while assessing if a particular system functions as designed, from 

both a treatment and hydraulic viewpoint.  

 

Figure 1: Site location map (retrieved from www.edina.ac.uk/digimap) showing the 
study site and the University of Portsmouth along with national grid lines 

Fig. 1 shows the location of the study site and the location of the University of 

Portsmouth along with National Grid Lines. The Waterlooville pond system was 

close to the University laboratory (approximately 17km) making the project 

feasible as laboratory analysis had to be performed within a specific timeframe 

(<4 hours; Greenberg et al., 1992). The site location enabled multivariate 

monitoring of many different environmental indicators given its distance from the 

laboratory of the University of Portsmouth. 

1.2.1 Aims and Objectives 

The aim of this research project was to investigate three research questions of 

prominence regarding vegetated ponds:  

I. “What are the main factors contributing to water and sediment quality 

fluctuations of a particular vegetated pond, which is under the influence 

of multiple environmental stressors?”  



20 | P a g e  

 

II. “How does a particular vegetated pond respond in terms of 

sedimentation potential and velocity distributions under the design flow 

including the role of vegetation?” 

III. “What is the response of reputably efficient pond design configurations 

(compared to a hypothetical non-vegetated Waterlooville pond and the 

existing vegetated Waterlooville pond) for the highest observed flow 

regime?” 

In order for these questions to be answered several parameters needed to be 

assessed and the research concept was designed in such a way that would 

cover the perspective of the aforementioned questions. 

Therefore, the objectives of the research were: 

1. To plan and carry out an appropriate monitoring strategy including 

sampling and analysis on the basis of literature findings. 

2. To evaluate the quality of road runoff passing through a swale and 

ending up in a vegetated detention pond system in terms of first flush 

distributions and pollution levels of water and settling solids/soil 

sediment. 

3. To characterise the variability of the runoff received and its behaviour in 

a pond system in relation to seasonal, chronological, and spatial factors.  

4. To appraise the particle size distribution, volatile substances content and 

accumulation rates of solids in a vegetated pond system. 

5. To measure the fall velocity of solids entering a particular vegetated pond 

during storm events. In addition, to compare the experimental fall velocity 

of particles with the ideal (theoretical) fall velocity of particles for the 

given design and hydrological regime (design flow). 

6. To investigate and identify the origin/mobility and shared associations of 

certain pollutants in a vegetated wet pond. 

7. To investigate the applicability and suitability of computational fluid 

dynamics (CFD) to predict velocity distributions in vegetated 

computational domains 

8. To develop a CFD model of a particular vegetated pond in terms of 

evolving flow patterns for the worst case scenario (1:100 design flow) 

and to assess the role of vegetation regarding the possible advantages 
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and disadvantages to the overall pond performance, on the basis of the 

CFD results.  

9. To develop a CFD model of reputably efficient design alternatives 

(including the existing pond), on the basis of the highest inflow observed 

(storm event). 

10. To evaluate the alternative pond designs in the interest of promoting 

sustainable pond design and sedimentation potential through modelling 

of different pond configurations and vegetation patterns. 

1.2.2 Research Design 

The research project presented herein consisted of a four-phase plan. 

 Phase 1 was the literature review to identify pollutants associated with 

road runoff and their behaviour in the aquatic environment so that an 

appropriate sampling and analysis regime could be adopted for the 

monitoring programme. In addition, current hindrances and advances in 

(vegetated) wet pond design were identified in order to develop a CFD 

model(s) in the interest of sustainable design and sedimentation 

potential. 

 Phase 2 was a 24 months monitoring programme involving in-situ and 

laboratory work to collect data. This included monthly monitoring (MM) of 

the pond water/settling solids/soil sediment; and storm event analysis 

(SEA) for the inflow and outflow quality of the pond along with pond soil 

sediment evaluation. In addition, the inflow velocity (during storm 

events), water depth, and vegetation cover of the pond system were 

measured in order to progress to phase 3. 

 Phase 3 was the development of an experiment to examine the accuracy 

of CFD to model velocity distributions in vegetated computational 

domains using a laboratory flume and a CFD code; and the development 

of a CFD model(s) of a particular pond under design flow and alternative 

pond layouts (for the highest observed inflow).  

 Phase 4 was the analysis and interpretation of the experimental data set 

and the CFD results. 
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2.0 LITERATURE ASSESSMENT  

 

 

 

 

 

2.1 Introduction 

Traditional drainage has always been using an underground pipe system which 

is designed to prevent flooding locally by conveying the water away as quickly 

as possible (CIRIA, 2007). Traditionally, a single sewer combined surface water 

runoff with sewage flows.  

According to CIRIA (2006), “surface water from rainfall can be extremely 

dangerous as it can trigger some untreated sewage to spill into receiving 

watercourses, via combined sewer overflows (CSO), and cause pollution”. Over 

the last 50 years (approximately), separate pipe networks for surface water 

runoff and foul water were constructed reducing the risk of CSO but still creating 

a problem as they transfer the pollutants present in runoff from the urban 

surface directly to the receiving water-body (CIRIA, 1994; CIRIA, 1998; CIRIA, 

2002; CIRIA, 2006). The result of the direct transfer of pollutants into the 

environment can lead to resource depletion via the eventual degradation of 

rivers and groundwater recourses (Tixier et al., 2011).  

Consequently, a different approach is being adopted aimed at managing urban 

stormwater runoff. 

2.2 Urbanization  

2.2.1 Urban Hydrology 

The natural hydrologic cycle is driven by the energy of the sun: water 

evaporates from the surfaces of oceans, lakes and other water bodies; the 

moist air is raised and moved by the wind; the air is cooled and water vapor 

becomes clouds and precipitation falls as rain or snow depending on the 

temperature. Some precipitation evaporates back into the air, some runs off 

directly into streams and the rest penetrates the soil where it is taken up by 

This chapter introduces briefly Sustainable Drainage Systems (SuDS) and why they were 

developed in the past 30 years or so. The impacts of urbanization on receiving water-bodies in 

terms of water quantity and quality are also introduced. A review of current literature identifies the 

sources and levels of contaminants associated with stormwater runoff and their associated 

transport processes. In addition, a detailed analysis of wet ponds regarding their design and 

treatment processes is included in this chapter. On the basis of the literature, the importance of 

Computational Fluid Dynamics (CFD) and findings of other researchers with respect to pond 

systems and vegetation, are also assessed.  
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vegetation, which releases it back to the atmosphere by transpiration, or it 

becomes groundwater which eventually reaches rivers, lakes, and the oceans; 

and the cycle starts again (Bedient et al., 2013).  

Development of an area may reduce its soil permeability by replacing it with 

impermeable paved areas, roads and roofs. In addition, the rainfall cycle of the 

area may be disrupted, as the natural vegetation will eventually decrease, 

resulting in problematic evapotranspiration (CIRIA, 1994; Charaklis and 

Wiesner, 1997; CIRIA, 2007). Figure 2 shows how post-development flow rate 

(Q), at which water runs off a surface, can dramatically increase. Channel 

erosion downstream of the development is also possible due to the alteration of 

natural flow patterns (CIRIA, 2007; Hong, 2008). Generally, there is a higher 

abundance of particulates and pollutants in the urban area and higher runoff 

peak flow can give higher capacity to transport particulate substances and 

associated pollutants (Sansalone and Buchberger, 1997).  

 

Figure 2: Effect of urbanisation on peak rate of runoff (Q) 

Furthermore, the effects of climate change may possibly produce more frequent 

periods of intense rainfall resulting in increased runoff from agricultural and 

urban land, increased input of pollutants to the environment, topsoil erosion, 

and increased flooding (CIRIA, 1994; Bedient et al., 2013).  
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2.2.2 Development of Sustainable Drainage Systems 

As described above, the dramatic modifications of land cover in urban areas 

and the linked increase in catchment imperviousness lead to hydrological, 

physicochemical and consequent biological perturbations of the receiving water-

bodies (Tixier et al., 2011). To alleviate stormwater impacts, control measures, 

known as sustainable drainage systems (SuDS) or best management practices 

(BMP) have been developed over the past 35 years (CIRIA, 1998; Tixier et al., 

2011).  

Sustainable drainage is promoted as an effective and environmentally friendly 

solution with respect to the management of surface water runoff. It avoids 

problems such as flooding exacerbation, groundwater recharge prevention, 

wildlife damages, and extreme cost, as conventional drainage is more 

expensive to install and maintain compared to sustainable drainage schemes 

(CIRIA, 2002; CIRIA, 2007). The term SUDS originated from the UK approach 

to describe these systems as sustainable urban drainage systems, but since 

their use is not constrained only in urban areas the term has been changed to 

SuDS (CIRIA, 1994). Fig. 3 is an example of SuDS built in the UK.  

There are various techniques to alleviate drainage problems and consequently 

reduce the flooding risk such as source control, permeable paving, stormwater 

infiltration, stormwater detention, and evapotranspiration. SuDS were developed 

to manage stormwater runoff and reduce the pollution levels in such a manner 

that the quality of the receiving water-bodies would not be transmuted. There 

are various configurations and designs that can be described as SuDS. 

According to CIRIA (2007), the most important SuDS components are: 

 Filter strips 

 Swales 

 Infiltration basins 

 Wet ponds 

 Extended detention basins 

 Constructed wetlands 

 Filter drains and perforated pipes 

 Infiltration devices 

 Pervious surfaces 
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 Green roofs  

These systems are designed to treat stormwater runoff and its associated 

pollutants. 

 

Figure 3: Example of SuDS in the UK (retrieved from the SUDSNet website, 
http://sudsnet.abertay.ac.uk/) 

2.3 Stormwater Runoff 

2.3.1 Stormwater Runoff and Environmental Pollution 

Stormwater runoff can be defined as the amount of rainfall water that runs off a 

surface during a rainfall event, once the surface cannot retain or absorb any 

more water (CIRIA, 2007). Many of the activities related to the production chain 

produce a significant amount of pollutants such as oils, sediments, heavy 

metals, grit, pathogens and litter, which may cause environmental damage 

(CIRIA, 1994). Accidental spills may also release various pollutants and 

conventional drainage can result to their direct release into the environment 

(CIRIA, 1998). The variety and concentrations of pollutants in stormwater 

(microbial, chemical or physical) are highly influenced by the types of surfaces 

the stormwater encounters (roads, parking lots, roofs etc.) (Eriksson et al., 

2007; Karlsson et al., 2010). Another factor that can affect stormwater quality is 

the ambient air quality as well as anthropogenic activities (Helmreich et al., 
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2010). Pollutants found in stormwater runoff may also cause health damages to 

exposed humans, animals and plants and create aesthetic problems (CIRIA, 

2007). Novotny et al. (1994) identified urban runoff as a major source of heavy 

metals, organic matter, petroleum hydrocarbons and a range of other toxins. 

This form of contamination is defined as nonpoint source (NPS) pollution, as the 

sources are difficult to identify and are generally associated with land use 

(Novotny et al., 1994). Thomson et al. (1997) also characterized highway runoff 

as a typical NPS pollution defined by loadings that are discontinuous in time; 

frequently not concentrated at a single location; responsive to climate 

conditions; difficult to generalize due to being site specific; with extensive 

variability in constituent concentrations; and which are not repeatable between 

events.  

2.3.1.1 Road Runoff 

One form of NPS pollution that has been identified as a primary source of 

contaminants, responsible for the degradation of receiving water-bodies, is 

runoff from road surfaces (Napier et al., 2008). Road runoff in urban areas has 

been shown to contain significant loads of various pollutants (Hoffman et al., 

1984; Barrett et al., 1998; Schlϋter and Jefferies, 2002). According to Napier et 

al. (2008), vehicles are a source of persistent toxic pollutants to the UK 

environment (vehicle usage is the predominant source of heavy metals and 

PAHs). Road surfaces, in general, do not constitute a large proportion of most 

catchments. However, Sansalone and Buchberger (1997) noted that although a 

typical road in a residential area only comprises approximately 10-15% of the 

area, the management of urban stormwater quantity and quality is imperative. 

This is due to the fact that many small rainfall events only generate surface 

runoff from highly impervious surfaces, such as roads, and that the 

contaminants transported from these surfaces are the result of vehicular motion 

or some form of anthropogenic activity. For this reason, the NPS pollution 

resulting from highways in environmentally sensitive regions requires monitoring 

and management. There are two main factors on which the efficient 

management of surface runoff depends (CIRIA, 2007); water quantity and water 

quality.  
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2.3.2 Water Quantity 

Some of the impacts that extreme water quantities in urban areas can cause 

are summarized in Table 1 (CIRIA, 2007). 

Table 1: Processes, impacts, and environmental effects that urbanization may lead to 

  Process Impact Environmental impact 

Changes to 
stream flow 

Reduced 
infiltration. 
Reduced 

evapotranspiration. 
Rapid urban area 

drainage. 

Increased runoff 
volumes. 

Increased peak 
runoff rates. 

Reduced base-
flows. 

A developed catchment 
produces greater 

discharges than an 
undisturbed catchment. 

Changes to 
stream 

morphology 

Increased stream 
profile instability. 

Increased erosion 
rates. Sediment 

deposition. 
Increased flow 
rates and flood 

frequency. 
Floodplain 

development. 

Stream widening.         
Stream erosion.                   

Loss of 
streamside tree 

cover.                                 
Changes in 
channel bed 

profiles. 

Channels widen to 
accommodate and convey 
the increased runoff. More 
frequent events undercut 

and scour the stream bank. 
Tree root zones are eroded 

and trees uprooted. 
Channel erosion and extra 
sediment sources cause 
deposition as substrate. 

 

One of the main concerns regarding surface runoff is the efficient management 

of the water quantity produced during a storm event. The problem with 

managing the water quantity is that due to rapid urbanization, which has altered 

the stream flow of the area and the stream morphology, the amount of surface 

water produced during an event is extremely higher than it is in rural areas 

(Persson et al, 1999). Additionally, the flow rate during storm events is highly 

variable and the pollution levels differ with time. 

2.3.2.1 First flush 

The pollution levels may rapidly increase at the beginning of a storm event 

especially after an extended dry period. This is known as the first flush 

phenomenon and is due to higher initial rainfall intensities and greater 

availability of solids and pollutants which have built up during the dry period 

(Stenstrom and Kayhanian, 2005).  

As runoff travels over a catchment it will pick up or dissolve pollutants and the 

first flush portion of the flow may be the most contaminated as a result (CIRIA, 
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2007). This is especially the case in small or more uniform catchments (Lee et 

al., 2002; Kayhanian et al., 2012b). The first flush concept is that the first part of 

a rainfall event contains the largest pollutant loading and it can be described as 

a concentration first flush or a mass first flush (Kayhanian et al., 2012b). 

According to Stenstrom and Kayhanian (2005), mass first flush is flow 

dependent and occurs when both concentration and initial runoff are higher 

compared to mass emission rate in the later runoff. Conversely, concentration 

first flush occurs when the initial runoff has high concentration relative to runoff 

later in the storm event (Stenstrom and Kayhanian, 2005). Burton and Pitt 

(2002) observed clear first flush patterns for parameters such as oil, grease, 

TSS, and COD. Some, but not all studies, have also observed first flush 

patterns for metals (Lee et al., 2002; Joshi and Balasubramanian, 2010).  

Various factors have been suggested as being important in determining 

concentrations of pollutants. Some studies have identified antecedent dry 

periods (ADP) as the main determinant for low water quality (Lee et al., 2002; 

Helmreich et al., 2010), but other authors report the opposite effect (Li and 

Barrett, 2008). Generally, there is insufficient data to statistically model and 

apportion the factors. Various scientists have identified a first flush effect during 

runoff characterization studies, but they all use a different definition (Stenstrom 

and Kayhanian, 2005).  

For this study, first flush is defined as “the initial runoff from a site or catchment 

following the start of a rainfall event” (CIRIA, 2007); during this phase, water 

pollution is more concentrated compared to the remainder of the storm. (CIRIA, 

2007; Kayhanian et al., 2012b).  

2.3.3 Water Quality 

Water quality can be defined by a set of concentrations, speciations, and 

physical partitions of inorganic/organic substances found in a water-body 

(Chapman, 1992). Internal and external factors to the water-body are usually 

the cause of temporal and spatial disparities concerning the quality of the 

aquatic environment. Consequently, pollution of the aquatic environment means 

the introduction by man, directly or indirectly, of energy or substances which 

result in harmful and deleterious effects (hazards to human health, harm to 

living resources, etc.) (Chapman, 1992). 
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According to CIRIA (1994), the pollutants of most concern in highway runoff are 

heavy metals, suspended solids, hydrocarbons (oil and petrol), pesticides and 

herbicides. Runoff pollutant concentrations differ with duration and intensity of 

storm events, ADP, traffic volume and state of traffic technology (Göbel et al., 

2007). Pollution in road runoff water results from dry and wet atmospheric 

deposition, the road and the traffic.  

2.3.3.1 General Water Quality 

With scientific analysis of selected water quality indicators, the water quality can 

be classified as either being of ‘good’ or ‘bad’ quality with reference to its 

location and intended use (Manahan, 1993).  Table 2 shows concentrations of 

various pollutants found in road and urban runoff.  

Table 2: Pollutants concentrations found in road/urban runoff 

Parameter Location  Range  

TSS (mg/l) 
Urban 
Runoff 

2-86a 

pH 
Urban 
Runoff 

6-8a 

EC (µS/cm) 
Urban 
Runoff 

287-665a 

BOD5 (mg/l) 
Road 

Runoff 
7-31b 

COD (mg/l) 
Road 

Runoff 
88-458b 

TSS (mg/l) 
Road 

Runoff 
115-1350b 

NH4-N (mg/l) 
Road 

Runoff 
0.3-0.53b 

TSS (mg/l) 
Road 

Runoff 
66-937c 

pH 
Road 

Runoff 
6-7.9c 

EC (µS/cm) 
Road 

Runoff 
108-2436c 

BOD5 (mg/l) 
Road 

Runoff 
2-36c 

NH4-N(mg/l) 
Road 

Runoff 
0.1-0.9c 

TSS (mg/l) 
Road 

Runoff 
18-3165d 

pH 
Road 

Runoff 
6-8d 

EC (µS/cm) 
Road 

Runoff 
11-52000d 

a Herngren et al. (2005); b Crabtree et al. (2006); c Göbel et al. (2007); d Helmreich et al. (2010) 

As it can be seen from Table 2, the range of concentrations for some 

contaminants (EC, TSS, BOD5, COD) is remarkably high suggesting that the 

quality of stormwater runoff is highly variable and site-specific. The Environment 
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Agency (EA; Environment Agency, 2011) and the Dutch Ministry of Housing, 

Spatial Planning and Environment (Dutch Standards, 2001) have published 

guideline values for pollutants found in surface water and sediment, in the 

interest of protecting the environment (see Tables 3 & 4).  

2.3.3.2 Toxicity and Guideline Values 

Heavy metals are the most prevalent pollutants in road runoff (Marsalek et al., 

1999; Zhang et al., 2012) and frequently exceed the water quality criteria 

(Mesuere and Fish, 1989). The most common metals found in road runoff are 

Pb, Zn, Cu, Cd, Cr, Fe, Ni, Mn, and Platinum Group Elements (PGE) – Pt, Pd, 

Rh, Ir (Sansalone and Buchberger, 1997; Schäfer and Puchelt, 1998; Färm, 

2002; Durand et al., 2003; Herngren et al., 2005; Whitely and Murray, 2005; 

Bian and Zhu, 2009; Fassman, 2012). 

Metals in storm-water are partitioned between dissolved (particles less than 

0.45μm) and particulate phases (particles larger than 0.45μm). Heavy metals 

are recognized as NPS pollutants and may have detrimental effects to the 

environment (Manahan, 1993; Langmuir, 1997).  

Table 3: Guideline values of pollutants for surface water as recommended by the 
Environment Agency (2011) 

Variable Guideline Range 

Ammonium (mg/l) 1.0-4.0 

BOD (mg/l) 2.5-15 

DO (mg/l) 5.0-9.0 

Electric Conductivity 
(µS/cm) 

<2500 

pH 5.5-9.0 

Cl (mg/l) <250 

Na (mg/l) <200 

Fe (mg/l) 0.3-2 

Cu (µg/l) 20-50 

Zn (µg/l) 2000-3000 

Cd (µg/l) <5 

Cr (µg/l) 50-75 

Pb (µg/l) 50-75 

Ni (µg/l) <50 
 

The Environment Agency (EA) uses chemical standards (Table 3) in order to 

protect and improve water quality. The aims of the chemical standards 

(Environment Agency, 2011) are to: 

1. Protect wildlife and nature. 
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2. Control risks to the quality of water. 

The main source of heavy metals found in urban runoff is auto-mobile activity 

(Mesuere and Fish, 1989; Hares and Ward, 1999; Legret and Pagotto, 1999, 

Pontier, 2002; Napier et al., 2008) and most of them are attached to suspended 

solids (Färm, 2002; Krishnappan and Marsalek, 2002; Herngern et al., 2005).  

Tables 3 & 4 show the guideline values for various pollutants (including heavy 

metals) in surface water (EA) and soil sediments (Dutch Standards & EA), 

respectively. These values were set in the interest of protecting the aquatic life 

and prevent harmful effects on soil, vegetation, animals and plants. 

Table 4: Guideline values of pollutants for sediments and soil as recommended by the 
Environment Agency (2011) and the Dutch Standards (2001) 

Metals 
Guideline Range 

Environment Agency Dutch Standards 

Cu (µg/g) 50-140 36-190 

Zn (µg/g) 150-300 140-720 

Cd (µg/g) 1.0-3.0 0.8-12 

Cr (µg/g) - 100-380 

Pb (µg/g) 50-300 85-530 

Ni (µg/g) 30-75 35-210 

 

The sources of contaminants deposited on road surfaces can be divided into 

three main categories (Marsalek et al., 1999):  

 vehicular motion and related activities  

 atmospheric fallout and precipitation 

 erodible materials  

Sources of contaminants present in urban runoff are summarized below (see 

Table 5). McKenzie et al. (2008) and McKenzie et al. (2009) found that brake 

samples were characterised by Fe, Zn, Ni, Cd and Cu, while tyres were 

characterised by Zn, Pb, and Cu. Furthermore, Schäfer and Puchelt (1998) 

reported that platinum group metals (PGM) such as Pt, Pd and Rh were being 

accumulated in the vicinity of roads but they were also transported by wind and 

wash-off (Germany). Various studies have examined metal concentrations in 

stormwater runoff and road deposited sediments. Tables 6 & 7 show 

concentration ranges of various pollutants in surface runoff (including rain 

water, road runoff, and industrial runoff) and road sediment. The transport of 

pollutants begins with atmospheric deposition, occurring as wet or dry 

deposition.  
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Table 5: Primary sources of constituents in urban runoff 

Sources 
Variable 

Cd Cu Cr Fe Pb Ni Zn Cl Na Mg P Ca 
BOD - 
COD 

Solids 

Brakes                             

Tyres                             

Frame, 
Body & 
Engine 
Parts 

                            

Fuels & 
Oils 

                            

Concrete 
pavements 

                            

Asphalt 
pavements 

                            

Road Salts                             

Litter                             

Emissions                             

Organic 
debris & 
bacterial 

loads 

                            

Eroded 
surface 

soil 
                            

Plant-
derived 
debris 

                            

(Sansalone and Buchberger, 1997; Schäfer and Puchelt, 1998; Pontier, 2002; McKenzie et al., 2009) 

According to Seinfeld and Pandis (2006), dry-deposition is caused by: 

 Sedimentation. 

 Interception (when small atmospheric particles interfacing a bigger 

obstacle are not able to follow the curved streamlines of the flow, due to 

their inertia, they hit or impact the droplet). 

 Diffusion (this is the process by which atmospheric particles move 

randomly due to collisions with gas molecules. Such collisions may lead 

to further collisions with either obstacles or surfaces). 

 Turbulence. 
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Table 6: Concentrations of various pollutants found in road runoff (including rain water 
and industrial runoff) 

Metals Concentration Range 

Al (mg/l) x 0.1-7b  x x 

Ca (mg/l) x 1-54b  31c (mean) x 

Cr (µg/l) x 5-30b  11c (mean) x 

Cd (µg/l) 0.5-19a x 1.9c (mean) 0.5-5d 

Cu (µg/l) 6-120a 3-65b  97c (mean) x 

Fe (mg/l) x 0.2-21b  x x 

Mg (mg/l) x 0.2-4b  1c (mean) x 

Mn (µg/l) x 7-562b  x x 

Na (mg/l) x 1-544b  108c (mean) 18-10400d 

Ni (µg/l) x x 11c (mean) 4-403d 

Pb (µg/l) 4-190a 5-38b  170c (mean) 5-405d 

Pd (µg/l) x x x x 

Zn (µg/l) 6-280a 8-201b 407c (mean) 128-3470d 

Sample 
type 

Rain 
Water 

Industrial 
Runoff 

Road Runoff Road Runoff 

x=Not Available; a Garnaud et al. (1999); b Tuccillo (2006); c Göbel et al. (2007); d Helmreich et al. (2010) 

On the other hand, wet-deposition takes place when falling rain transfers 

particulate or gaseous pollutants from the atmosphere to the ground. Wet-

deposition is gravitational, Brownian, and/or turbulence-related (Seinfeld and 

Pandis, 2006). Moreover, the solubility of metals in road runoff is of extreme 

significance due to its possible influence on metal bioavailability.  

Table 7: Concentrations of various pollutants found in road deposited sediment 

Variable Mean Concentration 

Cr (µg/g) x x 60c 

Cd (µg/g) x x 4c 

Cu (µg/g) x 158b 212c 

Fe (g/kg) x x 36c 

Mn (µg/g) x x 578c 

Ni (µg/g) x x 28c 

Pb (µg/g) 573a 589b 194c 

Pd (ng/g) 52a x x 

Rh (ng/g) 5a x x 

Zn (µg/g) x 687b 709c 

Sample Type Road Deposited Sediment 
N/A=Not Available; a Sutherland et al. (2008); b Bian and Zhu (2009); c Mingkui and Hao (2009) 

Bioavailability is defined as the proportion of total metals that are available for 

incorporation into biota (Pontier, 2002).  Herngren et al. (2005) reported that 
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organic matter acts as a solubility enhancer for heavy metals but generally 

heavy metal solubility is influenced by site specific properties. Garnaud et al. 

(1999) showed that metals found in road runoff (Paris, France) were mostly in 

the dissolved fraction. Crabtree et al. (2006) also found (road runoff) various 

metals in the dissolved fraction (Cu (dissolved) =50.2%; Zn (dissolved) =50%). Ek et al. 

(2004) demonstrated that Pd tends to be more soluble than Rh (road dust and 

rainwater) and reported solubility of >60% in some occasions; they also showed 

that solubility of Platinum Group Elements (PGE) depends on particle size. 

Schäfer and Puchelt (1998) exhibited that Pd was as mobile as Zn, while Rh 

was as mobile as Cu. 

Most heavy metal ions are toxic to living organisms (Hares & Ward, 1999), they 

are non-degradable and are persistent in the environment. Therefore, the 

elimination of heavy metal ions from storm-water is important to protect public 

health.  

Sorption is considered a very effective and economical process for metal ion 

removal from storm-water (Zhao et al., 2011); it is the process in which 

chemicals become associated with solid phases. In SuDS these solid phases 

are suspended solids.  

Sorption mainly occurs by absorption (into a three-dimensional matrix) and by 

adsorption (onto a two-dimensional surface), where positively charged groups 

interact electrostatically with negatively charged surfaces (Pontier, 2002). There 

are various kinds of adsorbents such as clay minerals, activated carbon, carbon 

nanotubes, biosorbents, metal oxides and zeolites (Zhao et al., 2011). 

Sorption isotherm equations define the equilibrium between the concentration of 

a chemical in aqueous and solid phases (Pontier, 2002). The three most widely 

used environmental sorption isotherms are the linear equation (Kd), the 

Freundlich equation and the Langmuir equation (EPA, 2005b; Zhao et al., 

2011). EPA (2005b) reported values for various metals in terms of the sorption 

distribution coefficient (Kd) in the suspended matter/water interface; Ni, Cr, Cd, 

Pb, Cu, and Zn had a Kd (l/kg) of 39,810; 125,892; 50,118; 398,107; 70,000; 

and 125,892, respectively. It is, however, the Freundlich or the Langmuir 

isotherm equations which usually satisfy experimental data obtained from field 

studies (Pontier, 2002).  
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In conclusion, the concentration of heavy metals in highway runoff has an 

element of variability and uncertainty, as any type of activity in an area that 

alters the use of land will have an immediate impact on the quantity and quality 

properties of the surface runoff. Moreover, localised weather abnormalities and 

variable vehicular loading, depending on the location of the road, might produce 

fluctuations in terms of heavy metal concentration.  Generally, stormwater 

particles consist of both natural and anthropogenic particles derived from road 

construction materials, industrial inputs, and atmospheric depositions while 

natural particles derive mainly from soil minerals (Bian and Zhu, 2009).  

2.3.3.3 Stormwater Particles in Urban and Road Runoff 

According to Brown and Peake (2006), suspended sediment in urban runoff is 

of major concern due to possible high contamination level, mainly caused by 

other pollutants with affinity to particles (Zanders, 2005; Semadeni-Davies, 

2009). The significance of sediments/solids for environmental pollution lays on 

the highly unpredictable sediment transport patterns (Brown and Peake, 2006), 

which depend on particle size and type, hydrological regime of the catchment 

and ADP for accumulation (Zhang et al., 2012). Figure 4 shows the typical 

classification of solids (Chapman, 1992). 

 

Figure 4: Classification of solids 

For example, Bian and Zhu (2009) reported that particles with size <66 (µm) 

can be easily picked up by wind due to the influence of air turbulence on the 
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particle size distribution (PSD). The complex factors affecting sediment 

transport make predicting the effective treatment of such contaminants difficult.  

From both a geochemical and hydraulic viewpoint, particles coarser than 

2000µm are of limited significance in transporting adsorbed metals to SuDS 

(Krishnappan and Marsalek, 2002; Zanders, 2005; Bian and Zhu, 2009). 

Particles >125µm can be easily constrained by vegetated systems, where 

particles in the range of 6-32µm are extremely difficult to be controlled 

(Zanders, 2005). Table 8 shows the Udden-Wentworth scale developed in 1922 

by Wentworth for particle sizes in microns, typically found in stormwater. 

Table 8: The Udden-Wentworth scale 

Very 
coarse 

sand (µm) 

Coarse 
sand (µm) 

Medium 
sand (µm) 

Fine sand 
(µm) 

Very fine 
sand 
(µm) 

Silt (µm) 
Clay 
(µm) 

Colloidal 
(µm) 

1000-2000 500-1000 250-500 125-250 62.5-125 3.9-62.5 1-3.9 <1 

 

The different particle size fractions present diverse sensitivity regarding their 

pollution content. According to Krein and Schorer, (2000), the distribution of 

pollutants to different particle size classes is of importance because different 

particle sizes are remobilized and transported by different hydraulic conditions. 

The upper size limit of particles that can be suspended in stormwater is around 

500μm with larger particles carried as bed load (Pontier, 2002). Herngren et al. 

(2005) found that the major fraction of solids transported in urban stormwater 

was in the size class 0.45-75µm. Heavy metal concentrations generally 

increase with decreasing particle size (Sansalone and Buchberger, 1997; 

Herngren et al., 2005; Mingkui and Hao, 2009).This is due to their higher cation 

exchange capacity and the relatively large surface area (Chapman, 1992; 

Manahan, 1993). According to the European Commission (2001), the highest 

concentrations of Cd, Cu, Pb and Zn are found in particles less than 40µm in 

size. However, Clozel et al. (2006) reported that flocculation processes may 

cause large particles to have the same metal content as the smaller ones. Lee 

et al. (1997b) examined the heavy metal contamination of settling particles at a 

retention pond in France and found that 85% of the settling particles were 

<20µm. It was also revealed that fine particles were the major carriers of heavy 

metals to the pond. Zhao et al. (2010) showed that suspended solids with a 
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grain size of <44µm accounted for more than 70% of the particles in stormwater 

runoff, while particles of other fractions accounted for about 20% of road-related 

sediment. In terms of particle density, inorganic particles tend to be denser than 

organics (Karamalegos et al., 2005). According to Sartor and Boyd (1972), most 

of the pollutants in road runoff are inorganic matter; however, the total mass of 

inorganic matter present seems to increase as the antecedent dry period 

increases. Butler et al. (1996) found that organics in stormwater had a density 

range of 1100-2500kg/m³.  

The physical characteristics of stormwater sediments are largely site-specific. 

However, some correlations with site conditions can be possibly made. For 

example, sites where the ground is disturbed are most likely to produce fine 

sediments. Those that are regularly sanded (e.g. during winter storms) are most 

likely to produce coarser sediments (Larm, 2000). A key parameter in trapping 

road runoff particles via SuDS is the comprehension of their settling 

characteristics.  

Settling of suspended particles in stormwater is determined by calculation from 

the PSD, or by settling experiments, or both. The fall velocity of a particle in a 

viscous fluid is a function of the size, shape, density of the particle, the number 

of particles falling (concentration), the cohesion-flocculation properties, the fluid 

temperature (density and viscosity), the extent (depth) of the fluid, and the fluid 

turbulence velocity (Semadeni-Davies, 2009).  

Table 9: Summary of results of Particle Size Distribution analysis for primary particles 
and flocs 

Date  
Water 

Temperature 
°C 

Wind 
Speed 
(m/s) 

Inflow/Outflow 
(l/s) 

TSS 
(mg/l) 

Median Diameter 
(μm) 

Primary 
Particles  

Flocs 

Autumn 
1996 

4.0 2.1 29/35 13.4 3.6 8.1 

Winter 
1997 

2.4 1.8 Not available 14.5 3.9 6.6 

Summer 
1997 

16.7 1.0 19/24 28.2 6.2 17.5 

(Krishnappan et al., 1999) 

The formation of flocs is a complex function of the particle mineralogy and the 

electro-chemical nature of the suspending medium (in this case, stormwater) 

(Krishnappan et al., 1999). Krishnappan et al. (1999) found that fine particles in 

a pond tend to form flocs, but these can easily break-up in turbulent flows. They 
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(Krishnappan et al., 1999) measured particle size distributions at up to 17 points 

in a pond (deposited sediment), and collected water samples at the same 

locations, which were analyzed for primary particles aggregated in flocs (Table 

9). They showed that besides flow conditions, the formation of flocs and the 

associated flocculent settling are strongly affected by particle concentrations 

and properties (including size and composition, water temperature, chemistry 

and microbiology, and electrochemical forces).  

However, Kayhanian et al. (2012a) concluded that the assumption of spherical 

particles and specific particle densities (2.5-2.7 g/cm³) in studies related to the 

settling characteristics of stormwater runoff is false. Conversely, Kayhanian et 

al. (2012a) showed that organic content is the main factor influencing the 

settling characteristics of fine particles.  

Table 10: Particle size distribution and fall velocities for Auckland (calculated assuming 
spherical particles in water at 20°C) 

PSD Calculated Fall Velocities 

Particle 
Diameter 

(μm) 

Variable 
Particle 
Density 
(kg/m³)  

Settling 
Velocity 

(m/h) 

Low 
Particle 
Density 
(kg/m³) 

Settling 
Velocity 

(m/h) 

High 
Particle 
Density 
(kg/m³) 

Settling 
Velocity 

(m/h) 

3 1100  0.002 1100 0.002 2650 0.03 

6 1300  0.021 1100 0.007 2650 0.12 

10 1600  0.118 1100 0.020 2650 0.32 

15 1900  0.397 1100 0.045 2650 0.73 

20 1900  0.706 1100 0.080 2650 1.29 

25 1900  1.102 1100 0.124 2650 2.02 

30 2150  2.028 1100 0.179 2650 2.91 

50 2300  6.366 1100 0.498 2650 8.08 

75 2500  16.524 1100 1.120 2650 18.17 

100 2650  32.310 1100 1.991 2650 32.31 

150 2650  67.732 1100 9.260 2650 67.73 

200 2650  94.086 1100 12.863 2650 94.09 

300 2650 149.517 1100 20.441 2650 149.52 
(Semadeni-Davies, 2009) 

Table 10 is an overview of aquatic sediment properties regarding fall velocity, 

as reported by Semadeni-Davies (2009) in respect of water-bodies in Auckland, 

USA. As can be seen from Table 10, particles with low density have low fall 

velocity and consequently are more difficult to manage.  

Ferguson and Church (2004) proposed a universal settling equation that covers 

a range of sediment sizes and converges on Stokes Law for small particles. 
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Winterwerp (2002) developed a 3D model to estimate fall velocity for long term 

settling of fine particles in estuarine mud. Semadeni-Davies (2009) reported that 

existing particle size based relationships for estimating fall velocity for fine 

particles produce uncertain results due to the rate of flocculation of particles.  

Some studies of fall velocity use mathematical models based on Stokes Law 

(Krishnappan et al., 1999; Krishnappan and Marsalek, 2002), but other authors 

argue (Simons and Sentürk, 1992; Arman et al., 2009) that an approach based 

on the variation of concentration with time and depth is more accurate than 

methods based on particle size. Simons and Sentürk (1992) advocated the use 

of a settling column as one of the most accurate methods measuring settling 

velocity of particles. As rain is polluted during transport with various 

contaminants such as solids in suspension, road-deposited sediments, and 

heavy metals, sustainable management of stormwater runoff is important and in 

many locations a cost-effective strategy which can efficiently treat stormwater is 

the use of wet ponds (Persson et al., 1999; Persson, 2000; Hares and Ward, 

2004). 

2.4 Stormwater Ponds 

Stormwater ponds can be classified according to the type of storage as: (i) dry 

ponds (draining completely between storm events), (ii) wet detention ponds 

(maintaining a permanent pool between storm events) and, (iii) retention ponds 

(maintaining large permanent pool) (Tixier et al., 2011). The success of a wet 

pond design is greatly dependent on site-specific conditions. The basic 

geometric features of a wet pond are: 

 The sediment fore-bay, which is optional 

 The permanent pool 

 The temporary storage volume 

 The shallow zone 

According to Persson et al. (1999), three major design components need to be 

addressed for the optimum development of a detention pond:  

 Hydrologic effectiveness 

 Hydraulic efficiency 

 Facilitation and optimization of water quality treatment processes 
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Stormwater ponds are constrained aquatic habitats under the influence of 

multiple environmental stressors such as discharge variability, suspended 

solids, heavy metals, polycyclic aromatic hydrocarbons, bacterial contamination, 

etc. Ellis et al. (2012) advocated that infiltration basins have the lowest removal 

potential for TSS and organic pollution, while settlement tanks show the 

opposite effect. Detention ponds are ranked good to very good in terms of 

treatment capacity (Ellis et al., 2012). 

2.4.1 Treatment processes 

The main operations regarding the treatment of pollutants within ponds are 

physical sedimentation, biological and chemical processes (Pontier, 2002). 

Tables 11 & 12 show the main treatment processes occurring in wet ponds and 

the association between specific pollutants and treatment processes, 

respectively. 

Table 11: Stormwater treatment operations in ponds 

Pond treatment operations 

Physical sedimentation Biological and chemical processes 

Entrapment of suspended solids; 
settling of solids down to coarse 
and medium size silt fractions. 

Oxidation and degradation by aerobic 
bacteria (biodegradation). 

Entrapment of adsorbed 
pollutants; silt particles trapped in 
the pond system may also retain 

adsorbed pollutants. 

Biological uptake by plants and algae. 

Promotion of flocculation in terms 
of small particles, then 

sedimentation. 

Nitrification; aerobic process 
transforming ammoniacal nitrogen to 

nitrite then nitrate. De-nitrification; 
anoxic process in sediments where 
nitrite is transformed to nitrate and 

gaseous nitrogen. 

(Stahre and Urbonas, 1990; Pontier, 
2002) 

Volatilisation.  

UV photodegradation of water-body by 
sunlight. 

 

As can be seen from Tables 11 & 12, the major removal mechanisms within a 

pond system are sedimentation and biodegradation. The removal efficiency of 

detention ponds is characterised by extreme variability due to site-dependant 

parameters and variable loadings. An ideal pond system design would promote 

retention of sediments and associated toxic elements by encouraging 



41 | P a g e  

 

settlement and conditions which favour partitioning of metals to the solid phase, 

while preventing post-depositional re-suspension (Pontier, 2002; Pontier et al., 

2004).  

Apart from input/output loadings other studies have focussed on different 

aspects of water/sediment quality in wet detention ponds. Cambonelli et al. 

(2010) evaluated the behaviour of Cu and Zn in wet ponds and reported 

solubility of 21-68% for Cu and 19-59% for Zn; they also found no changes in 

vertical concentrations at the first 10cm of sediment. Conversely, Karlsson et al. 

(2010) reported that generally Cd, Ni, and Zn were found in the dissolved 

fraction, while Cu, Cr, and Pb were particulate bound.  

Table 12: Removal mechanisms within ponds for pollutants found in road runoff 

Removal 
Mechanism 

Pollutant 

Solids 
Heavy 
Metals 

BOD/COD Nutrients 
Bacteria/ 

Pathogens 
PAHs Pesticides 

Biodegradation               

Uptake by plants 
and algae 

              

Nitrification/de-
nitrification 

              

Volatilisation               

UV 
Photodegradation 

              

Sedimentation               

Flocculation, then 
sedimentation 

              

Adsorption               

(Pontier, 2002; CIRIA, 2007) 

A French study (Lee et al., 1997a,b) compared metal concentrations of settling 

particles (retention pond) with background and roadside soil; they found higher 

concentrations of metals in the settling particles compared to background soils, 

while the roadside soil had 7-26 times higher metal concentrations than that 

measured in settling pond particles. Furthermore, Whitely and Murray (2005) 

measured PGE (Pt, Pd, Rh) concentrations in sediment of an infiltration basin 

and background soil; they found values ranging from 0.03-14ng/g (pond 

sediment-Rh), 0.4-104ng/g (pond sediment-Pt) and 0.6-61ng/g (pond sediment-

Pd), while the concentrations in the background soil were far less. Pontier et al. 

(2004) tracked the changes in Zn, Fe and Cu sediment concentrations across a 

vegetated balancing pond and showed an increase between inlet and outlet 
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with the metals being predominantly associated with size fractions below 63µm. 

Färm (2002) reported average reduction rates of 92% for COD and 26-84% for 

total metal content. However, Kayhanian et al. (2012a) reported that many 

ponds do not function optimally in terms of pollutant retention proficiency and 

that the sediment layer thickness may be lower than expected indicating 

possible turbulent conditions and sediment loss. Table 13 presents mean 

values of various pollutants found in wet detention ponds (water and sediment) 

and confirms the highly variable site dependent treatment capacity of wet 

ponds. 

Table 13: Mean values of pollutants found in wet detention systems and wetlands 

Parameter Inlet (Mean) Outlet (Mean) Sample 

Cr (µg/l) 105a 12a 

Water 

Mn (µg/l) 329a 39a 

Cu (µg/l) 274a; 53c; 40e 24a; 30c; bdle 

Ni (µg/l) 93a; 83c; 5.3e 8a; 76c; 4e 

Cd (µg/l) 14a; 0.0035e 2a; bdle 

Pb (µg/l) 81a; 56c; 45e 10a; 43c; 16e 

Zn (µg/l) 208a; 243c; 73e 28a; 69c; 49e 

DO (mg/l) 7b; 4d 9b; 5d 

EC (µS/cm) 272b; 172c; 299d 233b; 321c; 138d 

pH 6.6b; 6.8c; 6d 7b; 7c; 6d 

Turbidity (NTU) 22b 9b 

TSS (mg/l) 11b; 199c; 150d 4b; 15c; 26d 

NH4-N (mg/l) 0.08b; 0.22d 0.06b; 0.31d 

Total P (µg/l) 610b; 3400c; 920d 470b; 1200c; 490d 

COD (mg/l) 99c 48c 

BOD (mg/l) 36d 8d 

Al (µg/g) 395b; 704b 790b; 183b 

Sediment 

Cd (µg/g) 0.02b; 0.4b 0.13b; 0.08b 

Cr (µg/g) 1b; 4b 1b; 1.2b 

Cu (µg/g) 0.45b; 12.58b 0.8b; 0.6b 

Fe (mg/g) 0.18b; 0.21b 0.77b; 0.49b 

Pb (µg/g) 1.5b; 9b 1.5b; 1.6b 

Ni (µg/g) 0.2b; 1.9b 0.5b; 0.3b 

Zn (µg/g) 3.7b; 93b 3.8b; 1.7b 

aHares and Ward (1999); bMallin et al. (2002); cTerzakis et al. (2008); dScholz and Yazdi (2009); ePezzaniti 

et al. (2012); bdl=below detection limit 

Moreover, flocculent settling of fine particles contributes to dynamic alterations 

in the size and density distributions of suspended solids, which control the 

settling of suspended solids in a detention pond (Krishnappan and Marsalek, 

2002). It is evident that detention ponds are significantly dynamic systems and 
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the “black box” studies of input-output should be overcome by detailed 

evaluation of such systems. 

2.4.2 Hydraulic criteria and geometry 

According to CIRIA (2007), an optimum pond design in terms of hydraulic 

behaviour should have taken into consideration the following parameters: 

 Protection against flooding from the watercourse 

 Protection against flooding from the drainage system 

 Protection against flooding from sources within or external to the site 

When designing a detention pond it is important to ensure the efficient settling 

of suspended solids by creating a geometry that prevents high velocity 

gradients (Persson, 2000; Peterson, 2000). Consequently, an optimal flow can 

be described as the flow with uniform velocity profile (Persson et al., 1999; 

Persson, 2000). The estimation of the pond volume is highly related to the 

correct identification of the inflow hydrograph that may induce the worst damage 

to the downstream (Hong, 2008). The detention period of the inflow often 

indicates the expected performance of the system in removal of pollutants 

entering the system. The variability in terms of runoff rates and the variations in 

pond hydrodynamics result in continuously varying detention times of inflows 

(Wong et al., 1999). Generally, the movement regarding the pond water is not 

uniform, but rather with recirculation (Reed et al., 1995). Plug flow is generally 

considered to be the optimal flow, and from a hydraulic point of view is the 

preferred flow regime, since all fluid elements reside around the nominal 

residence (Reed et al., 1995). Length (L) to width (W) ratio is generally seen as 

the most important factor influencing the hydraulic performance of a pond.  

Many authors have considered the hydrodynamics of ponds and constructed 

wetlands, on the basis of the assessment of different impact parameters. These 

parameters may include the effect of vegetation (Serra et al., 2004; Chao et al., 

2006; Stovin et al., 2009; Saggiori, 2010), design properties (Nameche and 

Vassel, 1998; Persson, 2000; Suliman et al., 2006; Khan et al., 2009; Carleton 

and Montas, 2010), wind (Kadlec and Wallace, 2009) and temperature (Torres 

et al., 1997). Most studies (Persson et al., 1999; Persson, 2000; Suliman et al., 

2006; Jansons and Law, 2007; Stamou, 2008) advocate that the use of berms, 

baffles, and islands (submerged or emergent) improves the flow structure of 
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ponds. Figure 5 shows the typical flow path within a pond without and with 

baffles.  

            

Figure 5: Typical water flow path within a pond with and without baffles (Thaxton et al., 
2004) 

Furthermore, Thackston et al. (1987) showed that aspect ratio (L:W) is the most 

important factor affecting hydraulic efficiency. However, the hydrodynamic 

evaluation of ponds has in most cases been undertaken using physical tracer 

experiments which are expensive, time consuming and sometimes impractical 

(Liwei et al., 2008; Khan et al., 2012). Therefore, the use of numerical models 

as design tools can lead to a better understanding of the flow patterns in ponds. 

Most recently the numerical model of choice has entailed the use of 

computational fluid dynamics (CFD). 

2.5 Computational Fluid Dynamics 

2.5.1 Introduction to hydraulic modelling 

The CFD technique spans a wide range of industrial and non-industrial 

application areas such as: 

 Hydrodynamics of ships 

 Turbo-machinery 

 Electrical and electronic engineering 

 Chemical process engineering 

 Marine engineering 

 Environmental engineering: distribution of pollutants and effluents 

 Hydrology and oceanography 

 Meteorology 
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 Biomedical engineering 

According to Novak et al. (2010), a model is a system that will convert a given 

input (geometry, force, etc.) into an output (flow rates, pressures, etc.) to be 

used in civil engineering design and the term model is used in hydraulics to 

describe a physical or mathematical simulation of a ‘prototype’, or field-size 

situation. In 1885, Osborne Reynolds designed and operated a tidal model of 

the Upper Mersey at Manchester University and he was one of the first to use 

hydraulic models (Novak et al., 2010). In 1898, the first River Hydraulics 

Laboratory was established at Dresden by Hubert Engels (Novak et al., 2010). 

Then followed a gradual and, after 1920, an accelerating expansion of 

laboratories for the study of hydraulic engineering issues. A time-effective CFD 

software is the Ansys Fluent 12.1 (Ansys®, 2009), which provides a platform for 

evaluating the hydrodynamic characteristics of complicated geometries. The 

following section describes the theoretical and mathematical background of 

CFD. 

2.5.2 CFD Theoretical Background 

The development of a CFD model of any application consists of five steps 

(Novak et al., 2010): 

i) Geometry creation 

ii) Mesh generation 

iii) Setting-up of the solver and physical model 

iv) Computation of the solution 

v) Examination of results 

For all flows Ansys® Fluent solves conservation equations for mass and 

momentum (Ansys®, 2009). Taking the incompressible flow (water) assumption 

into account and assuming constant viscosity, the Navier–Stokes equations in 

vector form are: 

Fυμpυυ
t

υ
ρ 2 













                                                                    (2.1)                                                                                                   

Here F represents forces per unit volume such as gravity or centrifugal forces. 

Furthermore, the left hand side represents inertia (per volume) and the 
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remaining right hand side the divergence of stress. In Cartesian coordinates (x, 

y, z) and for incompressible flow the vector form of Equation (2.1) reads: 
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Note that gravity has been accounted for as a body force, and the values of gx, 

gy, gz depend on the orientation of gravity with respect to the chosen set of 

coordinates. Equation (2.1) can now be written as: 
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But since the flow is incompressible (constant fluid density) Equation (2.5) 

reduces to: 
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                                                                                         (2.6)                                                                                                     

The velocity components (the dependent variables to be solved) are typically 

named u (x direction), v (y direction), and w (z direction). This system of four 

equations (1.2, 1.3, 1.4, 1.6) comprises the most commonly used and studied 

form.  

2.5.2.1 Porous Media Condition 

The porous media condition is offered by Ansys® (2009) in the interest of 

modelling the presence of porous (vegetated) configurations within the flow 

domain. The porous media model integrates an empirically determined flow 

resistance in a cell zone of the model defined as porous. Porous media are 

modelled by the addition of a momentum source term to the standard fluid flow 

equations. According to Ansys® (2009), the source term is composed of two 
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parts: a viscous loss term (Darcy, the first term of Eq. 2.7) and the inertial loss 

term (the second term). 

Si= - 







 

 

3

1j

3

1j
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where Si is the source term for the ith (x, y, z) momentum equation, μ is the 

viscosity, ρ is the fluid density, ν is the magnitude of the velocity, and Dij and Cij 

are prescribed matrices. This momentum sink contributes to the pressure 

gradient in the porous cell, creating a pressure drop that is proportional to the 

fluid velocity in the cell. For a simple homogenous porous media 
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where α is the permeability and C2 is the inertial resistance factor. In laminar 

flows through porous media, the pressure drop is typically proportional to 

velocity and the constant C2 can be considered to be zero. Ignoring convective 

acceleration and diffusion, the porous media model then reduces to Darcy’s law 
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                                                                                                        (2.9)   

At high flow velocity, the constant C2 provides a correction for inertial losses in 

the porous medium. This constant can be viewed as a loss coefficient per unit 

length along the flow direction. Dropping the permeability term yielding the 

following simplified form of the porous media equation 
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At turbulent flows, packed beds (vegetated regions) are modelled using both a 

permeability and an inertial loss coefficient. In order to derive the appropriate 

constants the Ergun equation must be used (Ansys®, 2009). The Ergun 

equation is a semi-empirical correlation applicable over a wide range of 

Reynolds number and for many types of packing (Ergun, 1952). 

2

3

p

32

p

2

v
εD

ε)1(1.75ρ
v

εD

ε)1(150μ

l

Δp






                                                           (2.11)                                   



48 | P a g e  

 

In Equation (2.11) Δp is the pressure loss, μ is the viscosity, Dp is the mean 

particle diameter, l is the bed depth and ε is the void fraction, defined as the 

volume of voids divided by the volume of the packed bed region. Comparing 

this equation with Darcy’s law in porous media and inertial losses in porous 

media, the permeability (Eq. 2.12) and inertial loss coefficient (Eq. 2.13) in each 

component direction may be identified as: 
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                                                                                              (2.13)                                         

Where ε is the porosity (Eq. 2.14) of the porous zone and Dp the stem diameter.  

ε= 1 – [(Vt – Vf)/ Vt]                                                                                        (2.14) 

In Equation 2.14 Vt is the total volume (volume of reeds plus volume of fluid) 

and Vf the volume of fluid. Moreover, the software identifies a variable known as 

turbulence intensity (I %) (Ansys®, 2009): 

I=
U

u
                                                                                                              (2.15)     

where u  is the root-mean-square of the turbulent velocity fluctuations and U is 

the mean velocity. An alternative way of calculating I is by using Eq. 2.16. 

I=0.16[Re(-0.125)]                                                                                             (2.16)                          

where Re is the Reynolds number (Ansys®, 2009). This specific variable 

indicates how turbulent the flow is; e.g., Re=50000 results in approximately I=4 

% (Ansys®, 2009). This variable is useful in evaluating the turbulence 

distributions/structure of a flow regime in any computational domain.  

2.5.2.2 CFD and Turbulence Models  

The 3D Navier-Stokes equations for steady incompressible flow in combination 

with the standard k-ε turbulence model (Shih et al., 1995), for calculating the 

turbulent stresses, are  solved by Ansys® Fluent CFD code (Ansys®, 2009) in 

order to predict flow streamlines within a given a geometry.  
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Tu et al. (2008) and Yan (2011) suggested that the realisable k-ε model is 

among the most accurate turbulence models. According to Ansys® (2009), the 

realizable k-ε model has shown substantial improvements over the standard k-ε 

model where the flow characteristics include strong streamline curvature and 

vorticity. Furthermore, the term realizable means that the model satisfies certain 

mathematical constraints on the Reynolds stresses, consistent with the physics 

of turbulent flows (Ansys®, 2009). An immediate benefit of the realizable k- ε 

model is that it more accurately predicts the spreading rate of both planar and 

round jets (Ansys®, 2009). The modelled transport equations for k (turbulent 

kinetic energy) and ε (turbulent dissipation rate) in the “realizable” k-ε model 

are: 
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In these equations, Gk represents the generation of turbulence kinetic energy 

due to mean velocity gradients. Gb is the generation of turbulence kinetic 

energy due to buoyancy. YM represents the contribution of the fluctuating 

dilatation in compressible turbulence to the overall dissipation rate. C2, C1ε, and 

C3ε are model constants. The kinematic viscosity is denoted by ν while σk and 

σε are the turbulent Prandtl numbers for k and ε respectively. Sk and Sε are 

user-defined source terms. Further details of the realizable k-ε model can be 

found in Ansys Fluent 12.1 theory guide (Ansys®, 2009) and are omitted here 

for the sake of brevity. According to Shih et al. (1995), the realizable k-ε model 

should replace the standard k-ε model where applicable.  
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CFD codes employ a control volume technique to convert the governing 

equations to algebraic ones that can be solved numerically. The integration of 

the governing equations for each control volume yields discrete equations that 

conserve each quantity on a control volume basis (Souliotis and Prinos, 2011). 

According to Novak et al. (2010), a control volume is a mathematical abstraction 

employed in the process of creating mathematical models of physical 

processes. In an inertial frame of reference, it is a volume fixed in space or 

moving with constant flow velocity through which the continuum 

(gas, liquid or solid) flows.  

2.5.3 The CFD and Pond Geometry Conundrum  

Although there have been many promising studies (Persson, 2000; Jansons 

and Law, 2007; Khan et al., 2009, 2012) on the evaluation of hydrodynamics in 

ponds, no design criteria have yet been agreed following such approaches. 

CFD is a sophisticated engineering tool for evaluating flow behaviour in 

structures such as sedimentation basins (Al-Sammarraee and Chan, 2009), 

combined sewer detention tanks (Dufresne et al., 2009), storm-water ponds 

(Peterson et al., 2000; Stovin et al., 2009; Saggiori, 2010; Khan et al., 2009, 

2012) and wetlands (Liwei et al., 2008). CFD can be a cost/time/quality-effective 

approach to design and evaluate detention ponds, prior to construction, for 

specific design properties according to location.  

According to Jarman et al. (2008), CFD presents a number of opportunities in 

urban drainage system analysis. Persson et al. (1999) reported that a series of 

submerged aquatic benches and a trapezoidal cross section in terms of pond 

bathymetry will enhance the systems hydrodynamic efficiency. Persson (2000) 

evaluated 13 pond configurations using a 2-D numerical model (Mike21) and 

advocated that a submerged berm or an island close to the inlet improve the 

hydraulic performance in terms of short-circuiting, effective volume, and amount 

of mixing. Persson (2000) also reported that multiple inlets may not have a 

significant effect on improving the hydraulic efficiency while length to width ratio 

along with the presence of baffles are the most important factors in promoting 

sustainable flow regimes; he also showed that the inlet and outlet should be 

aligned while placing the outlet asymmetrically reduces hydraulic efficiency. 

Suliman et al. (2006) reported that multiple outlets of small cross sectional area 

http://en.wikipedia.org/wiki/Mathematical_model
http://en.wikipedia.org/wiki/Inertial_frame_of_reference
http://en.wikipedia.org/wiki/Flow_velocity
http://en.wikipedia.org/wiki/Gas
http://en.wikipedia.org/wiki/Liquid
http://en.wikipedia.org/wiki/Solid
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(compared to the inlet) are probably more beneficial than multiple inlets in 

promoting uniform flow. 

Jansons and Law (2007) modelled (using 2D CFD modelling software – 

Mike21) more realistic pond shapes than those of Persson (2000) and 

suggested that the most efficient design was elliptical while the presence of 

islands (placed at a central location) enhanced the hydraulic efficiency of the 

ponds. They also reported that teardrop shaped ponds, kidney shaped ponds 

and multiple cell ponds, which are the most prevalent design layouts, were not 

as efficient as the elliptical shaped pond. It should be noted that no relevant 

study has evaluated a triangular shaped pond.  

However, these studies (Persson et al., 1999; Persson, 2000; Jansons and 

Law, 2007) used a 2D CFD modelling code and not a 3D one. Jarman et al. 

(2008) reported that 3D CFD simulations are far more insightful and detailed in 

replicating the flow structure and patterns of a given geometry compared to 2D 

models.  

Dufresne et al. (2009) used Ansys Fluent to evaluate the velocity field and 

deposition zones of a laboratory combined sewer detention tank; it was found 

that CFD can accurately model flow patterns and particles deposition zones, as 

the experimental results were in agreement with the computational findings. 

However, their study did not evaluate a full scale detention tank.  

Stamou (2008) modelled (using Ansys Fluent) different layouts of water process 

tanks built in Athens, Greece in the interest of investigating design modifications 

which would improve the efficiency of the tanks. He concluded that the use of 

baffles would improve the hydraulic performance of the tanks.  

Khan et al. (2009, 2012) demonstrated that 3D modelling can accurately 

replicate and predict actual flow patterns and recirculation zones within wet 

ponds; they focused on the accuracy of 3D CFD codes and their sensitivity to 

grid density and solver parameters (advection scheme, turbulence model, 

pressure-velocity coupling). It was reported that CFD codes (Ansys Fluent) can 

accurately simulate flow patterns. In addition, it was demonstrated that the 

second order upwind scheme along with the Semi-Implicit Method for Pressure-

Linked Equations (SIMPLE), gave the most accurate results.   
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Nevertheless, none of the above studies have considered the presence of 

vegetation, which is usually present in such systems (wet ponds). Furthermore, 

no studies have evaluated the effect of the sediments fore-bay on flow; this is 

important as the sediments fore-bay is a very common feature in ponds.  

There have been some studies (Schucksmith, 2008, Saggiori, 2010; Souliotis 

and Prinos, 2011) on modelling (pond) vegetation using CFD codes, but they 

involve the development of complicated modelling frameworks (user defined 

functions) and they do not evaluate the applicability of built in (to the CFD code) 

computational methods (such as the porous zone approach) to model 

vegetation. In addition, studies incorporating the porous zone feature of relevant 

CFD codes (Ansys Fluent; Ansys®, 2009) to model vegetation are scarce.  

Consequently, the presence of aquatic vegetation in the flow path makes the 

simulation process complex. Despite the fact that there are ways of numerically 

simulating aquatic vegetation, purely in the interest of identifying its role on the 

progressing flow patterns, there are many different approaches and scientific 

opinions. The following section describes the current situation regarding aquatic 

vegetation, flow, and simulation development. 

2.5.4 Aquatic Vegetation and Numerical Models  

The presence of vegetation in ponds may result in patterns of flow that differ 

from those in non-vegetated systems (Stovin et al., 2009; Saggiori, 2010). 

Predictions of the flow regimes are useful for designing ponds for the safe 

disposal of polluted highway runoff. Vegetation has a significant impact on the 

hydraulic behaviour and flow structure of open channel systems. The existence 

of vegetation within the flow domain tends to increase the hydraulic resistance 

via turbulence and drag (Choi and Kang, 2006). Turbulence increases the 

mixing within the watercourse, thereby influencing the conveyance routes of 

contaminants and suspended solids in the water. At the same time, vegetation 

reduces the discharge capacity (by reducing the cross-sectional area) and 

causes flow resistance, which needs to be studied and understood in the 

interest of flood safety (Fu-sheng, 2008).  

According to Ghao et al. (2011), there are three different types of vegetated 

open channel flows, according to the height of vegetation (hp) relative to the 
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total water depth (H), namely terrestrial canopy flows (hp/H≈0), flows with 

submerged vegetation (0<hp/H<1), and flows with emergent vegetation.  

There have been many studies of the effect of vegetation on flow, both 

experimental (Järvelä, 2002; Feng-feng, 2007; Fu-sheng, 2008; Er-qing and 

Xing-e, 2010) and/or utilising numerical modelling (Jian-tao, 2008; Li and Zeng, 

2009; Pei-fang and Chao, 2011; Mattis et al., 2012). However, there is still 

much work to be done in understanding the hydraulics of vegetated flows in 

pond systems and interpreting that knowledge into controllable management 

methods (Folkard, 2011). Progress in efforts to develop a practical and widely 

applicable method of predicting flow resistance in vegetated channels has been 

difficult due to the lengthy list of variables that must be taken into account (drag 

coefficients, roughness factors, projected area, Reynolds number, channel 

slope, plant height, etc.).  

Furthermore, the breadth of the viewpoints of scientists and engineers studying 

vegetated flows has led to a plethora of different research philosophies 

(Folkard, 2011). The Chezy, Darcy-Weisbach and Manning’s equations, each of 

which uses a roughness coefficient to quantify flow resistance, are the most 

widely-used formulas in terms of depicting vegetated flows (Hamill, 2001; 

Folkard, 2011).  

Naden et al. (2006), however, argued that the use of Manning’s n is not 

appropriate for many vegetated flows, especially where emergent vegetation is 

present. In addition, despite the proposals of generalised forms of equations for 

predicting flow structure (Jordanova et al., 2006; Pei-fang and Chao, 2011; 

Wen-xin et al., 2012) and porosity-based flow modelling (Stovin et al., 2009; 

Saggiori, 2010), Manning’s n is still the most common way of characterising flow 

resistance (Folkard, 2001). This observation is unexpected given the fact that 

Manning’s n lacks theoretical cogency and often produces inaccurate results in 

practice (Green, 2005; Folkard, 2011).  

Green (2006) contends that a cross-sectional blockage factor, used in 

conjunction with measurements of the decrease in hydraulic radius (caused by 

vegetation), provides the most accurate prediction of flow resistance. 

Nonetheless, the measurement of multiple cross-sections is impractical and 

logistically prohibitive with respect to the operating standards of hydraulic 
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engineers. Moreover, the current methods adopted by hydraulic engineers for 

flow structure predictions in vegetated domains are idiosyncratic and imprecise 

(Folkard, 2011). Additionally, the effectiveness of theoretical and empirical 

approaches is limited by the complexity of natural systems, making the 

adaptation of results (from idealised configurations) to practical problems 

extremely difficult. In addition, this route is limited by logistical constraints due to 

the need for time-consuming detailed and extensive field measurements.  

Due to the difficulty of designing individual plants within the computational 

domain and the time consuming development of user defined functions and 

numerical models that calculate the drag force exerted by the vegetation, as 

discussed above, another approach could be either the numerical treatment of 

the vegetation as a porous zone, or the development of micro-scale models as 

suggested by Mattis et al. (2012). Using experimental data from Schucksmith 

(2008), Saggiori (2010) evaluated the effect of vegetation on flow within a pond 

constructed to control storm water runoff. She used the porous zone feature of 

Ansys Fluent (Ansys®, 2009) to replicate vegetation and reported no significant 

impact regarding velocity reduction in terms of vegetation. However, Yan (2011) 

noted that the literature describing experiments on turbulent flows in porous 

media was very limited, thereby casting doubt on the modelling accuracy of 

such cases.       

As a result, information on the applicability of porous zones (Ansys®, 2009) to 

investigate the effect of vegetation on flow in detention ponds is uncommon.  

2.5.5 Summary 

Various observations were made on the basis of the literature findings while 

gaps in the literature were also identified. 

 Recent rapid industrialisation and urbanisation have triggered increases 

both in the amount of pollutants on road surfaces and in the volumes of 

surface runoff, posing a major threat to receiving water-bodies. 

 Road runoff contains a variety of pollutants that threaten aquatic 

systems, with solids being one of the major carriers of contaminants 

especially in road runoff. Therefore, their fate in SuDS is very important. 

 An important function of SuDS, such as vegetated wet ponds, is pollutant 

mitigation. Vegetated ponds have a variety of treatment mechanisms that 
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potentially can remove different pollutants. However, design and 

evaluation is predominantly based on “black box” approaches and 

input/output studies. 

 Chronological, site-specific, and seasonal factors usually account for 

variability in pollutants concentrations within pond systems. 

 It is of extreme importance to assess whether or not SuDS function as 

designed.  

 No design criteria have yet emerged with recommendations in terms of 

enhancing treatment mechanisms and promoting sustainable flow 

regimes in wet ponds. 

 CFD is an efficient tool for in depth evaluation of the fluid structure within 

ponds. However, studies regarding its ability to accurately model 

vegetation are uncommon. 

 Inlet and outlet structures should be aligned and not placed 

asymmetrically in ponds, while multiple outlets are more beneficial than 

multiple inlets in promoting uniform flows. 

 Teardrop shaped ponds, kidney shaped ponds and multiple cell ponds 

are not as hydraulically efficient as elliptical ponds which incorporate 

islands in the flow path in order to promote uniform flow profiles. 

However, no study has evaluated elliptical ponds using 3D CFD 

modelling. In addition, no studies have evaluated the presence of the 

sediments fore-bay in respect of flow patterns.  

 Most relevant pond modelling studies are two dimensional and do not 

take into account the presence of vegetation in the flow path. 
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Chapter 3 describes the experimental ways and means engaged in this study. Detailed breakdown of 

methods of sample collection along with analysis techniques are discussed. The aim of this chapter is 

to allow the reader to understand all the experimental approaches employed, in such a way that any 

(highly persistent) individual could replicate the employed investigational procedures.  

3.0 MATERIALS AND METHODS  

 

 

 

3.1 Site Location and Description  

The study site was located at Waterlooville, UK (Latitude=50.881315, 

Longitude= -1.037575), 17km north of Portsmouth, and is a part of a major 

housing development area. It was designed by Mayer Brown Ltd (Isle of Wight, 

UK) and was constructed in 2008. It has been evaluated previously in terms of 

water/sediment quality (Seekkubadu et al., 2009), but not to a detailed extent. 

  

Figure 6: Aerial image of the study site (retrieved from Google Maps) 

Figure 6 shows an aerial image of the study site and the surrounding area. The 

pond received runoff from an urban commuter road (B2150), roundabout and 

site access road with predevelopment peak hour flows of approximately 3100 

cars and 100 lorries, which equated to a daily traffic flow of about 40000 

(unpublished Traffic Survey 2009, Mayer Brown Ltd). While mainly free flowing, 

peak time traffic was characterized by stop start congestion associated with 

nearby traffic lights (Roinas et al., 2014). The vegetated pond received road 

runoff after a bio-retention area and a swale adjacent to an urban road (B2150). 

At the outlet, a swale directed the effluent to the nearby River Wallington (WR - 

see Fig.7). These SuDS features were designed to manage road runoff from an 

impermeable (contributing) area of 2.5ha. The area of the pond system was 

approximately A=51x26 m² including two basins and a berm between them. 

Figure 7 shows a schematic view of all the SuDS features (including sampling 

locations and codes) present along with the natural flow path of the area.  

Pond system 

Swale 

Bio-retention area 
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Figure 7: Schematic view of the existing SuDS features
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Pond Geometry: The design storage capacity of the pond was 304m³ and the 

permanent water level was 1m rising to a maximum water depth of H=1.6m at 

the over-flow. The gradient of the slope from inlet to outlet was 0.4% and the 

gradient of the side slopes (benches) was 1.8:1 (x, y). In addition, the basins 

had sediment traps (ST) enabling the collection of settling solids (see Fig.7). 

Basin 1 (B1) had 2 STs (ST1&ST2) and Basin 2 (B2) had 1 ST (ST3), which 

were all fixed to concrete bases placed at known positions.  

The STs were retrievable and slid into a plastic cylinder attached to the 

concrete base. The site was equipped with a rain gauge and flumes/stage 

loggers on the inlet and outlet of the ponds.  Unfortunately, this equipment was 

not operational during the monitoring so total daily precipitation (DP) and 

antecedent dry period (ADP) were obtained from closest rain gauge to the site 

(a private rain gauge approximately 1.5km away: Station IHAMPSHI9 -

www.wunderground.com). The inlet was a trapezoidal channel leading to B1 

with an invert level of +1.2m elevation (relative to the bed; +0.0m), and 

W=1.46m with the depth of flow (inlet channel) HInlet rising to 0.4m. A hydro-

brake flow control chamber regulated the outflow and the treated water was 

directed to the adjacent River Wallington (WR) via a swale. The design 

properties in terms of inflow for the 1:30 and 1:100 years events were 0.07 m³/s 

and 0.1 m³/s, respectively. Figure 8 shows the schematic diagram of the pond 

system along with the location of the sampling points. 

Inlet 

Sampling point A: This refers to the pond inlet where collection of 

water/sediment samples took place along with flow measurements (see more 

details in Section 3.2).  

Basin 1 (B1) 

Sampling point B: This refers to sediment trap 1 (ST1) where settling solids 

were collected (see more details in Section 3.2). 

Sampling point C: This refers to the midpoint of Basin 1 (B1) where water 

samples were collected (see more details in Section 3.2). 

http://www.wunderground.com/
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Sampling point D: This refers to sediment trap 2 (ST2) where settling solids 

were collected (see more details in Section 3.2). 



 
 
 

 

Figure 8: Schematic diagram of the Waterlooville pond



 
 

 

Berm 

Sampling point E: This refers to the berm of the pond between B1 and Basin 2 

(B2) where the elevation was known (+1.1m from the bed of the basins). This 

sampling point was used to measure the depth of water (see more details in 

Section 3.2). 

Basin 2 (B2) 

Sampling point F: This refers to sediment trap 3 (ST3), located at B2, where 

settling solids and water samples were collected (see more details in Section 

3.2). 

Outlet 

Sampling point G: This refers to the pond outlet where collection of 

water/sediment samples took place (see more details in Section 3.2). 

River Wallington 

Sampling point WR: This refers to the River Wallington (receiving water-body) 

where water samples were collected for comparison purposes and to assess 

the natural response of the river to the variation in runoff from the pond system. 

(see more details in Section 3.2). 

Roadside 

Sampling point CP: This refers to the control point (CP) where roadside 

(approximately 2 – 5 meters from the road surface) soil sediment was collected 

(see more details in Section 3.2).  

3.2 Monitoring Programme and Sampling Strategy 

Introduction 

Crabtree et al. (2006) suggested that a broad spectrum of water/sediment 

quality pollutants can be found in road runoff. As described in Section 1.2.1, this 

study aimed to identify the main factors contributing to water and sediment 

quality fluctuations of a particular vegetated pond, which is under the influence 

of multiple environmental stressors. As a consequence, the sampling strategy 

was the multivariate sampling of different variables over a specific period of time 

(22/03/2010 – 01/03/2013) and throughout different seasons. 
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In order to achieve this aim of the research, the following quality descriptors 

were measured for different sample types (water, sediment/settling solids); 

these variables were chosen to reflect pollutants relevant to guidelines 

(Environment Agency, 2011) which are commonly found in road runoff and 

water/sediment quality studies (Manahan, 1993; Boller, 1997;   Durand et al., 

2003; Bäckström et al., 2004; Crabtree et al., 2006; Tuccillo, 2006; CIRIA, 2007; 

Napier et al., 2008; Bian and Zhu, 2009; Environment Agency, 2011; Fassman, 

2012; Kayhanian et al., 2012a, b; Borne et al., 2013). According to the 

European Water Framework Directive (Water Framework Directive, 2000), 

quality descriptors have to be evaluated in different fractions and different 

phases. Therefore, the quality indicators were measured in different phases 

(unfiltered, filtered; water) and fractions (coarse, fine; sediment). 

 General Water Quality (water): 

o Biochemical Oxygen Demand5 (BOD - 5 days at 20 degrees (°C) 

N-allylthiourea carbonaceous BOD - amount of dissolved oxygen 

needed by aerobic organisms in a body of water to break down 

organic material); 

o Soluble BOD5; 

o Chemical Oxygen Demand (COD - amount of organic pollutants 

in the water); 

o Soluble COD; 

o Total Suspended Solids (TSS - solid material, including organic 

and inorganic, which is suspended in the water); 

o Volatile Suspended Solids (VSS – organic solid material which is 

suspended in water); 

o Electric Conductivity (EC - total amount of dissolved ions in the 

water); 

o Turbidity; 

o Temperature; 

o pH; 

o Ammoniacal Nitrogen (AmmN). 

 Heavy Metals and other Elements in different phases (unfiltered and 

filtered - water) and fractions (>63µm and <63µm – settling 

solids/sediment): 

o Cd, Cr, Cl, Cu, Fe, Mg, Mn, Na, Ni, Pb, Pd, Pt, Rh, Zn 
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 Sediment Quality (settling solids/sediment): 

o Particle Size Distribution (PSD); 

o Volatile Substances Content (VSC); 

o Fall Velocity 

 Inflow (velocity) and depth measurements. 

This would enable the assessment of different pollutants in different phases 

(water, settling solids, soil sediment) and in different parts of the system, in 

respect of chronological and seasonal factors.  

The collection of soil sediment and settling solids permitted the evaluation of 

pollutant removal from the water column by sedimentation (and other 

processes) to be performed separately from the evaluation of processes 

operating in the deposited sediments. Sorption by settling solids and deposition 

may lead to sediment enrichment and consequent biogeochemical processes 

which may influence the pollutants (Donahoe and Liu, 1998; Pontier, 2002; 

Pontier et al., 2004). Samples were collected from strategic parts of the pond 

system on the basis of the system’s objective to offer unidirectional flow, 

variation in depth, possible zonation of pollutant loading, and removal of 

pollutants from the inlet to the outlet structure (Williams et al., 1994; Pontier, 

2002).  

The monitoring programme was separated to monthly monitoring (MM) and 

storm event analysis (SEA). MM can be defined as the experimental 

investigation of the conditions in the pond system and the evaluation of 

pollutants found in the system (in different phases/fractions – water/sediment) in 

respect of chronological, seasonal, and spatial factors. MM would enable 

identification of progressive changes regarding water/sediment quality with 

respect to maturation of the system. MM refers to monthly site visits 

(22/03/2010 – 01/03/2013) for the collection and subsequent analysis of 

water/sediment samples. On the other hand, SEA refers to the collection and 

subsequent analysis of water/sediment samples during storm events over a 

specific period of time (22/03/2010 – 01/03/2013). SEA can be defined as the 

experimental investigation of the pond’s response to receiving polluted runoff 

during storm events. MM included the collection of water samples, settling 

solids and deposited soil sediment. SEA included the collection of water 



64 | P a g e  

 

samples and deposited soil sediment. Table 14 shows the timeframe of the 

monitoring programme employed in this study, in respect of MM and SEA.  

Table 14: Timeframe [including coding for Storm Event Analysis (SEA)], sampling 
occasions [Monthly Monitoring (MM), SEA], antecedent dry period (ADP), daily 

precipitation (DP), and collection of water/soil sediment/settling solids samples for the 
whole period of study 

Sampling Date 
– Event Code 

Sampling 
Occasion 

ADP 
(Days) 

DP 
(mm) 

Collection 
of water  

Collection 
of settling 

solids  

Collection 
of soil 

sediment 

31/03/2011 – 1 SEA 0 10.4   x   

01/12/2011 – 2 SEA 0 7.1   x   

12/12/2011 – 3 SEA 0 14.5   x   

24/01/2012 – 4 SEA 20 7.1   x   

04/03/2012 – 5 SEA 14 12.4   x   

23/04/2012 – 6 SEA 0 16.3   x   

08/06/2012 – 7 SEA 8 16.8   x   

15/12/2011 – 8 SEA 3 12.2  * x x 

09/04/2012 – 9 SEA 0 15.0  * x x 

22/06/2012 – 10 SEA 7 14.5  * x x 

22/03/2011 MM 3 x     x 

08/04/2011 MM 8 x     x 

16/05/2011 MM 8 x     x 

27/06/2011 MM 2 x     x 

19/07/2011 MM 0 x       

23/08/2011 MM 10 x     x 

18/10/2011 MM 0 x       

11/11/2011 MM 9 x     x 

14/12/2011 MM 2 x     x 

31/01/2012 MM 7 x       

02/03/2012 MM 8 x     x 

26/04/2012 MM 0 x       

07/06/2012 MM 0 x     x 

05/07/2012 MM 0 x       

14/09/2012 MM 14 x     x 

18/10/2012 MM 2 x     x 

08/11/2012 MM 3 x     x 

05/12/2012 MM 3 x     x 

15/02/2013 MM 1 x     x 

01/03/2013 MM 13 x     x 

 =Collection of sample; x=Not Available  

 *=Collection of water samples only for the evaluation of fall velocity 

3.2.1 Monthly Monitoring (MM) 

The frequency of water/sediment sampling differs from study to study 

depending upon various factors such as: pollutant loading, location, storm event 
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frequency, etc. (Chapman, 1992; Pontier, 2002; Crabtree, 2006). The small size 

of the pond along with logistical constraints prohibited intensive monitoring (for 

example every week). Water and settling solids quality were collected over a 24 

months period by routine sampling at approximately 15-60 days. Soil sediment 

was collected only during the first year of monitoring due to the high cost of 

sample analysis. The intervals between routine sampling depended upon other 

individuals’ availability, as Health and Safety dictated minimum of two people on 

site.  

3.2.1.1 Sampling Locations and Sampling Strategy 

This section will describe the sampling methods and locations for the water and 

settling solids/soil sediment samples during the monthly monitoring. Sampling 

points E & CP are omitted as they refer to field measurements related to SEA.  

Sampling point A 

No water samples were collected during MM from this sampling point. 

Soil sediment: Deposited soil sediment was collected (from the inlet bank of 

the pond system – Figure 9) using a trowel to remove deposits from an area of 

approximately 50mm x 120mm and 30mm deep.  

 

Figure 9: Inlet structure with soil sediment collection area and flow area highlighted 

Soil sediment was wet sieved in-situ through a 2000μm and a 63μm stainless 

steel sieves using water from the sampling point (to avoid changes in 

partitioning; Manahan, 1993) to two size fractions; namely the 2000μm to 

Soil sediment collection area 
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>63μm and <63μm fractions. These were termed coarse grains and fines, 

respectively. The retained material was then put into sealed plastic bags. 

Material of size greater than 2000μm was discarded (Zanders, 2005). Samples 

were never collected from the same region as this was marked (using bamboo 

skewers) at each sampling occasion. 

Sampling point B 

No water samples were collected during MM from this sampling point. 

Settling Solids: Settling solids were collected from the sediment trap (ST) 

installed at this location. The STs (Figure 10) were designed to catch particles 

before they become mixed with the base substrate. The traps were made from 

plastic and had a diameter of D=150mm.  

 

Figure 10: Schematic view of the sediment traps 

Material accumulated in the STs was removed at each monthly visit. The traps 

were pulled out of the concrete base very slowly using a dinghy and once the 

material was collected they were then put back into the water. The settling 

solids were wet sieved in-situ through a 2000μm and a 63μm stainless steel 

sieves using pond water (to avoid changes in partitioning; Manahan, 1993) to 

two size fractions; namely the 2000μm to >63μm and <63μm fractions 

(Zanders, 2005). The material was put in two different plastic containers 

depending upon the fraction and in a cool box. Material of size greater than 

2000μm was discarded.  



67 | P a g e  

 

Sampling point C 

Water: Grab samples were collected via a hand pump to avoid aeration. Water 

was stored in BOD5 bottles and in 25ml glass sample bottles (for metal 

analysis). During on-site sampling 25ml aliquots were filtered through 0.45μm 

Whatman cellulose nitrate filters using a hand pump to separate particulate 

matter (>0.45μm) and dissolved fractions (<0.45μm) for metal analysis, these 

fractions were preserved with HNO3 (Greenberg et al., 1992). No settling solids 

were collected from this point as there was no ST attached to the bottom.  

Sampling point D 

No water samples were collected during MM from this sampling point. 

Settling solids: The collection procedure was the same as for sampling point 
B. 

Sampling point F 

Water: The collection procedure was the same as for sampling point C. 

Settling Solids: The collection procedure was the same as for the sampling 

points B & D. 

Sampling point G 

No water samples were collected during MM from this sampling point. 

Soil Sediment: The collection procedure was the same as for sampling point A. 

Sampling point WR 

Water: The collection procedure was the same as for the sampling points C & 

F. 

No settling solids/soil sediment were collected from this sampling point. 

Table 15 below shows the quality descriptors monitored during MM for the 

whole period of study by sample type and sampling point. 
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Table 15: Quality descriptors by type of sample, sampling point, and sampling occasion 
(MM – Monthly Monitoring) for the whole period of study 

Quality 
Descriptor 

Water 
Samples 

Settling 
Solids 

Soil 
Sediment 

Sampling 
Occasion 

Sampling 
Point(s) 

Evaluation 

BOD5 √ x x MM C, F, WR 

GWQ 

SBOD5 √ x x MM C, F, WR 

COD √ x x MM C, F, WR 

SCOD √ x x MM C, F, WR 

TSS √ x x MM C, F, WR 

VSS √ x x MM C, F, WR 

EC √ x x MM C, F, WR 

DO √ x x MM C, F, WR 

Temperature √ x x MM C, F, WR 

pH √ x x MM C, F, WR 

Turbidity √ x x MM C, F, WR 

Ammoniacal 
Nitrogen √ 

x x 
MM C, F, WR 

Ca √ 
√ √ 

MM 
B, C, D, F, 

WR 

TXC 

Cl √ 
√ √ 

MM 
B, C, D, F, 

WR 

Cd √ 
√ √ 

MM 
B, C, D, F, 

WR 

Cr √ 
√ √ 

MM 
B, C, D, F, 

WR 

Cu √ 
√ √ 

MM 
B, C, D, F, 

WR 

Mg √ 
√ √ 

MM 
B, C, D, F, 

WR 

Mn √ 
√ √ 

MM 
B, C, D, F, 

WR 

Na √ 
√ √ 

MM 
B, C, D, F, 

WR 

Ni √ 
√ √ 

MM 
B, C, D, F, 

WR 

P √ 
√ √ 

MM 
B, C, D, F, 

WR 

Pb √ 
√ √ 

MM 
B, C, D, F, 

WR 

Pd √ 
√ √ 

MM 
B, C, D, F, 

WR 

Pt √ 
√ √ 

MM 
B, C, D, F, 

WR 

Rh √ 
√ √ 

MM 
B, C, D, F, 

WR 

Zn √ 
√ √ 

MM 
B, C, D, F, 

WR 

PSD x √ √ MM B, D, F 

PQ VSC x √ √ MM B, D, F 

Fall Velocity x x x MM x 
√: collection of sample; x: not applicable; GWQ: general water quality; TXC: toxicity-heavy metals; PQ: particles quality; 

PSD: particle size distribution; VSC: volatile substances content; EC: electric conductivity; DO: dissolved oxygen; 

SBOD: soluble BOD; SCOD: Soluble COD; TSS: total suspended solids; VSS: volatile suspended solids 
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3.2.2 Storm Event Analysis (SEA)       

The storm event identification process is quite straightforward. Ideally, the 

rainfall time series are first separated into a series of independent events. When 

this is done they may be ranked by volume or average/peak intensity. The 

minimum inter-event time (MIT) is then defined such that rainfall pulses 

separated by a time t<MIT are considered part of the same event. However, 

due to the dysfunctional rain gauge at the study site a different approach had to 

be employed for monitoring a storm event.  

Initially, the weather forecast (www.metoffice.gov.uk) had to predict heavy rain 

for the study site.  Secondly, the availability of the laboratory and of another 

colleague had to be confirmed. One hour prior to the time of the rain prediction 

the measuring equipment had arrived to the site (this raised suspicions to the 

local authorities but luckily nothing happened that would influence the research 

project). Once the pond started receiving inflow the monitoring would begin 

(t=0); the same time constraint applies to the outflow too. It should be noted that 

there were sampling occasions where there was flow at the inlet upon arrival to 

the site.  

In order to ensure data consistency the pond inflow had to be continuous for 3 

hours. A storm event would be considered valid if (i) daily precipitation (DP) 

exceeded 2.5mm, and (ii) inflow duration was greater than 3 hours. SEA 

occurred whenever the laboratory and its equipment were available. The latter 

requirement was to enable uninterrupted, rapid analysis of the large number of 

samples, which were likely to deteriorate. 

3.2.2.1 Sampling Locations 

This section will describe the sampling methods and locations for the water and 

soil sediment samples during the SEA. Sampling points B, C, D, F, and WR are 

omitted as no collection of samples occurred at these locations during SEA. 

Sampling point A 

Water: Water was collected from the inlet of the pond (during SEA) at specific 

time intervals (0, 15, 30, 45, 60, 90, 120, 180 min; t=0 refers to the time when 

flow occurred at the inlet) via a hand pump (to avoid aeration).  Water was 

stored in BOD5 bottles. In addition, water was collected at t=0 min and t=60 min 

http://www.metoffice.gov.uk/
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(4 samples in total per storm event) in 25ml glass bottles (for metal analysis). 

Water samples for metal analysis were filtered through 0.45μm Whatman 

cellulose nitrate filters using a hand pump to separate particulate matter and 

dissolved fractions for metal analysis, these fractions were preserved with 

HNO3 (Greenberg et al., 1992).  

Furthermore, water samples (containing suspended solids) were also collected 

during (see Table 14) storm events (at the start of inflow to the pond, t=0) for fall 

velocity evaluation. The collection of water samples (containing suspended 

solids) occurred at t=0 as it has been reported (Lee at al., 2002; Soller et al., 

2005; Sarukkalige et al., 2012) that the first part of stormwater runoff usually 

contains high concentrations of solids.  

Finally, flow and depth measurements also took place (simultaneously) at the 

same time intervals as for the water samples (0, 15, 30, 45, 60, 90, 120, 180 

min). This data (depth of water and flow rate) were used to develop Stage 3 of 

the computational simulations (see Section 4.0). 

Soil sediment: At the end of each monitored storm event deposited soil 

sediment was collected. The sampling procedure was the same as for sampling 

point A during MM. Samples were never collected from the same region as this 

was marked (using bamboo skewers) at each sampling occasion. 

Sampling point E 

The depth of water of the pond was measured at this location as the elevation 

was known. The measurements took place (simultaneously) at the same time 

intervals as for the water samples (0, 15, 30, 45, 60, 90, 120, 180 min) with the 

assistance of a colleague.  

Sampling point G 

Water: Water samples were collected from this location as for sampling point A 

(however, t=0 refers to the time when flow occurred at the outlet). 

Soil sediment: The sampling procedure is the same as for sampling point A. 

Table 16 shows the quality descriptors monitored during SEA for the whole 

period of study by sample type and sampling point. 
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Table 16: Quality descriptors by type of sample, sampling point, and sampling occasion 
(SEA – Storm Event Analysis) for the whole period of study 

Quality 
Descriptor 

Water 
Samples 

Settling 
Solids 

Soil 
Sediment 

Sampling 
Occasion 

Sampling 
Point(s) 

Evaluation 

BOD5 √ x x SEA A, G 

GWQ 

SBOD5 √ x x SEA A, G 

COD √ x x SEA A, G 

SCOD √ x x SEA A, G 

TSS √ x x SEA A, G 

VSS √ x x SEA A, G 

EC √ x x SEA A, G 

DO √ x x SEA A, G 

Temperature √ x x SEA A, G 

Turbidity √ x x SEA A, G 

pH √ x x SEA A, G 

Ammoniacal 
Nitrogen √ 

x x 
SEA A, G 

Ca √ √ √ SEA A, G, CP 

TXC 

Cl √ √ √ SEA A, G, CP 

Cd √ √ √ SEA A, G, CP 

Cr √ √ √ SEA A, G, CP 

Cu √ √ √ SEA A, G, CP 

Mg √ √ √ SEA A, G, CP 

Mn √ √ √ SEA A, G, CP 

Na √ √ √ SEA A, G, CP 

Ni √ √ √ SEA A, G, CP 

P √ √ √ SEA A, G, CP 

Pb √ √ √ SEA A, G, CP 

Pd √ √ √ SEA A, G, CP 

Pt √ √ √ SEA A, G, CP 

Rh √ √ √ SEA A, G, CP 

Zn √ √ √ SEA A, G, CP 

PSD x √ √ SEA A, G, CP 

PQ VSC x √ √ SEA A, G, CP 

Fall Velocity √ x x SEA A 

Flow 
Velocity 

x x x SEA A 

FR 
Depth of 

water 
x x x SEA E 

√: collection of sample; x: not applicable; GWQ: general water quality; TXC: toxicity-heavy metals; PQ: particles quality; 

FR: flow regime; PSD: particle size distribution; VSC: volatile substances content; EC: electric conductivity; DO: 

dissolved oxygen; SBOD: soluble BOD; SCOD: Soluble COD; TSS: total suspended solids; VSS: volatile suspended 

solids 

Sampling point CP 

No water samples were collected from this point as it refers to roadside soil. 
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Soil Sediment: Soil sediment was collected at the end of each storm event 

from a 0.5m² area for comparison purposes with the pond soil sediment 

(locations A & G). Samples were never collected from the same region as this 

was marked (using bamboo skewers) at each sampling occasion. Sampling 

procedure was the same as for sampling points A & G. 

3.3 Laboratory and Field Measurements 

This section will describe the range of measurement techniques applied for in-

situ testing of water quality of the pond system and laboratory tests for general 

water quality, metal content in water and sediments/settling solids, and 

sediment quality descriptors (PSD, VSC, fall velocity).  

3.3.1 In-situ measurements 

Specific water quality indicators were measured in-situ (see Table 15 & Table 

16 shows the quality descriptors monitored during SEA for the whole period of 

study by sample type and sampling point. 

Table 16) using probes. EC was measured using a Palintest Microcomputer 900 

probe. pH was measured using a Hanna HI1925 pH meter. Turbidity was 

measured using a Eutech Instruments TN-100. Finally, DO and temperature 

were measured using an YSI 50B probe.  

In addition, ADP and DP were recorded for SEA while only ADP was recorded 

for MM, as DP is predominantly related to storm analysis (Bedient et al., 2013). 

Moreover, flow was measured using a calibrated Valeport Model 801 

electromagnetic open-channel flow meter. The flow meter measured (at the 

inlet) the time-averaged velocity (UT) in the same direction as the flow (sampling 

time=30s) and at 0.5H, assuming that the velocity profile follows that of a typical 

open channel cross section (Hamill, 2001). The depth of water of the pond 

system was measured using a 1m ruler and with the assistance of a colleague.  

3.3.2 Laboratory measurements: Water quality and metals 

Laboratory experiments in terms of water quality included the measurement of 

various water quality indicators and heavy metals. BOD5, SBOD5, TSS, and 

VSS tests were carried out using standard methods (Greenberg et al., 1992). 

COD and SCOD were analysed using the Hach™ micro kit. AmmN was 

analysed using the Palintest™ ammonia kit.  
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Water samples were separated in-situ (0.45 μm Whatman cellulose nitrate 

filters) into total and dissolved fractions (solid and aqueous phase) and kept in 

25ml glass vials. Samples did not require pre-digestion and were preserved with 

1ml of concentrated HNO3 (Greenberg et al., 1992). Metal analysis was 

performed using an Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) 

apparatus. The equipment was an Agilent 7500ce Octo-pole reaction system 

using Argon gas with a flow rate of 0.8-1.3 l/s. In addition, the equipment used 

He collision processes with invert gas in order to minimise interference (Agilent 

Technologies, 2004).  

The mode of analysis was semi-quantitative with the parameters being updated 

each time. Calibration was performed prior to analysis using a tuning solution of 

10 ppb of 6 elements across the mass range (Roinas et al., 2014). According to 

Agilent Technologies (2004), the equipment has an accuracy of +/- 30% or 

better on completely unknown samples. The final results included all the 

elements of the periodic table.  

3.3.3 Laboratory measurements: Sediment quality and metals 

The settling/soil sediments were assessed in terms of PSD, metal content in 

each fraction (>63µm and <(>63µm), volatile substances content (VSC) in each 

fraction (>63µm and <(>63µm), and fall velocity (where applicable). 

3.3.3.1 Particle size distribution and volatile substances content 

PSD (settling solids and soil sediment) was performed using laser diffraction, 

which is a good method to determine particle size as it does not depend on 

particle composition or reflectiveness (Kayanian et al., 2012a). Laser diffraction 

systems operate in a high flow density mode, in which multiple particles are 

passed simultaneously in suspension through a laser beam (Bainbridge et al., 

2012). The resulting diffraction pattern is the combination of the diffraction 

patterns created by each single particle. The apparatus used in this study was a 

calibrated Malvern Mastersizer 2000 which offers a solution phase PSD. The 

analyser had a lens range of 0.02-2000 μm on a volumetric basis. 

Prior to the PSD analysis 1g of each fraction was taken for metal analysis. Pre-

treatment of the samples required the removal of organic matter (VSC) due to 

maintenance issues of the Malvern Instrument. This was performed by the loss 
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on ignition method;  approximately 1g of material from each fraction (the >63μm 

and the <63μm fractions) was put in porcelain crucibles and into an 800 °C 

Carbolite Afterburner Ashing Furnace for 3 hours at 550 °C, as suggested by 

Heiri et al. (1999). The samples were then put into a desiccator and weighed at 

room temperature. Vaasma (2008) reported that loss on ignition will not have an 

impact on particle size distribution but reactions such as dehydration of clay 

minerals or metal oxides, loss of volatile salts, or loss of inorganic carbon in 

minerals (for example siderite, magnesite or rhodochrosite) could take place. 

Vaasma (2008) stated that aggregation may occur during loss on ignition, but 

sonication and the use of sodium hexametaphosphate will ensure dispersion of 

particles (Bainbridge et al., 2012). The VSC was then determined for each 

fraction by weighing the material after ignition. VSC was calculated on the basis 

of Eq. 3.1: 

VSC (%) = [(Wb-Wa)/Wb]*100                                                                       (3.1) 

where Wb is the weight of the sample prior to ignition and Wa the weight of the 

sample after ignition. The ignited coarse particles (>63μm) and fines (<63μm) 

were then put together in 100 ml beakers with added distilled water. The 

samples were then treated with a 1% solution of sodium hexametaphosphate 

and sonicated for 20 min immediately prior to analysis to ensure that flocculated 

particles were dispersed (Bainbridge et al., 2012). The PSD analysis provided 

information on the particle size of d(0.1), d(0.5), and d(0.9), where: 

 d(0.1) - 10% of the volume (particle size) distribution is below this 

particle diameter; 

 d(0.5) - 50% of the volume (particle size) distribution is below this 

particle diameter; 

 d(0.9) - 90% of the volume (particle size) distribution is below this 

particle diameter. 

This is a standardised form of reporting PSD results as per the relevant British 

Standards (BS1377, 1990). On the basis of PSD derived using this method, 

sediments were classified based on the Udden-Wentworth sediment grain size 

scale (see Table 8).  
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3.3.3.2 Accumulation rates and metals 

Monthly monitoring: Prior to metal analysis, settling solids were dried at 80 °C 

for approximately 3 days and weighed (Pontier, 2002). The sediment 

accumulation rate was calculated for each fraction by  

S = (m/0.0177N)                                                                                           (3.2) 

Where 

 S= sediment accumulation rate per unit area (g/m² day) 

 N= number of days between emptying the ST 

 0.0177= serving area of each ST (m²) 

 m= dry mass particles (g) 

The calculated S for each fraction was extrapolated (assuming uniformity) for 

the whole period of study and for the particular serving area, in order to obtain 

total accumulation STotal (kg) of coarse grains and fines.  

Each dried fraction (1g from each fraction) was put into 100 ml beakers and was 

digested in a hot concentrated nitric acid bath (Allen et al., 1974) for two hours. 

The digests were then analysed for metal content using ICP-MS as described in 

Section 3.2.2.2. The same fractions (2000μm>x>63μm & <63μm) of soil 

sediment samples (1g) were also digested in hot concentrated HNO3 for two 

hours (Allen et al., 1974). The digests were then analysed for metal content 

using ICP-MS as described in Section 3.3.2. 

Storm Events: During SEA pond soil sediment was fractionated as for the 

settling solids and metal analysis was carried out as above. Soil samples 

(2000μm >x>63μm & <63μm) collected from the CP were also analysed for 

metals in this manner. 

3.3.3.3 Fall velocity 

Theoretical Background 

The equations used to calculate fall velocity are presented below.  

Using a settling cylinder, the variation in particle concentration (C) with time and 

depth for calculating settling velocity is (Arman et al., 2009): 
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where z=distance above datum. 

Let dz/dt=w= local mean settling velocity of particles and integrating Eq. 3.3 

then the downward flux of particles wC at any water depth (d) is: 
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and the fall velocity of particles at any time and depth is: 

(w )d=




















d

0
Cdz

tC

1
                                                                                       (3.5) 

Ideal Fall Velocity 

The key parameters that must be considered in trapping road runoff particles in 

detention ponds relate to their settling characteristics (Burton and Pitt, 2002). 

Ideally, the flow distance (LF) of the pond (from inlet to outlet) divided by the 

detention time (td) should be equal to the ideal fall velocity (IDF) or settling rate 

(Eq.3.6) to ensure maximum settling (Semadeni-Davies, 2009). Detention time 

(Eq.3.7) can be calculated by dividing the Volume (V) of the pond with the 

(design) inflow discharge (Q). Eqs. 3.6 & 3.7 give the ideal fall velocity and 

detention time of a pond system respectively (Persson, 2000; Semadeni-

Davies, 2009). 

 

IDF=LF/td                                                                                                         (3.6)  

                                                                                                                                                            

td=V/Q                                                                                                             (3.7)    

                                                                                                                                                                           

The design continuation flow for the 1:100 years event for the Waterlooville 

pond is 100 l/s.  

According to equations 3.6 & 3.7 and assuming constant inflows for the 1 1:100 

(0.1 m³/s) storm event:  

 The detention time (s) for the 1:100 storm event is td=304/0.1=0.84 

hours 
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The IDF (Eq.3.6) is then 65.48 m/h (1:100 storm event).                                                                                                                      

Experimental Setup 

Water was collected from the inlet at the start of 3 different storm events using 

50l plastic containers [due to the size of the catchment first flush behaviour 

(high concentrations at the start of the storm event) was expected for solids 

(Lee et al., 2002; Soller et al., 2005; Sarukkalige et al., 2012). Generally, first 

flush distributions for suspended solids are greater in small catchments (Lee et 

al., 2002; Soller et al., 2005). The size of the settling cylinder (see Fig.10) 

meant that the volume of water required was approximately 90l. Collecting 

samples in this way enabled a more realistic evaluation of the settling properties 

of the particles compared to studies where the samples were made up 

artificially in the laboratory (Simons and Sentürk, 1992; Arman et al., 2009). 

The settling column (see Fig.11) had a diameter of D=0.3m and an overall 

height of z=1.10m. It was made of PVC and the sampling outlets were set 0.3m 

apart (3 sampling ports in total). The water samples were taken to the lab within 

30 minutes of collection and settling experiments commenced immediately. 

Temperature was measured using an YSI 50B probe at the start of each test. 

All the water samples were wet sieved prior to testing through a 2000μm 

stainless steel sieve given that particles greater than 2000μm in diameter are of 

minimal significance in terms of pollution potential (Zanders, 2005). The cylinder 

was filled with the sampled storm water and mixed using a “fountain” pump 

(placed at the bottom) to promote sample homogeneity. After 10 minutes the 

apparatus was removed from the cylinder. Water samples (150ml) were taken 

from each outlet port in order to measure initial (t=0) particle concentration 

(TSS) and one sample (150ml) was taken for PSD analysis. TSS was measured 

using standard methods (Greenberg et al., 1992) and PSD was measured as in 

described in Section 3.3.3.1 (excluding the loss on ignition experiment). 

Samples (100ml) were taken from each outlet port at time intervals of 0, 5, 15, 

30, 60, 120, 240, 480 min and the TSS concentration was measured for each 

sample separately. The measurements of time, depth and TSS were used to 

construct specific curves in order to calculate the fall velocity as shown in Eq. 

3.5.  
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Experimental Assumptions: 

 Suspended sediment was collected from the water column without 

change in sediment concentration or PSD (i.e. without bias towards finer 

or coarser PSD) 

 The method used to draw-off samples from the cylinder did not give a 

bias towards smaller particles. 

 

Figure 11: Section view of the settling cylinder used in this study 

3.4 Data Management 

The data analysis was a very important part in this study due to the extensive 

data set. Valid statistical analysis would offer realistic insight regarding the 

factors influencing the treatment processes in vegetated wet ponds. The 
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software that was chosen for the analysis was Minitab® (release 16; Minitab®, 

2009). Minitab® identifies p values, which characterise the probability of making 

a type 1 error, rejecting the null hypothesis when it is true. Normally, the null 

hypothesis is rejected for p values less than 0.05. The p values are given for 

hypothesis testing at 0.05 significance level (Minitab®, 2009).  

3.4.1 Statistical Approach  

The initial step in the statistical analysis was the investigation of normality 

(Anderson-Darling graphical summary – p>0.05) of pollutant concentrations 

(water, settling solids, and soil sediments) in different parts of the system and 

sampling occasions using Minitab®; where appropriate and if it showed a better 

approximation to normality, Log10 transformed data was used for statistical 

analysis. The assumption of normal distribution in road runoff studies is not 

always valid, and Log10 transformations often improve distributions (Van Buren 

et al., 1997). Significant concentration differences (water, settling solids, and 

sediments) of variables between locations, time, seasons, ADP, Daily 

Precipitation (DP) (where applicable), and discharge (Q) (where applicable) 

were assessed using the Mood’s Median Test (not normally distributed data), 

the ANOVA test (normally distributed data), and/or the two sample t-test (makes 

inferences about the difference between two population means) (Minitab®, 

2009). The Mood’s Median Test was chosen due to the fact that it is more 

robust against errors compared to the Kruskal-Wallis Test (Minitab®, 2009). In 

addition, the presence of outliers in the data set was investigated using 

graphical summary plots, as suggested by Barnett (2004) and Minitab® (2009). 

This enables valid statistical analysis as outliers introduce errors in the results 

(Barnett, 2004). Outliers in environmental studies should not be removed from 

the data set, unless they are not feasible, due to the high range of 

concentrations that various contaminants usually demonstrate (Manahan, 1993; 

Barnett, 2004). Moreover, the presence of outliers cannot always be interpreted 

in environmental studies, such as this one, due to the variability of the sources 

of pollution (Manahan, 1993; Barnett, 2004).  

3.4.2 Regression Analysis 

The statistical results of this analysis were used to interpret treatment 

behaviour, transport processes, time trends, and variability of pollutants 
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concentrations. The data was evaluated after taking into consideration sources 

of variability due to position, season, and time (Langmuir, 1997; Pontier, 2002; 

Pontier et al., 2004).  

Consequently, the linear associations of the data set for each different sampling 

occasion (SEA, MM) were examined by scanning for significant Pearson 

product correlation. Shared associations between variables and in different 

pollutant categories (water quality, settling solids, and soil sediment) were 

assessed using regression analysis; a tool that gives information of the 

statistical significance between two variables while enabling predictive 

modelling. 

Regression is a measure of statistically significant linear association between 

two variables. Minitab® (Minitab®, 2009) draws the regression line and 

examines the relationship between a response variable (y) and a predictor 

variable (x). The method used to draw the line is called the least-squares 

criterion, which requires that the regression line minimize the distances between 

the points and the line.  

The linear regression equation was used for shared associations between 

pollutants and for regression by time and season. Regression analysis was 

used to enable the identification of origin, seasonal fluctuations of pollutants and 

predictions with time. Regression was evaluated using two statistical variables 

R2 and p; R2 indicates the spread of the data in relation to the best fit line (R2=1 

being the best fit line) and p shows whether or not the association between y 

and x is statistically significant. Additionally, even when R2 is low, low p values 

still indicate a real relationship between the predictor and the response variable. 

In other words, if p<0.05 there is a statistically significant association between y 

and x, even if R2 is low (Barnett, 2004; Minitab®, 2009). Low R2 and p<0.05 

suggests that even noisy, high-variability data can have a significant trend. This 

trend indicates that the predictor (y) variable still provides information about the 

response (x) even though data points fall further from the regression line 

(Barnett, 2004). However, Manahan (1993) suggested that associations 

between pollutants with low R2 (R2<0.700), do not usually identify perceptive 

trends in environmental studies. Therefore, R2 values which were <0.700 will be 

considered weak associations for this study. Finally, it should be noted that the 
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term significant will be used in this study to reflect statistical 

associations/differences where p<0.05. 
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Chapter 4 describes the computational ways and means engaged in this study. Detailed 

breakdown of field measurements (related to simulation development) and computational methods 

are discussed. The aim of this chapter is to allow the reader to understand the steps required to 

commence a modelling assessment of (vegetated) pond systems. 

4.0 COMPUTATIONAL FLUID DYNAMICS (CFD) 
NUMERICAL MODELLING – SIMULATION 

DEVELOPMENT 

  

 

 

Introduction 

As described in Section 1.2.1, the aim of the CFD modelling was to: (i) 

investigate the flow patterns of the pond system under the worst case scenario 

flow (design flow – 1:100) and (ii) assess the response of reputably efficient 

(alternative) pond layouts (including a hypothetical non-vegetated Waterlooville 

pond and the actual Waterlooville pond for comparison purposes) for the worst-

case scenario observed flow. This was accomplished by separating the 

simulation development into 3 stages.  

All of the simulations were performed using Ansys® Fluent 12.1 as suggested 

by Dr Virginia Stovin (University of Sheffield - personal communication) and Dr 

Julian Turnbull (Black and Veach Ltd - personal communication). 

Stage 1 

In order to achieve the computational aims of the research, the applicability and 

suitability of the CFD code (Ansys® Fluent 12.1) to model vegetation had to be 

investigated (see Section 1.2.1 – objective number 7) since information on the 

subject is scarce (see Section 2.5.3). This was attained by surveying the 

vegetation cover (plant stems/m2) of the pond system and replicating it in a 

laboratory flume to investigate velocity distributions under different vegetation 

cover (according to the survey findings) and flow rate (for sensitivity purposes). 

A duplicate CFD model(s) to the flume layout(s) was then developed so that the 

differences in velocity within the computational domain could be compared to 

the experimental measurements. This would result in an approximation of the 

potential numerical difference in velocity magnitude introduced by the presence 

of vegetation in the flow path of a vegetated computational domain, without the 

need to develop complicated and impractical modelling frameworks. This 

approach is in agreement with the current scientific tactic which states that 
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simple comparisons of velocities between experimental and computational data 

reduces calibration uncertainty and hydraulic engineers should avoid adding 

further intangible parameters to their modelling framework (Choi and Kang, 

2006; Green, 2006; Tu et al., 2008; Folkard, 2011). According to Versteeg and 

Malalasekera (2007) and Tu et al. (2008), a CFD model with numerical 

differences of velocity distributions, between experimental and computational 

results, which are above 35% - 40% should not be considered as valid. 

Therefore, CFD (flume) models demonstrating numerical differences of velocity 

(between experimental and computational results) above 35% will not be 

considered acceptable for this study. If the differences in velocity distributions 

between experimental and computational findings are below the critical 35%, 

the suitability of the porous media condition to model vegetation will have been 

confirmed and progression to the next stages viable. Tu et al. (2008) reported 

that the numerical difference between experimental and computational results 

should ideally be <5% - 15%. 

Stage 2 

Stage 2 of the numerical modelling involved the development of a CFD model 

for the critical design flow (1:100 storm event) of the Waterlooville pond, in order 

to examine the role/effect of vegetation and geometry configuration on the 

velocity distributions/flow patterns under extreme flow conditions (1:100 design 

storm – Q=0.1m³/s), as per the relevant aim in Section 1.2.1.  

Stage 3 

Stage 3 aimed to achieve the last aim of the research, which refers to the 

assessment of the response of alternative pond layouts (compared to the 

existing system) for an observed flow regime (highest observed flow). The 

alternative designs were selected on the basis to encourage sustainable flow 

profiles with the same or less space requirements. This is of significance from 

the designer’s and developer’s perspectives where time and land take cost 

have to be combined with optimum operational efficiency. The choice of the 

alternative pond layouts reflected the findings of other similar studies (Persson 

et al., 1999; Persson, 2000; CIRIA, 2007; Jansons and Law, 2007; Khan et al., 

2009, 2012) and aimed to contribute further knowledge on the subject. The 

investigation was focused on reputably efficient designs (elliptical, oval with 
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sedimentation fore-bay) and novel layouts (triangular pond), taking into 

consideration flow enhancement features such as islands (Reed et al., 1995) 

and multiple outlets (Suliman et al., 2006). None of the alternative pond layouts 

and configurations has been previously evaluated using a 3D CFD code.  

4.1 Field Measurements 

4.1.1 Vegetation – Stage 1 

The vegetation cover (VC) of the study site was measured in order to replicate it 

in the laboratory (flume experiment) and in the simulations. This ensured a 

realistic modelled output. A quadrat with an area of A=0.5m² was used in this 

study (Tsavdaris et al., 2013, 2014). The first step of the process was to 

determine the shallow water region and the deep water region of the system. 

Shallow water region was the one where generally H<1m and deep water 

region was the one with H>1m. The survey included 20 random sampling points 

in the shallow part of the pond and another 20 in the deep part. Two different 

populations, in terms of location, were identified.  
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Figure 12: Boxplots of vegetation density and diameter for Phragmites australis (P.A) 
and Typha latifolia (T.L) in terms of location (Deep flow region, Shallow flow region); 

the box plots show the inter-quartile range with the median shown as the horizontal line 

All statistical results were obtained using the Minitab® software (Minitab®, 2009). 

In addition, it was also found that the deep water VC (VCD) was evenly 
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distributed in both basins and developed in 2m from the bottom of the side 

slopes (benches). The shallow water VC (VCS) covered the remaining volume 

of the basins. On the basis of the survey data, two different vegetation patches 

were constructed in a flume at densities of VCS (or) VCD. The effect of each 

patch on flow was examined separately. On the basis of the vegetation survey 

the following data were obtained. Figure 12 shows vegetation density and 

diameter with respect to location for each population respectively. According to 

Fig. 12, the VCS for P.A and T.A was 185/m² and 22/m², respectively; the VCD 

for P.A and T.A was 45/m² and 22/m², respectively. The diameter for P.A and 

T.A was 35mm and 10mm, respectively, in both flow regions (shallow and 

deep).  

The two-sample t-test showed no significant differences (p>0.05) in VC 

between B1 and B2 (data were normally distributed). Furthermore, no 

significant differences (two-sample t-test, p>0.05) in diameter were observed for 

each population with respect to location. However, there were differences in 

terms of VC between the shallow flow and deep flow regions of the pond. In 

addition, there were also differences in diameter between Typha latifolia (T.L) 

and Phragmites australis (P.A).  

Emergent vegetation was simulated using stiff bamboo sticks with identical 

diameters to those observed, with height hp ≈ 0.35m. The vegetation was glued 

(Durostick® waterproof PVC adhesive) to a PVC plate with thickness (z) of 

0.015m that covered the whole width of the flume (W=0.290m), after the plate 

had first been pre-drilled with holes for the bamboo sticks. Each stick was 

placed and glued individually using a staggered arrangement to mimic real 

conditions. The patches were left to dry for 24 hours in order to ensure the 

adhesive had properly set. The vegetation patch had a length L=1.0m and was 

placed with its leading edge 1.5m downstream of the inlet. Two other PVC 

plates were also attached to the bed (upstream and downstream the vegetation 

patch), each with z=0.015m and L=1.5m, in order to ensure uniformity near the 

bed. Experiments were conducted in the hydraulics laboratory of the University 

of Portsmouth using a calibrated recirculating flume with L=6m and W=0.29m 

(Fig.13), with maximum H=0.3m. Steady non-uniform flow conditions were 

determined prior to the experiment. The bed of the flume was made of steel and 

the side walls were made of glass.  



 
 
 

 

Figure 13: Longitudinal section and plan view of the flume 



 
 

 

The flow rate was measured using an analogue discharge meter and the height 

of the downstream weir was not adjusted at any point. Flow depth was 

measured using a point gauge mounted to a movable carriage attached to rails 

on top of the flume. A calibrated Valeport Model 801 electromagnetic flow meter 

was also attached to measure the time-averaged fluid velocity (UT) in the x 

direction (sampling time=30s) at each point of interest. These measurements 

were made (centreline of the flume y-axis/2) at 0.5m intervals on the horizontal 

x axis and every 0.01m (for odd H) or 0.02m (for even H) on the vertical z axis. 

The depth-averaged fluid velocity in the x direction (Uexp) was calculated for 

each position from the measured velocities.  

The experiment was performed under steady non-uniform flow conditions for 

two different flow discharges, Q1= 0.0077 m³/s and Q2= 0.0174 m³/s. The flow 

rates were chosen on the basis of examining a (relatively) low flow rate and a 

(relatively) high flow rate to assess the sensitivity in respect of flow velocity 

distributions for each vegetation cover. All of the velocity measurements took 

place on the centreline of the flume.  

A total of three different experimental conditions were used; namely, no 

vegetation (NV EXP.), shallow-water vegetation (S EXP.) and deep-water 

vegetation (D EXP.). NV refers to a configuration with no vegetation in the flow 

path. S EXP. refers to the configuration with shallow water vegetation (VCS) in 

the flow path. D EXP. refers to the configuration with deep water (VCD) 

vegetation in the flow path. Three identical configurations were developed in 

Ansys® Fluent 12.1 for comparison purposes with the experimental velocity 

distributions (in the vegetated domain) in order to examine the prediction 

accuracy of the software (see Section 4.2.1 – Table 18).   

4.1.2 Flow and Depth Measurements – Stage 3 

In order to develop stage 3, flow and depth measurements took place at the 

pond during the monitored storm events in order to identify the worst case 

scenario flow regime.  

The maximum observed flow and depth were the basis for the development of 

the alternative pond (including the existing for comparison purposes) CFD 

models. These maximum values were used to all models so that the evaluation 
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could be based on actual data. Table 17 shows the maximum observed inflow 

and depth for all sampling occasions. The maximum observed depth (Hmax) and 

the maximum observed inflow (Qmax) will be used in stage 3; assigned to the 

alternative pond designs (including the existing) in order to satisfy the last aim 

of the research (see Section 1.2.1). The depth and flow measurement were 

performed as described in Section 3.3.1. 

Table 17: Daily precipitation, maximum depth of flow and inlet discharge for all 
monitored storm events regarding the detention pond located at Waterlooville, UK 

Storm    
Event 

Hmax   
(m) 

Qmax 
(m³/s) 

Daily Precipitation 
(mm) 

26/10/2011 1.17 0.004   6.1 

01/12/2011 1.22 0.008   7.1 

12/12/2011 1.34 0.047 14.5 

24/01/2012 1.25 0.007   7.1 

04/03/2012 1.39 0.051 12.4 

23/04/2012 1.50 0.064 16.3 

08/06/2012 1.44 0.034 16.8 

4.2 Model Development 

4.2.1 Flume Model Development – Stage 1 

The first modelling stage involved the design of each vegetation element within 

the computational domain [Individual Stems (IS) approach], as suggested by 

Mattis et al. (2012), and the use of the porous media condition [Porous Zone 

approach (PZ)] available in Ansys Fluent 12.1 (Ansys®, 2009).  

Table 18: Description of each modelling case (flume) 

CFD 
Case 

Experimental 
Configuration 

Description 
Flow Rate 

(m3/s) 

1 NV EXP. No vegetation in 
the flow path 

0.0077 

2 NV EXP. 0.0174 

3* S EXP. 
Shallow flow 

vegetation cover in 
the flow path 

0.0077 

4* S EXP. 0.0174 

5** S EXP. 0.0077 

6** S EXP. 0.0174 

7* D EXP. 
Deep flow 

vegetation cover in 
the flow path 

0.0077 

8* D EXP. 0.0174 

9** D EXP. 0.0077 

10** D EXP. 0.0174 

*: individual stems modelling approach; **: porous zone modelling approach  
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The IS modelling approach was developed for comparison and sensitivity 

purposes in respect of the PZ approach, as it is not feasible to design each 

vegetation element in a full scale problem (Mattis et al., 2012).  

The accuracy of each modelling approach (IS and PZ) will be reported and on 

the basis of the CFD model findings (IS and PZ) and the potential numerical 

difference between (experimental/computational) velocities, introduced by the 

use of the PZ approach, will be assessed. The VC of all the CFD flume models 

was identical to the experimental configurations described in 4.1.1. In addition, 

all of the required parameters (for the PZ approach) were calculated on the 

basis of the surveyed VC and in combination with the relevant equations (as 

described in Section 2.5.2.1). A unique case number was assigned to each 

computational layout of the flume, to reflect the experimental layouts (as 

described in 4.1.1). 

4.2.1.1 Flume Solver Development 

The software solved the governing non-linear and coupled equations 

sequentially, thus several iterations of the solution loop were performed before 

the minimum convergence criterion was fulfilled (reduction of 103 order 

magnitude on the scaled residuals from the continuity, momentum and 

turbulence equations) (Ansys®, 2009). All equations were discretised using the 

second order upwind scheme as suggested by the software (Ansys®, 2009). 

The average number of iterations required for a converged solution was 

approximately 100-300 (flume simulations).  

Model Assumptions:  

i) Inlet and outlet flow is uniformly distributed over the cross section due to 

convergence issues.  

ii) Steady state flow (simulation) can represent the evolving flow regime 

(laboratory). 

iii) Porous media condition can simulate the presence of vegetation. 

iv) The flow conditions and vegetation cover do not represent the actual flow 

regime of the detention pond located at Waterlooville, UK. 

v) The vegetation cover used to create the vegetation patches is identical to 

the pond’s VC purely for a more realistic output. 
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vi) The velocity measurements took place in the centreline of the flume 

without taking into consideration the presence of vegetation elements in 

the flow path as both configurations (experimental/computational) were 

identical. 



 
 
 

 

Figure 14: Plan view of the mesh for the vegetation cover (VCD) of the deep flow region and the vegetation cover (VCS) of the shallow flow part for 
the Individual Stems configurations (red line indicates where the velocity measurements took place)



 
 

 

Figure 14 shows the mesh of the IS modelling approach for the shallow (VCS) 

and the deep vegetation (VCD). The different colour shading of the two meshes 

(Fig. 14) is due to the software’s colour settings for different number of mesh 

elements which cannot be modified.  

The initial stage in the development of the CFD model was the construction of 

the computational grid using the Geometry and Mesh Building Intelligent Toolkit 

(GAMBIT) software (Ansys®, 2009). All cases had a mesh quality of 1 (on a 

scale from 0-1; where 0 corresponds to low quality mesh and 1 to high quality 

mesh). Conversely, the mesh of the porous media CFD simulations was much 

simpler and quicker to design and generate as it did not contain any vegetation 

elements within the computational domain. Vegetation was modelled with the 

use of the porous media condition available in Ansys® Fluent by specifying a 

porous body of fluid placed 1.5m downstream of the inlet and extending for 1m, 

as for the laboratory experiment (see Section 4.1.1).  

The meshing method used for all cases was the “Automatic,” as it is time-

effective and accurate for simple geometries (Tu et al., 2008). The Semi-Implicit 

Method for Pressure-Linked Equations (SIMPLE) was used for pressure-

velocity coupling and the Least-Squares-Cell-Based method was used for the 

evaluation of gradients (Ansys®, 2009).  

For this study the most robust boundary conditions (BC) were applied as 

suggested by Ansys® (2009) and Souliotis and Prinos (2011). The boundary 

conditions for the inlet area and outlet area were “velocity_inlet” (Velocity inlet 

boundary conditions are used to define the flow velocity, along with all relevant 

scalar properties of the flow; flow velocity, hydraulic diameter, turbulent 

intensity) and “outflow” (Outflow boundary conditions are used to model flow 

exits where the details of the flow velocity and pressure are not known prior to 

solving the flow problem; no numerical input is required) respectively (Ansys®, 

2009). The free surface was modelled as a “symmetry” (water surface was 

shear free) boundary condition and the walls (bed, side) as “adiabatic wall”. In 

order to evaluate the CFD results, vertical planes (Ansys®, 2009) were created 

at intervals of 0.5m along the flume and the depth-averaged horizontal velocity 

(UCFD) (x axis) was tabulated against H (z axis).   
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Table 19: Experimental and simulation properties for each case 

Case 

Experimental/Simulation 
properties 

Porous zone properties 
Mesh 

properties 

Q (m³/s) Hinlet (m) 1/α C2 ε Elements 

1 0.0077 0.240 - - - 19200 

2 0.0174 0.250 - - - 39000 

3 0.0077 0.245 - - -    186225 

4 0.0174 0.260 - - -    258020 

5 0.0077 0.245 2203 13.42 0.96 39000 

6 0.0174 0.260 2703 14.94 0.96 42000 

7 0.0077 0.241 - - - 66801 

8 0.0174 0.250 - - - 72640 

9 0.0077 0.241   72.04 2.58 0.97 39000 

10 0.0174 0.250 177.3 4.02 0.96 41430 

4.2.2 Stages 2 & 3 

The models were run under steady state conditions to obtain the solution for the 

3 components of velocity, pressure, momentum and turbulence. According to 

Khan et al. (2012), the application of transient conditions (unsteady state) is 

irrelevant in such circumstances, where it is mainly the evolving flow patterns 

that are of interest.  As per stage 1 all equations were discretised using the 

second order upwind scheme as suggested by the software (Ansys®, 2009) and 

Khan et al. (2012). The average number of iterations required for a converged 

solution was approximately 1500-3000 (pond simulations). 

Model Assumptions: 

i) Steady state simulation can represent the flow regime during storm 

events and extreme flow conditions (design flows). 

ii) Inlet and outlet flow is uniformly distributed over the cross section due to 

convergence issues. 

iii) The symmetry boundary condition can accurately simulate the free water 

surface. 

iv) The hydro-brake device is not presented in the simulations due to lack of 

design data.  

v) The outlet is simulated as a trapezoidal channel 
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vi) Flow restrictions cannot be applied to the outflow due to the version of 

the software (academic version). 

vii) The assigned flow depth and discharge are the maximum observed and 

it is assumed that they represent the worst case scenario.  

The geometries of the Waterlooville pond system and the alternative pond 

designs were created in the Design-Modeller (DM), which is part of the Ansys 

Workbench 12.1 software (Ansys®, 2009). The depth of flow for all the cases 

studied was H=1.5m, which is the maximum observed flow depth (see Table 

17). The coordinates of the contours of the pond system were measured in 

AutoCAD® 2007 design software and were defined in 3D within DM. The 

original design was provided by Mayer Brown Ltd (Isle of Wight, UK). No data 

were available for the hydro-brake; the outlet was therefore defined as a 

trapezoidal channel with dimensions that would result in lower flow velocity 

compared to the inlet, as suggested by Dr Virginia Stovin (personal 

communication). In addition, lower velocities at the outflow would not alter the 

actual flow pattern in B2 due to possible channelisation and give more realistic 

predictions of velocity. The length of the open channel leading to the outflow 

was identical to the actual distance from B2 to the outlet. The defined geometry 

was then transferred to the GAMBIT software (Ansys®, 2009). The mesh 

method used was tetrahedral patch conforming and the advanced size function 

for curvature and proximity was enabled, as suggested by Tu et al. (2008). 

Figure 15 shows the geometry of all the studied cases in terms of pond layouts. 

Each case is discussed in the text according to this terminology. The academic 

version of the software had a limit of mesh elements, so the mesh for all the 

models was developed in such a way that would result in a non-skewed fine 

unstructured mesh with a number of elements close to 512000.  

The vegetation zones for cases a & b were positioned according to the survey 

findings; VCD was designed as a body of fluid placed 2m in from the bottom of 

both the basins side slopes and extending to the surface; VCS was assigned to 

the remaining body of fluid (basins only) within B1 and B2 and extending to the 

surface (since the site vegetation was emergent). It should be noted that 

vegetation was only present in the basins and not in the remaining volume.  
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Figure 15: Schematic view of the geometry of the cases studied;  

(a) Non-vegetated (Waterlooville, UK) detention pond; (b) Vegetated (Waterlooville, UK) detention pond; 

(c) Oval detention pond with sediment fore-bay; (d) Triangular detention pond; (e) Elliptical detention pond 

with submerged island; (f) Elliptical detention pond; (g) Elliptical detention pond with emergent island; (h) 

Elliptical detention pond with vegetated island; green blocks indicate deep water vegetation 
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Table 20: Design properties of all the pond cases; the term Elliptical islands refers to the island assembly in all elliptical ponds; the submerged island 
in case (e) has a +1.2m elevation with respect to the bed of the pond; the outlet which is aligned with the inlet of case (c) has an area Aout=0.3m² and 

the two remaining outlets have Aout=0.15m². 

Case Qmax 
(m³/s) 

Hmax 
(m) 

Ain 
(m²) 

Aout  
(m²) 

Side slope 
(x,y) 

L 
(m) 

W 
(m) 

1/α C2 ε Mesh 

a 0.064 1.5 0.44 0.564 1.8:1 51 26 - - - 480,136 

b 0.064 1.5 0.44 0.564 1.8:1 51 26 - - - 441,687 

c 0.064 1.5 0.45 0.3;0.15;0.15 1.8:1 40 20 - - - 416,667 

d 0.064 1.5 0.45 0.6 1.8:1 50 20 - - - 488,976 

e 0.064 1.5 0.45 0.6 1.8:1 40 15 - - - 446,253 

f 0.064 1.5 0.45 0.6 1.8:1 40 15 - - - 459,085 

g 0.064 1.5 0.45 0.6 1.8:1 40 15 - - - 455,965 

h 0.064 1.5 0.45 0.6 1.8:1 40 15 - - - 511,991 

Elliptical islands - - - - - 20 4 - - - - 

VCD - - - - - - -    76    2.58 0.98 - 

VCS - - - - - - - 2177  13.30 0.97 - 
Ain, inlet area, Aout, outlet area, C2, inertial loss coefficient, ε, porosity, Hmax, maximum observed water depth, Qmax, maximum observed flow rate, L, length, VCD, deep water vegetation 

cover, VCS, shallow water vegetation cover, W, width, 1/α, permeability coefficient. 
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Figure 15 shows the computational domain of each case regarding the pond 

configurations.  

The flow conditions assigned (Table 20) to all models were identical to the worst 

case scenario observed storm event (see Table 17). The inlet discharge 

[Q=0.064 m³/s] and depth of water (H=1.5m) assigned to all models described 

here was the highest out of the 7 monitored storm events. The depth of flow at 

the inlet of the Waterlooville pond, for the worst case scenario observed storm 

event, was HInlet=0.3m; this results in an inlet area of Ain= 0.44m2.   

Furthermore, the flow regime resulted in an area of outflow of Aout= 0.564m2; 

the depth at the outflow was 0.4m and the width of the channel 1.41m. The 

depth of flow H= 1.5m of the system was measured at a point with known 

elevation [berm= (+) 1.1m]. The inertial loss coefficient, permeability coefficient, 

and porosity in Table 20 were calculated on the basis of the surveyed 

vegetation cover and using equations 2.12, 2.13, and 2.14 (see Section 

2.5.2.1). The inlet and outlet areas of the alternative ponds were very similar 

(0.45m2 and 0.6m2 respectively) to the Waterlooville pond inlet/outlet areas for 

uniformity and consistency throughout the simulations (Table 20). The same 

constraint was applied to the width (W) and length (L) of the alternative layouts 

(Table 20). 

Tu et al. (2008) showed that the inflow and outflow faces should be placed at 

distances of L > 10xH from the main water-body; where H here refers to the 

depth of flow at those specific locations. Consequently, all the inflow and 

outflow structures of the studied designs were placed 3m from the main water-

body, as HInlet=0.3m for all cases.  

It was found that meshing of complicated geometries was a very difficult and 

time-consuming task. The only meshing method that generated non-skewed 

meshes with acceptable quality was the tetrahedral patch conforming method. 

Due to the complex curvature and shape of the ponds, hexahedral, pyramidal or 

prismatic elements did not generate usable meshes with less than 5120000 

mesh elements. Other methods would probably generate usable meshes but 

with high number of mesh elements; something that would highly increase the 

solution time. Consequently, if one is to design such a system, and time is an 
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important project factor, the tetrahedral patch conforming meshing method 

would probably be the most appropriate. 

4.2.2.1 Pond Solver Development 

The SIMPLE algorithm was used for pressure-velocity coupling and the Green-

Gauss-Node-Based method was used for the evaluation of gradients, as 

suggested by Katz and Sankaran (2012). For this study the most robust 

boundary conditions were applied as suggested by Ansys® (2009). BCs for the 

inlet and outlet were “velocity_inlet” and “outflow” respectively. The free surface 

was modelled as a “symmetry” boundary condition and the walls as an 

“adiabatic wall”. Vegetation was simulated via the porous zone option 

incorporated in the software (Stovin et al., 2009; Saggiori, 2010; Tsavdaris et 

al., 2013). As the survey indicated, two different porous zones were assigned to 

B1 and B2 according to the depth of flow (shallow zone and deep zone).  

4.2.2.2 Validation of the Pond Simulations 

Tu et al. (2008) reported that when the velocity magnitude does not change 

when changing the number of mesh elements, the solution can be considered 

accurate and valid. Since all the cases had similar dimensions and identical flow 

properties, solution similarities with different number of mesh elements were 

assessed for case (a); in order to ensure that the CFD results were valid (See 

Table 21).  

Table 21: Identification of the suitable number of mesh elements on the basis of 
maximum modelled velocity (UCFD) for case (a), resulting in a valid solution; n 

indicates number of elements 

Location 
Max UCFD 

(m/s) 
Mesh Elements 

(n) 

Basin 1 0.038 110,000 

Basin 2 0.043 110,000 

Basin 1 0.040 220,000 

Basin 2 0.049 220,000 

Basin 1 0.058 307,000 

Basin 2 0.060 307,000 

Basin 1 0.060 400,000 

Basin 2 0.062 400,000 

Basin 1 0.060 480,136 

Basin 2 0.062 480,136 
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It was found that a grid density (mesh elements) corresponding to greater than 

400000 elements produced similar flow patterns and velocity 

magnitude/distributions; on the basis of these findings, and bearing in mind that 

the finer the mesh the more accurate the results (Tu et al., 2008), a minimum 

number of 450000 elements was chosen for all cases.  

4.3 Summary 

This chapter aimed to elucidate the details of all the computational methods 

employed in this research project. In order to further clarify how results of each 

stage are used in other parts of the project a flow chart (see Fig. 16) was 

designed.  

As can be seen from Figure 16, the survey of the vegetation cover was critical 

to the development of the CFD models of both the flume and the Waterlooville 

pond/alternative ponds. This approach was innovative as the CFD models 

reflected the actual vegetation. The inflow and depth measurements defined the 

Hmax and Qmax for the alternative pond layouts (including the Waterlooville pond 

for comparison purposes – Stage 3) while the findings of Stage 1 defined the 

applicability and suitability of the CFD code to model vegetation (applicable to 

both Stages 2 & 3). The latter was of extreme importance as it provided 

information in respect of developing and solving such computational problems. 

Please note that only the vegetation cover survey and the inflow/depth 

measurements were integrated to the simulations. Other experimental findings 

such as concentration profiles, PSD, etc. could not be compared/integrated to 

the CFD results as they would introduce speculative qualities to the findings of 

this research.  
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Figure 16: Schematic representation of associations between simulations and relevant field data  

KEY: 

        Field data that 

was used to develop 

the relevant 

simulation. 

       The simulation 

findings of this stage 

(stage 1) ensured 

validity of stages 2 & 

3, in respect of CFD 

and modelling of 

vegetation. 
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The 24 month monitoring programme was designed to evaluate the levels of pollutants in various 

parts of the system in order to assess the behaviour and possible impact of specific constituents, on 

the receiving water-body (WR). Water quality descriptors are presented first, to give an overall 

impression of the nature of the water. The pollutant load in the form of metals in water along with 

the evaluation of sorption characteristics is then addressed. The sediment quality results (particle 

size distribution, accumulation rates, metals) are then presented. This is followed by the analysis of 

the storm event data in a similar manner of presentation. Finally, the fall velocity findings are 

presented. 

 

5.0 EXPERIMENTAL MONITORING - RESULTS AND 
INTERPRETATION  

 

 

 

 

 

 

5.1 Monthly Monitoring 

5.1.1 General Water Quality  

Water quality is generally described by a set of specific variables. It includes 

oxygen levels (DO), oxygen demand (BOD5, COD), solids (TSS, VSS), pH, 

ammoniacal nitrogen (AmmN), temperature, turbidity, electric conductivity (EC), 

all of which may impact on the receiving river (WR) (Ellis and Marsalek, 1996; 

Pontier, 2002). Monthly monitoring provided a baseline of conditions in the 

system.  

The medians and the ranges of the various water quality indicators over the 

monitoring period (710 days) are given in Table 22 for each location (values are 

rounded up to one decimal place-except for AmmN; Roinas et al., 2014). No 

significant differences were observed for the water quality descriptors between 

basins (Mood’s median test, p>0.05). All of the experimental measurements for 

the whole period of study can be found in Appendix A.  

BOD5 and SBOD5 were approximately an order of magnitude less than COD 

and SCOD, respectively, this was similar to ratios reported in other road runoff 

studies (Pontier, 2002; Crabtree, 2006; Göbel et al., 2007), reflecting the low 

biodegradability of the material in the pond water. According to CIRIA (1994), 

these values fall approximately under the Motorway II category which includes 

values from 36-575 mg/l for COD and 12-32 mg/l for BOD5. Generally, BOD5 

and COD in the pond were within the numerical range of other reported values 

for road runoff (Pontier et al., 2004; Crabtree et al., 2006; Göbel et al., 2007; 
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Terzakis et al., 2008) and at the lower end of values reported by CIRIA (1994) 

(Motorway II category). In addition, there was a notable increase in COD 

between B1 and B2 (132 mg/l compared to about 162 mg/l) and BOD5, but at 

the same time decreases in SCOD.  

Table 22: Statistics of the water quality indicators measured in the pond system (Basin 
1 – B1, Basin 2 – B2) and the river (WR) 

Variable n Median Min Max Location 

BOD5 (mg/l) 

20   11.1    1.6  24.9 B1 

20   12.9    1.7  28.0 B2 

20  6.4    1.1  20.8 WR 

SBOD5 (mg/l) 

20  7.3    0.5  16.2 B1 

20  7.4    0.4  12.8 B2 

20  3.6    0.2  12.7 WR 

COD (mg/l) 

20 132.0  30.0 1052.0 B1 

20 162.0  15.0 855.0 B2 

20   83.0    2.0   915.0 WR 

SCOD (mg/l) 

20   87.0  17.0 1018.0 B1 

20   73.0     2.0 607.0 B2 

20   34.0     0.0   502.0 WR 

TSS (mg/l) 

20   31.3     6.4   74.0 B1 

20   33.6   10.0   88.7 B2 

20   24.3     2.4   55.3 WR 

VSS (mg/l) 

20   22.6     5.5   35.1 B1 

20   21.8     6.0   78.0 B2 

20  9.4     1.2   49.3 WR 

Turbidity (NTU) 

20   16.6     2.0   66.3 B1 

20   12.1     2.5   68.0 B2 

20  5.5     2.0   61.0 WR 

EC (μS/cm) 

20 584.0  160.0 1886.0 B1 

20 545.0  225.0 1168.0 B2 

20 767.5  347.0 1217.0 WR 

DO (mg/l) 

20 5.0    2.1   16.6 B1 

20 5.3    1.8   10.5 B2 

20 7.0    2.8     8.3 WR 

pH   

20 6.9    6.5    7.6 B1 

20 7.0    6.6    7.3 B2 

20 7.2    6.4    7.7 WR 

AmmN (mg/l) 

20    0.09      0.01     1.00 B1 

20    0.07      0.01     0.47 B2 

20    0.16      0.04     0.96 WR 

Temp. (°C) 

20 11.9     2.5 19.7 B1 

20 11.9     4.2 18.2 B2 

20 12.4     5.3  17.3 WR 
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This minor transformation between basins suggests either low dilution of B2 or 

changes of the nature of organic material within the system, which could be due 

to favoured transport or accumulation of plant-derived debris (Roinas et al., 

2014).  

The median COD:BOD ratio was approximately 14.1:1 for both the basins. 

However, the range of COD:BOD ratio in B2 was greater than in B1, suggesting 

that much of the accumulated organic material was not biodegradable. 

COD:BOD ratios close to 14:1 have been reported in other road runoff studies, 

so this is not unusual (Pontier, 2002; Crabtree et al., 2006). These findings 

suggest that the pond did not have a significant impact on the oxygen balance 

of the receiving water.  

TSS were similar to other road runoff studies (Mallin et al., 2002; Terzakis et al., 

2008; Pezzaniti et al., 2012) with most of the material being composed of 

volatile substances (VSS) (B1=69%, B2=67%), possibly due to the presence of 

biogenic material. Additionally, (median) TSS were at the lower end of other 

reported values for road runoff (Crabtree et al., 2006; Helmreich et al., 2010), 

but higher than the 25 mg/l guideline value for surface water of the European 

Community (Chapman, 1992). TSS represent the sediment loadings to the pond 

system so it is difficult to assign a limit value since different catchments exhibit 

different loadings (Pontier, 2002). The problem with TSS is that they are often 

carriers of pollution (Herngren et al., 2005). According to Chapman (1992), the 

major forms in which pollutants occur in suspended solids are (from the most 

reactive to the least reactive): 

 adsorbed onto mineral particles 

 bound to volatile (organic) material 

 bound to carbonates 

 bound to sulphides 

 occluded in Fe and Mn oxides 

 within the mineral lattice 

 in silicates and other non-alterable materials 

Turbidity was low compared to similar studies (Mallin et al., 2002) while EC and 

AmmN exhibited low concentration values compared to the EA chemical 

standards (Environment Agency, 2011) for surface water. 
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pH was acidic to neutral in the pond and neutral to basic in the river, suggesting 

that the conditions within the system possibly inhibited metal solubility. In 

addition, pH was within the concentration range for road runoff (Göbel et al., 

2007). DO was within typical ranges (Mallin et al., 2002; Scholz and Yazdi, 

2009) and lower in the pond compared to the river, since the pond water 

contained more oxygen demanding substances than the river (WR) and lacked 

continuous aeration. Generally, the river had lower values of most of the water 

quality indicators compared to the pond, except for AmmN and EC (this could 

be due to other sources upstream), suggesting that the pond had not influenced 

the water quality of the river.  

Overall, the pond water exhibited low to moderate concentration levels of 

biodegradable/non-biodegradable material and inorganic and organic 

suspended solids. Additionally, the levels of fine suspended particles (turbidity), 

salinity (EC), pH, and waste (AmmN) did not pose an environmental threat 

(Environment Agency, 2011).  

As the road surface matured over time, contaminants probably accumulated on 

it (road) influencing the loadings to the pond system.  

5.1.1.1 Chronological Evaluation – Pond System and River Wallington 

As a pond matures both its treatment capacity and treatment potential will 

transform (Pontier, 2002). This study revealed fluctuating patterns in respect of 

the concentrations of water quality descriptors with time and location (pond, 

river).  

Fig. 17 shows the scatterplots, in Log10 form, of BOD5 SBOD5, COD, SCOD, 

TSS, and VSS with time for the pond system (day 0=22/03/2011). Fig. 18 

shows the scatterplots, in Log10 form, of Turbidity (Turb.), pH, Dissolved Oxygen 

(DO), and Electric Conductivity (EC) with time for the pond system (day 

0=22/03/2011). The results (Fig.17 & Fig.18) demonstrated that the water 

quality descriptors (pond system) exhibited high variability of concentrations 

with time. Fluctuating behaviour of pollutant concentrations with time has been 

observed in other road runoff studies too (Deletic, 1998; Pontier et al., 2004; 

Crabtree et al., 2006 Helmreich et al., 2010) and it is attributed to catchment 

specific factors.   
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Figure 17: Scatterplots of Log10BOD5, Log10SBOD5, Log10TSS and Log10VSS for Basin 1 (B1) and Basin 2 (B2) over the study period (n=20) 
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Figure 18: Scatterplots of Log10Turbidity (Turb.), pH, Log10Dissolved Oxygen (DO) and Log10Electric Conductivity (EC) for Basin 1 (B1) and Basin 2 
(B2) over the study period (n=20)
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The variability in concentrations demonstrated by parts of the pond system (B1, 

B2) receiving runoff reflected the variable loadings from road runoff and 

changes during sporadic storage of residual waters. Inconsistency of pollutant 

concentrations in different parts of the pond reflected variable loadings from 

upstream, preferential transport, additional sources, and other effects of 

removal/enrichment processes.  

Despite the fact that there was statistical association (Mood’s Median Test, 

p<0.05) between time and COD, SCOD, TSS, and VSS, a regression trend line 

(linear model) did not demonstrate strong associations (low R2 – R2<0.700). 

This suggests that linear models were not appropriate in respect of explaining 

chronological variations due to the high variability in concentrations. Deletic 

(1998) also reported that linear models are not appropriate to describe 

concentration patterns of pollutants in environmental studies. 

However, it should be noted that the suspended solids (TSS, VSS) and non-

biodegradable material (COD, SCOD) showed a relatively moderate pattern 

(Figure 17) of increase in the pond system. This could be attributed to (i) dying 

vegetation contributing to particulate matter loadings, (ii) the road surface and 

the pond maturing and contaminants accumulating over time, (iii) the presence 

of road salts in runoff promoting the corrosive attack on vehicles and the road 

surface (bitumen) generating high loads of solids (Langmuir, 1997, Pontier, 

2002; Bäckström, et al., 2004), and (iv) conditions in the pond favouring the 

release of non-biodegradable organic material in dissolved form, also reported 

by Pontier (2002).  

Congruently, the River Wallington also exhibited variability in the concentration 

of the monitored water quality descriptors (Fig. 19). In addition, TSS and VSS 

also exhibited a relatively moderate increase with time; this was observed for 

the pond system too. Increasing concentration patterns for water-bodies 

receiving polluted runoff has also been reported by others (Pontier, 2002; Vieira 

et al., 2013).  

Despite the fact that many quality indicators exhibited statistical association with 

time (p<0.05), linear trend lines could not explain and describe the variability 

(R2<0.700). This highlighted the sensitivity of the pond’s response to variable 

loadings. 
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Figure 19: Scatterplots of water quality descriptors for the River Wallington over the whole period of study (n=20
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In addition, the multiple processes and mechanisms influenced the range of 

these concentrations (quality descriptors) resulting in a non-linear behaviour 

with time. Vezzaro et al. (2012) reported that pollutants in water rarely exhibit 

linear behaviour as their behaviour is influenced by multiple factors. 

Both systems (pond and river) exhibited a highly variable concentration pattern 

in respect of water quality indicators over the two year monitoring period, 

highlighting their dynamic nature. However, it is not yet clear if any of the 

monitored indicators exhibited seasonal fluctuations. It is, therefore, interesting 

to examine if any of the pollutants behaved differently on a seasonal basis in 

order to identify when the pollution loadings increased.   

5.1.1.2 Seasonal Fluctuations – Pond System and River Wallington 

In order to identify significant differences of pollutants concentrations between 

seasons all variables were evaluated using the Mood’s median test for both WR 

and the pond (Minitab®, 2009) according to season. The statistical analysis 

revealed that some constituents demonstrated seasonal fluctuations, but only 

for the pond system. No significant differences (Mood’s median test, p>0.05) 

were observed for WR in pollution levels (water quality indicators) between 

seasons; except for temperature (Chi-Square=13.47, p=0.004) which is natural. 

This was possibly due to the continuous flow in the river which constantly 

diluted the water quality at the sampling location. 

On the contrary, the pond system exhibited seasonal fluctuations for some 

quality indicators with statistically significant differences (p<0.05) between 

seasons; this was evaluated using the Mood’s median test between variables 

and seasons. Various constituents showed significant differences between 

seasons such as Turbidity (Chi-Square=11.03, p=0.012<0.05), EC (Chi-

Square=9.33, p=0.025<0.05), AmmN (Chi-Square=12.46, p=0.006<0.05), pH 

(Chi-Square=13.53, p=0.004<0.05), DO (Chi-Square=19.3, p=0.000<0.05), and 

Temperature (Chi-Square=19.73, p=0.000<0.05). Fig. 20 shows the range of 

concentrations for each aforementioned water quality descriptor by season. The 

presence of outliers was expected as variability in pollutants concentrations is 

normal in environmental studies (Manahan, 1993; Barnett, 2004).   
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Figure 20: Boxplots of concentrations of water quality indicators by season (n=40) (asterisks indicate outliers) 



111 | P a g e  

 

It seems that turbidity increased in winter and autumn suggesting that the pond 

received increased suspended silt/clay and organic matter during that period or 

that the flow conditions favoured re-suspension of particles. EC demonstrated 

high values during spring and winter when road salts were abundant, 

respectively. The increased pH in spring compared to the rest of the year was 

most possibly due to the algae growth due to photosynthesis by the algae. Daily 

pH fluctuations are common with algal blooms; in the day time pH can rise to 

pH=10 and then at night it drops back down again to neutral. CO2 from the air 

dissolves in water to form carbonic acid, so when the algae use this up during 

photosynthesis the water goes more alkaline. During photosynthesis algae give 

off oxygen so in the day O2 levels can be very high, but at night (when they 

cannot photosynthesise) they use the O2 to respire so the oxygen level in the 

water drops (this can go all the way to zero in big algal bloom) and the pH drops 

back to normal level. The lower O2 concentrations in the summer were possibly 

due to the warm temperature, as water holds less O2 at high temperatures. 

Additionally, after an algal bloom all the nutrients have been used up (by them) 

so algae start to die off and other organisms start consuming the decaying 

algae and use up the O2 as well; then some of the nutrients get released again. 

The increased concentrations of DO in winter and spring could also be 

attributed to turbulent flows which re-aerated the shallow waters (Manahan, 

1993). AmmN demonstrated increased values in summer (possibly due to the 

oxygen and pH levels) and in autumn (possibly due to the presence of more 

waste material). Temperature demonstrated an anticipated seasonal pattern.  

5.1.2 Metals and Elements in Water 

Metals and elements in the water column occur in the particulate and dissolved 

phases, which are distinguished primarily by size, as >0.45μm (solid phase) and 

<0.45 μm (dissolved phase) (Greenberg et al., 1992). Dissolved metals are 

bioavailable (available for incorporation into biota) and particulate metals 

represent additional sources of dissolved metals (Pontier, 2002). It should be 

noted that the dissolved phase includes the lower size range of colloids (clays, 

metal oxyhydroxides, viruses) (Langmuir, 1997). Metals in water have chronic 

effects and present potential for the development of toxic conditions within 

receiving water-bodies (Boller, 1997; Hares and Ward, 1999; Clozel et al., 2006; 

Napier et al., 2008). According to Vaze and Chiew (2002), the most relevant 
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traffic related pollution sources are road salts, soil erosion, abrasion of road 

surfaces, abrasion of tyres, drip loss, combustion emissions, and abrasion of 

automobile parts (engine, brake pads).  

The aims of measuring the metal concentrations in water were to evaluate 

possible interactions, transport of metals in different phases, time trends, and 

seasonality. Partitioning changes during sample storage prior to analysis were 

avoided by filtration and acidification of the samples at the time of collection 

(Langmuir, 1997). It is worth noting that comparison of results with other studies 

is not always representative, as different catchments and drainage systems 

present different sources of metals and conditions, which influence partitioning 

(Langmuir, 1997). On the basis of Tables 23 & 24, various observations can be 

made (the entire experimental data set can be found in Appendix A). The 

concentrations for metals/elements (Ca, Cl, Mg, Na) were rounded to whole 

numbers and the concentrations for road runoff metals were rounded to one 

decimal for aesthetic purposes. All metals/elements are expressed in specific 

units as suggested by various authors (Whitely and Murray, 2005; Scholz & 

Yazdi, 2009; Helmreich et al., 2010; Environment Agency, 2011; Pezzaniti et 

al., 2012).   

Table 23: Statistics for total road salt related metals and other elements (including 
percentage dissolved) for the whole period of study 

Total 
Variable 

n Median 
Percentage 

Dissolved (%) 
Min Max Location 

Na (mg/l) 

20 28 82  2 410 B1 

20 20 92  2 160 B2 

20 30 73  1 130 WR 

Mg (mg/l) 

20 17 97  3   83 B1 

20 13 100  3   55 B2 

20 20 85  3 130 WR 

Ca (mg/l) 

20 46 96  2 220 B1 

20 34 96  2 170 B2 

20 58 93  4 210 WR 

P (µg/l) 

20   175 77 13 850 B1 

20   120 67 10 940 B2 

20   245 80 17  1500 WR 

Cl (mg/l) 

20   250 92 11  1600 B1 

20   240 96 11  1000 B2 

20   265 87 12 970 WR 
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There were no significant differences (Mood’s median test; p>0.05)  between 

the pond system and WR for most metals/elements except for dissolved 

phosphorus (Mood’s median test – p=0.041<0.05) which was higher in the river.  

Table 24: Statistics for total road runoff related metals (including percentage dissolved) 
for the whole period of study 

Total 
Variable 

n Median 
Percentage   

Dissolved (%) 
Min Max Location 

Ni (µg/l) 

20 1.5 60  0.2     7.7 B1 

20 1.2 88  0.2   31.0 B2 

20 2.4 81  0.4   12.0 WR 

Cu (µg/l) 

20  26.0 62  4.3 110.0 B1 

20  19.0 76  4.4   80.0 B2 

20  13.5 70  4.3   84.0 WR 

Zn (µg/l) 

20  33.0 68  3.4 380.0 B1 

20  47.5 51  2.4 280.0 B2 

20  45.0 73  3.5 160.0 WR 

Cr (µg/l) 

20 1.2 60  0.1    9.6 B1 

20 0.8 73  0.1   10.0 B2 

20 1.4 76  0.1     8.1 WR 

Cd (µg/l) 

20 0.4 67   0.0     1.9 B1 

20 0.3 66   0.0     2.4 B2 

20 0.6 53   0.0     5.4 WR 

Pb (µg/l) 

20  13.5 33  1.2   67.0 B1 

20  13.5 36  0.2 140.0 B2 

20  15.0 24  0.3   66.0 WR 

Fe (mg/l) 

20 0.4 55   0.0     1.5 B1 

20 0.3 36   0.0     0.8 B2 

20 0.2 36   0.0     0.5 WR 

Pd (ng/l) 

20  29.0 79 13.0 290.0 B1 

20  26.0 69 11.0 200.0 B2 

20  32.5 71 15.0 780.0 WR 

Rh (ng/l) 

20     2.7 60  1.5   27.0 B1 

20  2.9 56  1.5   10.0 B2 

20  3.3 49  1.2   35.0 WR 

Pt (ng/l) 

20   11.3 37   6.0 112.1 B1 

20   12.0 40   6.0   41.6 B2 

20   34.3 72 13.5 211.0 WR 

Mn (µg/l) 

20 212.0 84 19.0 790.0 B1 

20 229.0 51 15.0 540.0 B2 

20   79.0 75 33.0 240.0 WR 

 

This suggests that the pond did not increase the pollution loading to the river. 

The toxicity levels within the pond system were within the permissible range of 
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the (where applicable) environmental quality standards (see Table 3 - 

Environment Agency, 2011), Dutch Standards (2001), British Columbia water 

quality standards (2006), and similar to other relevant studies (Hares & Ward, 

1999; Tuccillo, 2006; Göbel et al., 2007; Terzakis et al., 2008; Scholz & Yazdi, 

2009; Helmreich et al., 2010; Pezzaniti et al., 2012); this suggests that either 

the pond received low metal runoff or that it effectively reduced (uptake by 

plants and algae, sedimentation) the levels of toxicity. However, the median Cl 

concentrations exceeded the EA chemical standards (Environment Agency, 

2011) in both the river and the pond (marginally, in B1). This could pose a threat 

to the aquatic habitat and vegetation.  

In addition, Mg was much higher compared to the findings of Göbel et al. 

(2007), while Ca and P were within typical road runoff ranges (Göbel et al., 

2007); however, P exhibited an increasing pattern with time resulting in high 

concentrations (see Section 5.1.2.1). Increased P may cause excessive algae 

growth. The increased Mg may reflect the presence of road salts (Bäckström et 

al., 2004; Nelson et al., 2009). 

Most metals and elements were found in the dissolved phase, except for Pb, 

Fe, and Pt – pond system & WR. The detection of dissolved metals is 

surprising, since the pH range and oxidising conditions of the waters within the 

pond was expected to favour partitioning to the solid phase. However, variability 

in terms of distributions between the particulate and the dissolved phases 

should be expected, since metal partitioning is dependent on the pH of the 

rainfall, the type of solids in the runoff, and the metal solubility itself (Sansalone 

and Buchberger, 1997; Cambonelli et al., 2010).   

Manahan (1993) and Herngren et al. (2005) reported that non-biodegradable 

(ligands) material acts as a solubility enhancer for heavy metals, but generally 

heavy metal solubility is influenced by site specific properties. Complexation of 

metals with dissolved organic matter has been reported by others (Manahan, 

1993; Tuccillo, 2006). Current analysis of the data set, however, does not 

permit quantitative prediction of the fractionation of metals.  

Garnaud et al. (1999) showed that metals found in road runoff (Paris, France) 

were mostly in the dissolved fraction, as also observed in this study. Ek et al. 

(2004) demonstrated that Pd tends to be more soluble than Rh (road dust and 
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rainwater) and reported solubility of >60% in some occasions, as also observed 

for the Waterlooville pond system. Other pertinent studies (Crabtree et al., 

2006; Tuccillo, 2006; Cambonelli et al., 2010) have found various metals (Cu, 

Zn, Cd) in the dissolved fraction, also observed in this study. Most metals found 

in WR exhibited similar partitioning ratios to that of the pond (except for Pt). 

Moreover, Clozel et al. (2006) reported that the presence of salts accelerates 

alloy corrosion and chloride complexes may form, changing the metals into 

more soluble forms. The high electrolyte concentration (road salts) competes 

with metals sorbed on minerals (water in the pond) and may encourage metals 

to dissolve. Furthermore, increased solubility of metals could be attributed to the 

decay of accumulated algae (Pontier, 2002).  

Despite the metal concentrations being low, metals in the dissolved phase could 

be of concern as solubility is an indicator of bioavailability (Garnaud et al., 

1999). If conditions in the pond changed (e.g. pH or conductivity shift, or if 

anoxic conditions developed), the metals could be desorbed or change their 

speciation, which could result in higher toxicity as metals become more 

bioavailable. An insightful approach for examining whether the metals in the 

pond could pose a future environmental threat is via the identification of any 

accumulation patterns.  

5.1.2.1 Chronological Patterns – Pond System and River Wallington  

The chronological behaviour of pollutants  is influenced by factors such as the 

annual average daily traffic, the antecedent dry period (ADP), climatic 

conditions, road pavement and roughness, inclination, flow path and duration, 

the influence of street cleaning, etc. (Vaze and Chiew, 2002). Fig. 21 shows the 

concentration of total Na, Mg, Cl, and P over time (for the whole period of 

study), within the pond system, along with reference lines of the EA chemical 

standards (Environment Agency, 2011; Na and Cl only) concentration limits for 

surface water. The concentration patterns of Cl, Mg, Na, and P suggest 

seasonal fluctuations, while Cl and P demonstrated higher concentrations 

towards the end of the monitoring period compared to the start of the 

monitoring. This may indicate that the pond gradually received higher loadings 

of chlorides, while the pond-generated plant material and eroded surface soil 

along the flow path could have contributed to the increase of P.  
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Figure 21: Scatterplots of total Na, Mg, P, and Cl over the study period (pond system – Basin 1, Basin 2) (n=40); EAGV refers to the optimum levels 
of Na and Cl in surface water as described in the Environment Agency (2011) chemical standards
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P and Mg are generally associated with fine fractions and exhibited high 

concentrations compared to other similar studies (Tuccillo, 2006; Göbel et al., 

2007).  

Cl cannot be treated or filtered with SuDS, so once salt is applied, Cl remains in 

the watershed until it is flushed. The most widely used road salts are NaCl (rock 

salt), MgCl2 (magnesium chloride), and rarely CaCl2 (calcium chloride) (Nelson 

et al., 2009). Na and especially Cl exceeded the EA chemical standards 

(Environment Agency, 2011) in the pond; however, in WR, Na did not exceed 

the EA guideline value, whereas Cl exceeded the EA chemical standards 

(Environment Agency, 2011) (see Fig. 22). 

Increasing road salt related elements and P concentrations could be of concern, 

as various authors (Pontier, 2002; Herngren et al., 2005; Göbel et al., 2007; 

Nelson et al., 2009) have found that the aforementioned constituents influence 

metal mobility in storm-water runoff, reduce the ability of soil to retain water, and 

reduce diversity of plants and animals. The fact that EC did not demonstrate an 

increase in concentration could be due to efficient buffering within the pond 

system. 

Finally, it should be noted that none of the remaining monitored metals 

exhibited a clear increasing pattern over time in both the pond system and the 

river. 
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Figure 22: Scatterplots of total Na, Mg, P, and Cl over the study period (River Wallington) (n=20); EAGV refers to the optimum levels of Na and Cl in 
surface water as described in the Environment Agency (2011) chemical standards
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5.1.2.2 Seasonal Fluctuations – Pond System and River Wallington 

Fluctuations in metals/elements concentrations by season indicated when the 

pond system and the River Wallington received increased amount of pollutants. 

Most (total and dissolved) elements/metals in the pond system (except for Mn, 

Pt, Rh in both phases) exhibited variations with significant differences (Mood’s 

median test, p<0.05) between seasons. In detail, Total Na (p=0.003<0.05), 

Total Mg (p=0.000<0.05), Total Ca (0.005<0.05), Total P (0.001<0.05), Total Cl 

(p=0.000<0.05), Total Ni (p=0.000<0.05), Total Cu (0.007<0.05), Total Zn 

(p=0.010<0.05), Total Cr (p=0.035<0.05), Total Pb (p=0.045<0.05), Total Cd 

(p=0.000<0.05), Total Fe (p=0.017<0.05), and Total Pd (p=0.001<0.05) 

demonstrated significant differences (Mood’s median test, p<0.05) between 

seasons (see Fig. 23). In addition, particular (total and dissolved) 

elements/metals [Mg, Ca, P, Cl, Fe, and Cd] exhibited significant differences 

(Mood’s median test, p<0.05) between seasons in WR (see Fig. 24).  

All road salt related metals and other elements found in the pond had increased 

concentrations mostly in autumn and winter; Na reflected the increased EC 

levels (see Fig. 20) while the low concentrations of Mg, Ca, and P in spring and 

summer were possibly due to uptake by plants, as these are essential for their 

growth; however, Mg and Ca will also come from the road salt so low levels in 

summer reflect background levels; according to Bäckström et al.  (2004) 

increased salinity of surface water favours the release of Ca and Mg from the 

soil. Most metals (total) found in the pond (Zn, Pb, Cd, Fe) exhibited high 

concentrations in autumn and/or winter, while others (Cr, Cu-dissolved only, Pd, 

Ni) increased during spring as well. This was possibly due to increased metal 

runoff due to the flow conditions in these particular seasons (storm frequency) 

(Langmuir, 1997).  

Moreover, elements/metals found in WR (see Fig. 24) also showed high 

concentrations mainly in autumn and winter, also suggesting increased metal 

runoff in these particular seasons. 

This concentration pattern has been reported by other authors too (Manahan, 

1993; Langmuir, 1997; Helmreich et al., 2010) highlighting the variable pollutant 

loadings that these systems receive throughout the year.  
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Figure 23: Boxplots of total metals and elements concentrations in the pond water according to season (n=40) 
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Figure 24: Boxplots of total metals and elements concentrations in the river according to season (n=20) 
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These variations were probably due to the increased and frequent runoff during 

wet seasons, which enabled the transport of more particulates to both the pond 

and the river. The low concentrations of Mg, Ca, and P in spring and summer 

reflect the uptake by plants, as for the pond system. Increased Cl, Mg, and Ca 

during autumn and winter possibly reflected the transport of road salts to the 

river, as they were abundant in these seasons.  

Another possible explanation for the increased concentrations of metals in 

autumn, winter, and occasionally spring for both WR and the pond could be the 

high corrosive conditions resulting from the presence of road salts during these 

seasons (Nelson et al., 2009), which may have promoted solids generation.  

All of the metals/elements for both systems demonstrated their lowest values in 

the summer when: 

 Temperature was high 

 Pollution transport decreased (generally low rainfall) 

 Presence of road salts decreased 

 Presence of dying vegetation was minimal     

The presence of outliers in Figs. 23 & 24 was normal and feasible since the 

observed values fall within typical road runoff concentrations (Pontier et al., 

2004; Crabtree et al. 2006; Pezzaniti et al., 2012; Roinas et al., 2014). 

These observations indicate that pollution concentrations exhibited seasonality 

patterns, but more information regarding possible associations between 

pollutants is required in order to better comprehend the transport processes and 

identify possible sources of pollution. 

5.1.2.3 Shared Variations of Pollutants  

It is very important to highlight the fact that the pond water was exposed 

simultaneously to several different processes, which could have influenced its 

quality. Consequently, regression analysis provided an initial understanding 

regarding (i) which pollutants had similar sources and (ii) how different 

pollutants shared variations and followed the same pattern in respect of 

concentrations.  
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An efficient method to evaluate and interpret the treatment mechanisms 

progressing in ponds receiving road runoff is the identification of significant 

correlations and development of regression models between pollutants (Pontier 

et al., 2004; Herngren et al., 2005).  

In this section all the statistical (regression analysis; p<0.05) associations 

between water quality descriptors and metals/elements are presented in the 

interest of interpreting the shared variations of pollutants in the pond system. 

Correlations amongst pollutants found in WR and the pond were not performed 

due to the different sources of runoff between the two water-bodies.  In addition, 

no linear associations between pollutants were examined for WR, since the 

sources of runoff were unknown making interpretation difficult. The units for all 

the water quality descriptors (e.g. BOD5, COD, TSS, etc.) are mg/l; except for 

Turbidity (NTU), EC (μS/cm), and Temperature (°C). All metals/elements are 

expressed in μg/l; except for Fe, Na, Mg, Ca, Cl (mg/l) and Pt, Pd, Rh (ng/l). All 

the concentrations refer to total metals/elements concentrations.                                       

Water Quality Descriptors 

Table 25 presents the linear associations (between water quality descriptors 

and road salt related metals/elements. Log10 transformations were used as 

some of the data were not normally distributed (Van Buren et al., 1997). Table 

25 shows that oxygen demanding substances in the particulate (BOD5, COD) 

and soluble (SBOD5, SCOD) phase were strongly (R2>0.700) associated, 

suggesting associated sources and similar transport behaviour. Biodegradable 

material, decay resistant material and their soluble fractions were probably 

influenced by the same factors, as also reported by Langmuir (1997). Moreover, 

the weak association between COD and VSS suggests that these indicators 

behaved in a similar manner but they did not originate from the same source.  

TSS and VSS were also highly associated and TSS was also related to 

turbidity; it seems that inorganic and organic particles were associated, which is 

not surprising since both fractions are found in road runoff (Herngren et al., 

2005); turbidity reflected the presence of fine suspended particles so its 

correlation with TSS was not surprising.  
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Table 25: Linear associations between Log10 of water quality indicators and Log10 of 
total metals/elements (pond) (n=40) 

Log10 y Log10 x Gradient (m) Intercept (c) R2 p 

BOD5 SBOD5 0.740 0.433 0.800 0.000 

COD SCOD 0.770 0.749 0.730 0.000 

COD VSS 1.010 0.847 0.400 0.000 

TSS VSS 0.847 0.417 0.750 0.000 

TSS Turbidity 0.434 1.010 0.510 0.000 

Na Temperature -1.880 3.230 0.430 0.000 

Cl Temperature -1.830 4.080 0.400 0.000 

Mg Temperature -1.070 2.220 0.270 0.001 

Ca Temperature -1.400 2.850 0.250 0.001 

 

It is interesting to note that when the temperature increased the concentrations 

of road salt related metals/elements decreased. This suggests that Ca, Na, Mg, 

and Cl presented high concentrations when the temperature was low, i.e. winter 

and autumn when road salts were abundant.  

Elements and Metals 

Various authors have shown the potential negative consequences of salts on 

heavy metal mobility and water quality in general (Pontier, 2002; Bäckström et 

al., 2004; Herngren et al., 2005; Nelson et al., 2009). 

In an attempt to identify which chemical form of road salts possibly influenced 

the mobility of metals, statistical associations between road runoff metals and 

metals/elements contained in road de-icing salts (NaCl, MgCl2, CaCl2) (and 

other elements, P) were examined. Table 26 shows statistical associations 

(Log10 transformations) between total metals, total road salt related elements, 

and total phosphorus. As it can be seen from Table 26, P, Ca and Mg were 

strongly associated (R2>0.700) with Cl, indicating source/speciation similarity. 

The road runoff (unfiltered) related metals (Ni, Cu, Cr, Zn, Fe, Pb, Cd) 

demonstrated weak associations with road salt related metals/elements 

suggesting that these metals were probably influenced by road salt related 

metals/elements but did not share the same source or transport mechanism 

(Chapman, 1992; Hounslow, 1995). In addition, the strong association of Ca 

and Mg suggests that the salinity of the surface water favoured the release of 

Ca and Mg from the local chalk derived soil (Bäckström et al., 2004). 
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Table 26: Linear associations between Log10 of metals (total) and Log10 of road salt 
related elements (total) (pond) (n=40) 

Log10 y Log10 x Gradient (m) Intercept (c) R2 p 

Ni Na 0.629 -0.638 0.557 0.000 

Ni Mg 0.693 -0.582 0.347 0.001 

Cl Ni 0.785 2.080 0.428 0.000 

Ni Ca 0.399 -0.365 0.215 0.003 

Ni P 0.731 -1.360 0.557 0.000 

Cu Na 0.381 0.781 0.446 0.000 

Cl Cu 0.940 1.030 0.281 0.000 

Zn Na 0.557 0.778 0.466 0.000 

Zn Mg 0.618 0.824 0.294 0.000 

Zn Ca 0.450 0.879 0.293 0.000 

Cl Zn 0.947 0.800 0.585 0.000 

Cr Na 0.646 -0.918 0.494 0.000 

Cl Cr 0.651 2.280 0.350 0.000 

Cr P 0.727 -1.610 0.464 0.000 

Pb Na 0.518 0.296 0.293 0.000 

Pb Ca 0.550 0.201 0.317 0.000 

Pb Mg 0.808 0.072 0.365 0.000 

Cl Pb 0.672 1.580 0.407 0.000 

Cd Na 0.445 -1.070 0.303 0.000 

Cd Ca 0.577 -1.310 0.487 0.000 

Cd P 0.624 -1.820 0.438 0.000 

Cd Mg 0.863 -1.460 0.582 0.000 

Cl Cd 0.888 2.670 0.507 0.000 

Fe Na 0.586 -1.370 0.560 0.000 

Fe Mg 0.740 -1.430 0.458 0.000 

Cl Fe 1.000 2.830 0.604 0.000 

Fe Ca 0.480 -1.270 0.361 0.000 

Fe P 0.686 -2.060 0.569 0.000 

Mg Na 0.444 0.544 0.384 0.000 

Ca Mg 1.280 -0.021 0.880 0.000 

P Na 0.619 1.320 0.518 0.000 

P Mg 0.958 1.060 0.637 0.000 

Cl Na 0.814 1.150 0.648 0.000 

Cl Mg 1.180 0.895 0.704 0.000 

Cl Ca 0.906 0.938 0.774 0.000 

Cl P 1.030 0.029 0.769 0.000 

 

Conversely, there were strong associations (see Appendix A) between 

dissolved Ca, Cl, and Mg and dissolved metals (Cu, Cr, Cd, Ni, Pb, Fe, Zn), 

suggesting that the dissolved phase of salt-related elements had a greater 

influence on the behaviour/speciation of these metals compared to the total 
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phase. This has also been observed by Bäckström et al. (2004) who reported 

that it is the dissolved form of road salts that mainly influences automobile-

related metals (Cu, Cr, Cd, Ni, Pb, Fe, Zn). 

Conversely, the fact that PGE were not associated with any elements suggests 

that different processes and mechanisms influenced their behaviour/speciation 

and sorption in water. The transport and impacts of PGE in aquatic facilities are 

strongly influenced by their interactions with natural inorganic and biogenic 

particulate matter (Schäfer and Puchelt, 1998; Sutherland et al., 2008). 

However, no strong associations between VSS and PGE were revealed in this 

study. 

Road runoff related metals 

Table 27 shows the linear associations (Log10 transformations) between total 

metals found in the pond system for the whole period of study. As can be seen 

from Table 27 several metals had shared variations. Cr was associated with Ni, 

Cu, Zn, and Fe, as also observed by Mallin et al. (2002). Zn had shared 

variation with Cu, while Pb was correlated with Zn and Cd, also observed by 

Pontier (2002) and Pontier et al. (2004). Fe was associated with Ni, Zn, Cr, and 

Cd (Pontier, 2002; Tuccillo, 2006).  

Table 27: Linear associations between the Log10 of total metals (pond) (n=40) 

Log10 y Log10 x 
Gradient 

(m) 
Intercept 

(c) 
R2 p 

Cr Ni 0.874 -0.230 0.641 0.000 

Fe Ni 0.676 -0.723 0.529 0.000 

Zn Cu 0.898  0.367 0.394 0.000 

Cr Cu 1.06 -1.420 0.434 0.000 

Cr Zn 0.716 -1.140 0.404 0.000 

Pb Zn 0.723 -0.109 0.378 0.000 

Cd Zn 0.646 -1.460 0.423 0.000 

Cd Pb 0.564 -1.030 0.446 0.000 

Fe Zn 0.721 -1.680 0.566 0.000 

Fe Cr 0.656 -0.551 0.593 0.000 

Fe Cd 0.724 -0.239 0.561 0.000 

Rh Pd 0.632 -0.465 0.578 0.000 

Pt Pd 0.627  0.174 0.575 0.000 

Pt Rh 0.988  0.639 0.986 0.000 
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Finally, Rh was strongly associated with Pd, while Pt was associated with both 

Pd and Rh, indicating that they could come from the same source (possibly 

catalytic converters) (Schäfer and Puchelt, 1998; Sutherland et al., 2008).  

The fact that these associations were also weak (except for Pt-Rh) suggests 

that these metals were probably sorbed on the same material (humic/fulvic 

acids, oxyhydroxides) but did not have the same source or transport pattern.  

Many authors (Sansalone and Buchberger, 1997; Ek et al., 2004; Whitely and 

Murray, 2005; Clozel et al., 2006; Kayhanian et al., 2012a) have shown that 

many of the studied metals (Ni, Zn, Cu, Cr, Cd, Pb, Fe, Pt, Pd, Rh) are mostly 

associated with automobile activity. It is worth noting that the dissolved fractions 

of the aforementioned metals also exhibited weak associations (see Appendix 

A), suggesting that similar conditions and factors influenced their behaviour. 

Additionally, Mn was not correlated with any metal and/or element, suggesting 

different behaviour. It is evident that linear models cannot describe the 

complicated processes occurring in respect of metal speciation, transport, and 

origin but can offer a preliminary indication of possible associations.  

Figure 25 shows the Pt:Pd and Pt:Rh ratios for the total metal concentrations 

(water samples) in the pond and the river. Prichard et al. (2009) reported Pt:Rh 

ratios of 4-5:1 and Pt:Pd ratios of 1:1. These ratios generally describe particles 

found in catalytic converters. It seems that the Pt:Rh ratio of the pond water was 

similar to other reported values (Whitely and Murray, 2003; Prichard et al., 

2009) while the Pt:Pd ratio of the river water was also comparable to reported 

values (Whitely and Murray, 2005). These observations suggest that PGE in the 

pond and the river originated from catalytic converters, as they were within the 

range of typical converter compositions (Whitely and Murray, 2005). In addition, 

the different ratio patterns between the pond water and the river suggest that 

PGE fractionation occured during transport, also observed by Whitely and 

Murray (2003, 2005).  

These shared variations also indicate that the sorption behaviour of metals was 

probably influenced by diverse factors. A valid method for evaluating sorption 

characteristics of metals is the use of the adsorption isotherm equations 

(Pontier, 2002; EPA, 2005b; Zhao et al., 2011). The following section attempts 
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to evaluate the sorption behaviour of metals found in the pond by employing the 

use of adsorption isotherms. 

 

 

Figure 25: Boxplots of Pt:Pd and Pt:Rh ratios for the pond water (n=40, Basin 1 & 
Basin 2) and the river (n=20, WR) 

5.1.2.4 Adsorption Isotherm Equations 

The three most widely used sorption isotherms are the linear, the Freundlich, 

and the Langmuir (Pontier, 2002; EPA, 2005b; Zhao et al., 2011).  
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Figure 26: Boxplots of the sorption distribution coefficient (Kd) for metals found in Basin 1 (B1) and Basin 2 (B2) for the whole period of study (outliers 
omitted) (n=40) 
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Sorption is the process in which chemicals become associated with solid 

phases (in this case suspended solids). The mathematics behind the derivation 

and calculation process of the aforementioned isotherm equations can be found 

in Appendix A. The aim of this section is to evaluate which isotherm equation 

best satisfied the data. This may allow the sorption processes within the pond to 

be characterised. Sorption is extremely difficult to interpret as different metals 

exhibit different sorption patterns (Pontier, 2002; EPA, 2005b; Vezzaro et al., 

2012).  

The sorption distribution coefficient, Kd, (see Fig. 26) demonstrated similar 

values to other studies (EPA, 2005b) for the studied metals (see Section 

2.3.3.2). There were no significant differences (Mood’s median test, p>0.05) 

between basins in terms of Kd values. In addition, Kd did not correlate with any 

water quality descriptor, suggesting that partitioning was not influenced by the 

conditions in the pond. Furthermore, no significant differences (Mood’s median 

test, p>0.05) were observed between Kd and seasons. 

The similarity of Kd values in B1 and B2, implies that metals did not endure 

substantial speciation transformations throughout the system; of course this 

statement is valid only for data that satisfied the linear adsorption equation. 

Table 28 shows the adsorption isotherm equations for each metal, in the 

interest of identifying which sorption isotherm equation is satisfied by the data, 

along with the linear regression results (p-value, R2).  

Table 28: Evaluation of the sorption isotherm equations for particular metals on the 
basis of linear regression (n=40) 

 
Metal 

Adsorption Isotherm Equation 

Linear (Kd) Freundlich  Langmuir 
p R2 p R2 p R2 

Ni 0.000 0.729 0.000 0.377 0.768 0.002 

Cu 0.010 0.164 0.005 0.192 0.701 0.004 

Zn 0.017 0.142 0.000 0.281 0.129 0.060 

Cr 0.023 0.129 0.000 0.312 0.361 0.022 

Pb 0.000 0.554 0.000 0.431 0.786 0.002 

Cd 0.101 0.070 0.067 0.086 0.135 0.058 

Fe 0.007 0.178 0.001 0.276 0.146 0.056 

Pd 0.485 0.013 0.003 0.213 0.699 0.004 

Rh 0.000 0.289 0.005 0.187 0.575 0.008 

Pt 0.000 0.814 0.000 0.326 0.857 0.001 
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A sorption isotherm best describes the experimental results when the p-

value<0.05 and when R2 is as high as possible, with R2=1 being the best fit line 

(Minitab®, 2009). Additionally, Kd varied with time for all metals but without 

exhibiting any distinguishable patterns or trends. Ni, Rh, Pt and Pb were best 

described by the linear isotherm while Cu, Cr, Zn, Pd and Fe were best 

described by the Freundlich isotherm equation.  Cd was not satisfied by any 

equation. In addition, none of the metals were satisfied by the Langmuir 

isotherm equation. However, only Ni and Pt demonstrated strong associations 

in respect of the linear model while all remaining metals exhibited weak 

associations with the isotherm models. Therefore, the linear adsorption 

isotherm was satisfied for Ni and Pt, while none of the other adsorption isotherm 

equations were satisfied for the remaining metals.  

The most satisfactory fits were observed for Pt (linear adsorption isotherm; 

R2=0.814) and Ni (linear adsorption isotherm; R2=0.729). These findings 

suggest that Ni and Pt behaved in a straightforward manner regarding their 

sorption behaviour as opposed to the remaining metals.  

Sorption characteristics of metals in the suspended solids/water interface within 

ponds can be of vital significance in the identification of the partitioning 

processes progressing in such systems. However, the evaluation of partitioning 

of metals is highly complicated and expensive, as also reported by Vezzaro et 

al. (2012), and out of this study’s scope. 

5.1.3 Settling Solids and Soil Sediment 

The presence of solids in water can be detrimental to river quality due to 

sediment blanketing and turbidity, which influence the aesthetic value and 

species diversity (Manahan, 1993; Lee et al., 1997a; Zanders, 2005). The 

particle size distribution (PSD) of solids entrained in road runoff has contributed 

to understanding the transport and removal processes (Sansalone and 

Buchberger, 1997; Kadlec and Wallace, 2009). Consequently, treatment of road 

runoff should involve the removal and retention of solids from the final effluent. 

The first step in assessing the nature and amount of solids that the pond 

received was the evaluation of the accumulation rates. 
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5.1.3.1 Chronological Evaluation of Solids 

The accumulation rate (S) of settling solids found in the sediment traps (ST) did 

not demonstrate significant differences between seasons (Mood’s median test – 

Chi Square= 5.81, p=0.121>0.05) and size fractions (except for the S of the fine 

fraction>coarse fraction in B1; Mood’s median test, p=0.025). There were, 

however, significant differences in terms of the accumulation rate between STs 

(Mood median test – Chi Square= 7.2, p=0.027<0.05), with ST2 having the 

highest accumulation rate (S) followed by ST1 and ST3. The median 

accumulation rate (S) for ST1 was 5.8 g/day (>63µm fraction) and 7.21 g/day 

(<63µm fraction). The median accumulation rate (S) for ST2 was 6.26 g/day 

(>63µm fraction) and 7.76 g/day (<63µm fraction). Finally, the median 

accumulation rate (S) for ST3 was 4.4 g/day (>63µm fraction) and 4.65 g/per 

day (<63µm fraction). On the basis of the median S for each trap and fraction, 

the total accumulation (STotal – 720 days) was calculated. Fig.27 shows the STotal 

of solids for each fraction and ST, and for the whole period of study. All of the 

experimental measurements can be found Appendix B.  

 

Figure 27: Total accumulation of settling solids for each sediment trap and size fraction 
for the whole period (710 days) of study (n=120) 
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The settling rate in Basin 2 (B2 - ST3) was much less than in Basin 1 (B1 - 

ST1&ST2), suggesting that most of the material settled in B1. These findings 

suggest that mostly fine particles found their way in the pond system and 

eventually settled in the STs. Coarse particles may have been deposited at the 

swale, pond inlet, or at the side benches of the pond system. The low STotal in 

B2 may indicate inefficient settling capability, possibly due to the flow conditions 

in B2. The size of B2 was much smaller than B1, therefore, not providing 

enough time for particles to settle before they reach the outflow. It would be 

interesting to identify the PSD of the settled material in order to acquire more 

insightful information of the potential transport mechanisms. 

5.1.3.2 Particle Size Distribution and Volatile Substances Content  

PSD is an analytical and valid method for interpreting the nature of solids 

settling in the pond. The identification of the median particle diameter of settling 

solids offers important information regarding pond design optimisation, as the 

knowledge of such properties may lead to the design of a layout able to entrap 

such particles. On the basis of the PSD results, the material accumulated within 

the pond and at the pond inlet/outlet bank was characterised as very fine silty 

sand (Udden-Wentworth grain size scale), as also observed by others 

(Herngren et al., 2005; Kayanian et al., 2012a). There were no significant 

differences of d(0.1) (Mood’s median test; Chi-Square=2.4, p=0.121) and d(0.5) 

(Mood’s median test; Chi-Square=0.6, p=0.439) between the basins (settling 

solids) [d(0.1) – 10% of the volume distribution is below this value; d(0.5) – 50% 

of the volume distribution is below this value; d(0.9) – 90% of the volume 

distribution is below this value]. There were, however, differences (Mood’s 

median test; p=0.02, Chi-Square=5.4) of d(0.9) between the basins [d(0.9) in 

B2>B1] suggesting that  bigger, probably less dense, particles were transported 

either via re-suspension or preferential flow paths and increased turbulence 

(possibly caused by the presence of vegetation or site specific flow conditions) 

(Souliotis and Prinos, 2011; Tsavdaris et al., 2013); median d(0.9) was 67µm in 

ST1, 73 µm in ST2, and 84 µm in ST3. The median particle diameter, d(0.9), for 

all the settling solids samples throughout the two year study corresponds to 

very fine sand. According to Zanders (2005), particles smaller than 125µm are 

susceptible to re-suspension.   



134 | P a g e  

 

Fig. 28 shows the distribution of the Log10 transformed data (particle diameter; 

d0.1, d0.5, d0.9) for particles found in B1 (ST1 & ST2) and B2 (ST3). Fig. 29 

shows the distribution of the Log10 transformed data (particle diameter; d0.1, 

d0.5, d0.9) for particles found in soil sediment (inlet and outlet bank). 

Additionally, deposited particles at the side slopes of B1 and/or the berm could 

be picked up under high flows and transported to B2. There were also no 

significant differences (Mood’s median test; p=0.371) in particle diameter d(0.5) 

& d(0.9) (soil sediment) between the inlet and outlet bank. Nevertheless, the 

inlet sediment contained a higher range of particle sizes than the outlet 

sediment, while d(0.1) exhibited significant differences (Mood’s median test, 

p=0.007; Out>In) between locations; this observation suggests that fine 

particles were being transported to the outlet, as also reported by Zanders 

(2005). 

Overall, settling particles and sediment were of similar size throughout the 

system during the two year monitoring period, which was somewhat surprising, 

given that fine particles will usually settle further downstream compared to 

coarse particles (Pontier, 2002; Zanders, 2005); this could be due to the small 

size of the pond or due to the flow regime during storm conditions which could 

redistribute settled material throughout the system. The fact that d(0.9) 

gradually increased from B1 to B2 suggests that small ponds are prone to re-

suspension and preferential transport of particles less than 125µm, also 

observed by Zanders (2005).  

Furthermore, there seemed to be an increase of the mean particle diameter 

(particles found in the STs) with time, suggesting that the pond received 

particles of a highly variable size distribution profile (see Fig. 30) throughout the 

study period. This increase in particle diameter was probably due to site specific 

factors and irregularity in respect of the nature and size of incoming particles. 

There are many factors that can influence particle size distribution. According to 

Larm (2000), sites where the ground is disturbed are most likely to produce fine 

sediments while those that are regularly washed (e.g. during winter storms) are 

most likely to produce coarser sediments. 
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Figure 28: Distribution of the Log10 transformed particle diameters in B1 (ST1 & ST2) and B2 (ST3)
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Figure 29: Distribution of the Log10 transformed particle diameters (inlet and outlet soil sediment) 
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An increasing and variable pattern of particle diameter with time was also 

observed for the soil sediment collected after storm events (see Section 

5.2.2.1); but not for the MM data possibly due to the exposure of the soil 

sediment at different processes and conditions, which occurred between 

storms. It is worth noting that the pond received bigger particles in autumn and 

winter (Fig. 31), suggesting that high flows transported bigger particles to the 

pond. 

The settling solids represent the material settling through the water column, 

while the deposited sediments include pond soil as well as settled material. The 

settling solids in the traps had a much higher VSC compared to the deposited 

sediment, as also observed by Lee et al. (1997b). Moreover, there were 

differences in VSC between settling material found in the basins and soil 

sediment found at the inlet/outlet bank (see Fig.32). 

 

Figure 30: Mean diameter d (0.5) of particles found in the sediment traps (ST) over the 
study period (n=60)     
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Figure 31: Mean diameter (d0.5) of particles found in the sediment traps (n=60) by 
season 

Most of the volatile substances were found in the >63μm fraction (Mood’s 

median test, p<0.05) of the settling solids suggesting that coarse settling 

particles consisted primarily from organic matter. This volatile matter contained 

plant-derived debris and dying vegetation. In addition, no significant differences 

(Mood’s median test, p>0.05) of VSC were observed between STs. However, 

there seemed to be an increase of VSC in the >63µm fraction from B1 to B2, 

suggesting that B2 contained more organic matter than B1.  

There were no significant differences in VSC of the soil sediment between the 

inlet and the outlet suggesting that material settled at the bank was of similar 

nature. As expected, the VSC of soil sediments was much lower than that of 

settling solids since the presence of biogenic debris within the pond determined 

the nature of the settling material. Some authors have suggested that the 

presence of volatile substances (humic and fulvic acids) may pose a threat to 

the water quality as many pollutants are mobilised by their presence (Mesuere 

and Fish, 1989; Langmuir, 1997; Lee et al., 1997a). On the other hand, Pontier 

(2002) and Helmreich et al. (2010) reported that plant-derived volatile matter 

can sometimes act as a metal scavenger. Zanders (2005) reported that site 

specific conditions usually govern the geomorphology characteristics of 

particles found in runoff. 
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Figure 32: Boxplots of volatile substances content for the settling solids (found in the 
sediment traps) and soil sediment (inlet/outlet) for the whole period of study 

5.1.4 Metals and Elements in Settling Solids and Soil Sediment 

Metals in settling solids and soil sediment reflect the effects of dynamic 

processes (Färm, 2002). The entire data set can be found in Appendix B. Site 

specific flow regimes usually govern the transport of solids and associated 

metals depending on the size spectrum of the particles. However, speciation of 

metals also influences the partitioning between solid and aqueous phases, 

transport behaviour of metals, and biological interaction (Färm, 2002; Clozel et 

al., 2006; Camponelli et al., 2010). Tables 29, 30 & 31 present all the statistics 

in terms of road salt related metals/elements, road runoff metals and PGE 

concentrations (respectively) found in settling material and soil sediment (by 

location). The toxicity levels of settling material for Na, Ni, Cr, Pb, Mn, Pd, Pt, 

Rh and Cd in settling solids and sediments within the pond system were within 

the permissible range of the EA chemical standards (Environment Agency, 

2011) for soil sediment and sludge, the Dutch standards (2001) for soil 

sediment, the British Columbia soil standards (2007) for Na and Cl and other 
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relevant studies (Mesuere and Fish, 1989; Lee et al., 1997a, b; Stead-Dexter 

and Ward, 2004; Whitely and Murray, 2005; McKenzie et al., 2008; Sutherland 

et al., 2008; Mingkui and Hao, 2009; Fassman, 2012) and did not pose an 

environmental threat to the receiving water-body. 

Table 29: Descriptive statistics for road salt related metals and other elements found in 
settling solids (Basin 1 & Basin 2) and soil sediment (Inlet & Outlet bank) for the whole 

period of study 

Variable n Median Min Max Location 

Na 
(mg/g) 

10      0.4  0.2         0.9 Inlet 

80    33.4  2.6     275.0 B1 

40    24.6  4.4     250.0 B2 

10      0.2  0.2         0.5 Outlet 

Mg 
(mg/g 

10      4.8     2.0         6.3 Inlet 

80      5.4  0.5     130.0 B1 

40      7.8  0.9       97.0 B2 

10      3.6  2.2         6.8 Outlet 

Ca 
(mg/g 

10    43.5   26.1       93.5 Inlet 

80    59.6  1.2     275.0 B1 

40     72.0  1.8     363.0 B2 

10      8.6  3.3       21.5 Outlet 

P  
(µg/g) 

10   405.5 201.1   1100.0 Inlet 

80  2346.0 146.0 17000.0 B1 

40  3711.0 463.0 21862.0 B2 

10     16.6   16.6     217.0 Outlet 

Cl 
(mg/g 

10      44.7   13.9       73.1 Inlet 

80    199.0   44.8   1047.0 B1 

40    280.1   51.9   1377.0 B2 

10      39.8   28.8       66.4 Outlet 

Furthermore, Na and Cl had much higher concentrations in the settling solids 

compared to the soil sediment, probably due to their prolonged residence time 

within the pond, promoting their sorption to settling material. Bäckström et al. 

(2004) reported that Na and Cl are not usually found in soil sediment due to ion 

exchange with Ca (found in soil). Both Na and Cl are very soluble in the water 

so will stay in solution for longer; this chemical behaviour influenced the settling 

solids concentrations of Na and Cl. 

Mg, Ca, P, Cu, Zn, and Pt (medians) exhibited higher concentration range in 

settling solids rather than sediments suggesting that they remained in 

suspension for longer and bonded with material in the pond rather than soil 
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sediment. Cd, Rh and Pd (medians) exhibited similar concentrations both in 

settling solids and sediment, suggesting variability in terms of partitioning.  

Table 30: Descriptive statistics for metals concentrations found in settling solids (Basin 
1 & Basin 2) and soil sediment (Inlet & Outlet banks) for the whole period of study 

Variable n Median Min Max Location 

Mn (µg/g) 

10 1010.0 550.0 1570.0 Inlet 

80  442.5   60.0 1825.0 B1 

40  200.0   50.0 1295.0 B2 

10  602.0 325.0  850.0 Outlet 

Ni (µg/g) 

10      2.2     1.4      5.7 Inlet 

80      1.1     0.1      9.3 B1 

40      1.6     0.2    11.8 B2 

10      2.9     0.9      4.2 Outlet 

Cu (µg/g) 

10      9.6     4.4  113.4 Inlet 

80    30.6     0.7  140.0 B1 

40    40.0     1.3  250.0 B2 

10      5.5     3.0      8.3 Outlet 

Zn (µg/g) 

10    93.2   23.0  147.4 Inlet 

80    55.1     0.5  400.0 B1 

40    68.5     2.1  500.0 B2 

10    17.8   12.1    39.1 Outlet 

Cr (µg/g) 

10      3.6     1.9      7.0 Inlet 

80      2.3     0.0    19.8 B1 

40      2.4     0.0    17.8 B2 

10      6.4     1.7      9.9 Outlet 

Pb (µg/g) 

10     22.5      9.5    39.1 Inlet 

80     3.3     0.0    37.5 B1 

40     3.3     0.1    27.5 B2 

10     5.1     3.1    15.9 Outlet 

Fe (mg/g) 

10     3.0     1.6      4.9 Inlet 

80     1.2     0.0      9.0 B1 

40     1.2     0.0    12.3 B2 

10     5.6     2.3    10.2 Outlet 

Cd (µg/g) 

10     0.1     0.0      0.2 Inlet 

80     0.1     0.0      0.4 B1 

40     0.1     0.0      0.7 B2 

10     0.1     0.0      0.1 Outlet 

 

In addition, Cu (settling solids) exceeded the optimum concentration (36µg/g) of 

the Dutch standards (2001), but was generally (except for two occasions) below 

the permissible range of 140µg/g of the EA’s chemical standards (Environment 

Agency, 2011). Zn (median) was less than the critical concentration of 300μg/g 
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(Environment Agency, 2011). Cr and Ni (medians) were less than 21.1μg/g and 

30-75μg/g respectively and did not pose an environmental threat to the 

receiving water-body (Environment Agency, 2011). Pb (median) was also less 

than 300μg/g which is the limit value for soil and sludge (Environment Agency, 

2011). Cd (median) was less than the 12 μg/g of the Dutch standards (2001).  

Moreover, the elevated Ni, Fe, and Cr concentrations in the soil sediment found 

at the outlet (as compared to the inlet) suggest that Ni and Cr bearing particles 

were possibly conveyed either from the inlet deposits by re-suspension and 

preferential transport (under specific flow conditions) or by the conditions in the 

pond which caused enrichment of particles found at the outlet (Pontier et al., 

2004); Fe is abundant in soils so the increased concentrations might reflect the 

soil structure (Moore and Reynolds, 1997). In particular, the reddish colour of 

the outlet sediment probably reflects abundance of Fe oxyhydroxides (Tuccillo, 

2006). 

Other studies of different pond systems have also found elevated metal 

concentrations for Ni and Cr at the outlet (soil sediment) (Mallin et al., 2002). 

However, this observation could also suggest affinity of Ni and Cr to bind to Fe 

oxyhydroxides; correlations could possibly reveal more information.  

Table 31: Descriptive statistics for platinum group elements concentrations found in 
settling solids (B1 & B2) and soil sediment (Inlet & Outlet banks) for the whole period of 

study 

Variable n Median Min Max Location 

Pd (ng/g) 

10 23.5 12.4 72.5 Inlet 

80 22.4   6.2 90.9 B1 

40 27.5 12.4  237.5 B2 

10   9.2   6.1 20.0 Outlet 

Rh (ng/g) 

10   1.2   0.8   2.4 Inlet 

80   1.2   0.3   5.0 B1 

40   1.8   0.5 12.0 B2 

10   0.5   0.3   0.7 Outlet 

Pt (ng/g) 

10   7.4   4.7 12.4 Inlet 

80 18.7   2.9 70.1 B1 

40 23.3   5.8  184.5 B2 

10   3.1   2.0   4.5 Outlet 

 

In addition, there was a general trend for some metals/elements to slightly 

increase from B1 to B2 suggesting either transformation between the basins, as 
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also suggested for some water quality descriptors (see Section 5.1.1.1), or 

preferential transport of pollutants.  

5.1.4.1 Concentrations and Seasonality of Pollutants 

Various patterns were observed for metals/elements found in the settling solids. 

Fig. 33 shows concentrations of road runoff related metals and road salt related 

metals for settling solids found in both the basins of the pond system over time. 

An increasing pattern in concentrations with time was observed for some metals 

(Na, Ca, Mg, Pb, Fe), which were found in the settling solids. This was also 

observed for the water samples (except for Cu possibly due to its highly variable 

concentration pattern). As can be seen from Fig. 33, Na, Cu, and Zn exceeded 

the Environment Agency guideline limit later in the sampling period. While Na 

exceeded the limit concentration on several occasions, Cu and Zn exceeded 

the relevant limit only twice. This increase was caused probably from an 

amplified loading to the pond system unless the conditions in the pond 

mobilised these metals. Nevertheless, this was not of concern as generally the 

concentrations of both Cu and Zn were below the critical concentrations 

throughout the study period. In addition, Cl was above the critical concentration 

(British Columbia Soil Standards, 2007) suggesting that salinity in the system 

was high. This could explain the increase of Ca and Mg since high salinity 

favours the release of Ca and Mg from the soil structure (Bäckström et al., 

2004). The remaining metals were below the critical concentrations 

(Environment Agency, 2011). 

Fig. 34 presents VSC and metals/elements in respect of seasonal fluctuations. 

Na showed high concentrations in the winter whereas Cl in the spring and the 

winter, possibly due to the presence of de-icing salts. Mg increased in autumn 

and winter while Ca and P increased mostly in autumn; as for water, this was 

possibly due to the uptake by plants in the spring and summer. Most metals 

exhibited high concentrations in winter and autumn (Ni, Cu, Zn, Pb, Fe) while 

others (Cd, Pd, Pt, Rh) demonstrated high concentrations in spring and/or 

autumn. This was probably due to the variability in respect of deposition and 

loading patterns. P and VSC also exhibited higher concentrations in the 

winter/autumn possibly due to decaying vegetation. It is evident that particle-

derived pollutants exhibited seasonal fluctuations.  
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Figure 33:  Concentrations of metals for settling solids found in the pond system over the study period (n=120) along with reference lines 
(concentration limits) as dictated in the Environment Agency chemical standards (2011) and the British Columbia soil standards (2007)
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Figure 34: Median concentrations of VSC, metals, and other elements in settling solids by season (n=120) 
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This observation highlighted the influence of different weather patterns on the 

concentration profiles of metals/elements and their subsequent impact on the 

treatment performance of pond systems.   

5.1.4.2 Shared Variations 

For this specific data set Log10 transformations were used in order to identify 

linear associations between variables. No associations were examined between 

settling solids and soil sediment, as they represent different material. All 

metals/elements are expressed in μg/g; except for Fe, Na, Mg, Ca, Cl (mg/g) 

and Pt, Pd, Rh (ng/g).  

Metals and Other Elements 

VSC demonstrated weak (Log10 transformed data) associations (settling solids 

samples; ST1&ST2, ST3) with Na (R2=-0.233, p=0.010), Mg (R2=0.182, 

p=0.047), Cu (R2=0.288, p=0.001), Pb (R2=0.248, p=0.006), Pd (R2=-0.253, 

p=0.005), Rh (R2=-0.260, p=0.004) and Fe (R2=0.431, p=0.000). Other authors 

have suggested the existence of correlations between metal/elements 

concentrations in solids and organic or clay fractions (Herngren et al., 2005). 

However, no strong associations were observed in this study. Some metals (Cu, 

Fe) exhibited moderately strong associations (R2>0.7, p<0.005) with Ca and Mg 

indicating affinity to material settling in the pond (settling solids such as clay, 

silt, and/or biogenic debris) (see Appendix B). The associations of Mg and Ca 

with road runoff related metals suggest that Ca and Mg can control metal 

speciation by competing for sorption sites (Tuccillo, 2006). The lack of 

correlations between metals and Na/Cl in settling solids (as opposed to the 

water samples) indicated the association of salinity and metals with very fine 

particles and colloids, which do not tend to settle but rather remain in 

suspension (Manahan, 1993; Langmuir, 1997; Bäckström et al., 2004).  

Road Runoff Metals 

Most metals exhibited moderately strong associations (R2>0.700, p<0.005) (see 

Table 32). Shared variations and associations between metals and their 

relationship to road/vehicle related activities have been reported by various 

authors (Pontier, 2002; Ek et al., 2004; Pontier et al., 2004; Whitely and Murray, 

2005; Tuccillo, 2006; Mingkui and Hao, 2009; Cambonelli et al., 2010). 
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These observations emphasize the possibility that these metals originated from 

traffic related activities (see Table 5) and were transported to the pond either by 

atmospheric deposition or via stormwater runoff. These associations could also 

be indications of the formation of complexes, but further investigation was 

required (beyond the scope of this study). 

Table 32: Linear associations (in the form y=mx+c) between Log10 total metals 
including R2 and p-value (n=120, settling solids) 

Log10 y Log10 x Gradient (m) Intercept (c) R2 p 

Cu Ni 0.857 1.360 0.679 0.000 

Zn Ni 1.020 1.630 0.743 0.000 

Zn Cu 1.050 0.213 0.852 0.000 

Cr Ni 1.140 0.086 0.778 0.000 

Cr Cu 1.110 -1.410 0.805 0.000 

Cr Zn 0.969 -1.490 0.790 0.000 

Pb Ni 1.040 0.332 0.658 0.000 

Pb Zn 0.973 -1.250 0.810 0.000 

Pb Cr 0.922 0.251 0.865 0.000 

Pb Cu 1.090 -1.140 0.785 0.000 

Cd Ni 0.898 -1.240 0.616 0.000 

Cd Zn 0.830 -2.600 0.740 0.000 

Cd Cr 0.713 -1.300 0.650 0.000 

Cd Pb 0.710 -1.470 0.633 0.000 

Cd Cu 0.912 -2.470 0.687 0.000 

Fe Cu 1.030 -1.580 0.506 0.000 

Rh Pd 0.820 -1.030 0.766 0.000 

Pt Pd 1.030 -0.144 0.922 0.000 

Pt Rh 0.995 -1.180 0.759 0.000 

Prichard et al. (2009) reported that a ratio of Pt:Rh between 4-5:1 and Pt to Pd 

of 1:1 is commonly used in vehicle catalysts. Whitely and Murray (2005) also 

reported Pt to Pd ratio of 1:1. Fig. 35 shows the Pt:Rh and Pt:Pd ratios for both 

settling solids (B1&B2) and soil sediment (Inlet, Outlet). The Pt:Rh ratio of soil 

sediment was similar to the reported value of 4-5:1 while the Pt:Pd ratio was 

less than the reported value of 1:1. On the other hand, settling particles 

exhibited the opposite pattern; with similar Pt:Pd ratio of that reported by 

Whitely and Murray (2005).  

This observation suggests that PGE most probably originated from catalytic 

converters while the different ratios between locations highlight the possible 

partitioning variations.  
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Figure 35: Ratios of platinum group elements concentrations for settling particles 
(n=120) and soil sediment (n=20) 

These findings highlight the fact that ponds are receptors of highly variable 

pollutants concentrations profiles and their design should ensure the provision 

of satisfactory conditions in order to avoid fluctuations in terms of 

water/sediment quality. 

5.2 Storm Event Analysis  

So far the behaviour of various pollutants within the pond was evaluated with 

respect to time and variability. In addition, shared variations between 

constituents were assessed in the interest of interpreting pollutants behaviour 

and the evolving biogeochemical processes within the system.  

In this section the influent and effluent quality are assessed for the storm events 

monitored.  

5.2.1 Water Quality 

Table 33 shows all the monitored storm events with Antecedent Dry Period 

(ADP), Daily Precipitation (DP), and flow rate (Q). 
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Table 33: Characteristics of the monitored storm events 

Storm Event Date 
 ADP   

(days) 
 DP 

(mm) 
Qmax 
(m³/s) 

1 31/03/2011  0 10.4 mv 

2 01/12/2011  0   7.1 0.008 

3 12/12/2011  0 14.5 0.047 

4 24/01/2012 20   7.1 0.007 

5 04/03/2012 14 12.4 0.051 

6 23/04/2012  0 16.3 0.064 

7 08/06/2012  8 16.8 0.034 

mv=missing value 

The first step towards the evaluation of the pond system under storm conditions 

was the assessment of the water quality entering the pond. All the monitored 

inflow data were investigated concerning the identification of possible first flush 

distributions among concentrations. 

The storm monitoring covered a range of events, but the lack of automatic 

monitoring data for continuous rainfall and hydrographs (outlet) meant that 

broad descriptions have been used to characterise them (Table 33). The storms 

had different characteristics such as ADP, DP, and flow rates.   

5.2.1.1 Inflow Water Quality  

There were different pollutant loadings between the storm events for all 

variables and there was a general trend for pollutant loadings to increase over 

the study period. Increased pollutant loads have been seen in other systems as 

they become established (Pontier, 2002; Pontier et al., 2004), but this system 

was operational 2 years before this study so this may not be just establishment 

(Roinas et al., 2014). There was also a trend of increasing flow rates and 

velocities of the storm runoff over time, which combined with possible 

construction traffic on parts of the catchment made interpretation difficult.  

Fig. 36 shows concentration differences with time between storm events, for 

selected pollutants (the ranges for the remaining pollutants by storm event can 

be found in Appendix A).  
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Figure 36: Plots of concentrations of selected water quality indicators with time for each storm event (n=56) 
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Fig. 36 shows that pollutants generally demonstrated concentration first flush 

distributions for most storms, as also observed by Deletic (1998), Stenstrom 

and Kayhanian (2005,) and Kayhanian et al. (2012b). The highest pollution 

loading in terms of particulates and organic debris was observed for storm 

event (SE) 5, which had the highest flow rate for an event with ADP>0. This 

suggests that the increased velocity picked up high amounts of pollution 

deposited on the water flow path and transferred them to the pond. These 

observations suggest that flow velocity played an important role in transferring 

constituents. There was an association between TSS (Log10 TSS = 17.4 Q 

(m³/s) + 1.79, n=6; R2=0.510, p=0.000), VSS (Log10 VSS = 15.7 Q (m³/s) + 

1.41, n=6; R2=0.490, p=0.000) and flow rate (Q) throughout the storms, which 

may suggest that increased pollutant transport at high flows was an important 

factor, as soluble water quality indicators such as EC, SBOD5, etc., did not have 

a significant association with flow rate. Hares and Ward (2004) also reported 

that stormwater flows relate to pollution levels and pond treatment efficiency. 

Fig. 37 shows the inflow rate (m³/s) with time per storm event.  

 

Figure 37: Inflow hydrograph for each storm event 

As can be seen from Fig. 37 each storm event was unique in terms of flow rate 

at the inflow with SE6 exhibiting the highest recorded flow rate for this study. 
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This could be due to the rainfall intensity or due to the saturated soil, as ADP=0. 

It should be noted that the 0.064 m3/s flow rate of SE6 was close to the 1 in 30 

year annual event probability design flow rate (0.07m3/s) of the pond system. 

The flow rate of this event will be used to develop stage 3 of the computational 

simulations (see Table 17). 

On the other hand, EC demonstrated its highest value in the winter (SE4) 

indicating the flushing of road salts to the pond system. Generally, EC exhibited 

high concentrations in the winter and spring during MM as well (see Section 

5.1.1.2). Although there were several noteworthy differences between pollutant 

loadings and the ADP and DP, none of these showed a clear trend, perhaps 

due to the relatively small number of storm data points. The concentrations for 

COD and BOD5 were, in most cases, within the ranges of the Motorway II 

category (COD, 36-575 mg/l; BOD5, 12-32 mg/l) after approximately 60 min 

from the start of the storms (CIRIA, 1994). 

The initial inflow concentrations of most descriptors exceeded (where 

applicable) the EA chemical standards (Environment Agency, 2011) and were 

above the range of relevant studies (Mallin et al., 2002; Terzakis et al., 2008; 

Scholz and Yazdi, 2009) but were within the range of reported road runoff 

values (Crabtree et al., 2006; Göbel et al., 2007; Helmreich et al., 2010; 

Kayhanian et al. 2012b; Pezzaniti et al., 2012).  

The water quality indicators exhibited highly variable patterns between storm 

events suggesting that each event was inimitable. It was established that the 

inflow water quality was highly variable and polluted, especially in the first 30 

minutes. 

Fig. 38 presents scatterplots with regression lines of selected water quality 

indicators with time, in the interest of identifying similarities in the rates of decay 

between storms. Concentrations showed a clear decay throughout storms.  

Despite the different patterns of storms and concentrations the rate of decay 

was similar among pollutants. It is evident that particulates and oxygen 

demanding substances demonstrated similar first flush distributions between 

SEs.  
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Figure 38: Scatterplots of Log10 transformations with regression lines of selected water quality indicators with time, for all monitored storm events 
(n=56) 



154 | P a g e  

 

 

Conversely, soluble water quality indicators such as EC exhibited different 

patterns compared to solids and organics but similar rates of decay between 

SEs. These similarities suggest that the size of the catchment favoured first 

flush distributions among pollutants, as also observed by others (Lee et al., 

2002; Kayanian et al., 2012b) 

However, multivariate factor analysis did not produce clearly identifiable 

associations to help understand these differences possibly due to the similar 

rates of decay between pollutants.  

5.2.1.2 Outflow Water Quality 

Fig. 39 shows the plots of BOD5, COD, TSS, VSS, Turbidity, and EC at the 

outlet of the pond over the first three hours (t=0 corresponds to the time that the 

pond started having outflow) of the four storm events, which generated outflow.  

As can be seen from Fig. 39 the concentrations of most contaminants 

decreased progressively throughout SEs. The initial increased concentrations 

possibly refer to the water quality of the pond water prior to storm events. 

However, it should be noted that due to the small size of the pond the potential 

for dilution was low.  

The effluent met (where applicable) the EA chemical standards (see Table 3 - 

Environment Agency, 2011) within the first 30 minutes (approximately) for the 

general water quality descriptors (BOD5, EC, AmmN, etc.) suggesting that the 

pond produced effluent of moderate to good quality. Additionally, the high 

concentrations at the beginning indicated that that effluent quality was highly 

dependent on the quality of the pond water prior to storm events and site-

specific factors. Furthermore, initial concentrations at the outlet were relatively 

high compared to other studies (Mallin et al., 2002; Pontier, 2002; Scholz and 

Yazdi; Pezzaniti et al., 2012). Despite the differences in concentrations between 

storms, the rates of decay seemed to follow similar patterns with the inflow, 

suggesting short circuiting. 
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Figure 39: Plots of selected water quality indicators at the pond outlet over 3 hours during storm events 3, 5, 6, and 7 (n=32) 
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Table 34 shows that most pollutants generally decreased at the same rate with 

minor differences between the inflow and the outflow. Additionally, solids (TSS, 

VSS) demonstrated different decay patterns between locations with 

occasionally exhibiting positive rates (SE5 & SE7) at the outflow. This 

observation accentuates the previously mentioned short circuiting hypothesis 

and suggests favoured transport of particles (settled at the pond prior to storm 

events).  

Table 34: Regression equations of selected water quality indicators with time (minutes) 
for the storm events that generated outflow 

Variable Location 

Storm Event 

3 5 6 7 

Gradient 

(m) 

Intercept 

(c) 

Gradient 

(m) 

Intercept 

(c) 

Gradient 

(m) 

Intercept 

(c) 

Gradient 

(m) 

Intercept 

(c) 

BOD5 Inlet -0.001 1.50 -0.002 1.64 -0.002 1.41 0.000 1.13 

BOD5 Outlet -0.005 1.33 -0.002 1.22 -0.003 1.24 -0.004 0.98 

COD Inlet -0.003 2.64 -0.007 2.73 -0.006 2.62 -0.005 2.89 

COD Outlet -0.007 2.15 -0.007 2.43 -0.004 2.19 -0.004 2.03 

TSS Inlet -0.004 2.11 -0.009 2.62 -0.007 2.68 -0.003 2.36 

TSS Outlet -0.005 1.70 0.001 1.45 -0.006 1.82 0.001 1.43 

VSS Inlet -0.003 1.68 -0.007 2.03 -0.006 2.18 -0.001 1.96 

VSS Outlet -0.006 1.66 0.001 1.34 -0.005 1.76 0.001 1.26 

Turbidity Inlet -0.002 2.11 -0.005 2.34 -0.003 2.18 0.000 1.71 

Turbidity Outlet -0.008 1.65 -0.001 1.30 -0.006 1.53 -0.002 1.37 

EC Inlet 0.000 2.96 -0.001 3.02 -0.002 2.90 -0.002 2.74 

EC Outlet -0.002 2.83 0.000 2.89 -0.002 2.77 -0.001 2.55 

 

Finally, only Cu (storm events: 3, 6, 7) and Cl (storm events: 3, 5) exceeded the 

EA chemical standards (see Table 3 - Environment Agency, 2011) (data not 

shown - see Appendix A). This could be of concern as Cu is highly toxic 

(Pontier et al., 2004). In addition, Cl was high at the outlet in winter and early 

spring, indicating road salts as a probable origin. The remaining metal 

concentrations at the outlet were negligible compared to the EA chemical 

standards (see Table 3 - Environment Agency, 2011) for surface water and did 

not pose a direct threat to the water quality of WR.   

VSS also presented fluctuating behaviour between storm events. Fig. 40 shows 

the VSS:TSS ratio (for storm events that generated outflow) by location. TSS 

was composed of a range of materials that may have different 

transport/sedimentation characteristics in the pond. The VSS:TSS ratio 
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represents the organic to inorganic particles ratio. A high VSS:TSS ratio 

suggests that most of the suspended solids are organic. 

 

Figure 40: Boxplots of VSS:TSS ratio by storm event and location (N=64) 

An increase in the proportion of TSS composed of VSS (Fig. 40) between the 

influent and the effluent suggests that suspended solids entering the pond were 

mixed with biogenic material generated in the pond. This could also indicate 

preferential transport of light organic solids. However, further investigation is 

required to validate the above statements. Increased flow rates (SE3, SE5, 

SE6) seemed to influence the VSS:TSS ratio, suggesting that the proportion of 

TSS composed of VSS was influenced by flow rate. Organic particles are lighter 

than inorganic, thus really difficult to capture (Butler et al., 1996). Additionally, 

organics have generally lower fall velocity and density which makes settlement 

in high flow rates far less likely (Karamalegos et al., 2005).  

These findings suggest that stormwater runoff quality was highly variable during 

the study period and each storm event was distinctive in respect of pollutant 

characterisation.  
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5.2.2 Deposited Sediment 

At the end of each storm event soil sediment was collected from the two easily 

accessed main deposition zones; the inlet bank and the outlet bank. In addition, 

roadside soil was also collected from a predefined region (Control Point – CP) 

for comparison purposes. Deposited sediment included local soil along with 

other types of material such as biogenic debris, clay/silt particles, crystalline or 

mineral solids as well as metal oxides. Sediments may thus represent an array 

of materials with various physicochemical properties.  

5.2.2.1 Particle Size Distribution and Volatile Substances Content 

PSD of deposited sediment provides information regarding material that can be 

easily retained (inlet bank) and material difficult to entrap (outlet bank). 

Furthermore, PSD of material collected from the CP will make available more 

information in terms of similar PSD patterns between the control point and the 

pond system.  

Fig. 41 presents the d(0.1), d(0.5), and d(0.9) (see Section 3.3.3.1 for definition) 

for each storm event by location. According to Fig. 41, there seemed to be an 

increase in particle diameter of soil sediment over time both in the pond system 

and CP, as it was also observed for the material settling in the pond system. 

However, particles found at the outlet bank did not change markedly with time, 

suggesting that big particles were being retained in the pond or they were not 

being deposited at the outlet bank. Additionally, there were no significant 

differences (Mood’s median test, p>0.05) between particle diameter [d(0.1), 

p=0.076; d(0.5), p=0.076; d(0.9), p=0.123] and location. In addition, no 

significant differences were observed between size fractions and VSC (Mood’s 

median test, p=0.317). Note that while particle diameter increased with time, 

VSC (%) decreased (Fig. 42) especially at the CP. This suggests that fine 

particles contained more volatile matter than coarser particles, as also reported 

by Manahan (1993). Generally, particles collected from the control point had the 

highest VSC throughout the study period, followed by inlet particles and outlet 

particles. This may indicate the potential effect of washing to light organic 

particles over time. Karamalegos et al. (2005) reported that continuous flows 

will wash away light organic particles. 
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Figure 41: Plots of medians for d(0.1), d(0.5), and d(0.9) for each storm event by location 
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Figure 42: Boxplots of volatile substances content for particles found at the inlet, outlet, and control point (CP) for each storm event 



161 | P a g e  

 

Moreover, particles found at the outlet did not show fluctuations in terms of VSC 

possibly due to the nature of the deposited sediment (fine particles) and the rare 

occurrence of continuous flows (not all storm events generate outflow). This 

pattern is opposite to the one observed for the settling solids, where VSC was 

higher in the coarse fraction. This suggests that soil sediment and settling solids 

were of different nature, also reported by Pontier (2002).  

5.2.2.2 Toxicity of Soil Sediment  

Differences in concentrations of metals/elements between different deposition 

zones will offer insight regarding the sources and the transport of pollutants.  

No significant metal concentration differences (ANOVA, p>0.05; data normally 

distributed) were observed between size fractions for most metals/elements by 

location (except for Mn and Ca at the outlet; see Appendix B), as also observed 

for the settling solids and soil sediment during monthly monitoring. Metal 

concentrations exhibited variable patterns between SEs and location 

highlighting the variability of road runoff quality. Table 35 presents the metal 

concentrations of deposited sediment by location and SE (elements 

concentrations can be found in Appendix B). This offers an indication of the 

general trend regarding pollutant concentrations at the inlet/outlet bank and CP. 

Zn, Mn, and Pd were generally found at the inlet sediment and were probably 

transported to the pond via stormwater runoff or atmospheric deposition.  

Rh and Pt had similar values between locations with the outlet exhibiting 

generally low concentrations.  

Conversely, Pb and Cd exhibited generally high concentrations at the CP 

possibly due to prolonged exposure of the local soil to these metals, as also 

reported by Lee et al. (1997b); there is still a small source of Pb in cars (brakes 

and wheel weights that balance the tyres) while Cd can be found in the brakes 

and tyres of a car, suggesting that road runoff could also have influenced the 

concentrations.  

On the other hand, particles found at the outlet bank exhibited higher 

concentrations of Ni, Fe, and Cr compared to particles found at the inlet bank, 

suggesting that Ni and Cr bearing particles were possibly conveyed either from 

the inlet deposits by re-suspension and preferential transport (under specific 
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flow conditions) or the conditions in the pond caused enrichment of particles at 

the outlet (Pontier, 2002; Zanders, 2005). 

Table 35: Median concentrations (>63µm & <63µm combined) of metals found at the 
deposited sediment (inlet, outlet, and control point - CP) by storm event 

Metal Location 
SE1 SE2 SE3 SE4 SE5 SE6 SE7 

Median Median Median Median Median Median Median 

Ni 
(µg/g) 

CP   2.23   2.75   3.62   2.86   1.75   1.40   1.99 

Inlet   7.06   3.26   3.76   2.25   1.85   2.00   1.58 

Outlet x x   5.29 x   2.03   2.20   5.34 

Cu 
(µg/g) 

CP   9.97 10.13 16.67   6.59   5.28   7.30   7.93 

Inlet 56.30 11.81 11.35   7.24 65.40   7.66   6.41 

Outlet x x 11.86 x   3.94   5.57   7.32 

Zn 
(µg/g) 

CP 42.50 26.80 36.18 26.10 14.56 21.91 22.32 

Inlet 83.20 46.86 38.86 24.01 48.99 26.78 27.33 

Outlet x x 27.18 x 12.20 19.31 24.57 

Cr 
(µg/g) 

CP   3.91   4.54   7.38   4.72   2.83   3.71   3.79 

Inlet 14.94   5.49   8.25   4.55   3.35   3.77   3.33 

Outlet x x 10.21 x   4.46   5.69   5.96 

Pb 
(µg/g) 

CP 47.49 43.77 55.55 27.09 28.36 23.23 21.58 

Inlet 78.00 32.55 43.96 22.62 22.81 22.65 12.24 

Outlet x x   9.17 x 10.62   6.56   6.46 

Cd 
(µg/g) 

CP   0.12   0.12   0.22   0.09   0.08   0.10   0.11 

Inlet   0.30   0.11   0.14   0.09   0.06   0.11   0.10 

Outlet x x   0.05 x   0.06   0.07   0.07 

Fe 
(mg/g) 

CP   3.61   4.07   6.09   4.72   2.97   3.47   3.17 

Inlet   6.64   4.18   7.01   3.76   2.98   3.05   3.09 

Outlet x x 12.61 x   5.90   6.56   6.33 

Mn 
(µg/g) 

CP   614  545  518  678 534 558 615 

Inlet   600  642  680  803 680 667 725 

Outlet x x  285 x 180 225 293 

Pd 
(ng/g) 

CP   6.58   6.45 13.20 10.56   9.40   9.15   7.84 

Inlet   6.92 22.93 21.13 17.07 13.48 15.21 19.03 

Outlet x x 11.98 x   7.88 6.93 11.92 

Rh 
(ng/g) 

CP   0.91   0.90   1.77   0.80   0.65 1.24   0.85 

Inlet   0.32   1.57   1.77   1.24   1.03 1.05   1.39 

Outlet x x   0.82 x    0.47 0.57   0.62 

Pt 
(ng/g) 

CP 4.31 4.5 9.39 3.69 3.01 5.56 4.83 

Inlet 1.53 7 8.73 5.49 5.04 4.5 6.01 

Outlet x x 4.11 x 2.46 2.58 2.52 

x=no outflow 

The increased Fe concentrations at the outlet sediment, possibly reflects the 

abundance of Fe oxyhydroxides related to the soil structure (reddish colour) 

(Tuccillo, 2006). 
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Finally, Cu demonstrated a highly variable pattern between storm events 

suggesting that different metal loadings and fractionation occurred between 

storms.  Metal concentrations in sediments were lower than the EA chemical 

standards (Environment Agency, 2011), the Dutch standards (2001) and the 

British Columbia soil standards (2007) for Na and Cl, suggesting that either the 

catchment received low metal runoff or, most probably, deposition at the 

inlet/outlet zones was not favoured.   

In order to further investigate possible associations between pollutants, 

locations, and origin, linear regression models were employed between 

pollutants by location (control point, inlet, and outlet).  

5.2.2.3 Shared Variations 

Associations between pollutants usually indicate similarities in source, transport, 

and behaviour patterns (Stead-Dexter and Ward, 2004). The associations were 

distributed to CP particles associations, inlet particles associations, and outlet 

particles associations in order to identify similarities between locations with 

respect to pollutants inference. 

Control Point 

Pollutants found at the CP were deposited either by atmospheric deposition or 

by splashing of road runoff by moving vehicles. In addition, the slope of the 

pavement adjacent to the roadside soil favored (occasionally) water flowing 

towards CP (washing).  

Fig. 43 presents all of the linear associations (in the form of Log10) between 

metals/elements found at the CP particles. The regression equations for these 

associations are shown in Table 36.  

If the particles found at the inlet exhibit similar associations between pollutants, 

it can be then assumed that both the CP and the pond system received 

stormwater runoff of similar quality either by atmospheric deposition or direct 

transport. 
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Figure 43: Scatterplots with regression lines between associated metals found at the 
control point particles (n=12) 

These associations suggest that Ni, Cr, Zn, Cu, and Fe behaved in a similar 

manner, also reported by others (Sansalone and Buchberger, 1997; Durand et 

al., 2003; Heal and Drain, 2003; Herngren et al., 2005; Bian and Zhu, 2009). 

The strongest association was observed between Cr and Fe, also reported by 

Pontier (2002), suggesting source similarity. This correlation could also imply 

partitioning to Fe oxyhydroxides, formation of organic complexes, etc. 

(Manahan, 1993; Langmuir, 1997; Pontier, 2002). The remaining associations 

were weak suggesting that the concentrations of these variables fluctuated in a 

similar manner but did not indicate origin association (Herngren et al., 2005; 

Durand et al., 2003).   

Table 36: Linear regression models fitted to the relationship between metals for 
particles found at the control point (n=12) 

Log10 (y) Log10 (x) Gradient 
(m) 

Intercept 
(c) 

R2 p 

 Na (mg/g) DP (mm) 0.065 -1.770 0.566 0.002 

  Ni (µg/g) Cr (µg/g) 0.809 -0.152 0.529 0.003 

 Cu (µg/g) Zn (µg/g) 0.825 -0.233 0.608 0.001 

Cr (µg/g) Fe (mg/g) 1.030 0.019 0.865 0.000 

 

In addition, Na concentrations seemed to increase with DP. This was probably 

due to the increased flows which could have flushed more salts from the paved 
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surfaces (road, pavements) (Nelson et al., 2009). Neal and Kirchner (2000) also 

observed linear associations between Na and rainfall. 

Inlet Bank 

Pollutants found at the inlet bank had more shared variations than those at the 

CP, probably due to the fact that the inlet of the pond received more pollutant 

loadings than the CP.  

Table 37 presents the regression equations of all the observed associations 

between metals/elements. Na exhibited a very weak association with DP 

compared to the CP suggesting that other factors present in the flow path may 

have distorted this association. Ni and Cr, Ni and Pb, Cr and Pb, demonstrated 

very strong associations at the inlet sediment, suggesting source similarities 

and possibly similar transport/deposition patterns.  

Metal concentrations at the inlet sediment had more shared variations 

compared to the CP soil sediments probably due to the increased metal runoff. 

All of the metals in Table 37 can be found in brakes, tyres, frame, body, auto-

catalysts, and engine parts of automobiles (Sansalone and Buchberger, 1997; 

Pontier, 2002). These associations indicated source similarity which has been 

reported in other similar studies (Lee et al., 1997a; Sansalone and Buchberger, 

1997; Pontier, 2002; Herngren et al., 2005; Crabtree et al., 2006). It could also 

imply similar transport patterns, as these metals could have been sorbed to the 

same particles during transport. 

Table 37: Linear regression models fitted to the relationship between metals for 
particles found at the inlet bank (n=14) 

Log10 (y) Log10 (x) Gradient 
(m) 

Intercept 
(c) 

R2 p 

Ni (µg/g) Cr (µg/g) 0.904 -0.220 0.960 0.000 

Na (mg/g) DP (mm) 0.030 -1.100 0.325 0.033 

Cr (µg/g) Fe (mg/g) 0.882 0.198 0.634 0.001 

Ni (µg/g) Pb (µg/g) 0.845 -0.795 0.918 0.000 

Ni (µg/g) Cd (µg/g) 0.742 1.150 0.660 0.000 

Cr (µg/g) Pb (µg/g) 0.887 -0.566 0.859 0.000 

Pd (ng/g) Rh (ng/g) 0.665 -1.150 0.500 0.005 

 

Outlet Bank 

Na and DP exhibited very strong association at the outlet sediments (see Table 

38). Cu & Zn, Ni & Zn, and Cr & Fe also demonstrated strong associations 
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suggesting that these metals were probably source related while sorbed to the 

same particles and transported to the outlet in the same manner. Ni had shared 

variations with Cu and Zn, indicating that its transport to the outlet was 

influenced by Cu and Zn bearing particles.  

Table 38: Linear regression models fitted to the relationship between metals for 
particles found at the outlet bank (n=8) 

Log10 (y) Log10 (x) Gradient 
(m) 

Intercept (c) R2 p 

  Na (mg/g) DP (mm) 0.110 -2.530 0.882 0.001 

Ni (µg/g) Cu (µg/g) 0.895 -0.204 0.671 0.013 

Ni (µg/g) Zn (µg/g) 1.290 -1.150 0.757 0.005 

Cu (µg/g) Zn (µg/g) 1.150 -0.684 0.723 0.008 

Cr (µg/g) Fe (mg/g) 0.955 -0.036 0.927 0.000 

 

The fact that Na was associated with DP in all three locations suggests that 

rainfall probably influenced the transport and concentration of Na in sediments. 

However, the Na concentrations were inconsequential compared to the British 

Columbia Ministry of Environment soil standards (2007) for sodium and did not 

pose an environmental threat. In addition, Cr and Fe were strongly associated 

in all three locations something that could indicate organic complexes, mineral 

residues, or speciation and sorption to the Fe oxyhydroxides (Stone and 

Marsalek, 1996; Pontier, 2002). On the other hand, Ni was associated with Cr at 

the CP and inlet sediments but not at the outlet sediment, indicating possible 

changes in speciation and fractionation throughout the pond.  

5.2.2.4 Platinum Group Elements 

The ratios of Pt:Pd and Pt:Rh of the deposited sediment were similar to those 

observed in MM. Fig. 44 shows these ratios by location for each storm event. 

The Pt:Rh ratio (5:1) was similar to the one observed in the MM results for the 

inlet and the outlet, suggesting that runoff during storm events did not modify 

the fractionation of the deposited sediment regarding these metals. In addition, 

the Pt:Pd ratio (generally <0.5) was also similar to that observed in the MM 

results for soil sediment.  
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Figure 44: Ratios of Pt:Rh and Pt:Pd by location for all the monitored storm events (SE) (n=35) 
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However, it is worth noting that both the ratios of Pt:Rh and Pt:Pd for the control 

point (CP) fall within the literature values of 5:1 and 1:1, respectively (Whitely 

and Murray, 2003; Prichard et al., 2009).  

This suggests that the roadside soil was a direct receptor of PGE originating 

from catalytic converters either by atmospheric deposition or by splashing of 

road runoff during storms. The same can be assumed for the soil sediment 

(inlet/outlet) but with possible fractionation processes occurring during transport 

as Pt:Pd<1.   

It is evident that most pollutants underwent transformations within the pond 

system and despite the findings to date, further investigation of the pond system 

could reveal more interpretative information for design optimisation.  

5.2.3 Fall Velocity 

As discussed in Section 3.2.2 water samples were collected at three different 

SEs at the inflow of the pond system in order to measure the fall velocity of 

incoming particles. The reason why these measurements did not take place 

during SEA is that the samples had to be tested immediately after collection 

(Semadeni-Davies, 2009). These measurements would give information of the 

settling properties of particles entering the pond system. The observed fall 

velocity range can be then compared to the ideal fall velocity of the pond 

system under the highest design flow (1:100 – Q=0.1 m³/s) and subsequently, 

evaluate its capacity to trap particles during the critical return period (1% annual 

event probability storm). 

5.2.3.1 Experimental Findings 

Table 39 presents the PSD findings for all the samples along with initial TSS, 

daily precipitation, and water temperature (in the lab). On the basis of Table 39, 

particles found in the water were mostly silt with a small percentage of very fine 

sand (BS: 1377, 1990). Furthermore, no significant differences (ANOVA, 

p>0.05; Minitab®, 2009) were observed between storm events in terms of the 

PSD results. The PSD is similar to the MM and SEA findings. Table 40 shows 

the initial particle concentration, general particle concentration, and percentage 

concentration relative to the initial concentration at each outlet port for different 

time intervals and sampling depths. 
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Table 39: Particle size distribution of bulk sample with daily precipitation and water 
temperature (measured at the lab) for each sampling occasion 

 
Storm 
Event 

Initial 
TSS 

(mg/l) 

 
d (0.1) 

 
d (0.5) 

 
d (0.9) 

Daily 
Precipitation 

(mm) 

Water 
Temperature 

at lab (°C) (µm) 
15-Dec-11 498 4.1 33.3 93.1 12.2 18.7 

09-Apr-12 1103 3.5 29.6 82.6 15.0 19.4 

22-Jun-12 750 3.6 25.4 78.0 14.5 19.2 

 

In addition, the percentage concentration for all sampling depths was calculated 

(see Fig.44) for each sampling time step. Fig.45 shows that particle 

concentrations changed with time and depth (it is assumed that at t=0 and 

depth=0 percentage concentration is zero; Arman et al., 2009). Some authors 

(Simons and Sentürk, 1992; Semadeni-Davies, 2009) have reported that at 

higher concentrations the effect of flocculation on settling rate increases. On the 

other hand, Krishnappan and Marsalek (2002) stated that flocculation can be 

attributed to the presence of organic materials and other contaminants found in 

urban runoff.  

After 60 minutes the percentage concentration at -600 mm (depth) was roughly 

54% for the April storm event, 73% for the June storm event, and 51% for the 

December event. Conversely, the percentage concentration at -600 mm after 2 

hours was less than 20% for the high concentration events and over 35% for 

the others. This observation confirms the variability of settling rates of particles 

in urban runoff and shows how important site specific factors can be in the 

resulting settling profiles of particulate matter (Krishnappan et al., 1999; 

Kayhanian et al., 2012a).  

The area under the curves (measured graphically using the same scale for all 

curves; Fig.45) from 0 to any depth d for a given time yields the integration of 

the Cdz term in Eq. 3.5 (see Section 3.3.3.3). Fall velocity was calculated using 

Eq. 3.5 for any distance z and time interval t.  
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Table 40: Particle concentrations expressed as TSS and percentages (relative to the 
initial concentration) for all storm events in terms of depth and time 

Depth 
(mm) 

t (min) 

15/12/2011 22/06/2012 09/04/2012 

Conc. 
(mg/l) 

Conc. 
(%) 

Conc. 
(mg/l) 

Conc. 
(%) 

Conc. 
(mg/l) 

Conc. 
(%) 

300   
(-) 

0 498 100 750 100 1103 100 

5 430 86 724 96 1021 93 

15 301 60 629 84 909 82 

30 211 42 580 77 788 71 

60 188 38 407 64 527 48 

120 154 31 104 24 124 11 

240 55 11 47 16 70 6 

480 7 1 14 2 21 2 

600   
(-) 

0 498 100 750 100 1103 100 

5 446 89 733 98 1074 97 

15 342 69 678 90 1017 92 

30 287 58 611 81 904 82 

60 256 51 478 74 643 58 

120 187 38 198 36 175 16 

240 98 20 48 19 72 7 

480 15 3 21 3 31 3 

900   
(-) 

0 498 100 750 100 1103 100 

5 458 92 739 99 1098 99 

15 397 80 694 93 1023 93 

30 313 63 637 85 975 88 

60 276 55 501 80 711 64 

120 199 40 209 40 253 23 

240 111 22 104 22 156 14 

480 21 4 49 6 74 7 

 

Fig. 46 shows the fall velocity calculated for all samples. The range of the 

observed fall velocities indicated that the particles corresponded to silt/very fine 

sand, as confirmed by the PSD results (Semadeni-Davies, 2009). The 

calculated fall velocity showed differences in range that depended on 

concentration. However, no significant differences were observed between fall 

velocity and SEs (Mood’s median test; Chi-Square=4.33, p=0.115>0.05). The 

results demonstrated that particles in deeper parts of the column had a higher 

fall velocity than those in shallower parts, as also observed by others (Arman et 

al., 2009; Semadeni-Davies, 2009). Semadeni-Davies (2009) reported that 

flocculation may increase fall velocity of particles especially in deep parts of the 

water column.  
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Figure 45: Percentage of particles concentration for all sampling depths and times, for 
the settling column experiment 
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The unpredictable behaviour of particles seen in many studies (Pontier, 2002; 

Semadeni-Davies, 2009) is due to the fact that the fall velocity of a particle in a 

viscous fluid is a function of multiple parameters (size, shape, density of the 

particle, concentration, the cohesion-flocculation properties, the fluid 

temperature, the volume of the fluid, and the fluid velocity and turbulence; 

Burton and Pitt, 2002).    

The Waterlooville pond system should, therefore, have the capacity to trap 

particles with fall velocity in the range of 0.0265-14.94 m/h. This fall velocity 

refers to particles with a diameter <100μm (Simons and Sentürk, 1992; 

Semadeni-Davies, 2009). 

Due to the highly variable settling characteristics of particles in road runoff, the 

design of detention ponds, and SuDS in general, whose main treatment 

mechanism is sedimentation, should emphasise on the promotion of 

sustainable flow regimes and sedimentation. 

 

Figure 46: Fall velocity of particles for each sampling depth VS sampling time for the 
settling column experiment 
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As discussed in Section 3.3.3.3, the ideal fall velocity of incoming particles 

(Waterlooville pond) for the 1:100 storm event was 65.48 m/h. This means that 

the pond can theoretically trap any particle with fall velocity >65.48 m/h. 

However, the experimental fall velocity measurements indicated that the 

Waterlooville pond received particles with fall velocity in the range of 0.0265-

14.94 m/h. This may suggest inefficient trapping potential of the Waterlooville 

pond. It should be noted that the theoretical fall velocity (65.48 m/h) does not 

account for the beneficial effect of filtration due to the presence of vegetation in 

the flow path; it could, therefore, be an overestimation (of the ideal fall velocity) 

and reflect a non-vegetated pond rather than the actual Waterlooville pond. 

Consequently, further experimental investigation could potentially reveal more 

information in respect of particle trapping efficiency. 
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In this section all the computational findings regarding the velocity distributions of the Waterlooville 

pond under the design flow (1:100) and the velocity distributions of the alternative designs 

(including the vegetated and non-vegetated Waterlooville pond) for the same location and flow 

regime are presented. In addition, the investigation results, in terms of using CFD to model 

emergent vegetation, are also presented. 

6.0 COMPUTATIONAL SIMULATIONS – RESULTS AND 
INTERPRETATION 

 

 

 

6.1 Use of CFD to Model Emergent Vegetation - Stage 1 

6.1.1 Experimental Findings 

The flume experiment evaluated the response of different vegetation covers 

(VC) and flow rates in respect of velocity distributions.  

Experimental results indicated that the vegetation patch had a retarding effect 

on the evolving horizontal velocities upstream and (occasionally) downstream of 

the vegetation patch, as similarly observed by other researchers (Bennett et al., 

2002; Jian-tao, 2008; Ghao et al., 2011; Pei-fang and Chao, 2011). Fig. 47 & 

Fig. 48 show the depth-averaged experimental velocity for the low (0.0077 m3/s) 

and high (0.0174 m3/s) flow rate, respectively, for each experimental 

configuration (see Section 4.1.1 for further details). As expected, the non-

vegetated flume configuration exhibited a uniform velocity profile. On the other 

hand, the dense vegetation (S EXP) reduced the velocity upstream of the 

vegetation compared to the non-vegetated flume configuration (NV) while the 

less dense vegetation (D EXP) reduced the velocity upstream and downstream. 

S EXP also reduced the velocity downstream but only for the low flow rate 

(0.0077m3/s),  

The results are in agreement with the findings of similar studies (Bennett et al., 

2002; Liu et al., 2008; Jian-tao, 2008; Souliotis and Prinos, 2011). Many authors 

(Bennett et al., 2002; Ghisalberti et al., 2006; Fu-sheng, 2008; Jian-tao, 2008; 

Liu et al., 2008; Soulitois and Prinos, 2011) have reported that the presence of 

(cylindrical - rigid) emergent vegetation in the flow path reduces the cross-

sectional area and therefore causes increase in the velocity distributions right 

after the vegetation element (within the vegetation), also observed in this study 

(Fig. 47 & Fig. 48).  
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Figure 47: Depth-averaged experimental velocity (Uexp) for all experimental 
configurations (no vegetation – NV; shallow water vegetation – S EXP; deep water 

vegetation – D EXP) 

 

Figure 48: Depth-averaged experimental velocity (Uexp) for all experimental 
configurations (no vegetation – NV; shallow water vegetation – S EXP; deep water 

vegetation – D EXP) 
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Ghisalberti et al. (2006) reported that this is due to the momentum and 

dissipation rate distributions caused by the rigid vegetation. Murphy et al. (2007) 

reported that flexible vegetation elements reduce the velocity within the 

vegetation, as opposed to rigid vegetation, as the momentum is absorbed 

easier by the vegetation. Liu et al. (2008) also reported velocity spikes behind 

stems (rigid cylindrical vegetation – flume experiment) with the smallest 

velocities occurring directly behind the stems and the highest velocities 

occurring in the free stream region between stems; they observed that (local) 

fluid behind a stem was displaced upward away from the bed due to the higher 

momentum fluid approaching from the free stream region. Additionally, Bennett 

et al. (2002) suggested that velocity distributions within vegetation elements are 

highly dependent upon the vegetation density, vegetation stiffness, depth, and 

flow rate.  

The vegetation cover influenced the flow structure since the dense vegetation 

(S EXP) exhibited the highest velocity fluctuations; this has been reported by 

Bennett et al. (2002) and Wen-xin et al. (2012). Zong and Nepf (2010) also 

reported that the higher the flow rate and the denser the vegetation, the higher 

the impact of vegetation on the flow structure. Finally, it should be noted that 

both vegetation covers exhibited more irregular velocity fluctuations for the low 

flow rate (0.0077m3/s) as opposed to the high flow rate (0.0174m3/s). Moreover, 

the D EXP demonstrated a more uniform velocity profile for the high flow rate 

compared to the S EXP.  

The results suggest that the presence of vegetation in the flow path promoted 

reduction of velocity upstream and downstream. This is important in situations 

where erosion and scouring present an issue. However, the velocity fluctuations 

within the (rigid) vegetation may promote re-suspension of deposited material 

(Bennett et al., 2002; Liu et al., 2008; Souliotis and Prinos, 2011). This could be 

of concern as many pollutants are found in deposited particles (Manahan, 1993; 

Kayhanian et al., 2012a, b). It should be noted though that, in real life 

conditions, reed vegetation is usually flexible so velocity spikes (within the 

vegetation area) are not common (Ghisalberti et al., 2006). In addition, the 

velocity distributions were highly influenced by the vegetation cover indicating 

that the denser the vegetation cover, the more pronounced the effects on the 
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flow structure. This is very important in respect of pond design and the potential 

impact that the vegetation cover may have on a pond’s hydraulic performance. 

6.1.2 Computational Findings 

The basis of evaluating the use of CFD to model emergent vegetation was the 

comparison of experimental and computational velocity distributions, since the 

vegetated patches/domains were duplicated in both configurations 

(experimental/computational).  Note that the aim of this evaluation was to 

investigate numerical differences in velocity distributions, within vegetated 

domains, between the experimental configurations and the simulations, without 

taking into account depth variations. The differences in velocity distributions 

(within the vegetated domains) between the experimental and the 

computational configurations would give a numerical deviation (ΔU) of the 

depth-averaged velocity, expressed as a percentage.   

All of the depth-averaged velocity measurements for both experimental and 

computational approaches can be found in Appendix C.  

Fig. 49 shows the numerical difference (ΔU - %) between Uexp and UCFD for 

each case. A negative (positive) percentage indicates numerical over (under) 

estimation compared to the model.  

The absolute value of ΔU (|ΔU|) for cases 1 and 2 was less than 5% for both 

flow conditions suggesting that the CFD model performed satisfactorily. Case 7 

was also accurate with |ΔU|<5%, while for case 8 |ΔU| was slightly higher, 

mostly upstream and downstream of the vegetation patch. Cases 3 and 4 gave 

generally acceptable results, apart from at longitudinal position 3m for case 3, 

where |ΔU|≈15%. Conversely, cases 9 and 10 had |ΔU| of up to 20 % within the 

vegetation patch, but showed good accuracy upstream and downstream of the 

vegetation.  

Cases 5 and 6 showed the poorest performance, in terms of prediction 

accuracy (|ΔU|≈30%) within the vegetation patch, producing inaccurate results. 

Finally, it should be highlighted that the IS configurations were much more 

accurate than the PZ configurations in predicting turbulent flow within the 

vegetation, possibly due to the under-prediction of turbulent velocity fluctuations 

within porous media.  
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Figure 49: Numerical difference, ΔU, between Uexp and UCFD for each case versus 
longitudinal position 

Q=0.0077 (m³/s) 

Q=0.0174 (m³/s) 
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According to Larmaei and Mahdi (2012), the k-ε turbulence model (used in the 

Fluent solver) in conjunction with the porous media condition is most applicable 

to low density vegetated zones, also demonstrated by this study.  

Moreover, the CFD setup for the IS configurations had approximately 

|ΔU|<10%, which was less than the previously reported numerical difference of 

15% of Pei-fang and Chao (2011). On the other hand, the PZ configurations 

had similar |ΔU| with reported numerical differences of 35% (Pei-fang and 

Chao, 2011). 

It is clear from these findings that modelling each vegetation element (IS 

modelling strategy) gives more accurate results than simulating vegetation with  

a porous media condition (PZ strategy). However, the PZ modelling approach is 

feasible to full scale problems, it is less time consuming than the IS approach, 

and can be used relatively accurately for large bodies of water with respect to 

the observation of general flow arrangements. 

Furthermore, the IS strategy cannot be applied to any actual pond geometry 

due to the difficulty of generating such a complicated computational mesh while 

simulating each vegetation element. On the other hand, the PZ approach can 

be applied to any pond geometry without the difficulty of generating unfeasible 

computational meshes. Consequently, pond modellers should use the PZ 

approach to achieve a relatively accurate solution quickly and with feasible 

design effort.  

Fig. 50 shows the range of turbulence intensity (I; see Section 2.5.2) within the 

vegetated region (for the vegetated cases 3, 4, 5, 6, 7, 8, 9, and 10). These 

results show that there was a difference in turbulence intensity between the 

computational configurations. Simulating each vegetation element (IS approach; 

cases 3, 4, 7, 8) predicted a higher range of turbulence intensity as opposed to 

the porous zone approach (cases 5, 6, 9, 10). Since the porous zone approach 

exhibited a higher deviation (compared to the IS approach) from the 

experimental velocities within the vegetated computational domain, this was not 

surprising. It seems that the more dense the vegetation (see cases 3-6) the 

more pronounced the turbulence intensity will be, also observed by Souliotis 

and Prinos (2011).  In contrast, the less dense vegetation cover (see cases 7-
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10) demonstrated lower range of turbulence intensity within the vegetated 

region.  

The differences in velocity magnitude between experimental and computational 

results provided more information regarding the accuracy of Ansys® Fluent 

12.1, rather than the effect of vegetation on flow. On the basis of these findings, 

the vegetation in the pond was simulated using the porous zone approach since 

the (+/-) 30% numerical fluctuation of the velocity distributions within the 

vegetated regions was below the critical 35% - 40% boundary (Versteeg and 

Malalasekera, 2007; Tu et al., 2008).  

The numerical differences between experimental and computational results 

reflect the inability of the software to accurately capture the complicated velocity 

distributions and momentum exchange mechanisms within dense vegetated 

domains. 

 

Figure 50: Boxplots of turbulence intensity for all the vegetated cases 
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6.2 Waterlooville Pond – Stage 2 

The flow arrangements within the pond under the design flow (1:100 – Q=0.1 

m³/s) will assist towards the identification of any possible design flaws 

(stagnation zones, recirculation regions, etc.) of the current design.  

  

 

Figure 51: 3D view and plan view of the Waterlooville pond under design flow (1:100 
event) 
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The evaluation was based on the simulated streamlines. A streamline is a 

continuous line drawn through the fluid so that it represents the movement of 

any particle on the line (Hamill, 2001).  

Fig. 51 shows the developing streamlines and velocity distributions within the 

Waterlooville pond under the design flow (1:100 annual event probability storm) 

of Q=0.1 m³/s. As can be seen from Fig. 51, the velocity within the vegetated 

regions can reach up to 0.27 m/s.  

According to Zanders (2005) and Khan et al. (2012), flow velocities greater than 

0.2 m/s may promote re-suspension of deposited sediment (with diameter of 

<125μm) within a pond of H<2m such as the Waterlooville pond. This 

observation suggests that the Waterlooville pond may promote re-suspension of 

deposited sediment under extreme flows. The high velocities were pronounced 

at the interface between the shallow and the deep vegetation cover, suggesting 

that a uniform vegetation cover may have had a smaller effect on the flow 

structure within the vegetated regions. Furthermore, preferential flow paths 

were observed at the sides of the pond but with lower velocities than the critical 

0.2 m/s. The pond geometry did not promote recirculation as there were no 

distinct stagnations zones. However, the exceedance of the critical velocity of 

0.2 m/s within the vegetated regions indicated that the Waterlooville pond 

geometry and vegetation cover may influence its (particle) trapping potential. 

The increased velocity at the sides of the pond suggests that the vegetation 

within the basins effectively blocked the flow from entering the vegetation zone, 

caused acceleration of flow around it, and diverted flow towards the un-

vegetated banks. This observation could explain the similar rates of decay of 

pollutants between the inlet and outlet during storm events (see Section 5.2.1), 

while implying preferential flow paths. However, further investigation is required 

to validate this. 

Hence, the investigation of alternative pond designs may reveal an efficient 

geometry which reduces velocity distributions and promotes sedimentation and 

uniform flow profiles, for the given location. 
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6.3 Design Optimisation – Stage 3 

Fig. 52 shows the velocity streamlines for all the cases studied. As can be seen 

from Fig. 52 the flow patterns of the hypothetical non-vegetated and actual 

vegetated detention pond (Waterlooville) systems slightly differ. 

Case (a) had velocities in the range of 0 - 0.0412 m/s and 0.0412 - 0.0625 m/s 

within the basins and berm, respectively. Conversely, case (b) had a 

UCFD≈0.0325 – 0.0575 m/s across the pond system and slightly lower velocities 

at the berm. This suggests that the vegetation reduced the velocity 

downstream, also observed in the flume experiment.  

The velocity increase within the vegetated regions of the Waterlooville pond and 

at the deep-shallow vegetation interface suggested (Fig. 51 & Fig.52), that the 

Waterlooville pond geometry/vegetation cover may affect the pond’s 

performance under high flows. The turbulence intensity (I) results (see Fig. 53) 

indicated that a hypothetical non-vegetated Waterlooville pond (case a) would 

have Max I≈4.44% compared to Max I=7.31% for the vegetated case b (actual 

Waterlooville pond). This suggests that the vegetation increased the turbulence 

intensity by approximately 50% within the system. This could influence the re-

suspension potential of deposited particles in the pond while increasing the 

mixing potential of the system. Mixing increases the treatment potential of 

dissolved pollutants (Langmuir, 1997) while turbulence reduces the 

sedimentation potential (Dufresne et al., 2010) of such systems.  

Other studies have also reported that vegetation affects the structure of the flow 

by increasing the turbulence intensity distributions and characteristics (Fu-

sheng, 2008; Souliotis and Prinos, 2011; Tsavdaris et al., 2013). 

Overall, the geometry of the pond, as is, exhibited a high range of turbulence 

intensities (Fig. 53) compared with the other cases, suggesting that the 

sedimentation potential of the current design configuration (multiple cells pond 

with vegetation in the flow path) is not satisfactory although increased mixing 

potential is highly probable.  
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Figure 52: Plan view of velocity streamlines for all the cases studied (simulated storm 
event=6) 
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Figure 53: Boxplots Turbulence Intensity (%) for all the cases studied 

6.3.1 Oval and Triangular Pond Systems 

The oval pond system is one of the most commonly used in sustainable 

drainage, usually with a sediments fore-bay placed immediately downstream of 

the inlet structure (CIRIA, 2007). Triangular ponds are not as popular therefore 

their evaluation might reveal important information in terms of promoting 

sustainable flow regimes. The oval pond (case c) demonstrated velocities in the 

range of 0 – 0.025 m/s throughout its geometry (Fig. 52 - case c). The velocity 

gradually reduced towards the centre of the pond, while a recirculation zone 

developed at the sediment fore-bay. Downstream of the midpoint, the flow 

configuration was uniform with very low velocities (UCFD<0.05 m/s). The use of 

multiple outlets seemed to promote uniformity of the velocity distributions, aslo 

reported by Suliman et al. (2006).  

In contrast, recirculation was far more pronounced in the triangular pond (Fig. 

52 - case d). Case (d) exhibited little mixing with stagnation zones being 

prevalent. In general, this system contained low velocities with UCFD≈0.022 m/s 

across the whole pond with four noteworthy regions of zero flow. Additionally 

the turbulence intensity for both these layouts (Fig. 52) was generally low 
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compared to the actual Waterlooville pond. Nevertheless, the intense 

recirculation patterns at the sediment fore-bay indicated insufficient mixing. In 

addition, such flow arrangements might enable re-suspension of sediment and 

possibly promote the transport of pollutants towards the outflow although the 

velocities are very low compared to those at the inlet. Dufresne et al. (2010) 

reported that deposition clearly occurs as a function of the flow patterns in any 

given case so uniform flow profiles are the most desirable. The flow distribution 

suggested poor performance under high flow conditions (case d).  

6.3.2 Elliptical Ponds 

Case (e) showed recirculation patterns after the inlet and in the lower central 

area of the geometry (Fig. 52). The submerged island seemed to assist in 

producing uniform flow and reduction of velocity with UCFD<0.04 m/s after the 

central part.  

In comparison, case (f) showed more accentuated recirculation compared to 

case (e), also with UCFD<0.04 m/s (Fig. 52). The recirculation took place after 

the inlet area and at the upper and lower parts of the geometry throughout the 

computational domain.  

Fig. 52 shows that case (g) had minimal stagnation zones and recirculation 

flows throughout its entire geometry. Only after the inlet and upstream of the 

emergent island did there seem to be some recirculation but this was 

insignificant compared to the other pond layouts. Case (g) had a distinctively 

uniform velocity profile with UCFD≈0.019 m/s after a distance of approximately 

L/3.  

The elliptical pond system with a vegetated island (case h) showed a unique 

flow pattern (Fig. 52). It seems that vegetation created horizontal recirculation, 

as in case (b). In all other designs the recirculation was vertical. UCFD was 

generally low within the vegetated island (UCFD≈0.018 m/s) and slightly higher at 

the edges of the island and the edges of the pond (UCFD≈0.04 m/s). As 

expected, chaotic mixing caused increased turbulence within the pond system 

(Fig. 53). Turbulent intensity was much higher than in the other elliptical ponds 

with I≈4 % just upstream and just downstream of the vegetated island. 

Turbulence decreased within the island (I≈3 %) and at the edges of the pond 
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(I≈2 %), but overall this particular case showed the highest turbulent flow profile 

compared to all the alternative designs.  

Case (f) appeared to have similar flow arrangements to case e, with stagnation 

zones of high magnitude and low mixing within the computational domain. This 

flow behaviour indicated poor performance in terms of treatment and 

sedimentation.  

Conversely, cases (e) and (g) showed remarkable flow spreading. The 

submerged island (case e) caused a decrease in the magnitude of recirculation 

and promoted uniform velocity/turbulence distributions (Khan et al., 2009; Su et 

al., 2009). Moreover, the emergent island (case g) seemed to be more efficient 

by impeding recirculation patterns and promoting uniform velocity/turbulence 

profiles (Jansons and Law, 2007). Finally, all the non-vegetated elliptical ponds 

exhibited the lowest turbulence intensity (Fig. 53) suggesting the efficient 

promotion of mixing and plug flow conditions.  

On the basis of the findings of Al-Sammarraee and Chan (2009) and Dufresne 

et al. (2010), cases (e) & (g) were the most efficient in terms of settling 

capability potential. On the other hand, the vegetation in case (h) seemed to 

promote uniform velocity magnitude distributions but random and chaotic flow 

arrangements. Vegetation altered the flow profiles upstream and downstream of 

it (Souliotis and Prinos, 2011), with a possible negative impact on overall 

performance. Furthermore, the increased turbulence due to vegetation 

(Souliotis and Prinos, 2011; Tsavdaris et al., 2013) might influence the 

treatment performance of the system. Finally, cases (e) & (g) reduced the 

velocity magnitude by roughly 90% compared to the inlet velocity. Conversely, 

the Waterlooville pond geometry reduced the velocity magnitude by roughly 

65% compared to the inlet velocity.  

In light of these, the most appropriate design for the promotion of plug flow 

conditions (for the given location and flow regime) and sediment deposition is 

an elliptical detention pond enhanced with a centrally located subsurface berm 

or emergent island. This is of extreme importance for pond designers interested 

in promoting sustainable flow regimes and sedimentation potential. 
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7.0 GENERAL DISCUSSION 

 

 

 

 

7.1 Pond Monitoring - Key Outcomes 

The first objective of this study was to plan and carry out an appropriate 

monitoring strategy including sampling and analysis of water/sediment samples 

from strategic parts of the system. This analysis included the monitoring of the 

baseline conditions at the Waterlooville pond (Monthly Monitoring) and the 

monitoring of the influent and effluent quality of the stormwater runoff (Storm 

Event Analysis). This objective enabled the completion of the relevant 

experimental objectives (Objectives 2 – 6).  

7.1.1 Characterisation of Runoff Passing Through the System – 

Distributions of Quality Indicators 

The storm events monitored at the Waterlooville pond exhibited (concentration) 

first flush distributions at the pond inlet. The first flush distributions were 

attributed mainly to the size of the catchment (among other possible factors; 

accumulation patterns of pollutants, site specific factors; Lee et al., 2002; Soller 

et al., 2005).  

The association between suspended solids (TSS, VSS) and flow rate (Q) 

throughout the storms (Section 5.2.1.1) suggested that increased pollutant 

transport at high flows was an important factor, as soluble water quality 

indicators such as EC, SBOD5, etc. did not have a significant association with 

flow rate. Hares and Ward (2004) and Roinas et al. (2014) also reported 

associations of particulate matter and flow rate, while Deletic (1998) reported 

that conductivity and acidity (pH) do not generally exhibit first flush distributions. 

This suggests that deposited particles (road, swale) were transported to the 

pond under high flow rates (washing). The vegetated swale leading to the pond 

adjacent to the commuter road (Waterlooville) probably retained fine and coarse 

particles. Manahan (1993) reported that in channels of low depth (<0.5m), such 

The two year monitoring programme of the Waterlooville pond system was based on a feasible 

sampling and investigation strategy, which yielded a unique multivariate data set, that included 

analysis of both water and sediment samples (from strategic positions in parts of the system) along 

with design evaluation by means of computational methods. The discussion chapter reflects this 

project’s objectives in order to efficiently evaluate the contributions to the advancement of knowledge 

that this study offered. 
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as the Waterlooville swale, deposited fine particles (<500μm) are likely to be 

mobilised during high flows (>0.2m/s). Indeed the deposited sediment at the 

inlet/outlet of the pond (during storm events) had particle diameters less than 

500μm. According to Jefferies et al. (2008), a swale should be used prior to a 

pond as vegetation in these SuDS promotes removal of particles and organic 

compounds from highway runoff. However, this is not always demonstrated 

because dynamic variations in the size and density distributions of particles 

control their settling potential (Krishnappan and Marsalek, 2002). Previous 

studies have shown that TSS removal improves as the vegetation in swales 

matures and develops, highlighting the filtration effect of the vegetation 

(Jefferies et al., 2008; Weiss et al., 2010). It is therefore important to design the 

SuDS treatment train features in such a manner that the critical storm will not 

cause high velocities and the subsequent post-depositional transport of 

particles. Most likely the first flush phenomenon was caused by pollutant 

transformations and transport processes because the phenomenon is complex 

and site-specific (Sansalone and Buchberger, 1997; Deletic, 1998). Finally, it 

should be noted that the possible shock loads (pollution) that wet ponds may 

receive, due to first flush distributions, could influence their treatment capacity, 

especially if the design promotes high flows, short-circuiting, and/or post-

depositional re-suspension of sediments (Deletic, 1998; Hares and Ward, 

2004).  

Progressive improvements in water quality were seen through the pond, but 

external influences and (possibly) poor construction/maintenance gave 

discontinuities in pollutant profiles. The initial (<60 minutes) inflow 

concentrations (storm events) of most water quality descriptors were above the 

range of relevant studies (Mallin et al., 2002; Terzakis et al., 2008; Scholz and 

Yazdi, 2009) but were within the range of reported road runoff values (Crabtree 

et al., 2006; Göbel et al., 2007; Helmreich et al., 2010; Pezzaniti et al., 2012). 

These findings suggest that the pond was receiving shock loads of polluted 

water, hence challenging the pond’s treatment capacity. Such behaviour is 

undesirable because it strains the system and therefore influences its treatment 

capacity potential (Kayhanian et al., 2012a).  The effluent quality exhibited high 

concentrations (water quality descriptors) at the beginning (t=0 when there was 

flow at the outlet) too, but gradually these concentrations reduced (Section 
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5.2.1.2). It seems that the water quality of the pond water prior to storms and 

the pond size/geometry (short-circuiting) influenced the effluent quality. Pontier 

(2002) and Pezzaniti et al. (2012) also reported that the quality of the pond 

water prior to storms influences effluent quality.  

The similar rates of decay (inlet/outlet) of the recorded pollutants confirmed the 

previously mentioned observations of short-circuiting and preferential flow paths 

evolving in the pond. Novotny and Olem (1994) reported that similar 

concentration profiles/patterns of pollutants between inflow and outflow indicate 

inefficiency in the drainage system in question.  

In addition, sediment samples collected during storm event analysis (see 

Section 5.2.2) indicated that the quality of the sediments deposited at the pond 

inlet/outlet were below the relevant quality standards (British Columbia Soil 

Standards, 2007; Environment Agency, 2011) suggesting that deposition in the 

inlet/outlet zones was not favoured because higher metal concentrations were 

(occasionally) observed for material settling in the pond (settling solids). Stead-

Dexter and Ward (2004) assessed the mobility of heavy metals in a pond 

system and reported that metals found in the water column were bound to the 

solid phase either prior to arriving in the pond system or within the system itself 

while particles deposited at the inlet/outlet were not as polluted as particles 

deposited in the pond system (see Section 5.1.3). Increased metal 

concentrations of settling solids (in a pond), compared to deposited sediment 

(at the inlet/outlet) were also reported by Lee et al. (1997b). This suggests that 

ponds will retain polluted material over time; therefore, ensuring that the 

conditions (e.g. pH) in such a system are stable and will not mobilise these 

pollutants is of paramount prominence.   

7.1.2 Characterisation and Variability of the Runoff Received 

7.1.2.1 Characterisation 

One of the objectives of the study was to characterise the variability of the 

runoff received and its behaviour in the pond system in relation to seasonal, 

chronological, and spatial factors (Objective 3).  

The results suggest that ponds are dynamic systems and under the influence of 

multiple environmental stressors, as also reported by Tixier et al. (2011). The 

pollution levels of the pond water (water quality indicators, metals) exhibited low 
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- to - moderate concentrations throughout the two-year monitoring period (see 

Section 5.1.1), in comparison with other relevant studies and standards (CIRIA, 

1994; Dutch Standards, 2001; Mallin et al., 2002; Pontier et al., 2004; Crabtree 

et al., 2006; Göbel et al., 2007; Terzakis et al., 2008; Environment Agency, 

2011; Pezzaniti et al., 2012). The material accumulated in the pond water 

exhibited low biodegradability (COD:BOD>5; Chapman, 1992), while the total 

suspended solids (pond water) were mostly composed of volatile substances 

(VSS) and exceeded the optimum 25mg/l limit (Chapman, 1992), indicating that 

the pond vegetation contributed to the excessive presence of biogenic debris. 

The limitations of vegetated systems in achieving conventional discharge 

consents have been recognised in previous studies, particularly when plant 

residues are counted as suspended solids (Fogg et al., 2014).  

There was no indication that the presence of the pond system had a negative 

influence on the water quality of the receiving water-body (River Wallington). 

Generally, the pollution levels in the river were lower than those in the pond. 

However, the concentration of chloride ions exceeded the EA chemical 

standards (Environment Agency, 2011) in both the river and the pond. This 

could explain the low biodegradability of the material found in the pond water. 

Bäckström et al. (2004) reported that the presence of Cl in water can 

significantly impede the activity of bacteria and degrade the ecosystem. The 

concentrations of Cl suggested that the salinity of the pond water was 

demonstrating seasonal fluctuations and was generally increasing over time 

(see Section 5.1.2.1). In addition, the concentration of Mg in the pond water was 

much higher than that found by Göbel et al. (2007), which may reflect the 

presence of road salts given that Cl favours the release of Ca and Mg from the 

soil structure (Bäckström et al., 2004; Nelson et al., 2009). Burton and Pitt 

(2002) reported that effective dilution is very important in promoting the efficient 

treatment of pollutants in such systems. Bäckström et al. (2004) suggested that 

effective dilution is a key parameter in reducing salinity, and Pontier (2002) also 

reported that low dilution had a negative impact on the presence of organic 

matter in ponds.  

The application of road salts seems to have influenced the behaviour of 

pollutants in parts of the treatment system. The dissolved phase of some metals 

(Cu, Cd, Ni, Pb, Fe, Cr, Zn) exhibited strong associations (R2>0.700 – see 
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Appendix A) with the dissolved Cl and Na. This was also observed by others 

(Pontier, 2002; Bäckström et al., 2004; Nelson et al., 2009), who reported that 

the major mobilisation mechanisms were ion exchange, lower pH, chloride 

complex formation and possible colloid dispersion.  

There was evidence of increasing concentrations of certain water quality 

descriptors with time in both the pond (TSS, VSS, COD, SCOD) and the river 

(TSS, VSS), suggesting that the catchment gradually received higher loadings 

of solids and non-biodegradable material (see Section 5.1.1.1). This was 

attributed to decaying vegetation, the accumulation of contaminants on the road 

surface, and the presence of road salts (corrosion of vehicles and bitumen 

promoted generation of solids) (Revitt et al., 2004; Clozel et al., 2006; Göbel et 

al., 2007).  

These findings are in agreement with those following most long-term studies 

(Pontier, 2002; Dechense et al., 2004; Pontier et al., 2004; Roinas et al., 2014); 

these authors reported increases in concentrations of pollutants with time (in 

SuDS). The implications of this pattern, in respect of wet ponds, are that the 

levels of pollution will eventually increase in these systems, affecting their 

treatment capacities. Effective maintenance and efficient design can be used to 

tackle these problems, as suggested by other authors (Tixier et al., 2011; Yu et 

al., 2012; Borne et al., 2013).  

The toxicity levels (median values) of the settling material were within the 

permissible limit concentrations (Dutch Standards, 2001; British Columbia soil 

standards, 2007; Environment Agency, 2011) for most metals/elements (see 

Section 5.1.4). Only Cu, Zn (median, settling solids) exceeded the relevant 

concentration limit (Environment Agency, 2011). The release of Cu and Zn has 

been reported elsewhere (Revitt et al., 2004) due to the decay of vegetation and 

filamentous algae but further investigation is needed to validate this. Overall, 

the pollution levels of the settling particles/soil sediment did not pose an 

environmental threat during the two year monitoring period.  

Various metals/elements [Mg, Ca, P, Cu, Zn, and Pt (medians)] exhibited higher 

concentrations in the settling solids than in the soil sediments, suggesting that 

they remained in suspension for longer and bonded with material other than 

sediment, as also reported by Lee et al. (1997 a, b); this pattern was also 
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observed during storm analysis. On the other hand, Ni, Cr, and Fe were mostly 

found in the outlet sediments, as also observed by Mallin et al. (2002). Metal re-

distribution has previously been reported by others (Langmuir, 1997; Clozel et 

al., 2006) and is mainly attributed to decaying vegetation and decomposition of 

organic matter. Progressive enrichment processes in deposits could also have 

contributed to enrichment patterns of settled material by re-suspension (Pontier, 

2002; Pontier et al., 2004). Langmuir (1997) and Clozel et al. (2006) reported 

that heavy metals sometimes acquire their speciation prior to arriving in the 

drainage system.  

These findings suggest that it is important to control and retain suspended 

matter in ponds and encourage designs that promote sedimentation and 

filtration (Jefferies et al., 2008), while promoting uniform conditions that favour 

sorption to the solid phase. Conversely, Cd, Rh and Pd (medians) exhibited 

similar concentrations both in settling solids and soil sediment, as also reported 

by Ek et al. (2004). This observation highlights that the partitioning of 

metals/elements was influenced by multiple factors (temperature, ionic strength, 

pH, dissolved oxygen, etc.). The transport properties of particles influenced 

metal distribution and changes may have occurred as solids were transported, 

depending on the speciation.  

Fines did not have greater metal concentrations than coarse grains, as also 

observed by Clozel et al. (2006). There are three possible explanations for this, 

(i) flocculation (large particles had the same metal content as small ones), (ii) 

coating of large particles by small ones (separated with large particles during 

sieving), and (iii) large particles with a significant metal content may have 

masked the enriched fine-grained fraction.    

Furthermore, the linear associations of both the water (Section 5.1.2.3) and the 

sediment samples (Section 5.1.4.2) suggest that such a relationship is 

appropriate for describing pollutant behaviour but not for explaining underlying 

patterns and interactions between pollutants, because most associations were 

statistically significant (p<0.05) but weak (R2<0.700). Deletic (1998) showed 

that linear and multiple regression models are not a sound solution for the 

prediction of variability in environmental studies and a deterministic modelling 

approach is required. Conversely, Pontier (2002) reported that the accuracy of 
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regression models depends on site-specific factors. Vezzaro et al. (2012) 

reported that the basic principle underlying almost any statistical model is that 

its predictive ability will be poor without suitable site-specific data for calibration, 

and its credibility will be questionable without proper validation. In addition, any 

modelling process introduces a factor of uncertainty. The analyst needs to know 

the severity of the statistical uncertainty of the methods used to predict water 

quality (Vezzaro et al., 2012). Stephens et al. (2001) stated that instead of one 

model, alternative models with differing degrees of complexity and 

computational effort may be more appropriate.  

Nevertheless, some metals and water quality indicators demonstrated strong 

linear associations (in both water and sediment samples), suggesting 

origin/transport similarity and concentration variability caused by the same 

parameters (Langmuir, 1997). Previous authors (e.g., Herngren et al., 2005) 

also reported that statistical associations of pollutants such as metals indicate 

origin similarity but not independence. 

The results suggested that the pollutants (metals, suspended solids, organic 

matter, etc.) retained in the pond reduced contamination of the receiving water-

body from contamination. The settling solids results suggested that pond 

retained >20kg (dry weight) of solids over the study period and prevented the 

river from receiving this particulate matter. Lee et al. (1997a, b) also showed 

that retention ponds can restrain high amounts (>100kg) of solids and therefore 

protect the receiving water-bodies. The amount of retained solids is highly 

dependent on the size of the pond, the runoff composition, and the catchment 

size (Burton and Pitt, 2002; Hares and Ward, 2004; Kayhanian et al., 2012a). 

Krishnappan and Marsalek (2002) reported that solids are major carriers of 

pollution and their management is very important. Quantification of the heavy 

metals retained, however, could not be estimated given the available data. 

7.1.2.2 Variability 

The water/sediment results showed that the treatment system exhibited a 

variability and complexity of interactions between variables over the two-year 

monitoring programme. Variability was demonstrated in both the water and 

sediment samples, both during and between sampling. This has also been 

reported by other authors (Burton and Pitt, 2002; Bäckström et al., 2004; 
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Pontier et al., 2004; Bian and Zhu, 2009; Kayhanian et al., 2012a, b; Roinas et 

al., 2014).  

The variety and concentrations of pollutants in stormwater (microbial, chemical 

or physical) are highly influenced by the types of surfaces the stormwater 

encounters (roads, parking lots, roofs etc.) (Eriksson et al., 2007; Karlsson et 

al., 2010). Other factors that can affect stormwater quality are the ambient air 

quality and anthropogenic activities (Helmreich et al., 2010). 

Correlations between pollutants suggested that despite the statistical 

significance among contaminants (p<0.05), data distributions were usually 

highly variable (R2<0.700) and noisy. Some variability was attributable to 

seasonal effects, winter de-icing, and variable pollutant loading to the pond 

system. The variability demonstrated in the runoff-receiving parts of the pond 

system, reflected the variable loadings from road runoff and changes during 

sporadic storage of residual waters, in these parts of the system. Inconsistency 

of pollutant concentrations in different parts of the pond reflected variable 

loadings from upstream, preferential transport, additional sources, and other 

effects of removal/enrichment processes. The fact that input conditions change 

depending on seasonal and other factors makes the generalised mechanistic 

design of ponds of this type a considerable challenge. 

Seasonal effects were attributable to various causes, not just related to 

winter/spring de-icing salts. The fluctuation of growth and decay cycles of 

vegetation and road salts probably influenced the type of solids generated and 

entering the pond as well as the biological filtering potential of the pond system 

(Langmuir, 1997, Sansalone and Buchberger, 1997). Helmreich et al. (2010) 

reported that characterisation of the seasonal effects on runoff quality is highly 

intricate and site-specific. 

Temperature influenced the solubility of oxygen, while road salts may have 

affected the partitioning of pollutants and the activity of the bacteria. In addition, 

variability in the flow conditions and sediment properties probably influenced the 

settling potential of the particles the pond received throughout this study. 

Krishnappan and Marsalek (1999) and Dufresne et al. (2010) reported that the 

settling of particles is a function of shape, density, chemical composition, flow 

conditions, and other conditions (wind, temperature, etc.). According to 
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Herngren et al. (2005), factors such as algal blooms, CO2 concentration and 

salinity influence the performance of most SuDS. Possible factors encouraging 

changes in pollutant concentration of the water/sediments during monthly 

monitoring and storm events could have been due to: 

 Use of road salts. 

 Vegetation maturation. 

 Development of biological and geochemical systems in the water 

column. 

 Accumulation of pollutants on the road surface. 

 Accumulation of pollutants and transport within the treatment system. 

 Alterations in the nearby vicinity and pronounced variability in traffic 

loadings.  

Finally, progressive changes such as ecosystem establishment and 

accumulation of traffic related pollutants possibly contributed to seasonal 

patterns, solids loading, and time trends.  

These findings suggest that in order to improve the efficiency of these systems, 

careful consideration of the potential fluctuations in pollutant concentrations and 

loadings must be accounted for in the design process. The results of this study 

indicated that increased pollution loadings occur during autumn and winter for 

most metals and other quality descriptors.  

Therefore, the design of these systems should try to maintain uniform 

conditions throughout the year by appropriate measures such as control of 

excessive vegetation, effective maintenance, efficient design of the treatment 

train, effective dilution, etc. In addition, ponds should have the capacity to 

respond to shock loads and fluctuations of certain indicators (acidity, oxygen, 

temperature, etc.). According to the UKWIR (UKWIR, 2014), this is usually 

disregarded by drainage engineers resulting in the installation of pond systems 

that do not function as designed. 

7.1.2.3 Sediments 

After a period of time (usually 15-20 years) the accumulated sediment will 

eventually occupy enough volume to influence the treatment and hydraulic 

performance of ponds (Pontier, 2002; CIRIA, 2007). However, Kayhanian et al. 

(2012a) reported that many ponds do not function optimally in terms of pollutant 



197 | P a g e  

 

retention proficiency and that the sediment layer thickness may be less than 

expected indicating possible turbulent conditions and sediment loss. 

Accumulated sediment will eventually reduce the volume of the pond, possibly 

influencing the water management aspect of the system. The variability in 

accumulation rates (ACRs) between sampling points was probably related to 

accumulation and transport processes operating in the road and drainage 

system. These processes depend on factors such as the availability of 

pollutants which are in turn influenced by the antecedent dry period (ADP), 

rainfall intensity, flow rate, and the duration and frequency of storms (CIRIA, 

1994; Krishnappan and  Marsalek 1999; CIRIA, 2007). Kayhanian et al. 

(2012a) showed that organic content is the main factor influencing the settling 

characteristics of fine particles. 

Despite the fact that the ACRs suggested that sedimentation mainly occurred in 

B1, the particle size distribution (PSD) of the settling particles revealed 

additional information. It might be expected that the pond layout would result in 

coarse particles in B1 and fines in B2. The purpose of installing a berm between 

the two basins is to increase the hydraulic retention time and promote 

sedimentation in the first basin, which seems to be the case for the 

Waterlooville pond. However, the PSD results showed that there were no 

differences in particle size between the basins for the majority (d0.1, d0.5) of 

the settling particles, suggesting that small particles remained in suspension. In 

addition, B2 contained slightly bigger settling particles (d0.9) than B1, probably 

suggesting post-depositional transport. Most likely, these particles were plant 

debris (B2 had the highest volatile substances content for particles >63µm; see 

Fig. 5.14), hence lighter than inorganic particles and prone to re-suspension 

(Karamalegos et al., 2005). It seems that biogenic material was predominant in 

B2. Therefore, even though sedimentation mainly occurred in B1, the PSD data 

suggested that preferential transport may occur in such systems, highlighting 

the importance of the design strategy.  

Jansons and Law (2007) and Dias et al. (2014) also suggested that multiple cell 

ponds may intensify particle settling at the first cells (basins); this will effectively 

reduce the design life of the first cell(s) since it will have collected much more 

sediment. In addition, Pontier (2002) and Pontier et al. (2004) showed that 
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preferential transport will most likely occur in such systems usually due to 

construction flaws. The variation in flow rates and alternation in water levels 

between storm storage and normal conditions probably exacerbated scouring 

and transport of local soil and settled solids, especially from the sloped sides 

and grass slopes. Particulate matter from previous flow balancing probably 

settled on the slopes, becoming exposed to air (oxidising effects) as the water 

level in the basins receded. These solids (especially light particles) may be re-

suspended when the water level rises and when the flow pattern promotes 

turbulence. Fogg et al. (2014) reported that vegetation located at the benches 

(sloped sides) of a pond may encourage restraint of fine particles during water 

level fluctuations.  

Moreover, the settling column results (Section 5.2.3) indicated that solids 

entering the pond were <125μm in diameter (d0.5) and had a fall velocity in the 

range of 0.0265-14.94 m/h which relates to particles of diameter <125 μm 

(Semadeni-Davies, 2009). This highlights that the pond system generally 

received small particles (which are prone to re-suspension), suggesting that the 

upstream swale effectively removed coarse particles from the water column. 

However, Pontier (2002) showed that under particular flow conditions sands 

and even gravels may become re-suspended.  

7.1.3 Origin, Mobility, and Partitioning of Metals 

The metal concentrations in water, settling solids, and soil sediments indicated 

possible sources of particulates to the system, either directly transported or as 

re-suspended material. The uncertain origins of settling solids, due to the 

contribution of re-suspended deposited sediments, is a common problem in wet 

pond studies (Lee et al., 1997a, b). Factors such as storm frequency and 

duration, vegetation decay, temperature, oxygen and metal solubility, and water 

density with effects on transport/settlement rates, could have also influenced 

the metal behaviour and distribution within the treatment system.  

According to relevant studies (Sansalone and Buchberger, 1997; Schäfer and 

Puchelt, 1998; Pontier et al., 2001; Ek et al., 2004; Stead-Dexter and Ward, 

2004; Whitely and Murray, 2005; Clozel et al., 2006; Tuccillo, 2006; Sutherland 

et al., 2008; Nelson et al., 2009), the recorded metals/elements for this study 

most probably originated from vehicle related activities, winter de-icing salts, 
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eroded surface material, and plant material. Many metals (Ni, Cu, Zn, Cr, Cd, 

Pb, Fe, Mn) and platinum group elements (PGE; Pd, Pt, Rh) are found in 

automobile parts (brakes, tyres, frame/engine parts, catalytic converters, 

fuels/oils) and are also sometimes present in the atmosphere, on the road 

surface, and occasionally within road salts (Pontier, 2002, Napier et al., 2008). 

McKenzie et al. (2008) and McKenzie et al. (2009) found that brake samples 

were characterised by Fe, Zn, Ni, Cd and Cu, while tyres were characterised by 

Zn, Pb, and Cu. The correlation structure of the data set (water and sediments) 

indicated multiple shared variations between particular metals, suggesting origin 

and mobility/speciation similarities. In addition, the PGE ratios were similar to 

other reported values (Whitely and Murray, 2003; Whitely and Murray, 2005) 

with indications of possible fractionation occurring during transport to the 

treatment system. The metals/elements were transported to the pond either by 

atmospheric deposition or via stormwater runoff. These associations could also 

be indications of the formation of complexes, but further investigation is needed.  

Metal speciation in wet ponds is a result of various factors, the first of which is 

the original state of the metals emitted from the source (Pontier et al., 2004). 

Metal solubility and transportation to the pond can be rapidly modified by factors 

such as pH, redox potential, and biological parameters (Manahan, 1993; 

Langmuir, 1997). Correlations between pollutants provided indications of their 

origin, but also indicated their possible speciation (organic material, Fe/Mn 

oxyhydroxides, clay minerals, colloids). Correlations between Zn-Cu and Pb-Zn 

indicated predominantly organic associations, given that similar correlations 

have been reported in other studies (Stone and Marsalek, 1996; Lee et al., 

1997a; Pontier, 2002). Correlations of metals with Fe indicated sorption to the 

Fe oxyhydroxides, organic complexes, and mineral residues (Stone and 

Marsalek, 1996; Lee et al., 1997a, b). 

The (water) results revealed that many metals were found in the dissolved 

phase, except for Pb, Fe, and Pt. Crabtree et al. (2006) also found various (road 

runoff) metals in the dissolved fraction (Cu (dissolved) =50.2%; Zn (dissolved) =50%). 

Moreover, Karlsson et al. (2010) reported that in general Cd, Ni, and Zn are 

found in the dissolved fraction, while Cu, Cr, and Pb are particulate bound. 

Since the pH conditions did not promote metal solubility, other factors could 

have contributed to such behaviour. The dissolved phase probably contained 
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colloids such as clay minerals and metal oxyhydroxides (Langmuir, 1997), 

which could have masked the dissolved phase concentrations. Nevertheless, it 

could be the case that many metals were in fact in their soluble chemical form.  

In addition, high solubility (>60%) of metals, for example Cu, Cd and Zn, in the 

road environment has been demonstrated by other studies (Crabtree et al., 

2006; Clozel et al., 2006; Tuccillo, 2006; Cambonelli et al., 2010).  

It seems that the conditions in the pond did not significantly influence the 

sorption distribution coefficient (Kd). The findings suggested that Ni and Pt (only 

these metals satisfied the linear adsorption equation with R>0.700) behaved in 

a linear manner regarding their sorption behaviour compared to the other 

metals, which did satisfy the adsorption isotherm equations. This behaviour 

could suggest that speciation had already been acquired when the water and 

associated particles reached the pond; further investigation is required to 

validate this, however. 

Kd models give good fits to the data when the composition of the aqueous 

phase was fairly constant, or with low sorbate concentrations (Pontier, 2002). A 

whole matrix of different Kd values under changing conditions in the 

environment and for different sorbents (soil, silt, clay, organic matter) would be 

required to model sorption behaviour adequately (Manahan, 1993, Langmuir, 

1997; Zhao et al., 2011). Moreover, the possible inclusion of colloids in the 

dissolved phase may have contributed to poor fits with the adsorption isotherm 

equations (Langmuir, 1997). Evidently, the evaluation of the sorption behaviour 

and speciation of metals is highly complicated, as also reported by Vezzaro et 

al. (2012), but this is beyond the scope of the present study. 

On the basis of these results, several factors influencing the removal of metals 

in sedimentation systems were identified: 

 Prevention of re-suspension or preferential transport of particles by 

promoting low velocity distributions, especially under extreme flow 

conditions. 

 Provision of conditions which favour partitioning of metals to the solid 

phase (oxygenated conditions, low salinity, presence of sorbent 

material). 
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 Avoidance of fluctuation in conditions such as redox potential, ionic 

strength, pH, especially during storage of residual water or storm-flow 

balancing.  

Consequently, if the pond design strategy promotes uniformity of the above 

environmental stressors, its design life expectancy and operational efficiency 

may be improved.  It should be noted that Langmuir (1997) suggested that 

effective dilution discourages fluctuations in conditions, which in turn may 

influence the treatment efficiency. Ponds should be designed to act as one 

water-body, rather than as multiple cells with varying dilution potential, in order 

to encourage uniform conditions throughout the water column. Other authors 

(Persson, 2000; Jansons and Law, 2007) have also argued against such 

designs (multiple cell ponds). 

7.2 Computational Simulations – Key Outcomes 

In addition to enhancing the performance database, particularly concerning the 

response of vegetated wet ponds to the variability of the runoff received, this 

study aimed to contribute to the advancement of knowledge in respect of 

simulating such systems using CFD. 

7.2.1 Porous Media Condition – Applicability to Full Scale Problems – 

Stage 1 

There are a few techniques (porous zone, user defined functions) within CFD 

codes that conceptually represent the hydrodynamic impact of vegetation on the 

velocity field. Within such applications, hydraulic models typically use a bulk 

energy loss coefficient to achieve an acceptable match between sparse 

observed data and model predictions (Bates et al., 2005). The porous media 

condition of the Ansys® 12.1 CFD code enables the design of a porous zone 

(vegetated zone) within the flow-path. However, its application on vegetated 

ponds is very uncommon and information on this subject is scarce.  

Consequently, the flume experiment (Section 6.1.1) in combination with the 

flume simulations (6.1.2) provided important and innovative information on the 

applicability and suitability of the porous media condition to model the presence 

of vegetation in the flow-path.  



202 | P a g e  

 

On the basis of the flume results several observations were made: 

I. The potential numerical difference between experimental and 

computational results was low (ΔU<15%) in the configurations with low 

density vegetation cover. This suggests that the software is more 

accurate in low density vegetated zones. 

II. The potential numerical difference between experimental and 

computational results was high (ΔU <30%) in the configurations with 

dense vegetation cover. This suggests that the software is less accurate 

in high density vegetated zones. 

III. The numerical difference between experimental and computational 

velocities increased with increasing vegetation cover density and 

increasing flow rate. 

IV. The findings were in agreement with the observations of Larmaei and 

Mahdi (2012), who reported that the k-ε turbulence model in conjunction 

with the porous media condition is most applicable to low-density 

vegetated zones. 

V. The porous media condition can be applied to full-scale problems given 

the fact that numerical differences between experimental and 

computational conditions did not exceed the critical 35% limit. 

VI. The numerical differences between the experimental and the 

computational results showed that the software was unable to accurately 

capture the momentum exchange mechanisms and the subsequent 

velocity distributions within (densely) vegetated computational domains. 

Further research is required in this particular field. 

Given the fact that information on this subject is limited, this study provided 

conceptual guidelines on how to model vegetation using the porous zone 

feature, without adding any intangible constraints to the modelling framework. 

In addition, the flume simulations provided an assessment of the potential 

velocity distributions for different vegetation covers and the associated effects 

on the flow structure. An important finding of this evaluation was that the flow 

structure is highly dependent on the vegetation cover and flow rate. Dense 

vegetation and high flow rate complicated the flow structure and thereby 

reduced the software’s ability to model the flow structure. Bennett et al. (2002), 
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Choi and Kang (2006), Ghisalberti et al. (2006), Murphy et al. (2007) and Fu-

sheng (2008) also reported that vegetation cover and flow rate strongly 

influence the flow structure in vegetated areas. The results suggested that a 

less dense vegetation cover should be preferred in such systems since it 

promoted a more uniform flow structure compared to the dense vegetation 

cover. Bennett et al. (2002) and Ghisalberti et al. (2006) reported that dense 

vegetation zones block the flow from entering the vegetation zone, cause 

acceleration of flow around it, and divert the flow towards the un-vegetated 

banks, hence, encouraging preferential flow and transport. Additionally, 

increasing vegetation cover reduced the model accuracy by complicating the 

flow structure. Finally, Liu et al. (2008) and Hamade (2013) reported that rigid 

cylindrical (emergent) vegetation will cause velocity increase between stems 

and may complicate the flow structure, as also observed in this study.  

7.2.3 Waterlooville Pond Evaluation – Stage 2 

Taking into account the findings of the flume experiment and the potential 

numerical error (introduced by the presence of dense vegetation in the flow-

path), the Waterlooville pond was evaluated for the worst case scenario (1:100 

year storm event). The vegetation cover assigned to the simulated Waterlooville 

pond represented the actual vegetation cover, as it was measured in-situ.  

The simulation results (Section 6.2) may help understand the progressing flow 

regime of the pond system during extreme storm events. It was found that the 

pond geometry promoted efficient mixing of the pond water as there was no 

evidence of stagnation zones. However, the flow regime under the design flow 

(1:100 storm event) promoted high velocity distributions with velocity values 

greater than 0.2 m/s especially at the interface of different vegetation covers 

and at the un-vegetated banks. According to Bates et al. (2005) and Khan et al. 

(2012), velocities >0.2 m/s may promote re-suspension of small particles 

(<125µm) in ponds with total water depths of <2m, such as the Waterlooville 

pond. This observation reinforces the re-suspension potential of the pond 

system given its geometry and evolving flow regime under extreme flow 

conditions. Furthermore, the range of measured fall velocities (0.0265-14.94 

m/h) of incoming solids was less than the ideal fall velocity (65.48 m/h), for the 

given geometry and design flow. However, the ideal fall velocity could be an 
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overestimation as it does not account for the beneficial effect of filtration due to 

the presence of vegetation in the flow path (Jefferies et al., 2008; Liu et al., 

2008).  

Preferential flow paths were observed in the non-vegetated regions of the pond. 

Bennett et al. (2002) and Ghisalberti et al. (2006) reported that dense (rigid) 

vegetation in the flow path deflects the flow, blocks the flow from entering the 

vegetated zone, and causes rapid acceleration of flow around and occasionally 

within the zone. It was also found that the presence of different vegetation 

covers within the flow path promoted turbulence intensity (at the interface), 

making the potential settling of small particles far less likely, also suggested by 

Souliotis and Prinos (2011). Moreover, the similar rates of decay for many 

pollutants (during experimental storm analysis) between the inlet and the outlet 

support the re-suspension, preferential transport and short-circuiting hypothesis. 

Consequently, the current pond geometry would benefit from design 

optimisation and improvement. 

7.2.4 Pond Geometry Improvement – Stage 3 

The practicalities of an efficient design, which essentially combines the three 

integration criteria of SuDS (water quantity, water quality, and amenity) 

determine the optimum performance potential of such water management 

systems. Parameters such as available space, flow regime of the catchment, 

nature of the surrounding area and the catchment in general, are of extreme 

prominence in the design process.  

The computational evaluation of alternative pond designs (Section 6.3) for the 

given space and the highest observed flow regime, aimed to reveal an improved 

design layout regarding the promotion of sustainable flow patterns and 

sedimentation potential, while assessing the response of these layouts. The 

design layouts reflected reputable configurations (elliptical pond with berms), 

common practice designs (oval shaped pond with a sediments fore-bay), 

vegetated elliptical ponds, and novel layouts (triangular shaped pond) which 

have not previously been evaluated using 3D CFD codes. Other known layouts 

(teardrop shaped ponds, kidney shaped ponds, multiple cells ponds) were not 

considered as it was demonstrated by others (Persson, 2000; Jansons and 
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Law, 2007) that they are not as hydraulically efficient as the layouts studied in 

this research.  

Small catchments, such as the Waterlooville case, are susceptible to the effect 

of first flush distributions during storms (Lee et al., 2002). The first priority in the 

design process of such treatment systems should be the promotion of flow 

conditions that efficiently treat rapid pollution loads. The promotion of low 

velocity distributions and sedimentation potential is very important; this means 

that the flow patterns of the pond system should be uniform with no recirculation 

zones, even under extreme flow conditions. The simulations suggested that 

geometry and the presence of vegetation can modify such behaviour.  

In detail, the presence of an elliptical pond with an emergent or submerged 

island (with dimensions of L/2 and W/3-4 of the original geometry) placed at a 

central location caused remarkable flow spreading. In addition, elliptical ponds 

reduced the inflow velocity by roughly 90% (middle of the flow-path) suggesting 

that such a configuration reduces the potential for post-depositional re-

suspension. This reduction is much higher than the 60% reduction offered by 

the existing Waterlooville pond layout (multiple cell pond).  

Persson et al. (1999) reported that a series of submerged aquatic benches and 

a trapezoidal cross section in terms of pond bathymetry will enhance 

hydrodynamic efficiency. Suliman et al. (2006) reported that multiple outlets of 

small cross-sectional area (compared to the inlet) may be more beneficial than 

multiple inlets in promoting uniform flow. This was demonstrated in this study as 

well by the oval shaped pond flow patterns. The response of certain alternative 

layouts (elliptical with emergent/submerged island and oval shaped with 

sediment fore-bay) was far superior to both the existing pond layout (multiple- 

cell pond – Waterlooville) and other layouts (Elliptical pond, elliptical pond with 

vegetated island, triangular pond) in respect of flow structure, turbulence 

intensity, and flow spreading.  

The presence of vegetation generally (Waterlooville pond and alternative 

ponds) increased the turbulence intensity and modified the flow structure and 

flow path, thus casting doubt on the potential treatment capacity of such 

systems. Napier et al. (2005) reported that vegetation in ponds is not cost-

effective and pollutant removal potential is insignificant. However, the presence 
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of vegetation in ponds is by all means detrimental as it promotes stability 

against erosion and scouring (CIRIA, 2007). A previous study showed that 

Phragmites australis reeds successfully remediated contaminated soil by 

degrading 74% of PAHs (Muratova et al., 2003). 

Consequently, it is the density and the location/type of vegetation that controls 

the performance of such systems. Bennett et al. (2002), Choi and Kang (2006), 

and Liu et al. (2008) reported that vegetation density, type, and location play an 

important role in encouraging uniform flow conditions. On the basis of the 

simulations, vegetation should not be placed in the pool in order to minimise 

turbulence and solids generation, promote capturing of particles settled on the 

side slopes (especially during water level fluctuations), and encourage slope 

stability (Fu-sheng, 2008). Moreover, the vegetation cover should not be dense 

in order to avoid preferential flow paths, the potential blockage of flow entering 

the vegetation zone, and complicated flow structure. In addition, the vegetation 

should be flexible rather than rigid so that the dissipation of energy can occur to 

the greatest effect. Borne et al. (2013) suggested that free-floating plants may 

have a higher metal accumulation capacity than emergent plants. Free-floating 

vegetation could be an efficient and cost-effective solution. According to EPA 

(2005a), certain varieties of grass are the most appropriate type of vegetation 

for ponds.  

On the basis of the above observations, one could argue that the development 

of optimum pond configuration, for a given location and flow regime, is feasible. 

The simulations, along with the recommendations of other authors (Persson, 

2000; Bennett et al., 2002; Suliman et al., 2006; Jansons and Law, 2007; Borne 

et al., 2013; Fogg et al., 2014), suggest that an elliptical pond with an 

emergent/submerged island placed at a central location and with vegetation not 

present in the flow path generally promotes a sustainable flow distribution and 

sedimentation potential. However, the availability of space and the inlet/outlet 

locations may not always allow such a design. Stamou (2008) suggested that 

inflow energy baffles to absorb stream momentum can be an effective solution 

in promoting hydraulic efficiency in circumstances where design constraints 

(available space, location of inlet/outlet structures) control the choice of pond 

layout.  
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The simulation findings satisfied the most intricate aims (2 & 3) and objectives 

(7 – 10) of this study and contributed to the advancement of knowledge in the 

field of CFD and wet pond design. 

7.3 Critical Evaluation 

The inherent variability of drainage systems and environmental monitoring, 

combined with site-specific factors, means that making generalisations about 

the performance of SuDS is intricate.   

The first aim of this study was the identification of factors contributing to the 

variability of the quality of road runoff received by a vegetated pond, while 

evaluating the pond’s response to this inconsistency. The main factors 

contributing to water and sediment quality fluctuations were: 

 The flow regime during storm events – the results indicated association 

between particulate matter transport processes and flow rate suggesting 

that particles <500μm will be mobilised while dynamic variations in the 

size may alter this phenomenon. 

 Shock loads and first flush distributions of pollutants. 

 Water quality prior to storm events (pond water). 

 The presence of vegetation and vegetation cycles – vegetation was 

identified as a limiting factor in respect of the promotion of conventional 

discharge consents by the pond system. 

 The presence of Cl which contributed to the formation of chloride 

complexes along with the release of Mg and Ca from the soil structure. 

 Seasonality and temperature. 

 Speciation of metals and other road runoff related elements. 

 Effective and continuous dilution along with oxygenated conditions, low 

salinity, and the presence of sorbents. 

 Accumulation of pollutants. 

It was evident from the results that stormwater runoff composition will 

demonstrate variability at any given time. Therefore, vegetated pond systems 

should be designed to manage this variability. This can be achieved through a 

multi-variate design approach which would combine different SuDS features 

(appropriate SuDS management train) and flow control devices, with the 
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appropriate type of vegetation placed at strategic locations throughout the 

drainage system.  

The second aim of this project was the flow regime evaluation of a particular 

vegetated under the design flow along with the role of vegetation using a 

commercial CFD code. The response of this particular vegetated pond in terms 

of sedimentation potential and velocity distribution was highly influenced by the 

geometry and the vegetation cover of the pond system. In detail, 

 The CFD simulations indicated that the CFD code can relatively 

accurately model the presence of vegetation in the flow path, particularly 

for low density vegetation covers. The software was unable to accurately 

capture the momentum exchange mechanisms and the subsequent 

velocity distributions within (densely) vegetated computational domains.   

 The existing geometry and vegetation cover exacerbated preferential 

flow paths (under the design inflow) while the dense vegetation 

effectively blocked the flow from entering the vegetated zone. 

 Finally, the flow regime during the design flow suggested that the velocity 

distributions may encourage the re-suspension of solids and the 

subsequent decrease in the sedimentation potential of the pond system. 

Finally, the simulations of the alternative pond layouts identified configurations 

which promote sustainable flow regimes and sedimentation potential under high 

flows. This assessment enabled the achievement of the third and final aim of 

this research. The simulation of alternative pond designs evaluated the 

response of commonly used and novel pond geometries while enabling the 

comparison of the results to the existing pond. The most efficient design was 

found to be an elliptical pond with an emergent/submerged island placed at a 

central location. The response of the most efficient pond design configuration 

(elliptical pond with an emergent/submerged island placed at a central location) 

could be up to 30% more efficient (in respect of lower velocity distributions for 

the same inflow – increased absorption of stream momentum) than the pond 

studied. This suggests that such a configuration presents would be more 

capable in promoting plug flow conditions while reducing the re-suspension 

potential during high flows. The findings of the computational assessment 

promoted good design practices and offered guidance on CFD modelling 
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techniques. This is of great importance as similar studies are scarce. The key 

outcome of the simulations was that commercial CFD codes can model 

vegetation relatively accurately, while dense vegetation should be avoided in 

the flow path. 

In conclusion, this thesis has contributed to increasing the understanding of the 

dynamic behaviour of runoff and the associated response of vegetated ponds 

by extensive site monitoring, while offering insight into the functions of 

vegetated ponds. It has also provided evidence and advice for developers, 

planners and SuDS practitioners on the advantages/disadvantages and 

performance of different pond layouts and configurations, and could potentially 

enhance existing guidelines on green infrastructure with respect to pollutant 

removals and sustainable flow regimes. 

 

 

 

 

 

 

 

 

 

 

 

 

“Sometimes a good design strategy is less about finding the best solution than it 

is about finding one that works (Thomas Telford, 1757-1834)”. 
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8.0 FUTURE WORK 

 

 

The literature review and results of this study revealed that the design process 

of vegetated ponds (SuDS) is of great importance with respect to their future 

performance and design life. In addition, the unique data set collected has 

provided insights into the behaviour of pollutants in the pond system. In order to 

reduce the errors in predicting the behaviour of pollutants additional techniques 

of analysis should be employed. Extending the monitoring period and adopting 

a combination of analysis methods such as sequential extraction techniques, 

zeta-potential of particles, and microscopic analysis of particles could possibly 

provide additional information in the interest of adequate comprehension 

regarding SuDS behaviour. Event mean concentrations (EMCs) are also a tool 

for efficiently assessing SuDS, but unfortunately this could not be performed at 

the Waterlooville pond due to the functional problems of the installed 

equipment. EMCs would enable a detailed assessment of the sedimentation 

process of the treatment system in combination with the PSD and the ACR 

results. This could then be integrated into a far more complicated computational 

fluid dynamics (CFD) model including predefined outflow rates, particles 

injection with specific properties (settling velocity, shape, density, etc.). This 

way the main deposition zones could be identified along with regions that 

preferential transport could be occurring. In addition, the vegetation was 

simulated using rigid elements, rather than flexible elements, which probably 

influenced the velocity distributions (increase of velocity within the vegetation; 

Bennett et al., 2002; Ghisalberti et al., 2006).  

Vegetation is also a very important parameter influencing the performance of 

SuDS (Stovin et al., 2009; Tsavdaris et al., 2013). As discussed in Section 7.2.4 

the presence of imperfectly installed vegetation (type, location) could cause 

problems in the performance of wet pond systems. Yu et al. (2012) reported 

that vegetation should ideally enhance sedimentation, demonstrate acceptable 

decay and biomass accumulation rates along with efficient metal uptake, 

promote pH control, and be tolerant to salt perturbations.  

This Section identifies the hindrances encountered in this research study along with recommendations 

on future research areas. 
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Recent studies (Yu et al., 2012; Borne et al., 2013; Marimon et al., 2013) 

reported that floating vegetative units are more efficient in metal uptake while 

reducing the amount of vegetation related solids and flow turbulence potential. 

In addition, the presence of dense grass vegetation seems to efficiently reduce 

the transport of colloids in wet ponds (Yu et al., 2012), as opposed to 

conventional vegetation (reeds).  

Future research should ideally focus on:  

 Systematic monitoring using the same parameters over a range of sites. 

This would update the design codes by categorising particular 

recommendations on the basis of the nature of the catchment (traffic 

load, pollution potential, flow regime, climatic conditions of the site, etc.). 

This approach has been reported by other authors (Tixier et al., 2011; 

Vezzaro et al., 2012; Dias et al., 2014) as well. UKWIR (UKWIR, 2014) 

argues that systematic monitoring of a range of pollutants found in SuDS 

would help to determine pollutant distributions in different parts of the 

UK. 

 Sustainable methods promoting the removal of colloids, as they play an 

important role in the distribution of pollutants (Herngren et al., 2005). This 

could be achieved by using the appropriate material (e.g. ion-exchange 

resin, crushed ceramic magnets) in specific installations (for example 

filters) competent to retain particular pollutants (colloids, dissolved 

metals, salts). Zhao et al. (2010) and Zhao et al. (2011) reported that 

promoting conditions which favour sorption of metals to the solid phase is 

of extreme importance, in respect of water-bodies. Randall et al. (2013) 

evaluated the sorption capacity of different sorbents and reported that 

further research is required in order to characterise the efficiency of each 

material. 

 Evaluation of different types, densities, and locations of vegetation in the 

interest of reducing turbulence within the flow domain, and generation of 

vegetation-related solids. Bennett et al. (2002) and Wen-xin et al. (2012) 

evaluated the effects of the location of vegetation zones in the flow path 

but to the author’s knowledge no study has assessed this effect in 

respect of vegetated ponds. 
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 Effects of floating vegetation on the flow patterns under extreme flow 

conditions. Yu et al., 2012, Borne et al., 2013, and Marimon et al., 2013 

evaluated the treatment potential of floating vegetative units. However, 

no study has assessed the effect of floating vegetative zones in respect 

of flow patterns in wet ponds. This could be achieved by using an 

appropriate CFD code, although it would be highly complicated to model 

the movement of the vegetative units. This could be potentially achieved 

through the development of block islands on the surface of the water. 

The density, weight, and porosity of the modelled vegetative units should 

be evaluated and measured prior to modelling.   

 Investigations of the associations of bacteria with plant roots and their 

role in metal immobilisation; this may show which species have more 

efficient associations and would make a suitable choice for road runoff 

treatment systems. The role of wetland plants, such as Phragmites 

australis, Typha latifolia, 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. Kumari and 

Tripathy (2015) have recently published a study regarding the technology 

of this aspect. 

 The use of CFD (porous zone) to model flexible and rigid vegetation 

should be further investigated by evaluating parameters such as the 

mathematical formulation of flow resistance due to vegetation and the 

accompanying effects of flow hampering, turbulence production, energy 

dissipation, bed shear stress redistribution, and relocation of turbulence 

intensities. The sensitivity of CFD (porous zone) to flow rate, vegetation 

cover, vegetation stiffness, slope, depth variations, and Reynolds 

number should also be further assessed and quantified. A very important 

observation in the flume experiments was the presence of velocity 

increase, appearing more prominently with increased density, behind the 

stems. More research on momentum exchange in the near-bed region 

should be performed to understand this phenomenon, and to understand 

its effect on suspended sediment settling in the near-bed region. For 

emergent vegetation, since all the flow is through the vegetation or 

resistance layer, the possibility of producing theoretical distributions for 

velocity and concentration profiles that take into account the nature of the 
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turbulence structure as reflected by the turbulent eddy diffusivity should 

be studied. The result might produce a more general relationship for drag 

coefficient and trap efficiency to be used in vegetative filter design as a 

function of type of foliage and its flexibility and density. Due to the fact 

that this research area is relatively new, relevant studies are very 

uncommon. Hamade (2013) is a good guideline in respect of detailed 

flow structure analysis within vegetation.  
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9.0 CONCLUDING REMARKS 

I. The two year monitoring programme enabled the collection of a large 

data set, which demonstrated complex variability, although data analysis 

revealed associations between pollutants that suggested possible 

transport, deposition, and origin distributions, while assessing the 

potential of environmental modelling tools (regression analysis). 

II. The runoff that the treatment system received was within the ranges of 

CIRIA’s Motorway II category. 

III. Pollution levels in the pond system did not raise concern in both the 

water and settling solids/soil sediment samples. There were, however, 

relatively increased (median) concentrations of total suspended solids 

compared to standards. In addition, some variables (Na, Cl, Cu, Zn) 

exceeded (occasionally) the optimum concentrations of standards. 

Increasing concentration patterns were observed for some variables 

(SCOD, COD, TSS, VSS, Cl). Generally, salinity and suspended solids 

concentrations increased in the pond over the study period, while the 

biodegradability potential of the system seemed to reduce. These sorts 

of patterns reflect the dynamic nature of vegetated ponds and highlight 

the need for integrating multivariate design techniques to the design 

strategy.    

IV. The results indicated variability in terms of concentration distributions 

over time for most variables. Variability was attributable to chronological, 

seasonal, spatial, and site-specific factors. Except for sediment 

accumulation rates and particle size distribution, the effects of season 

(such as the use of de-icing salts, vegetation cycles) were shown to 

influence the data distribution. Spatial effects were related to the 

transport mechanisms, removal, and addition of material in various parts 

of the system. Variability indicated that stormwater runoff composition will 

constantly fluctuate over time and consequently, pond systems should be 

designed to treat pollutants of unpredictable concentration patterns in 

different phases and fractions. This can be achieved by improving the 

efficiency of the treatment mechanisms offered by vegetated ponds. 

V. Identified origins of pollutants and sediments to the pond system were 

automobile and road related materials, biogenic debris and decaying 
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vegetation, eroded local soil, de-icing salts, litter in the flow path, and 

other constituents suspended in the atmosphere. However, it was not 

possible to identify/quantify sources of sediments and pollutants to the 

system from re-suspended material and pond generated material. 

Localised runoff from the basin slopes combined with water level 

fluctuations during storms also contributed to sediment loads and re-

suspended material for transport.  

VI. The particle size distribution for the settling material between parts of the 

system and metal concentrations between size fractions (over the two 

year monitoring period) indicated that the (upstream) swale captured big 

particles (>500μm) while suggesting preferential transport along with 

sediment physicochemical processes within the system.  

VII. Removal and treatment processes were sedimentation of solids and 

associated metals, partitioning of metals to the solid phase (although 

some metals were found in the dissolved phase) due to the neutral pH 

and the availability of sorbents, dilution of the dissolved metals, buffering 

of pollutants such as conductivity, and oxygenation of the waters with 

degradation of organic matter. Preferential removal of less buoyant 

particles and transport of more buoyant particles may have influenced 

the distribution of particular types of solids and associated metals, 

colloids, and organic material favouring transport of associated pollutants 

and potential metal enrichment. The results also suggested limited 

removal potential for dissolved pollutants. Nevertheless, the pond system 

relieved the River Wallington from a great amount of solids highlighting 

the importance of installing such drainage features. 

VIII. The River Wallington generally exhibited lower levels of pollution than the 

pond. Variability in concentration distributions was demonstrated by the 

data set and was attributable to the continuous flow at the sampling 

location along with the multiple sources of pollution upstream.  

IX. The sorption distribution coefficient results indicated that the conditions in 

the pond did not have a significant effect on the sorption behaviour of 

metals, suggesting that speciation may had already been acquired prior 

to when the water and associated particles arrived to the pond.  

X. Settling velocities of suspended solids showed that retention times 

required for settlement exceeded retention times provided by the system 
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under design flows. During high intensity storms the retention times 

offered by the pond system were insufficient to allow settlement of fine 

solids. This could contribute to the escape of material to the river. In 

addition, the received particles (mean diameter – sediment traps) 

corresponded to particles <125μm; this was also demonstrated by the 

settling column results. 

XI. The pond exhibited first flush distributions during storms, consistent with 

the small size of the catchment. Similar rates of decay between the 

inflow and the outflow implied short circuiting or dependency of the 

outflow quality to the pond water prior to storms. This highlighted the 

need for designing such systems to treat shock loads of pollution. 

XII. Ideally, such treatment systems should provide storm flow balancing and 

reduction of the flood risk potential downstream, while exhibiting high 

retention times to allow for sedimentation and removal of pollutants. For 

effective treatment, pollutants such as sediments and metals must be 

retained by the system in question, but this cannot always be 

demonstrated.  

XIII. The flume results suggested that rigid emergent vegetation will have an 

impact on the flow structure. The magnitude of the impact was 

dependent on the vegetation cover and flow rate. The flume results 

suggested that vegetation zones should be of uniform and not dense 

vegetation cover (when located within the flow-path) as a dense 

vegetation cover will complicate the flow structure. 

XIV. The 3D computational fluid dynamics (CFD) simulations of the pond 

system suggested that the development of such models is highly 

complicated but feasible. The CFD results of this study offered a 

conceptual guideline on how to evaluate the hydrodynamic behaviour of 

vegetated ponds without the need to develop intangible modelling 

frameworks. 

XV. The porous media condition (stage 1) offered by Ansys® 12.1 to model 

vegetation may introduce a deviation of velocity distributions compared 

to the actual velocity distributions, especially within densely vegetated 

computational domains and under extreme flow conditions. However, this 

was below the critical 35% numerical difference limit, suggesting that the 

porous media condition is relatively accurate for modelling vegetation. In 
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addition, it was found that the k-ε turbulence model in conjunction with 

the porous media condition is most applicable to low density vegetated 

zones. The porous zone feature was unable to accurately model the 

complicated momentum exchange mechanisms and turbulence eddy 

diffusivity (turbulence intensity) within densely vegetated computational 

domains; the model runs with dense vegetation demonstrated the 

highest numerical differences between experimental and computational 

velocities. 

XVI. The simulation of the Waterlooville pond under the 1:100 design flow 

(stage 2) showed that the system will demonstrate increased turbulence 

intensity and velocity distributions within the basins (at the interface of 

the regions with different vegetation cover), and especially at the un-

vegetated banks (>0.2 m/s). This implies that the pond was vulnerable to 

re-suspension and preferential transport of small and light particles 

during high flows. In addition, the vegetation within the basins effectively 

blocked the flow from entering the vegetation zone, caused acceleration 

of flow around it, and diverted the flow towards the un-vegetated banks. 

This implies that the Waterlooville pond did not function as designed due 

to the lack of appropriate maintenance, which led to the presence of 

excessive vegetation in the flow path. Consequently, maintenance is a 

key factor of a pond’s effective performance. 

XVII. On the basis of the simulations (stage 2 & stage 3), the current design 

may promote preferential transport due to the diversion of flow to the un-

vegetated banks. The most efficient design for the worst case flow 

scenario was an elliptical pond with a submerged/emergent island placed 

at a central location and horizontal to the flow (increased dilution 

potential). The results suggested that the density and the location of the 

vegetation play an important role in promoting the overall efficiency of 

such systems. The presence of dense emergent/submerged vegetation 

in the flow-path should be avoided.  

XVIII. Oval shaped ponds (with sediments fore-bay), triangular ponds, elliptical 

ponds (with no island), and multiple cell ponds (such as the Waterlooville 

pond) did not promote uniform flow patterns as opposed to the elliptical 

pond with a submerged/emergent island placed at a central location. 
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XIX. Where the available space prohibits the design of certain pond layouts 

other measures such as energy dissipators and alternate inlet/outlet 

positions could promote sustainable flow regimes. 

XX. Floating vegetation and/or grass are the most appropriate and cost-

effective types of vegetation for ponds. The contributions of plants to 

treatment were probably enhanced filtration, support of bacterial 

communities, and oxygenation of the water column.  

XXI. The different behaviours of pollutants and the hydraulic response of 

different pond layouts means that refining design guidance is difficult and 

requires consideration of how specific mechanisms may be enhanced for 

prioritizing removal of pollutants that pose the greatest risk. 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Everything that depends on the action of nature is by nature as good as it 

can be” (Aristotle, 384-322 BC). 
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APPENDIX A: WATER QUALITY 

This section provides supplementary data and results regarding water quality 

for both the monthly monitoring and the storm events analysis. For all the water 

data Na, Mg, Ca, Cl and Fe are expressed in mg/l; P, Mn, Ni, Cu, Zn, Cr, Cd, 

and Pb are expressed in μg/l; Pt, Pd, and Rh are expressed in ng/l. 

Table 41: Correlations between dissolved metals and elements in the pond system 
(B1&B2) 

Correlations between metals/elements in the dissolved phase 

Variable 
(Log10y) 

Variable 
(Log10x) 

Correlation Variable 
(log10y) 

Variable 
(log10x) 

Correlation 

R2 p R2 p 

Mg Na 0.621 0.000 Pb Na 0.518 0.001 

Ca Na 0.521 0.001 Pb Mg 0.665 0.000 

Ca Mg 0.943 0.000 Pb Ca 0.626 0.000 

P Na 0.708 0.000 Pb P 0.573 0.000 

P Mg 0.821 0.000 Pb Cl 0.707 0.000 

P Ca 0.850 0.000 Pb Cu 0.526 0.000 

Cl Na 0.797 0.000 Pb Zn 0.752 0.000 

Cl Mg 0.845 0.000 Pb Cr 0.608 0.000 

Cl Ca 0.878 0.000 Cd Na 0.670 0.000 

Cl P 0.893 0.000 Cd Mg 0.860 0.000 

Ni Na 0.765 0.000 Cd Ca 0.789 0.000 

Ni Mg 0.575 0.000 Cd P 0.759 0.000 

Ni P 0.742 0.000 Cd Cl 0.848 0.000 

Ni Cl 0.648 0.000 Cd Ni 0.671 0.000 

Cu Na 0.703 0.000 Cd Cu 0.577 0.000 

Cu P 0.516 0.001 Cd Zn 0.815 0.000 

Cu Cl 0.593 0.000 Cd Cr 0.764 0.000 

Cu Ni 0.703 0.000 Cd Pb 0.780 0.000 

Zn Na 0.718 0.000 Fe Na 0.676 0.000 

Zn Mg 0.629 0.000 Fe Mg 0.710 0.000 

Zn Ca 0.592 0.000 Fe Ca 0.629 0.000 

Zn P 0.674 0.000 Fe P 0.748 0.000 

Zn Cl 0.810 0.000 Fe Cl 0.766 0.000 

Zn Ni 0.693 0.000 Fe Ni 0.742 0.000 

Zn Cu 0.761 0.000 Fe Cu 0.697 0.000 

Cr Na 0.761 0.000 Fe Zn 0.821 0.000 

Cr Mg 0.639 0.000 Fe Cr 0.831 0.000 

Cr Ca 0.581 0.000 Fe Pb 0.734 0.000 

Cr P 0.790 0.000 Fe Cd 0.883 0.000 

Cr Cl 0.803 0.000 Rh Pd 0.802 0.000 

Cr Ni 0.858 0.000 Pt Pd 0.688 0.000 

Cr Cu 0.805 0.000 Pt Rh 0.791 0.000 

Cr Zn 0.845 0.000         
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Table 42: Supplementary data for pollutants (water) measured in storm events at the 
inlet 

Variable Time (min) Storm Event 
Concentration 

(mg/l)) 
Storm Event 

Concentration 
(mg/l)) 

Location 

SBOD5 0 SE1 24.90 SE2 14.70 Inlet 

SBOD5 15 SE1 21.09 SE2 12.90 Inlet 

SBOD5 30 SE1 18.45 SE2 11.01 Inlet 

SBOD5 45 SE1 11.90 SE2 10.22 Inlet 

SBOD5 60 SE1 10.10 SE2 10.45 Inlet 

SBOD5 90 SE1 10.12 SE2 9.30 Inlet 

SBOD5 120 SE1 8.65 SE2 8.90 Inlet 

SBOD5 180 SE1 7.43 SE2 8.71 Inlet 

SCOD 0 SE1 39.00 SE2 229.00 Inlet 

SCOD 15 SE1 23.00 SE2 220.00 Inlet 

SCOD 30 SE1 34.00 SE2 210.00 Inlet 

SCOD 45 SE1 22.00 SE2 138.00 Inlet 

SCOD 60 SE1 14.00 SE2 115.00 Inlet 

SCOD 90 SE1 5.00 SE2 111.00 Inlet 

SCOD 120 SE1 6.00 SE2 68.00 Inlet 

SCOD 180 SE1 5.00 SE2 22.00 Inlet 

AmmN 0 SE1 0.15 SE2 0.09 Inlet 

AmmN 15 SE1 0.06 SE2 0.08 Inlet 

AmmN 30 SE1 0.06 SE2 0.12 Inlet 

AmmN 45 SE1 0.06 SE2 0.09 Inlet 

AmmN 60 SE1 0.01 SE2 0.06 Inlet 

AmmN 90 SE1 0.01 SE2 0.06 Inlet 

AmmN 120 SE1 0.01 SE2 0.05 Inlet 

AmmN 180 SE1 0.01 SE2 0.04 Inlet 

SBOD5 0 SE3 15.44 SE4 26.77 Inlet 

SBOD5 15 SE3 12.10 SE4 17.34 Inlet 

SBOD5 30 SE3 11.90 SE4 15.22 Inlet 

SBOD5 45 SE3 11.93 SE4 11.03 Inlet 

SBOD5 60 SE3 13.22 SE4 10.50 Inlet 

SBOD5 90 SE3 11.84 SE4 9.66 Inlet 

SBOD5 120 SE3 13.29 SE4 8.78 Inlet 

SBOD5 180 SE3 7.03 SE4 1.49 Inlet 

SCOD 0 SE3 221.00 SE4 215.00 Inlet 

SCOD 15 SE3 198.00 SE4 262.00 Inlet 

SCOD 30 SE3 134.00 SE4 228.00 Inlet 

SCOD 45 SE3 123.00 SE4 169.00 Inlet 

SCOD 60 SE3 118.00 SE4 210.00 Inlet 

SCOD 90 SE3 109.00 SE4 185.00 Inlet 

SCOD 120 SE3 93.00 SE4 190.00 Inlet 

SCOD 180 SE3 41.00 SE4 101.00 Inlet 

 



239 | P a g e  

 

Table 42 continued 

Variable 
Time 
(min) 

Storm 
Event 

Concentration 
(mg/l)) 

Storm 
Event 

Concentration 
(mg/l)) 

Location 

AmmN 0 SE3 0.09 SE4 0.25 Inlet 

AmmN 15 SE3 0.03 SE4 0.22 Inlet 

AmmN 30 SE3 0.09 SE4 0.18 Inlet 

AmmN 45 SE3 0.15 SE4 0.08 Inlet 

AmmN 60 SE3 0.10 SE4 0.08 Inlet 

AmmN 90 SE3 0.05 SE4 0.06 Inlet 

AmmN 120 SE3 0.03 SE4 0.01 Inlet 

AmmN 180 SE3 0.03 SE4 0.01 Inlet 

SBOD5 0 SE5 23.20 SE6 17.42 Inlet 

SBOD5 15 SE5 21.02 SE6 14.98 Inlet 

SBOD5 30 SE5 18.89 SE6 11.05 Inlet 

SBOD5 45 SE5 16.77 SE6 8.50 Inlet 

SBOD5 60 SE5 16.81 SE6 9.03 Inlet 

SBOD5 90 SE5 11.10 SE6 7.57 Inlet 

SBOD5 120 SE5 10.76 SE6 8.01 Inlet 

SBOD5 180 SE5 10.22 SE6 4.28 Inlet 

SCOD 0 SE5 788.00 SE6 633.00 Inlet 

SCOD 15 SE5 244.00 SE6 240.00 Inlet 

SCOD 30 SE5 176.00 SE6 130.00 Inlet 

SCOD 45 SE5 45.00 SE6 74.00 Inlet 

SCOD 60 SE5 33.00 SE6 45.00 Inlet 

SCOD 90 SE5 22.00 SE6 42.00 Inlet 

SCOD 120 SE5 26.00 SE6 28.00 Inlet 

SCOD 180 SE5 25.00 SE6 15.00 Inlet 

AmmN 0 SE5 1.00 SE6 0.22 Inlet 

AmmN 15 SE5 1.00 SE6 0.09 Inlet 

AmmN 30 SE5 0.78 SE6 0.07 Inlet 

AmmN 45 SE5 0.56 SE6 0.10 Inlet 

AmmN 60 SE5 0.29 SE6 0.05 Inlet 

AmmN 90 SE5 0.15 SE6 0.05 Inlet 

AmmN 120 SE5 0.09 SE6 0.05 Inlet 

AmmN 180 SE5 0.08 SE6 0.05 Inlet 

SBOD5 0 SE7 7.74       

SBOD5 15 SE7 6.48   
  

SBOD5 30 SE7 6.24   
  

SBOD5 45 SE7 7.10   
  

SBOD5 60 SE7 5.09   
  

SBOD5 90 SE7 7.80   
  

SBOD5 120 SE7 8.23   
  

SBOD5 180 SE7 4.30   
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Table 42 continued 

Variable 
Time 
(min) 

Storm 
Event 

Concentration 
(mg/l)) 

Location 

SCOD 0 SE7 178.00 Inlet 

SCOD 15 SE7 389.00 Inlet 

SCOD 30 SE7 435.00 Inlet 

SCOD 45 SE7 333.00 Inlet 

SCOD 60 SE7 219.00 Inlet 

SCOD 90 SE7 119.00 Inlet 

SCOD 120 SE7 102.00 Inlet 

SCOD 180 SE7 77.00 Inlet 

AmmN 0 SE7 0.15 Inlet 

AmmN 15 SE7 0.15 Inlet 

AmmN 30 SE7 0.10 Inlet 

AmmN 45 SE7 0.12 Inlet 

AmmN 60 SE7 0.10 Inlet 

AmmN 90 SE7 0.13 Inlet 

AmmN 120 SE7 0.09 Inlet 

AmmN 180 SE7 0.08 Inlet 
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Table 43: Supplementary data for pollutants (water) measured in storm events at the 
outlet 

Variable  Time (min) Storm Event 
Concentration 

(mg/l)) 
Storm Event 

Concentration 
(mg/l)) 

Location 

SBOD5 0 SE3 22.11 SE6 4.66 Outlet 

SBOD5 15 SE3 14.55 SE6 10.33 Outlet 

SBOD5 30 SE3 12.98 SE6 7.98 Outlet 

SBOD5 45 SE3 8.87 SE6 5.65 Outlet 

SBOD5 60 SE3 6.52 SE6 4.27 Outlet 

SBOD5 90 SE3 5.98 SE6 2.22 Outlet 

SBOD5 120 SE3 3.03 SE6 2.01 Outlet 

SBOD5 180 SE3 2.19 SE6 1.78 Outlet 

SCOD 0 SE3 91.00 SE6 110.00 Outlet 

SCOD 15 SE3 111.00 SE6 161.00 Outlet 

SCOD 30 SE3 78.00 SE6 97.00 Outlet 

SCOD 45 SE3 59.00 SE6 63.00 Outlet 

SCOD 60 SE3 38.00 SE6 56.00 Outlet 

SCOD 90 SE3 17.00 SE6 33.00 Outlet 

SCOD 120 SE3 21.00 SE6 20.00 Outlet 

SCOD 180 SE3 7.00 SE6 14.00 Outlet 

AmmN 0 SE3 0.02 SE5 0.16 Outlet 

AmmN 15 SE3 0.04 SE5 0.09 Outlet 

AmmN 30 SE3 0.09 SE5 0.07 Outlet 

AmmN 45 SE3 0.01 SE5 0.07 Outlet 

AmmN 60 SE3 0.01 SE5 0.05 Outlet 

AmmN 90 SE3 0.01 SE5 0.05 Outlet 

AmmN 120 SE3 0.01 SE5 0.07 Outlet 

AmmN 180 SE3 0.01 SE5 0.01 Outlet 

SBOD5 0 SE5 20.03 SE7 4.89 Outlet 

SBOD5 15 SE5 16.04 SE7 4.11 Outlet 

SBOD5 30 SE5 14.99 SE7 7.30 Outlet 

SBOD5 45 SE5 13.75 SE7 5.09 Outlet 

SBOD5 60 SE5 13.34 SE7 5.22 Outlet 

SBOD5 90 SE5 12.32 SE7 5.43 Outlet 

SBOD5 120 SE5 8.24 SE7 2.03 Outlet 

SBOD5 180 SE5 6.43 SE7 1.10 Outlet 

SCOD 0 SE5 88.00 SE7 44.00 Outlet 

SCOD 15 SE5 97.00 SE7 39.00 Outlet 

SCOD 30 SE5 67.00 SE7 37.00 Outlet 

SCOD 45 SE5 46.00 SE7 69.00 Outlet 

SCOD 60 SE5 129.00 SE7 30.00 Outlet 

SCOD 90 SE5 20.00 SE7 26.00 Outlet 

SCOD 120 SE5 17.00 SE7 24.00 Outlet 

SCOD 180 SE5 11.00 SE7 13.00 Outlet 
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Table 43 continued 

Variable 
Time 
(min) 

Storm 
Event 

Concentration 
(mg/l)) 

Location 

AmmN 0 SE7 0.06 Outlet 

AmmN 15 SE7 0.05 Outlet 

AmmN 30 SE7 0.07 Outlet 

AmmN 45 SE7 0.05 Outlet 

AmmN 60 SE7 0.04 Outlet 

AmmN 90 SE7 0.04 Outlet 

AmmN 120 SE7 0.03 Outlet 

AmmN 180 SE7 0.04 Outlet 
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Table 44: Supplementary data for metals/elements (water) measured in storm events 
at the inlet 

Variable Sample 
Time 
(min) 

Storm 
Event 

Concentration  Variable 
Storm 
Event 

Concentration  Location 

Na 
(mg/l) 

Total 0 SE1 228.00 

Cd 
(µg/l) 

SE1 1.30 Inlet 

Dissolved 0 SE1 210.00 SE1 0.88 Inlet 

Total 60 SE1 219.00 SE1 0.98 Inlet 

Dissolved 60 SE1 215.00 SE1 0.89 Inlet 

Mg 
(mg/l) 

Total 0 SE1 6.00 

Fe 
(mg/l)  

SE1 1.10 Inlet 

Dissolved 0 SE1 5.10 SE1 0.80 Inlet 

Total 60 SE1 5.50 SE1 0.63 Inlet 

Dissolved 60 SE1 5.20 SE1 0.34 Inlet 

Ca 
(mg/l) 

Total 0 SE1 7.80 

Pt   
(ng/l)  

SE1 72.50 Inlet 

Dissolved 0 SE1 7.40 SE1 24.50 Inlet 

Total 60 SE1 6.70 SE1 18.10 Inlet 

Dissolved 60 SE1 6.60 SE1 9.00 Inlet 

P    
(µg/l) 

Total 0 SE1 256.00 

Pd 
(ng/l)  

SE1 210.00 Inlet 

Dissolved 0 SE1 125.00 SE1 105.00 Inlet 

Total 60 SE1 178.00 SE1 110.00 Inlet 

Dissolved 60 SE1 91.00 SE1 22.00 Inlet 

 Cl 
(mg/l) 

Total 0 SE1 150.00 

Rh 
(ng/l)  

SE1 16.00 Inlet 

Dissolved 0 SE1 135.00 SE1 5.40 Inlet 

Total 60 SE1 120.00 SE1 4.00 Inlet 

Dissolved 60 SE1 117.00 SE1 2.00 Inlet 

 Ni  
(µg/l) 

Total 0 SE1 11.80 

Na 
(mg/l) 

SE2 33.00 Inlet 

Dissolved 0 SE1 4.10 SE2 30.00 Inlet 

Total 60 SE1 3.40 SE2 24.00 Inlet 

Dissolved 60 SE1 1.10 SE2 24.00 Inlet 

 Cu 
(µg/l) 

Total 0 SE1 178.50 

Mg 
(mg/l) 

SE2 22.00 Inlet 

Dissolved 0 SE1 120.20 SE2 21.00 Inlet 

Total 60 SE1 110.90 SE2 21.00 Inlet 

Dissolved 60 SE1 88.40 SE2 21.00 Inlet 

 Zn 
(µg/l) 

Total 0 SE1 378.00 

Ca 
(mg/l) 

SE2 149.00 Inlet 

Dissolved 0 SE1 137.50 SE2 143.00 Inlet 

Total 60 SE1 225.80 SE2 78.00 Inlet 

Dissolved 60 SE1 98.40 SE2 71.00 Inlet 

Cr  
(µg/l)  

Total 0 SE1 4.20 

P  
 (µg/l) 

SE2 210.00 Inlet 

Dissolved 0 SE1 2.80 SE2 167.00 Inlet 

Total 60 SE1 2.10 SE2 147.00 Inlet 

Dissolved 60 SE1 2.00 SE2 94.00 Inlet 

Pb 
(µg/l)  

Total 0 SE1 90.50 

Cl 
(mg/l)  

SE2 562.00 Inlet 

Dissolved 0 SE1 45.20 SE2 512.00 Inlet 

Total 60 SE1 34.80 SE2 496.00 Inlet 

Dissolved 60 SE1 16.00 SE2 429.00 Inlet 
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Table 44 continued 

Variable Sample 
Time 
(min) 

Storm 
Event 

Concentration  Variable 
Storm 
Event 

Concentration  Location 

Ni   
(µg/l) 

Total 0 SE2 11.80 

Na 
(mg/l) 

SE3 21.00 Inlet 

Dissolved 0 SE2 6.70 SE3 19.00 Inlet 

Total 60 SE2 6.70 SE3 19.00 Inlet 

Dissolved 60 SE2 2.30 SE3 16.00 Inlet 

Cu 
(µg/l) 

Total 0 SE2 37.00 

Mg 
(mg/l) 

SE3 17.00 Inlet 

Dissolved 0 SE2 26.00 SE3 15.00 Inlet 

Total 60 SE2 33.00 SE3 15.00 Inlet 

Dissolved 60 SE2 12.00 SE3 14.00 Inlet 

Zn 
(µg/l)  

Total 0 SE2 375.00 

Ca 
(mg/l) 

SE3 43.00 Inlet 

Dissolved 0 SE2 167.00 SE3 41.00 Inlet 

Total 60 SE2 110.00 SE3 39.00 Inlet 

Dissolved 60 SE2 43.00 SE3 34.00 Inlet 

Cr   
(µg/l) 

Total 0 SE2 4.90 

P    
(µg/l) 

SE3 219.00 Inlet 

Dissolved 0 SE2 3.40 SE3 89.00 Inlet 

Total 60 SE2 1.20 SE3 178.00 Inlet 

Dissolved 60 SE2 0.48 SE3 93.00 Inlet 

Pb 
(µg/l) 

Total 0 SE2 38.00 

Cl 
(mg/l)  

SE3 310.00 Inlet 

Dissolved 0 SE2 18.00 SE3 306.00 Inlet 

Total 60 SE2 12.00 SE3 298.00 Inlet 

Dissolved 60 SE2 5.60 SE3 288.00 Inlet 

Cd  
(µg/l) 

Total 0 SE2 1.10 

Ni   
(µg/l) 

SE3 1.70 Inlet 

Dissolved 0 SE2 0.78 SE3 1.30 Inlet 

Total 60 SE2 0.72 SE3 2.30 Inlet 

Dissolved 60 SE2 0.63 SE3 0.50 Inlet 

Fe 
(mg/l)  

Total 0 SE2 0.64 

Cu 
(µg/l) 

SE3 78.00 Inlet 

Dissolved 0 SE2 0.43 SE3 45.00 Inlet 

Total 60 SE2 0.57 SE3 79.00 Inlet 

Dissolved 60 SE2 0.32 SE3 34.00 Inlet 

Pt   
(ng/l) 

Total 0 SE2 27.20 

Zn 
(µg/l)  

SE3 158.00 Inlet 

Dissolved 0 SE2 12.30 SE3 44.00 Inlet 

Total 60 SE2 18.10 SE3 88.00 Inlet 

Dissolved 60 SE2 5.60 SE3 39.00 Inlet 

Pd 
(ng/l)  

Total 0 SE2 34.00 

Cr   
(µg/l) 

SE3 1.70 Inlet 

Dissolved 0 SE2 29.00 SE3 1.10 Inlet 

Total 60 SE2 27.00 SE3 0.98 Inlet 

Dissolved 60 SE2 26.00 SE3 0.74 Inlet 

Rh 
(ng/l)  

Total 0 SE2 6.00 

Pb 
(µg/l)  

SE3 36.00 Inlet 

Dissolved 0 SE2 2.30 SE3 22.00 Inlet 

Total 60 SE2 4.00 SE3 11.00 Inlet 

Dissolved 60 SE2 2.00 SE3 7.10 Inlet 
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Table 44 continued 

Variable Sample 
Time 
(min) 

Storm 
Event 

Concentration  Variable 
Storm 
Event 

Concentration  Location 

Cd 
(µg/l)  

Total 0 SE3 2.90 

Ni   
(µg/l) 

SE4 2.30 Inlet 

Dissolved 0 SE3 0.87 SE4 1.50 Inlet 

Total 60 SE3 1.30 SE4 1.30 Inlet 

Dissolved 60 SE3 0.71 SE4 0.80 Inlet 

Fe 
(mg/l)  

Total 0 SE3 0.42 

Cu  
(µg/l)  

SE4 189.00 Inlet 

Dissolved 0 SE3 0.31 SE4 82.00 Inlet 

Total 60 SE3 0.38 SE4 57.00 Inlet 

Dissolved 60 SE3 0.23 SE4 34.00 Inlet 

Pt  
(ng/l)  

Total 0 SE3 18.60 

Zn  
(µg/l)  

SE4 159.00 Inlet 

Dissolved 0 SE3 10.40 SE4 93.00 Inlet 

Total 60 SE3 9.50 SE4 68.00 Inlet 

Dissolved 60 SE3 9.70 SE4 36.00 Inlet 

Pd 
(ng/l)  

Total 0 SE3 92.00 

Cr   
(µg/l) 

SE4 1.20 Inlet 

Dissolved 0 SE3 78.00 SE4 0.78 Inlet 

Total 60 SE3 31.00 SE4 0.88 Inlet 

Dissolved 60 SE3 26.00 SE4 0.32 Inlet 

Rh 
(ng/l)  

Total 0 SE3 4.10 

Pb 
(µg/l)  

SE4 11.30 Inlet 

Dissolved 0 SE3 2.30 SE4 7.60 Inlet 

Total 60 SE3 2.10 SE4 8.20 Inlet 

Dissolved 60 SE3 2.00 SE4 4.40 Inlet 

Na 
(mg/l)  

Total 0 SE4 43.00 

Cd  
(µg/l)  

SE4 0.98 Inlet 

Dissolved 0 SE4 40.00 SE4 0.75 Inlet 

Total 60 SE4 38.00 SE4 0.84 Inlet 

Dissolved 60 SE4 36.00 SE4 0.62 Inlet 

Mg 
(mg/l)  

Total 0 SE4 46.00 

Fe 
(mg/l)  

SE4 0.33 Inlet 

Dissolved 0 SE4 41.00 SE4 0.11 Inlet 

Total 60 SE4 32.00 SE4 0.24 Inlet 

Dissolved 60 SE4 30.00 SE4 0.09 Inlet 

Ca 
(mg/l)  

Total 0 SE4 98.00 

Pt  
(ng/l)  

SE4 77.00 Inlet 

Dissolved 0 SE4 91.00 SE4 11.80 Inlet 

Total 60 SE4 76.00 SE4 38.10 Inlet 

Dissolved 60 SE4 72.00 SE4 17.20 Inlet 

P    
(µg/l) 

Total 0 SE4 256.00 

Pd 
(ng/l)  

SE4 31.00 Inlet 

Dissolved 0 SE4 198.00 SE4 28.00 Inlet 

Total 60 SE4 223.00 SE4 32.00 Inlet 

Dissolved 60 SE4 174.00 SE4 26.00 Inlet 

Cl  
(mg/l)  

Total 0 SE4 354.00 

Rh 
(ng/l)  

SE4 17.00 Inlet 

Dissolved 0 SE4 323.00 SE4 2.30 Inlet 

Total 60 SE4 342.00 SE4 8.20 Inlet 

Dissolved 60 SE4 319.00 SE4 2.10 Inlet 
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Table 44 continued 

Variable Sample 
Time 
(min) 

Storm 
Event 

Concentration  Variable 
Storm 
Event 

Concentration  Location 

Ni   
(µg/l) 

Total 0 SE6 4.30 

Na  
(mg/l) 

SE7 6.20 Inlet 

Dissolved 0 SE6 2.60 SE7 6.10 Inlet 

Total 60 SE6 8.90 SE7 4.50 Inlet 

Dissolved 60 SE6 3.40 SE7 4.40 Inlet 

Cu  
(µg/l)  

Total 0 SE6 194.00 

Mg 
(mg/l)  

SE7 14.10 Inlet 

Dissolved 0 SE6 99.00 SE7 14.10 Inlet 

Total 60 SE6 88.00 SE7 9.50 Inlet 

Dissolved 60 SE6 58.00 SE7 9.30 Inlet 

Zn  
(µg/l)  

Total 0 SE6 298.00 

Ca 
(mg/l)  

SE7 43.00 Inlet 

Dissolved 0 SE6 165.00 SE7 41.00 Inlet 

Total 60 SE6 141.00 SE7 37.00 Inlet 

Dissolved 60 SE6 88.00 SE7 32.00 Inlet 

Cr  
(µg/l)  

Total 0 SE6 1.70 

P    
(µg/l) 

SE7 337.00 Inlet 

Dissolved 0 SE6 1.10 SE7 229.00 Inlet 

Total 60 SE6 1.30 SE7 321.00 Inlet 

Dissolved 60 SE6 0.69 SE7 133.00 Inlet 

Pb  
(µg/l)  

Total 0 SE6 11.00 

Cl 
(mg/l)  

SE7 98.00 Inlet 

Dissolved 0 SE6 6.30 SE7 96.00 Inlet 

Total 60 SE6 8.30 SE7 188.00 Inlet 

Dissolved 60 SE6 6.20 SE7 185.00 Inlet 

Cd  
(µg/l)  

Total 0 SE6 0.92 

Ni  
(µg/l) 

SE7 7.80 Inlet 

Dissolved 0 SE6 0.44 SE7 4.70 Inlet 

Total 60 SE6 0.78 SE7 11.20 Inlet 

Dissolved 60 SE6 0.53 SE7 5.90 Inlet 

Fe 
(mg/l) 

Total 0 SE6 0.42 

Cu  
(µg/l)  

SE7 120.00 Inlet 

Dissolved 0 SE6 0.20 SE7 67.00 Inlet 

Total 60 SE6 0.33 SE7 88.00 Inlet 

Dissolved 60 SE6 0.11 SE7 30.00 Inlet 

Pt   
(ng/l)  

Total 0 SE6 18.60 

Zn  
(µg/l) 

SE7 220.00 Inlet 

Dissolved 0 SE6 16.80 SE7 119.00 Inlet 

Total 60 SE6 11.30 SE7 188.00 Inlet 

Dissolved 60 SE6 9.50 SE7 111.00 Inlet 

Pd  
(ng/l) 

Total 0 SE6 40.00 

Cr  
(µg/l)  

SE7 1.80 Inlet 

Dissolved 0 SE6 31.00 SE7 0.99 Inlet 

Total 60 SE6 36.00 SE7 1.20 Inlet 

Dissolved 60 SE6 33.00 SE7 0.58 Inlet 

Rh  
(ng/l) 

Total 0 SE6 4.10 

Pb  
(µg/l)  

SE7 35.00 Inlet 

Dissolved 0 SE6 3.70 SE7 21.00 Inlet 

Total 60 SE6 2.50 SE7 27.00 Inlet 

Dissolved 60 SE6 2.00 SE7 19.00 Inlet 
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Table 44 continued 

Variable Sample 
Time 
(min) 

Storm 
Event 

Concentration  

Cd 
(µg/l)  

Total 0 SE7 0.93 

Dissolved 0 SE7 0.68 

Total 60 SE7 0.77 

Dissolved 60 SE7 0.54 

Fe 
(mg/l)  

Total 0 SE7 0.41 

Dissolved 0 SE7 0.20 

Total 60 SE7 0.30 

Dissolved 60 SE7 0.12 

Pt  
(ng/l)  

Total 0 SE7 34.90 

Dissolved 0 SE7 18.60 

Total 60 SE7 27.60 

Dissolved 60 SE7 15.00 

Pd  
(ng/l)  

Total 0 SE7 88.00 

Dissolved 0 SE7 41.00 

Total 60 SE7 56.00 

Dissolved 60 SE7 20.00 

Rh 
(ng/l)  

Total 0 SE7 7.70 

Dissolved 0 SE7 4.10 

Total 60 SE7 6.10 

Dissolved 60 SE7 3.30 
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Table 45: Supplementary data for metals/elements (water) measured in storm events 
at the outlet 

Variable Sample 
Time 
(min) 

Storm 
Event 

Concentration  Variable 
Storm 
Event 

Concentration  Location 

Na 
(mg/l)  

Total 0 SE3 15.00 

Cd  
(µg/l)  

SE3 0.88 Outlet 

Dissolved 0 SE3 15.00 SE3 0.36 Outlet 

Total 60 SE3 11.00 SE3 0.40 Outlet 

Dissolved 60 SE3 10.00 SE3 0.27 Outlet 

Mg 
(mg/l)  

Total 0 SE3 11.00 

Fe 
(mg/l) 

SE3 0.29 Outlet 

Dissolved 0 SE3 11.00 SE3 0.14 Outlet 

Total 60 SE3 8.20 SE3 0.26 Outlet 

Dissolved 60 SE3 7.90 SE3 0.11 Outlet 

Ca 
(mg/l)  

Total 0 SE3 36.00 

Pt   
(ng/l) 

SE3 8.40 Outlet 

Dissolved 0 SE3 35.00 SE3 7.30 Outlet 

Total 60 SE3 23.00 SE3 7.60 Outlet 

Dissolved 60 SE3 19.00 SE3 2.20 Outlet 

P    
(µg/l) 

Total 0 SE3 172.00 

Pd  
(ng/l) 

SE3 26.00 Outlet 

Dissolved 0 SE3 78.00 SE3 18.00 Outlet 

Total 60 SE3 123.00 SE3 16.00 Outlet 

Dissolved 60 SE3 66.00 SE3 9.30 Outlet 

Cl 
(mg/l) 

Total 0 SE3 290.00 

Rh  
(ng/l) 

SE3 1.60 Outlet 

Dissolved 0 SE3 271.00 SE3 1.60 Outlet 

Total 60 SE3 243.00 SE3 1.60 Outlet 

Dissolved 60 SE3 242.00 SE3 1.60 Outlet 

Ni  
(µg/l)  

Total 0 SE3 2.10 

Na 
(mg/l)  

SE5 49.00 Outlet 

Dissolved 0 SE3 1.50 SE5 47.00 Outlet 

Total 60 SE3 1.80 SE5 41.00 Outlet 

Dissolved 60 SE3 1.10 SE5 40.00 Outlet 

Cu  
(µg/l)  

Total 0 SE3 42.00 

Mg 
(mg/l)  

SE5 14.00 Outlet 

Dissolved 0 SE3 29.00 SE5 14.00 Outlet 

Total 60 SE3 24.00 SE5 13.00 Outlet 

Dissolved 60 SE3 17.00 SE5 11.00 Outlet 

Zn  
(µg/l)   

Total 0 SE3 71.00 

Ca 
(mg/l)  

SE5 39.00 Outlet 

Dissolved 0 SE3 29.00 SE5 36.00 Outlet 

Total 60 SE3 35.00 SE5 34.00 Outlet 

Dissolved 60 SE3 17.00 SE5 33.00 Outlet 

Cr  
(µg/l)  

Total 0 SE3 1.10 

P    
(µg/l) 

SE5 156.00 Outlet 

Dissolved 0 SE3 0.92 SE5 98.00 Outlet 

Total 60 SE3 1.22 SE5 144.00 Outlet 

Dissolved 60 SE3 0.81 SE5 96.00 Outlet 

Pb  
(µg/l)  

Total 0 SE3 5.20 

Cl 
(mg/l)  

SE5 319.00 Outlet 

Dissolved 0 SE3 1.90 SE5 317.00 Outlet 

Total 60 SE3 2.20 SE5 314.00 Outlet 

Dissolved 60 SE3 0.99 SE5 313.00 Outlet 
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Table 45 continued 

Variable Sample 
Time 
(min) 

Storm 
Event 

Concentration  Variable 
Storm 
Event 

Concentration  Location 

Ni  
(µg/l)  

Total 0 SE5 1.40 

Na 
(mg/l)  

SE6 8.10 Outlet 

Dissolved 0 SE5 1.00 SE6 8.10 Outlet 

Total 60 SE5 1.00 SE6 8.10 Outlet 

Dissolved 60 SE5 0.90 SE6 8.00 Outlet 

Cu  
(µg/l)  

Total 0 SE5 27.00 

Mg 
(mg/l)  

SE6 8.80 Outlet 

Dissolved 0 SE5 11.00 SE6 8.80 Outlet 

Total 60 SE5 22.00 SE6 7.40 Outlet 

Dissolved 60 SE5 9.20 SE6 7.40 Outlet 

Zn  
(µg/l)  

Total 0 SE5 44.00 

Ca 
(mg/l) 

SE6 31.00 Outlet 

Dissolved 0 SE5 27.00 SE6 25.00 Outlet 

Total 60 SE5 32.00 SE6 27.00 Outlet 

Dissolved 60 SE5 19.00 SE6 22.00 Outlet 

Cr  
(µg/l) 

Total 0 SE5 0.81 

P    
(µg/l) 

SE6 167.00 Outlet 

Dissolved 0 SE5 0.65 SE6 118.00 Outlet 

Total 60 SE5 0.62 SE6 119.00 Outlet 

Dissolved 60 SE5 0.44 SE6 89.00 Outlet 

Pb  
(µg/l)  

Total 0 SE5 14.00 

Cl 
(mg/l)  

SE6 188.00 Outlet 

Dissolved 0 SE5 3.30 SE6 177.00 Outlet 

Total 60 SE5 8.10 SE6 185.00 Outlet 

Dissolved 60 SE5 2.90 SE6 173.00 Outlet 

Cd  
(µg/l) 

Total 0 SE5 0.42 

Ni  
(µg/l) 

SE6 1.50 Outlet 

Dissolved 0 SE5 0.21 SE6 1.20 Outlet 

Total 60 SE5 0.38 SE6 6.20 Outlet 

Dissolved 60 SE5 0.19 SE6 0.90 Outlet 

Fe 
(mg/l)  

Total 0 SE5 0.15 

Cu  
(µg/l) 

SE6 66.00 Outlet 

Dissolved 0 SE5 0.08 SE6 30.00 Outlet 

Total 60 SE5 0.13 SE6 33.00 Outlet 

Dissolved 60 SE5 0.08 SE6 22.00 Outlet 

Pt   
(ng/l) 

Total 0 SE5 4.20 

Zn  
(µg/l)  

SE6 56.00 Outlet 

Dissolved 0 SE5 2.30 SE6 39.00 Outlet 

Total 60 SE5 2.40 SE6 47.00 Outlet 

Dissolved 60 SE5 1.90 SE6 27.00 Outlet 

Pd  
(ng/l) 

Total 0 SE5 18.00 

Cr  
(µg/l) 

SE6 1.20 Outlet 

Dissolved 0 SE5 10.00 SE6 0.82 Outlet 

Total 60 SE5 16.00 SE6 0.92 Outlet 

Dissolved 60 SE5 10.00 SE6 0.81 Outlet 

Rh  
(ng/l)  

Total 0 SE5 1.60 

Pb  
(µg/l) 

SE6 7.20 Outlet 

Dissolved 0 SE5 1.60 SE6 5.80 Outlet 

Total 60 SE5 1.60 SE6 5.10 Outlet 

Dissolved 60 SE5 1.60 SE6 4.90 Outlet 
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Table 45 continued 

Variable Sample 
Time 
(min) 

Storm 
Event 

Concentration  Variable 
Storm 
Event 

Concentration  Location 

Cd  
(µg/l)  

Total 0 SE6 0.42 

Ni  
(µg/l) 

SE7 9.10 Outlet 

Dissolved 0 SE6 0.31 SE7 3.90 Outlet 

Total 60 SE6 0.39 SE7 5.10 Outlet 

Dissolved 60 SE6 0.30 SE7 4.50 Outlet 

Fe 
(mg/l)  

Total 0 SE6 0.24 

Cu  
(µg/l)  

SE7 44.00 Outlet 

Dissolved 0 SE6 0.21 SE7 23.00 Outlet 

Total 60 SE6 0.22 SE7 21.00 Outlet 

Dissolved 60 SE6 0.13 SE7 11.00 Outlet 

Pt  
(ng/l)  

Total 0 SE6 13.10 

Zn  
(µg/l)  

SE7 81.00 Outlet 

Dissolved 0 SE6 10.40 SE7 45.00 Outlet 

Total 60 SE6 9.50 SE7 44.00 Outlet 

Dissolved 60 SE6 8.90 SE7 22.00 Outlet 

Pd 
(ng/l) 

Total 0 SE6 23.00 

Cr  
(µg/l)  

SE7 0.91 Outlet 

Dissolved 0 SE6 20.00 SE7 0.84 Outlet 

Total 60 SE6 22.00 SE7 1.17 Outlet 

Dissolved 60 SE6 15.00 SE7 0.99 Outlet 

Rh 
(ng/l)  

Total 0 SE6 2.90 

Pb  
(µg/l)  

SE7 8.30 Outlet 

Dissolved 0 SE6 2.30 SE7 6.00 Outlet 

Total 60 SE6 2.10 SE7 9.40 Outlet 

Dissolved 60 SE6 2.00 SE7 4.50 Outlet 

Na 
(mg/l)  

Total 0 SE7 8.10 

Cd  
(µg/l)  

SE7 0.56 Outlet 

Dissolved 0 SE7 8.10 SE7 0.38 Outlet 

Total 60 SE7 3.30 SE7 0.51 Outlet 

Dissolved 60 SE7 3.30 SE7 0.30 Outlet 

Mg 
(mg/l)  

Total 0 SE7 13.80 

Fe 
(mg/l)  

SE7 0.21 Outlet 

Dissolved 0 SE7 13.40 SE7 0.12 Outlet 

Total 60 SE7 15.70 SE7 0.21 Outlet 

Dissolved 60 SE7 15.50 SE7 0.14 Outlet 

Ca 
(mg/l)  

Total 0 SE7 4.00 

Pt   
(ng/l) 

SE7 9.00 Outlet 

Dissolved 0 SE7 41.00 SE7 5.00 Outlet 

Total 60 SE7 34.00 SE7 10.00 Outlet 

Dissolved 60 SE7 30.00 SE7 6.80 Outlet 

P    
(µg/l) 

Total 0 SE7 228.00 

Pd  
(ng/l)  

SE7 21.00 Outlet 

Dissolved 0 SE7 167.00 SE7 14.00 Outlet 

Total 60 SE7 176.00 SE7 39.00 Outlet 

Dissolved 60 SE7 122.00 SE7 27.00 Outlet 

Cl 
(mg/l) 

Total 0 SE7 101.00 

Rh  
(ng/l) 

SE7 2.00 Outlet 

Dissolved 0 SE7 100.00 SE7 1.10 Outlet 

Total 60 SE7 123.00 SE7 2.20 Outlet 

Dissolved 60 SE7 121.00 SE7 1.50 Outlet 
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Table 46: Supplementary data for Mn (water) measured in storm events at the inlet and 
outlet 

Variable Sample 
Time 
(min) 

Storm 
Event 

Concentration 
(µg/l)   

Location 
Storm 
Event 

Concentration 
(µg/l)   

Location 

Mn Total 0 SE1 2100 Inlet SE7 879 Inlet 

Mn Dissolved 0 SE1 1755 Inlet SE7 711 Outlet 

Mn Total 60 SE1 675 Inlet SE7 344 Outlet 

Mn Dissolved 60 SE1 580 Inlet SE7 209 Outlet 

Mn Total 0 SE2 1825 Inlet       

Mn Dissolved 0 SE2 1105 Inlet   
  

Mn Total 60 SE2 620 Inlet   
  

Mn Dissolved 60 SE2 440 Inlet   
  

Mn Total 0 SE3 1900 Inlet   
  

Mn Dissolved 0 SE3 1345 Inlet   
  

Mn Total 60 SE3 684 Inlet   
  

Mn Dissolved 60 SE3 445 Inlet   
  

Mn Total 0 SE4 1554 Inlet   
  

Mn Dissolved 0 SE4 1105 Inlet   
  

Mn Total 60 SE4 885 Inlet   
  

Mn Dissolved 60 SE4 677 Inlet   
  

Mn Total 0 SE5 1772 Inlet   
  

Mn Dissolved 0 SE5 1244 Inlet   
  

Mn Total 60 SE5 540 Inlet   
  

Mn Dissolved 60 SE5 355 Inlet   
  

Mn Total 0 SE6 1335 Inlet   
  

Mn Dissolved 0 SE6 980 Inlet   
  

Mn Total 60 SE6 782 Inlet   
  

Mn Dissolved 60 SE6 544 Inlet   
  

Mn Total 0 SE7 1105 Inlet   
  

Mn Dissolved 0 SE7 456 Inlet   
  

Mn Total 60 SE7 880 Inlet   
  

Mn Dissolved 60 SE7 344 Inlet   
  

Mn Total 0 SE3 547 Outlet   
  

Mn Dissolved 0 SE3 229 Outlet   
  

Mn Total 60 SE3 280 Outlet   
  

Mn Dissolved 60 SE3 110 Outlet   
  

Mn Total 0 SE5 250 Outlet   
  

Mn Dissolved 0 SE5 123 Outlet   
  

Mn Total 60 SE5 289 Outlet   
  

Mn Dissolved 60 SE5 110 Outlet   
  

Mn Total 0 SE6 240 Outlet   
  

Mn Dissolved 0 SE6 105 Outlet   
  

Mn Total 60 SE6 378 Outlet   
  

Mn Dissolved 60 SE6 61 Outlet   
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Partitioning and Sorption 

The distribution of metals between the solid and dissolved phase is described 

by their partitioning. On the other hand, sorption refers to processes such as 

adsorption, absorption, and precipitation. Adsorption probably dominates control 

of the dissolved concentration (Langmuir, 1997). Sorption also influences fate 

and transport of metals in the aqueous environment, due to the different mobility 

of solid and dissolved phases (Pontier, 2002). However, few studies (Lee et al., 

1997a; Sansalone and Buchberger, 1997) have examined partitioning in road 

runoff systems.  

The partitioning study aimed to assess the fit of Ni, Cu, Zn, Cr, Pb, Cd, Fe, Pt, 

Pd, Rh data with Linear, Freundlich or Langmuir sorption models, and to 

evaluate factors, which may have influenced partitioning.  

The Sorption Models 

Table 10.7 presents the sorption models (Langmuir, 1997). 

Table 47: Sorption isotherm equations 

Numeric Linear Langmuir Freundlich 

Formula Msolid = KdMdiss 
diss

dissMax
solid

bM1

bMM
M


   Msolid = KMn

diss  

Linear 
Equation 

As above 
Max

diss

Max M

M

bM

1


solid

diss

M

M
  logMsolid = logK+nlogM 

Regression 
(y vs x) 

Msolid vs Mdiss  dissvsM
solid

diss

M

M
  logMsolid vs logMdiss 

Msolid is the concentration of metal sorbed (mg/kg), Mdiss is the final concentration of dissolved metal left in 

solution at equilibrium (mg/l). b is the adsorption coefficient, related to the enthalpy of adsorption. K and n 

are empirical constants; K indicates the sorption capacity and n indicates sorption intensity (normally 0.6-

3.3, when n=1 this becomes the linear equation and K=Kd). 

Sorption of metals often involves displacement of ions from the sorbent, or 

cation exchange (Langmuir, 1997), but such complexity was beyond the scope 

of this study. The data were evaluated for correlations between each of the 

possible linear equation variables, which would demonstrate that the solid 

phase and dissolved metal behaved according to the particular sorption model 

(Pontier, 2002).  
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Table 48: Monthly Monitoring Data 

Date Location 
BOD 
(mg/l) 

SBOD 
(mg/l) 

COD 
(mg/l) 

SCOD 
(mg/l) 

TSS 
(mg/l) 

VSS 
(mg/l) 

pH  
DO 

(mg/l) 
EC 

(µS/cm) 
AmmN 
(mg/l) 

Turbidity 
(NTU) 

22/03/2011 

B1 15.10 7.56 74 26 28.80 10.00 7.63 16.60 854 0.03 13.00 

B2 25.20 12.78 56 18 24.00 7.60 7.16 8.83 924 0.02 3.80 

WR 11.76 11.00 43 4 17.60 5.20 7.57 6.98 1050 0.28 2.00 

08/04/2011 

B1 11.34 7.00 72 39 6.40 5.50 7.07 7.39 1205 0.07 2.80 

B2 10.38 8.30 40 31 10.40 6.00 6.98 5.75 1168 0.03 2.54 

WR 11.80 12.70 13 5 2.40 2.00 7.65 6.15 1054 0.23 2.12 

16/05/2011 

B1 9.76 9.20 30 25 10.80 7.80 7.05 5.35 886 0.03 3.50 

B2 16.48 7.50 66 13 33.20 21.30 7.01 5.19 694 0.10 14.2 

WR 9.24 6.60 2 0 3.60 1.20 7.50 3.20 968 0.29 2.88 

27/06/2011 

B1 11.84 10.20 144 32 30.00 27.00 6.80 4.84 519 0.48 2.00 

B2 5.04 1.06 15 2 10.00 8.50 7.14 2.94 912 0.09 2.93 

WR 11.60 8.80 124 21 30.67 23.33 6.97 4.38 418 0.07 9.12 

19/07/2011 

B1 7.60 4.30 66 41 10.67 6.67 6.84 5.07 453 0.08 4.51 

B2 9.36 9.00 169 55 34.00 26.00 6.79 5.59 535 0.06 10.03 

WR 5.84 1.02 34 14 6.67 3.33 7.25 5.77 678 0.16 3.54 

23/08/2011 

B1 6.60 6.24 146 37 17.33 14.00 6.78 2.47 480 0.21 5.23 

B2 12.78 12.72 42 32 23.33 13.33 6.83 5.57 225 0.19 4.41 

WR 5.40 3.30 57 23 11.00 4.30 6.65 3.10 385 0.22 7.20 
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Table 48 continued 

Date Location 
BOD 
(mg/l) 

SBOD 
(mg/l) 

COD 
(mg/l) 

SCOD 
(mg/l) 

TSS 
(mg/l) 

VSS 
(mg/l) 

pH  
DO 

(mg/l) 
EC 

(µS/cm) 
AmmN 
(mg/l) 

Turbidity 
(NTU) 

18/10/2011 

B1 17.90 9.26 354 105 26.67 13.33 6.65 3.50 472 0.07 53.00 

B2 14.60 9.12 832 100 88.67 78.00 6.67 2.82 455 0.03 68.00 

WR 20.82 7.42 185 128 55.33 49.33 7.06 2.77 658 0.21 61.00 

11/11/2011 

B1 15.90 8.24 118 83 54.00 26.00 6.76 8.08 450 0.01 47.00 

B2 28.00 4.40 171 86 24.67 18.00 6.61 4.79 395 0.01 17.00 

WR 8.16 4.96 100 67 21.33 5.33 7.10 6.09 793 0.16 17.65 

14/12/2011 

B1 16.70 13.12 119 105 45.33 20.00 6.66 4.36 553 0.37 45.90 

B2 13.50 8.80 272 100 52.00 29.33 7.06 5.41 407 0.10 42.80 

WR 8.10 4.28 639 45 35.33 8.67 7.33 6.19 617 0.20 12.80 

31/01/2012 

B1 16.60 8.36 104 99 17.33 7.33 7.35 13.50 750 0.53 31.30 

B2 15.70 9.00 154 145 26.00 10.67 6.62 8.40 640 0.28 6.00 

WR 9.20 4.62 76 61 12.67 8.00 7.39 8.30 860 0.07 4.40 

02/03/2012 

B1 10.88 8.22 212 67 26.67 15.33 6.61 9.18 1853 0.09 23.50 

B2 13.04 7.32 249 75 24.00 15.33 7.00 9.11 936 0.01 9.35 

WR 7.68 3.80 188 110 16.67 7.33 7.04 7.37 980 0.16 5.74 

26/04/2012 

B1 3.66 2.56 46 17 62.60 34.70 7.27 7.45 355 0.05 31.00 

B2 1.68 1.26 17 7 36.60 16.20 7.25 6.26 408 0.01 28.60 

WR 6.28 4.27 16 9 34.60 19.50 6.80 8.20 225 0.07 27.60 
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Table 48 continued 

Date Location 
BOD 
(mg/l) 

SBOD 
(mg/l) 

COD 
(mg/l) 

SCOD 
(mg/l) 

TSS 
(mg/l) 

VSS 
(mg/l) 

pH  
DO 

(mg/l) 
EC 

(µS/cm) 
AmmN 
(mg/l) 

Turbidity 
(NTU) 

07/06/2012 

B1 12.60 11.40 539 279 74.00 29.00 6.69 2.11 619 0.12 60.60 

B2 13.86 4.80 128 80 73.33 20.11 6.75 3.94 406 0.47 52.60 

WR 11.64 1.28 53 5 17.33 5.60 7.28 7.05 770 0.96 4.77 

05/07/2012 

B1 13.26 6.08 412 142 30.66 17.28 6.54 2.20 417 0.01 5.58 

B2 17.40 8.24 507 136 64.66 47.02 6.87 10.50 337 0.22 6.97 

WR 1.08 0.24 109 64 33.33 19.21 7.65 7.65 700 0.42 4.52 

14/09/2012 

B1 2.21 0.78 157 152 37.00 35.10 6.85 2.15 892 1.00 14.54 

B2 3.42 1.34 649 148 44.60 43.25 6.85 2.93 608 0.28 14.57 

WR 6.47 2.23 198 114 51.33 25.20 7.20 5.73 728 0.53 30.70 

18/10/2012 

B1 2.56 0.50 198 189 32.00 27.55 6.91 3.09 574 1.00 9.35 

B2 1.80 0.40 196 131 30.60 24.10 7.04 3.76 394 0.07 8.47 

WR 2.44 1.28 122 116 27.30 16.54 6.81 7.37 603 0.04 4.56 

08/11/2012 

B1 1.62 0.88 52 24 38.00 25.09 6.86 5.06 593 0.01 11.43 

B2 1.98 1.36 99 27 38.60 27.45 6.92 2.10 504 0.01 16.92 

WR 4.32 2.28 65 13 33.30 19.10 7.45 7.62 765 0.05 5.39 

05/12/2012 

B1 24.88 16.20 163 144 63.30 25.10 6.69 2.27 160 0.14 66.30 

B2 13.04 8.22 69 67 46.60 22.33 6.73 1.79 555 0.07 15.04 

WR 5.28 2.32 22 5 46.60 10.05 7.20 7.64 806 0.06 5.76 
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Table 48 continued 

Date Location 
BOD 
(mg/l) 

SBOD 
(mg/l) 

COD 
(mg/l) 

SCOD 
(mg/l) 

TSS 
(mg/l) 

VSS 
(mg/l) 

pH  
DO 

(mg/l) 
EC 

(µS/cm) 
AmmN 
(mg/l) 

Turbidity 
(NTU) 

15/02/2013 

B1 6.00 2.40 94 91 45.20 27.43 6.94 4.88 1886 0.10 28.00 

B2 3.04 3.00 269 71 28.60 22.88 7.05 3.88 824 0.01 17.97 

WR 2.72 1.52 90 84 21.30 13.04 7.27 7.50 975 0.07 4.88 

01/03/2013 

B1 6.64 5.52 1052 1018 44.60 29.09 6.89 16.60 1524 0.01 18.74 

B2 5.20 2.70 855 607 66.00 49.63 7.04 8.83 900 0.01 8.67 

WR 4.14 2.00 915 502 42.00 20.98 6.40 6.98 1217 0.08 5.59 
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Table 49: Monthly monitoring data for metals in water (pond system) 

Date Location Sample 
Na 

(mg/l) 
Mg 

(mg/l) 
Mn 

(μg/l) 
Ca 

(mg/l) 
P 

(μg/l) 
Cl 

(mg/l) 
Ni 

(μg/l) 
Cu 

(μg/l) 
Zn 

(μg/l) 
Cr 

(μg/l) 
Pb 

(μg/l) 
Cd 

(μg/l) 
Fe 

(mg/l) 
Pd 

(ng/l) 
Rh 

(ng/l)  
Pt 

(ng/l) 

22/03/2011 B1 Total 140 4 250 2 57 100 5.500 110 110 1.800 24.0 0.4000 0.720 120 9.8 41 

22/03/2011 B2 Total 140 4 270 2 42 110 4.000 80 110 2.800 14.0 0.2600 0.790 140 6.0 25 

08/04/2011 B1 Total 42 3 225 2 77 42 3.900 38 20 9.600 1.9 0.0640 0.230 130 7.3 30 

08/04/2011 B2 Total 37 4 190 3 100 55 2.900 35 12 9.200 2.5 0.0760 0.240 130 9.0 37 

16/05/2011 B1 Total 4 4 213 4 144 11 1.200 4 5.2 1.200 3.2 0.3500 0.100 290 27.0 112 

16/05/2011 B2 Total 3 3 186 4 79 14 0.940 4 4 0.058 0.4 0.0380 0.022 200 10.0 42 

27/06/2011 B1 Total 3 5 217 6 18 14 0.230 8 3.4 0.067 1.2 0.0190 0.030 21 2.0 8 

27/06/2011 B2 Total 2 4 189 4 11 12 0.160 5 2.4 0.110 1.6 0.0170 0.016 25 1.7 7 

23/08/2011 B1 Total 3 8 185 10 21 35 0.520 13 19 0.220 10.0 0.1900 0.110 22 1.5 7 

23/08/2011 B2 Total 3 7 147 9 18 22 0.270 11 10 0.120 5.5 0.1600 0.077 26 1.5 6 

18/10/2011 B1 Total 18 42 325 50 200 180 1.800 39 33 0.900 27.0 1.9000 1.500 89 5.0 21 

18/10/2011 B2 Total 17 43 290 45 100 200 7.000 34 55 0.790 57.0 2.2000 0.540 56 3.7 15 

11/11/2011 B1 Total 27 20 175 57 340 470 2.100 21 150 1.500 46.0 0.7500 0.440 30 2.3 10 

11/11/2011 B2 Total 22 19 110 53 370 430 7.400 13 280 3.400 27.0 0.7100 0.580 23 2.0 8 

14/12/2011 B1 Total 20 16 310 46 200 290 0.980 21 61 1.100 20.0 0.3800 0.370 17 1.6 6 

14/12/2011 B2 Total 17 13 235 35 170 290 1.100 16 69 0.980 6.8 2.4000 0.380 26 1.6 6 

31/01/2012 B1 Total 45 17 90 49 180 370 0.860 35 97 0.770 67.0 0.5500 0.200 21 2.7 12 

31/01/2012 B2 Total 29 19 365 50 110 330 1.100 33 44 0.560 140.0 0.3400 0.130 23 6.4 27 

02/03/2012 B1 Total 100 19 85 45 170 510 0.920 16 380 0.990 8.0 0.2900 0.350 25 1.6 7 

02/03/2012 B2 Total 41 12 325 33 130 310 1.000 21 54 0.580 7.0 0.3700 0.120 15 1.6 7 
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Table 49 continued 

Date Location Sample 
Na 

(mg/l) 
Mg 

(mg/l) 
Mn 

(μg/l) 
Ca 

(mg/l) 
P 

(μg/l) 
Cl 

(mg/l) 
Ni 

(μg/l) 
Cu 

(μg/l) 
Zn 

(μg/l) 
Cr 

(μg/l) 
Pb 

(μg/l) 
Cd 

(μg/l) 
Fe 

(mg/l) 
Pd 

(ng/l) 
Rh 

(ng/l)  
Pt 

(ng/l) 

19/07/2011 B1 Total 2 4 120 6 13 17 0.270 8 12 0.120 3.3 0.1000 0.049 15 1.5 6 

19/07/2011 B2 Total 2 4 340 5 10 13 0.180 6 6 0.076 2.3 0.3400 0.028 15 2.0 10 

26/04/2012 B1 Total 8 6 535 24 130 180 0.790 36 40 1.700 22.0 0.3000 0.270 13 2.0 8 

26/04/2012 B2 Total 9 9 540 27 100 180 0.500 25 24 0.730 0.2 0.1800 0.210 13 2.3 10 

07/06/2012 B1 Total 20 10 275 35 230 230 1.100 28 26 0.810 15.0 0.1800 0.440 20 4.7 19 

07/06/2012 B2 Total 12 8 223 24 150 210 0.990 8 48 1.400 14.0 0.2000 0.430 11 3.5 13 

05/07/2012 B1 Total 13 10 197 38 160 240 0.950 31 26 0.430 3.6 0.2300 0.370 20 3.7 16 

05/07/2012 B2 Total 8 7 145 28 110 220 0.680 16 19 0.320 6.5 0.2000 0.120 15 2.3 11 

14/09/2012 B1 Total 29 19 207 59 160 290 1.900 6 12 0.370 10.0 0.3200 0.320 33 2.6 11 

14/09/2012 B2 Total 17 14 259 53 290 260 1.300 5 23 0.630 19.0 0.2700 0.360 28 2.0 10 

18/10/2012 B1 Total 40 51 250 130 370 260 2.700 18 36 1.700 11.0 0.8000 0.720 45 2.0 9 

18/10/2012 B2 Total 34 42 110 110 940 640 31.000 35 82 10.000 14.0 0.7200 0.580 33 3.0 13 

08/11/2012 B1 Total 46 65 170 220 520 760 7.700 42 130 4.100 18.0 0.7100 0.820 58 4.7 20 

08/11/2012 B2 Total 42 55 240 170 600 710 4.800 72 110 3.300 17.0 0.6500 0.840 45 3.0 13 

05/12/2012 B1 Total 150 83 790 160 750 970 2.900 24 33 2.300 25.0 1.7000 1.300 57 4.7 25 

05/12/2012 B2 Total 46 47 260 120 440 680 1.800 21 47 1.300 27.0 1.6000 0.580 31 3.3 18 

15/02/2013 B1 Total 410 69 210 170 850 1600 5.200 35 88 2.200 12.0 0.7800 1.000 47 2.3 10 

15/02/2013 B2 Total 160 42 53 120 470 1000 10.700 44 78 3.400 13.0 0.8400 0.450 45 2.7 12 
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Table 49 continued 

Date Location Sample 
Na 

(mg/l) 
Mg 

(mg/l) 
Mn 

(μg/l) 
Ca 

(mg/l) 
P 

(μg/l) 
Cl 

(mg/l) 
Ni 

(μg/l) 
Cu 

(μg/l) 
Zn 

(μg/l) 
Cr 

(μg/l) 
Pb 

(μg/l) 
Cd 

(μg/l) 
Fe 

(mg/l) 
Pd 

(ng/l) 
Rh 

(ng/l)  
Pt 

(ng/l) 

01/03/2013 B1 Total 300 57 19 150 730 1300 3.700 33 25 1.600 52.0 0.7300 0.380 28 9.4 39 

01/03/2013 B2 Total 160 39 15 120 540 1000 10.000 17 52 0.820 39.0 0.5900 0.250 25 3.0 13 

22/03/2011 B1 Dissolved 120 3 210 2 28 99 2.900 34 48 1.200 7.2 0.3100 0.290 98 8.6 15 

22/03/2011 B2 Dissolved 130 3 115 2 24 100 2.300 63 70 1.300 6.3 0.2300 0.400 110 3.8 11 

08/04/2011 B1 Dissolved 40 3 184 2 68 37 3.800 34 19 1.100 0.6 0.0580 0.086 120 6.8 11 

08/04/2011 B2 Dissolved 34 4 79 3 37 42 2.100 29 9.2 1.100 0.9 0.0400 0.110 120 7.3 10 

16/05/2011 B1 Dissolved 5 3 176 4 83 10 0.760 3 1.7 0.067 0.3 0.0200 0.024 260 11.0 56 

16/05/2011 B2 Dissolved 2 2 154 3 10 7 0.590 4 1.8 0.028 0.3 0.0240 0.020 22 2.8 14 

27/06/2011 B1 Dissolved 3 4 145 5 12 14 0.130 7 2.3 0.065 0.9 0.0170 0.024 12 1.5 2 

27/06/2011 B2 Dissolved 2 3 105 4 9 11 0.110 3 1.8 0.056 0.7 0.0100 0.014 13 1.2 3 

23/08/2011 B1 Dissolved 3 6 160 9 10 24 0.370 7 7.8 0.130 2.4 0.1000 0.041 21 1.2 3 

23/08/2011 B2 Dissolved 3 7 90 9 15 19 0.240 7 9.4 0.110 2.2 0.1000 0.061 18 1.2 3 

18/10/2011 B1 Dissolved 17 40 180 47 69 170 1.300 13 29 0.480 15.0 1.2000 1.200 69 3.0 5 

18/10/2011 B2 Dissolved 16 42 180 44 86 180 1.800 26 49 0.550 27.0 1.7000 0.480 49 3.5 10 

11/11/2011 B1 Dissolved 19 17 120 54 180 440 1.300 19 88 0.920 14.0 0.4300 0.420 11 1.6 2 

11/11/2011 B2 Dissolved 19 18 60 52 360 390 2.700 12 110 1.900 10.0 0.6400 0.500 18 1.6 1 

14/12/2011 B1 Dissolved 19 15 188 43 140 280 0.950 13 38 0.860 7.7 0.3100 0.190 16 1.1 1 

14/12/2011 B2 Dissolved 17 13 120 34 71 280 0.750 13 41 0.880 3.5 0.3900 0.150 18 1.0 2 
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Table 49 continued 

Date Location Sample 
Na 

(mg/l) 
Mg 

(mg/l) 
Mn 

(μg/l) 
Ca 

(mg/l) 
P 

(μg/l) 
Cl 

(mg/l) 
Ni 

(μg/l) 
Cu 

(μg/l) 
Zn 

(μg/l) 
Cr 

(μg/l) 
Pb 

(μg/l) 
Cd 

(μg/l) 
Fe 

(mg/l) 
Pd 

(ng/l) 
Rh 

(ng/l)  
Pt 

(ng/l) 

31/01/2012 B1 Dissolved 43 17 77 48 91 360 0.790 29 85 0.600 15.0 0.2200 0.110 16 1.6 3 

31/01/2012 B2 Dissolved 29 19 278 50 83 320 0.720 24 22 0.430 31.0 0.1800 0.082 20 1.6 8 

02/03/2012 B1 Dissolved 100 17 35 44 110 460 0.640 10 42 0.310 3.8 0.2400 0.220 21 1.0 1 

02/03/2012 B2 Dissolved 40 12 245 31 97 300 0.790 8 46 0.460 5.8 0.2200 0.093 10 1.0 3 

19/07/2011 B1 Dissolved 2 3 110 5 8 15 0.190 4 4.1 0.110 0.9 0.0450 0.024 8.7 1.2 2 

19/07/2011 B2 Dissolved 2 4 50 5 6 13 0.150 4 4.4 0.063 0.8 0.0480 0.014 10 1.5 4 

26/04/2012 B1 Dissolved 8 6 445 23 130 180 0.720 26 24 0.700 7.3 0.1800 0.120 8.3 1.6 2 

26/04/2012 B2 Dissolved 9 8 380 25 64 180 0.480 20 19 0.600 0.2 0.1600 0.076 11 1.6 2 

07/06/2012 B1 Dissolved 19 10 219 32 170 220 0.850 15 16 0.680 6.0 0.1700 0.260 16 3.3 5 

07/06/2012 B2 Dissolved 12 7 120 22 78 200 0.910 8 12 0.610 2.6 0.1400 0.110 10 3.3 7 

05/07/2012 B1 Dissolved 10 8 155 32 150 220 0.390 16 17 0.280 3.1 0.1600 0.340 11 2.0 6 

05/07/2012 B2 Dissolved 8 6 80 27 64 210 0.410 11 10 0.310 4.7 0.1100 0.083 11 1.6 4 

14/09/2012 B1 Dissolved 27 19 180 58 150 280 0.480 4 10 0.360 2.5 0.2500 0.095 25 1.6 3 

14/09/2012 B2 Dissolved 16 14 210 51 120 250 1.200 4 15 0.390 3.9 0.2500 0.100 11 1.6 4 

18/10/2012 B1 Dissolved 36 48 240 130 230 240 1.900 16 20 1.200 3.9 0.6900 0.490 26 1.6 4 

18/10/2012 B2 Dissolved 29 38 89 99 630 590 15.000 23 50 6.100 12.0 0.7000 0.580 15 1.6 5 

08/11/2012 B1 Dissolved 45 64 160 190 500 730 3.400 27 92 2.300 9.7 0.6400 0.450 36 3.0 9 

08/11/2012 B2 Dissolved 40 54 230 170 430 700 4.100 53 74 3.000 8.7 0.6100 0.510 30 2.3 6 
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Table 49 continued 

Date Location Sample 
Na 

(mg/l) 
Mg 

(mg/l) 
Mn 

(μg/l) 
Ca 

(mg/l) 
P 

(μg/l) 
Cl 

(mg/l) 
Ni 

(μg/l) 
Cu 

(μg/l) 
Zn 

(μg/l) 
Cr 

(μg/l) 
Pb 

(μg/l) 
Cd 

(μg/l) 
Fe 

(mg/l) 
Pd 

(ng/l) 
Rh 

(ng/l)  
Pt 

(ng/l) 

05/12/2012 B1 Dissolved 140 78 770 160 540 930 2.800 19 26 1.600 10.0 1.4000 0.680 30 2.0 8 

05/12/2012 B2 Dissolved 45 46 260 110 380 640 1.600 19 26 1.100 12.0 1.4000 0.340 30 2.7 6 

15/02/2013 B1 Dissolved 360 63 180 160 450 1500 4.700 30 57 1.600 4.5 0.5100 0.300 41 1.6 5 

15/02/2013 B2 Dissolved 150 40 39 120 430 1000 3.900 35 77 1.800 7.8 0.5800 0.290 20 1.6 5 

01/03/2013 B1 Dissolved 250 55 14 130 320 1100 1.600 22 21 1.100 4.5 0.6000 0.160 26 1.6 16 

01/03/2013 B2 Dissolved 150 39 13 110 320 980 3.500 16 26 0.570 5.1 0.4800 0.130 20 2.0 5 
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Table 50: Monthly monitoring data for metals in water (River Wallington) 

Date Location Sample 
Na 

(mg/l) 
Mg 

(mg/l) 
Mn 

(μg/l) 
Ca 

(mg/l) 
P 

(μg/l) 
Cl 

(mg/l) 
Ni 

(μg/l) 
Cu 

(μg/l) 
Zn 

(μg/l) 
Cr 

(μg/l) 
Pb 

(μg/l) 
Cd 

(μg/l) 
Fe 

(mg/l) 
Pd 

(ng/l) 
Rh 

(ng/l)  
Pt 

(ng/l) 

22/03/2011 WR Total 100 7 80 4 48 100 8.3 52.0 100 1.60 18.0 0.42 0.42 260 11 200 

08/04/2011 WR Total 76 8 110 4 140 68 4.7 40.0 13 1.30 0.3 0.58 0.29 200 9.8 211 

16/05/2011 WR Total 2 10 72 8 22 36 1.3 8.8 5.2 0.07 1.1 0.04 0.02 81 5.6 95 

27/06/2011 WR Total 2 9 40 8 21 13 0.6 5.0 3.5 0.09 1.5 0.02 0.04 32 2.2 37 

23/08/2011 WR Total 1 3 33 5 39 16 0.6 11.0 23 0.35 4.8 0.16 0.10 15 1.2 19 

18/10/2011 WR Total 56 68 117 55 680 270 6.1 84.0 110 8.10 46.0 2.90 0.26 780 35 150 

11/11/2011 WR Total 33 35 155 88 470 500 3.0 27.0 99 1.80 26.0 1.10 0.34 33 3.3 48 

14/12/2011 WR Total 21 22 107 62 270 310 1.6 15.0 76 1.60 7.9 0.78 0.22 21 1.6 20 

31/01/2012 WR Total 27 38 240 72 240 330 1.4 31.0 43 0.55 66.0 0.24 0.10 35 3.7 36 

02/03/2012 WR Total 32 31 210 61 250 260 4.5 50.0 160 1.00 19.0 5.40 0.13 30 1.6 33 

19/07/2011 WR Total 2 6 204 7 17 12 0.4 4.3 5.4 0.11 1.3 0.58 0.01 21 2.5 22 

26/04/2012 WR Total 8 6 205 24 200 190 0.9 24.0 41 1.40 11.0 0.27 0.40 15 3.3 13 

07/06/2012 WR Total 12 12 78 38 190 220 1.0 19.0 34 0.76 10.0 0.29 0.11 25 2.3 20 

05/07/2012 WR Total 14 15 61 52 190 230 1.2 23.0 25 1.30 5.7 0.28 0.10 28 3.7 27 

14/09/2012 WR Total 12 18 145 65 780 270 1.8 14.0 30 1.20 16.0 2.10 0.33 25 4 25 

18/10/2012 WR Total 47 51 47 140 1200 740 8.8 33.0 83 5.70 14.0 0.83 0.50 33 3 31 

08/11/2012 WR Total 62 84 61 200 1500 720 5.8 20.0 47 3.60 22.0 0.63 0.32 31 2.7 31 

05/12/2012 WR Total 58 75 57 180 1500 670 4.9 62.0 100 3.80 23.0 2.00 0.52 48 4.7 51 

15/02/2013 WR Total 110 91 52 190 640 970 12.0 46.0 76 3.20 16.0 0.57 0.41 47 2.7 55 

01/03/2013 WR Total 130 130 38 210 480 940 10.0 18.0 71 1.60 19.1 0.67 0.20 38 4.7 45 
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Table 50 continued 

Date Location Sample 
Na 

(mg/l) 
Mg 

(mg/l) 
Mn 

(μg/l) 
Ca 

(mg/l) 
P 

(μg/l) 
Cl 

(mg/l) 
Ni 

(μg/l) 
Cu 

(μg/l) 
Zn 

(μg/l) 
Cr 

(μg/l) 
Pb 

(μg/l) 
Cd 

(μg/l) 
Fe 

(mg/l) 
Pd 

(ng/l) 
Rh 

(ng/l)  
Pt 

(ng/l) 

22/03/2011 WR Dissolved 97 5 70 3 39 100 5.5 25.0 65 1.10 4.2 0.28 0.13 220 8.1 100 

08/04/2011 WR Dissolved 72 7 45 3 56 57 4.1 13.0 11 1.20 0.2 0.05 0.02 160 7.3 189 

16/05/2011 WR Dissolved 2 9 43 8 17 30 1.1 7.4 4.9 0.05 0.4 0.02 0.02 64 3.9 75 

27/06/2011 WR Dissolved 2 8 30 8 20 13 0.6 3.9 3 0.07 1.1 0.00 0.03 31 1.2 26 

23/08/2011 WR Dissolved 1 3 25 5 29 15 0.4 9.7 17 0.25 2.6 0.11 0.07 11 1 13 

18/10/2011 WR Dissolved 15 67 85 71 370 190 3.5 30.0 55 0.62 22.0 0.78 0.03 120 5 141 

11/11/2011 WR Dissolved 32 33 90 84 360 470 2.9 9.0 93 1.20 6.7 0.55 0.14 23 1.6 27 

14/12/2011 WR Dissolved 18 19 75 53 200 250 1.2 13.0 56 1.20 2.9 0.34 0.11 17 1 20 

31/01/2012 WR Dissolved 26 37 190 69 190 320 1.1 20.0 33 0.50 10.0 0.22 0.06 23 1.6 27 

02/03/2012 WR Dissolved 25 28 190 55 200 250 4.0 29.0 100 0.84 8.8 4.60 0.10 20 1 24 

19/07/2011 WR Dissolved 2 5 145 6 15 12 0.1 4.0 1 0.03 0.6 0.05 0.01 15 1.2 18 

26/04/2012 WR Dissolved 7 6 170 23 160 180 0.7 23.0 28 0.94 1.8 0.13 0.08 10 1.6 9 

07/06/2012 WR Dissolved 12 12 40 37 180 210 0.9 17.0 33 0.73 2.7 0.16 0.08 20 2 10 

05/07/2012 WR Dissolved 14 15 60 51 180 220 1.0 16.0 17 1.10 2.9 0.26 0.09 18 2.7 21 

14/09/2012 WR Dissolved 10 15 112 58 650 240 1.6 12.0 18 0.66 4.2 0.43 0.08 20 2.3 24 

18/10/2012 WR Dissolved 45 50 34 140 1000 730 7.9 31.0 62 5.20 12.0 0.82 0.39 20 2.3 24 

08/11/2012 WR Dissolved 57 77 59 180 1400 710 5.3 18.0 37 3.00 2.6 0.63 0.19 28 2.3 20 

05/12/2012 WR Dissolved 51 65 46 150 510 660 2.3 15.0 29 1.70 4.9 1.60 0.13 41 1.6 48 

15/02/2013 WR Dissolved 110 89 46 180 600 950 6.9 45.0 62 3.10 8.4 0.51 0.29 43 1.6 51 

01/03/2013 WR Dissolved 130 120 36 200 450 930 8.3 18.0 42 1.40 10.0 0.60 0.13 35 1.6 41 
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APPENDIX B: SEDIMENT QUALITY 

In this section supplementary data and results regarding settling solids and soil 

sediment are presented, in the interest of the reader’s better comprehension.  

Table 51: Statistical comparison of metals and elements in different size fractions 
(settling solids and soil sediment) by location 

Variable N 
Median Mood's 

median test 
- p value 

Location 
>63um <63um 

Na(mg/g) 

10 0.32 0.50 0.527 Inlet 

80 26.40 37.60 0.655 B1 (ST1&ST2 combined) 

40 19.00 35.60 0.058 B2 

10 0.19 0.19 0.527 Outlet 

Ca (mg/g) 

10 49.80 32.10 0.527 Inlet 

80 61.20 56.20 1.000 B1 (ST1&ST2 combined) 

40 78.60 66.40 0.527 B2 

10 9.00 8.30 0.527 Outlet 

P (μg/g) 

10 401.00 410.00 0.527 Inlet 

80 1713.00 3562.00 0.025 B1 (ST1&ST2 combined) 

40 2370.00 6245.00 0.011 B2 

10 98.00 101.00 0.527 Outlet 

Mg (mg/g) 

10 5.73 3.77 0.527 Inlet 

80 4.39 7.19 0.074 B1 (ST1&ST2 combined) 

40 5.40 9.40 0.206 B2 

10 3.96 3.33 0.527 Outlet 

Cl (mg/g) 

10 45.80 43.50 0.527 Inlet 

80 201.00 198.00 1.000 B1 (ST1&ST2 combined) 

40 308.00 280.00 1.000 B2 

10 40.10 39.60 0.527 Outlet 

Mn (μg/g) 

10 975.00 1045.00 0.527 Inlet 

80 460.00 443.00 1.000 B1 (ST1&ST2 combined) 

40 200.00 195.00 1.000 B2 

10 782.00 550.00 0.058 Outlet 

Ni (μg/g) 

10 1.98 2.50 0.527 Inlet 

80 1.01 1.25 0.180 B1 (ST1&ST2 combined) 

40 1.55 1.88 0.527 B2 

10 2.52 3.49 0.058 Outlet 
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Table 51 continued 

Variable N 
Median Mood's 

median test 
- p value 

Location 
>63um <63um 

Cu (μg/g) 

10 8.00 13.00 0.527 Inlet 

80 31.80 26.70 0.655 B1 (ST1&ST2 combined) 

40 41.50 29.90 0.206 B2 

10 6.00 4.89 0.058 Outlet 

Zn (μg/g) 

10 90.00 96.00 0.527 Inlet 

80 49.60 59.30 0.655 B1 (ST1&ST2 combined) 

40 74.00 66.00 1.000 B2 

10 17.90 17.30 0.527 Outlet 

Cr (μg/g) 

10 3.12 4.00 0.527 Inlet 

80 2.79 1.76 0.655 B1 (ST1&ST2 combined) 

40 2.59 2.41 1.000 B2 

10 5.44 7.76 0.527 Outlet 

Pb (μg/g) 

10 20.00 25.00 0.527 Inlet 

80 3.75 2.10 0.371 B1 (ST1&ST2 combined) 

40 3.71 2.06 0.527 B2 

10 5.00 5.20 0.527 Outlet 

Cd (μg/g) 

10 0.12 0.10 1.000 Inlet 

80 0.07 0.07 1.000 B1 (ST1&ST2 combined) 

40 0.10 0.07 0.058 B2 

10 0.06 0.04 0.058 Outlet 

Fe (mg/g) 

10 3.23 2.04 0.527 Inlet 

80 1.21 1.17 1.000 B1 (ST1&ST2 combined) 

40 1.53 0.74 0.206 B2 

10 5.65 5.65 0.527 Outlet 

Pt (ng/g) 

10 5.35 8.89 0.527 Inlet 

80 17.00 20.50 0.074 B1 (ST1&ST2 combined) 

40 18.90 29.50 0.206 B2 

10 2.86 3.41 0.527 Outlet 

Pd (ng/g) 

10 25.00 22.00 0.527 Inlet 

80 19.50 24.00 0.074 B1 (ST1&ST2 combined) 

40 20.80 34.50 0.342 B2 

10 9.10 9.30 0.527 Outlet 

Rh (ng/g) 

10 1.01 1.38 0.058 Inlet 

80 1.03 1.43 0.025 B1 (ST1&ST2 combined) 

40 1.64 1.96 0.527 B2 

10 0.54 0.49 0.527 Outlet 
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Table 51 continued 

Variable N 
Median Mood's 

median test 
- p value 

Location 
>63um <63um 

ACR    
(g/m² day)  

10 x x x Inlet 

80 5.88 7.44 0.025 B1 (ST1&ST2 combined) 

40 4.40 4.65 1.000 B2 

10 x x x Outlet 

VSC (%) 

10 12.40 13.30 0.527 Inlet 

80 47.90 23.10 0.000 B1 (ST1&ST2 combined) 

40 55.30 24.90 0.002 B2 

10 14.39 16.22 0.527 Outlet 

x=not applicable 

Table 52: Median concentrations (>63µm & <63µm combined) of metals/elements 
found at the soil sediment (inlet, outlet, and roadside soil - CP) by storm event (SE)  

Element Location 
SE1 SE2 SE3 SE4 SE5 SE6 SE7 

Median Median Median Median Median Median Median 

Na 
(mg/g) 

CP 0.07 0.06 0.13 0.06 0.07 0.14 0.54 

Inlet 0.21 0.15 0.12 0.1 0.22 0.24 0.37 

Outlet x x 0.11 x 0.07 0.21 0.18 

Ca 
(mg/g) 

CP 12 14 20 26 11 12 12 

Inlet 36 78 56 44 30 34 44 

Outlet x x 17 x 17 13 20 

Mg 
(mg/g) 

CP 3 3 4 3 2 2 2 

Inlet 13 4 5 3 2 2 2 

Outlet x x 6 x 4 3 4 

P  
(µg/g) 

CP 412 520 851 534 348 384 574 

Inlet 1259 391 617 358 258 354 321 

Outlet x x 1386 x 155 145 204 

Cl 
(mg/g) 

CP 382 390 72 45 52 41 51 

Inlet 589 350 66 70 44 41 50 

Outlet x x 82 x 49 42 51 

x=no outflow 
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Table 53: ANOVA of total (Log10) metals/elements concentrations and VSC between 
size fractions (soil sediment) for each location (storm events combined) 

Variable ANOVA - p value Location 

Na 

0.473 CP 

0.585 Inlet 

0.570 Outlet 

Mg 

0.324 CP 

0.373 Inlet 

0.398 Outlet 

Ca 

0.818 CP 

0.061 Inlet 
0.030 Outlet 

P 

0.285 CP 

0.482 Inlet 

0.377 Outlet 

Cl 

0.801 CP 

0.463 Inlet 

0.934 Outlet 

Mn 

0.398 CP 

0.835 Inlet 
0.007 Outlet 

Ni 

0.471 CP 

0.305 Inlet 

0.952 Outlet 

Cu 

0.413 CP 

0.986 Inlet 

0.436 Outlet 

Zn 

0.484 CP 

0.293 Inlet 

0.973 Outlet 

Cr 

0.430 CP 

0.292 Inlet 
0.536 Outlet 

Pb 

0.603 CP 

0.407 Inlet 

0.623 Outlet 

Cd 

0.762 CP 

0.593 Inlet 

0.732 Outlet 

Fe 

0.532 CP 

0.300 Inlet 

0.633 Outlet 

Pt 

0.804 CP 

0.983 Inlet 

0.287 Outlet 

Pd 

0.389 CP 

0.187 Inlet 

0.252 Outlet 

Rh 

0.860 CP 

0.904 Inlet 

0.932 Outlet 

VSC 

0.665 CP 

0.578 Inlet 

0.930 Outlet 
Table 53 is just an indication of statistical differences between size fractions for particular pollutants, as 

combination of storm event data is not advisable. 
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Table 54: Calculated areas (integral) under the curves for all deployments (settling 
column data) 

Depth 
(-mm) 

Time 
(min) 

15/12/2011 09/04/2012 22/06/2012 

Area (-) 

300 5 27.30 22.43 23.60 

300 15 19.11 19.89 21.26 

300 30 13.46 17.36 19.70 

300 60 12.09 11.51 16.38 

300 120 9.75 2.73 6.05 

300 240 2.44 1.56 4.10 

300 480 0.49 0.49 0.39 

600 5 62.58 69.04 73.13 

600 15 60.66 62.21 65.53 

600 30 45.15 54.51 59.87 

600 60 41.34 37.06 51.87 

600 120 31.40 10.34 21.46 

600 240 12.19 2.20 13.07 

600 480 1.86 0.65 1.76 

900 5 119.91 116.82 123.15 

900 15 107.46 111.00 112.14 

900 30 84.15 95.85 102.19 

900 60 76.05 66.90 90.87 

900 120 55.78 19.90 40.96 

900 240 25.45 7.27 23.60 

900 480 25.26 2.80 4.30 
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Table 55: Monthly monitoring data for metals found in settling solids (sediment traps) 

Date 
Sediment 

Trap 
Fraction 

Na 
(mg/l) 

Mg 
(mg/l) 

Mn 
(μg/l) 

Ca 
(mg/l) 

P 
(μg/l) 

Cl 
(mg/l) 

Ni 
(μg/l) 

Cu 
(μg/l) 

Zn 
(μg/l) 

Cr 
(μg/l) 

Pb 
(μg/l) 

Cd 
(μg/l) 

Fe 
(mg/l) 

Pd 
(ng/l) 

Rh 
(ng/l)  

Pt 
(ng/l) 

22/03/2011 

ST1 >63 (µm) 21 1 380 89 146 498 0.64 12.93 58.94 2.32 1.96 0.06 0.03 63 3.0 46 

ST1 <63 (µm) 23 1 425 99 265 553 0.88 16.94 44.57 3.32 2.58 0.07 0.04 74 3.5 54 

ST2 >63 (µm) 18 1 275 113 8338 566 1.02 50.30 33.87 4.40 4.40 0.25 0.06 63 2.8 46 

ST2 <63 (µm) 20 1 110 8 3143 365 3.10 12.77 94.30 1.43 1.09 0.29 0.02 57 2.5 42 

ST3 >63 (µm) 18 1 88 123 13438 619 2.95 33.79 67.78 4.76 4.38 0.48 0.07 81 3.1 60 

ST3 <63 (µm) 18 1 56 16 4736 678 3.58 27.59 138.09 2.40 2.28 0.09 0.03 97 4.0 73 

08/04/2011 

ST1 >63 (µm) 19 1 525 119 4808 626 1.93 27.89 40.06 2.56 2.22 0.11 0.02 74 3.9 55 

ST1 <63 (µm) 21 1 690 12 3307 441 1.04 14.82 60.79 1.24 0.72 0.08 0.02 72 3.0 53 

ST2 >63 (µm) 16 1 435 100 12200 503 1.56 34.31 24.59 2.38 2.33 0.10 0.03 64 3.2 47 

ST2 <63 (µm) 19 1 238 7 2809 315 1.32 11.03 52.35 0.88 0.57 0.05 0.01 63 2.7 46 

ST3 >63 (µm) 10 1 89 90 9770 453 1.57 36.55 50.58 3.02 2.32 0.09 0.03 70 3.6 51 

ST3 <63 (µm) 12 1 110 12 2320 511 1.15 20.11 63.20 2.41 1.26 0.09 0.02 86 4.3 64 

16/05/2011 

ST1 >63 (µm) 65 1 280 22 4379 814 0.07 1.79 1.95 0.42 0.76 0.00 0.07 20 1.1 12 

ST1 <63 (µm) 18 1 290 9 2392 196 0.15 0.74 0.68 0.03 0.03 0.00 0.02 16 1.0 8 

ST2 >63 (µm) 16 1 310 23 4286 1047 0.25 5.00 2.38 0.07 0.11 0.00 0.14 35 2.0 24 

ST2 <63 (µm) 28 1 330 9 2816 315 0.10 0.86 0.48 0.02 0.03 0.00 0.03 25 1.4 16 

ST3 >63 (µm) 20 2 90 40 5000 930 0.76 6.40 6.98 0.16 0.34 0.01 0.24 128 6.4 98 

ST3 <63 (µm) 50 4 105 4 2558 458 0.79 3.88 5.00 0.18 0.13 0.01 0.15 238 12.0 184 
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Table 55 continued 

Date 
Sediment 

Trap 
Fraction 

Na 
(mg/l) 

Mg 
(mg/l) 

Mn 
(μg/l) 

Ca 
(mg/l) 

P 
(μg/l) 

Cl 
(mg/l) 

Ni 
(μg/l) 

Cu 
(μg/l) 

Zn 
(μg/l) 

Cr 
(μg/l) 

Pb 
(μg/l) 

Cd 
(μg/l) 

Fe 
(mg/l) 

Pd 
(ng/l) 

Rh 
(ng/l)  

Pt 
(ng/l) 

27/06/2011 

ST1 >63 (µm) 15 1 430 30 2900 634 0.08 3.34 7.01 0.14 0.30 0.01 0.28 11 0.5 4 

ST1 <63 (µm) 24 2 445 2 1669 435 0.14 1.36 2.41 0.05 0.08 0.00 0.08 12 0.6 5 

ST2 >63 (µm) 19 1 370 23 1439 595 0.06 2.94 3.97 0.11 0.22 0.01 0.25 11 0.6 5 

ST2 <63 (µm) 20 1 245 1 675 255 0.11 1.18 1.67 0.04 0.07 0.00 0.09 11 0.5 5 

ST3 >63 (µm) 13 2 60 28 2828 1115 0.19 2.82 5.50 0.16 0.19 0.01 0.13 16 1.0 8 

ST3 <63 (µm) 15 2 50 2 1561 382 0.15 1.34 2.06 0.04 0.07 0.01 0.05 18 1.2 10 

19/07/2011 

ST1 >63 (µm) 37 5 880 59 15152 273 1.11 113.63 174.24 4.47 5.08 0.29 5.45 91 3.9 68 

ST1 <63 (µm) 31 3 920 4 2814 125 3.64 18.98 40.28 0.97 0.88 0.08 1.11 60 2.3 44 

ST2 >63 (µm) 38 4 670 47 2079 131 0.28 1.49 48.53 0.04 0.60 0.05 0.01 9 0.3 3 

ST2 <63 (µm) 36 4 440 4 1860 78 0.75 22.36 43.16 0.82 1.30 0.09 0.98 63 2.2 46 

ST3 >63 (µm) 11 2 145 27 5110 162 1.53 81.17 110.95 6.86 8.12 0.50 5.90 51 2.4 36 

ST3 <63 (µm) 22 4 170 4 3976 92 5.26 41.61 228.80 1.94 3.88 0.29 1.66 69 2.7 51 

23/08/2011 

ST1 >63 (µm) 12 3 70 45 1904 174 0.50 14.07 29.80 0.59 1.74 0.08 1.16 12 0.6 6 

ST1 <63 (µm) 26 5 90 7 555 125 0.21 4.62 9.70 0.17 0.33 0.03 0.38 18 0.8 10 

ST2 >63 (µm) 15 2 770 71 1956 142 0.29 13.33 11.25 0.34 0.92 0.05 0.50 15 0.8 8 

ST2 <63 (µm) 40 4 820 8 1750 84 0.23 11.97 11.97 0.23 0.64 0.04 0.48 21 0.8 13 

ST3 >63 (µm) 7 3 430 29 1368 163 0.54 9.77 28.67 0.78 2.15 0.05 1.11 12 0.5 6 

ST3 <63 (µm) 17 4 380 6 496 158 0.27 5.33 9.01 0.32 0.68 0.02 0.24 19 1.1 11 
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Table 55 continued 

Date 
Sediment 

Trap 
Fraction 

Na 
(mg/l) 

Mg 
(mg/l) 

Mn 
(μg/l) 

Ca 
(mg/l) 

P 
(μg/l) 

Cl 
(mg/l) 

Ni 
(μg/l) 

Cu 
(μg/l) 

Zn 
(μg/l) 

Cr 
(μg/l) 

Pb 
(μg/l) 

Cd 
(μg/l) 

Fe 
(mg/l) 

Pd 
(ng/l) 

Rh 
(ng/l)  

Pt 
(ng/l) 

18/10/2011 

ST1 >63 (µm) 15 1 145 28 3955 807 0.19 5.22 8.23 0.16 0.43 0.01 0.28 12 0.6 10 

ST1 <63 (µm) 10 3 190 8 2155 263 0.34 12.37 13.57 0.19 0.48 0.07 0.40 31 1.2 25 

ST2 >63 (µm) 6 1 245 96 7782 308 0.35 12.38 13.79 0.34 0.99 0.05 0.81 24 1.0 20 

ST2 <63 (µm) 30 5 260 148 3027 394 0.91 23.01 23.00 0.30 1.03 0.05 1.15 36 1.8 27 

ST3 >63 (µm) 8 3 220 141 9717 574 1.24 40.19 44.17 0.88 1.90 0.19 1.72 28 1.8 26 

ST3 <63 (µm) 44 9 90 31 4948 237 0.61 20.34 28.81 0.39 0.88 0.05 0.61 46 2.0 35 

11/11/2011 

ST1 >63 (µm) 4 6 80 85 1700 400 1.13 107.50 122.50 2.35 7.25 0.07 2.40 24 0.9 21 

ST1 <63 (µm) 13 10 70 94 468 318 1.22 59.86 97.27 2.62 10.29 0.07 2.06 30 1.0 24 

ST2 >63 (µm) 3 3 310 40 7672 239 0.61 22.96 44.28 1.36 4.26 0.08 1.26 10 0.3 9 

ST2 <63 (µm) 15 10 330 71 2972 264 1.14 41.28 72.65 2.64 9.74 0.07 1.65 23 1.2 19 

ST3 >63 (µm) 4 4 225 78 20505 389 0.65 41.53 64.89 1.09 2.86 0.07 1.19 17 0.7 15 

ST3 <63 (µm) 12 8 145 86 3447 323 0.45 25.86 38.79 0.45 1.47 0.03 0.50 18 0.6 16 

14/12/2011 

ST1 >63 (µm) 19 6 60 74 7424 472 0.88 29.70 50.62 1.76 4.05 0.04 1.15 19 0.9 15 

ST1 <63 (µm) 52 14 80 52 1665 666 3.85 45.20 104.66 4.76 13.32 0.11 3.09 24 1.0 20 

ST2 >63 (µm) 9 4 565 68 11590 367 0.90 31.10 45.25 1.78 4.52 0.04 1.92 19 0.9 12 

ST2 <63 (µm) 22 9 530 63 3775 327 1.23 35.23 57.88 2.42 6.80 0.05 3.77 20 0.8 18 

ST3 >63 (µm) 8 4 445 79 12209 641 0.46 26.55 39.68 0.73 1.13 0.02 0.40 21 0.7 19 

ST3 <63 (µm) 52 29 560 105 1457 763 3.15 58.28 81.59 5.42 6.99 0.07 2.62 40 1.7 34 
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Table 55 continued 

Date 
Sediment 

Trap 
Fraction 

Na 
(mg/l) 

Mg 
(mg/l) 

Mn 
(μg/l) 

Ca 
(mg/l) 

P 
(μg/l) 

Cl 
(mg/l) 

Ni 
(μg/l) 

Cu 
(μg/l) 

Zn 
(μg/l) 

Cr 
(μg/l) 

Pb 
(μg/l) 

Cd 
(μg/l) 

Fe 
(mg/l) 

Pd 
(ng/l) 

Rh 
(ng/l)  

Pt 
(ng/l) 

31/01/2012 

ST1 >63 (µm) 53 9 110 50 7551 975 2.03 37.76 122.70 5.03 12.90 0.10 2.74 16 1.0 15 

ST1 <63 (µm) 79 8 120 42 1666 878 1.48 24.23 69.67 3.03 8.48 0.06 1.67 14 0.8 9 

ST2 >63 (µm) 56 12 425 63 9692 1007 1.64 36.91 82.02 3.73 7.08 0.06 1.83 19 1.2 18 

ST2 <63 (µm) 66 10 473 51 2246 886 3.16 34.81 88.60 4.11 10.13 0.01 2.44 16 1.3 15 

ST3 >63 (µm) 25 14 380 68 9436 1132 2.23 41.52 94.37 5.28 10.57 0.09 2.79 16 0.6 14 

ST3 <63 (µm) 31 17 120 65 2725 1082 1.47 39.80 69.22 3.20 6.49 0.04 1.73 21 0.7 17 

02/03/2012 

ST1 >63 (µm) 32 2 550 9 284 64 0.73 7.33 12.60 0.50 1.23 0.01 0.44 6 0.5 6 

ST1 <63 (µm) 58 37 570 124 1372 870 3.17 44.84 131.88 5.28 12.40 0.07 2.90 87 3.4 70 

ST2 >63 (µm) 48 4 485 10 236 848 0.70 5.90 12.54 0.41 0.92 0.02 0.41 7 0.6 6 

ST2 <63 (µm) 61 38 270 115 957 861 2.65 28.71 79.74 3.19 7.02 0.08 3.13 80 3.0 65 

ST3 >63 (µm) 24 5 180 38 3992 942 1.21 21.53 40.37 0.90 2.56 0.03 0.45 15 0.7 16 

ST3 <63 (µm) 39 72 220 303 4680 1377 6.61 88.11 181.72 5.51 8.26 0.11 2.26 105 3.0 85 

26/04/2012 

ST1 >63 (µm) 54 5 945 26 1252 49 0.66 22.48 48.54 1.05 7.92 0.03 0.69 15 0.8 15 

ST1 <63 (µm) 70 6 1054 25 325 48 0.68 24.25 40.00 0.98 1.23 0.03 0.40 13 0.7 11 

ST2 >63 (µm) 67 5 882 25 722 45 0.72 21.15 42.30 1.24 2.49 0.10 0.75 9 1.0 7 

ST2 <63 (µm) 74 4 915 21 518 47 0.44 12.59 23.95 0.64 1.41 0.09 0.44 9 1.5 8 

ST3 >63 (µm) 49 8 750 43 1219 63 0.82 32.62 62.60 1.32 2.34 0.09 0.66 18 1.2 16 

ST3 <63 (µm) 46 8 345 43 463 59 0.66 21.47 42.95 0.99 1.32 0.07 0.33 19 0.8 17 
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Table 55 continued 

Date 
Sediment 

Trap 
Fraction 

Na 
(mg/l) 

Mg 
(mg/l) 

Mn 
(μg/l) 

Ca 
(mg/l) 

P 
(μg/l) 

Cl 
(mg/l) 

Ni 
(μg/l) 

Cu 
(μg/l) 

Zn 
(μg/l) 

Cr 
(μg/l) 

Pb 
(μg/l) 

Cd 
(μg/l) 

Fe 
(mg/l) 

Pd 
(ng/l) 

Rh 
(ng/l)  

Pt 
(ng/l) 

07/06/2012 

ST1 >63 (µm) 19 4 1275 58 2489 53 2.38 40.92 77.09 3.13 3.13 0.06 1.35 24 1.1 22 

ST1 <63 (µm) 39 6 1450 49 1261 53 0.41 18.44 31.54 0.66 0.95 0.02 0.44 22 0.8 21 

ST2 >63 (µm) 35 5 1165 40 2472 54 0.94 34.60 46.96 1.73 3.46 0.05 1.48 14 1.5 13 

ST2 <63 (µm) 57 6 1200 37 791 57 0.42 24.71 37.07 0.69 1.43 0.03 0.69 12 1.0 12 

ST3 >63 (µm) 35 8 1295 62 1489 73 1.25 47.07 96.06 2.26 3.75 0.07 1.35 35 2.4 30 

ST3 <63 (µm) 32 7 565 61 939 52 2.00 25.00 39.54 0.67 0.89 0.04 0.43 28 1.3 22 

05/07/2012 

ST1 >63 (µm) 5 3 875 86 9355 47 0.96 56.62 83.70 2.26 3.94 0.09 1.35 19 1.0 15 

ST1 <63 (µm) 19 5 923 70 2913 56 0.39 31.56 38.85 0.51 1.02 0.05 0.32 27 1.4 22 

ST2 >63 (µm) 13 4 956 65 9750 55 1.00 47.50 80.00 2.33 3.75 0.07 1.70 21 1.2 18 

ST2 <63 (µm) 30 7 1050 70 2175 58 0.43 37.50 50.00 0.70 1.30 0.03 0.53 25 1.5 23 

ST3 >63 (µm) 12 6 1100 65 8436 78 1.65 64.89 110.32 3.24 5.52 0.10 2.47 16 1.0 14 

ST3 <63 (µm) 28 9 745 76 1753 55 0.78 32.28 52.50 1.45 1.85 0.03 0.88 23 1.7 20 

14/09/2012 

ST1 >63 (µm) 5 5 995 32 1549 52 1.92 41.81 59.03 1.99 5.66 0.44 1.11 11 0.5 10 

ST1 <63 (µm) 29 22 1035 140 401 50 2.43 72.10 130.68 2.97 4.96 0.19 2.21 50 1.8 39 

ST2 >63 (µm) 9 7 890 58 4456 79 1.95 44.56 89.13 2.95 6.17 0.25 3.02 14 1.0 17 

ST2 <63 (µm) 10 9 920 51 2809 57 1.56 48.10 107.51 2.80 5.94 0.12 2.83 16 0.8 15 

ST3 >63 (µm) 36 22 850 150 1006 102 1.94 67.87 106.65 1.94 3.68 0.22 1.75 46 2.3 40 

ST3 <63 (µm) 22 19 427 99 992 95 1.76 81.17 103.72 2.52 4.02 0.32 0.99 29 2.4 25 
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Table 55 continued 

Date 
Sediment 

Trap 
Fraction 

Na 
(mg/l) 

Mg 
(mg/l) 

Mn 
(μg/l) 

Ca 
(mg/l) 

P 
(μg/l) 

Cl 
(mg/l) 

Ni 
(μg/l) 

Cu 
(μg/l) 

Zn 
(μg/l) 

Cr 
(μg/l) 

Pb 
(μg/l) 

Cd 
(μg/l) 

Fe 
(mg/l) 

Pd 
(ng/l) 

Rh 
(ng/l)  

Pt 
(ng/l) 

18/10/2012 

ST1 >63 (µm) 38 53 575 185 17000 188 3.75 140.00 300.00 4.75 7.00 0.18 9.00 33 2.2 27 

ST1 <63 (µm) 108 130 1300 275 5000 184 2.40 65.00 152.50 1.85 1.63 0.04 3.25 68 1.5 63 

ST2 >63 (µm) 118 100 750 248 2500 198 2.10 45.00 140.00 2.48 2.50 0.07 2.13 45 2.3 41 

ST2 <63 (µm) 55 45 1575 140 5250 200 2.48 57.50 140.30 3.50 4.50 0.16 3.25 24 1.3 21 

ST3 >63 (µm) 16 24 250 80 7380 198 6.25 117.50 217.50 8.50 15.75 0.48 6.25 19 0.9 15 

ST3 <63 (µm) 50 65 800 185 4750 198 11.75 250.00 500.00 17.75 27.50 0.68 12.25 53 2.4 44 

08/11/2012 

ST1 >63 (µm) 50 73 825 180 7500 175 4.25 100.00 400.00 7.75 21.75 0.30 6.75 40 2.8 34 

ST1 <63 (µm) 73 103 1150 210 3250 185 9.25 82.50 275.00 19.75 37.50 0.40 6.75 55 5.0 44 

ST2 >63 (µm) 73 60 1100 195 7500 205 3.00 100.00 275.00 4.75 13.00 0.35 3.75 33 1.9 28 

ST2 <63 (µm) 108 90 1825 250 2475 183 2.50 72.50 227.50 4.00 9.25 0.18 2.00 60 2.4 48 

ST3 >63 (µm) 22 25 130 163 21862 228 2.06 89.30 237.10 2.93 6.77 0.18 1.72 21 2.1 19 

ST3 <63 (µm) 57 75 225 287 4363 385 4.88 91.85 292.77 3.90 8.61 0.20 2.41 49 1.1 41 

05/12/2012 

ST1 >63 (µm) 204 25 110 99 4318 188 2.22 61.68 123.37 4.32 10.79 0.15 3.08 24 1.3 21 

ST1 <63 (µm) 268 29 105 85 1387 208 2.77 56.75 145.00 5.36 12.93 0.18 4.10 18 1.7 18 

ST2 >63 (µm) 173 55 525 176 3168 204 1.96 54.72 158.41 2.88 5.76 0.12 1.87 46 1.4 41 

ST2 <63 (µm) 222 54 525 156 1167 207 1.26 32.93 158.64 1.68 9.28 0.15 1.20 28 1.8 26 

ST3 >63 (µm) 54 81 135 274 4194 589 3.63 112.90 233.87 5.32 12.10 0.24 3.23 40 3.2 34 

ST3 <63 (µm) 89 97 250 363 2419 532 3.95 80.65 145.16 2.98 4.03 0.11 1.21 67 2.7 63 
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Table 55 continued 

Date 
Sediment 

Trap 
Fraction 

Na 
(mg/l) 

Mg 
(mg/l) 

Mn 
(μg/l) 

Ca 
(mg/l) 

P 
(μg/l) 

Cl 
(mg/l) 

Ni 
(μg/l) 

Cu 
(μg/l) 

Zn 
(μg/l) 

Cr 
(μg/l) 

Pb 
(μg/l) 

Cd 
(μg/l) 

Fe 
(mg/l) 

Pd 
(ng/l) 

Rh 
(ng/l)  

Pt 
(ng/l) 

15/02/2013 

ST1 >63 (µm) 250 16 68 68 2300 170 2.08 32.50 65.00 3.75 3.75 0.08 1.80 14 1.4 15 

ST1 <63 (µm) 275 19 165 60 1050 170 3.50 45.00 110.00 6.75 9.25 0.24 3.50 21 1.5 18 

ST2 >63 (µm) 250 16 148 65 1750 183 1.33 25.00 35.00 2.25 1.90 0.05 0.78 24 0.8 20 

ST2 <63 (µm) 250 21 90 83 800 160 1.75 23.50 45.00 2.75 3.00 0.14 1.50 21 0.9 17 

ST3 >63 (µm) 188 28 143 88 2425 185 2.35 52.50 80.00 3.50 3.75 0.10 1.88 18 1.7 16 

ST3 <63 (µm) 250 28 168 98 2200 195 2.53 25.00 50.00 4.00 1.13 0.05 0.55 25 1.9 21 

01/03/2013 

ST1 >63 (µm) 203 12 105 53 2225 198 3.50 47.50 127.50 6.25 9.75 0.20 3.50 21 0.9 17 

ST1 <63 (µm) 208 25 135 73 1675 173 7.25 78.00 205.00 14.50 20.75 0.35 8.00 23 2.3 20 

ST2 >63 (µm) 233 17 90 55 925 180 2.23 30.00 70.00 3.75 4.75 0.09 1.95 20 1.2 17 

ST2 <63 (µm) 215 22 205 63 1425 190 8.50 65.00 175.00 13.00 17.75 0.28 6.75 23 1.7 19 

ST3 >63 (µm) 210 28 133 98 9500 203 4.75 103.00 167.50 11.00 7.75 0.21 3.75 25 1.6 21 

ST3 <63 (µm) 198 22 130 68 1500 198 8.50 70.00 187.50 12.50 18.50 0.28 6.75 28 2.5 25 
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Table 56: Monthly monitoring data for the accumulation rate, volatile substances 
content, and particle size distribution of the settling solids 

Date 
Sediment 

Trap 
Fraction 

S 
(g/day) 

VSC 
(%) 

d(0.1) 
(μm) 

d(0.5) 
(μm) 

d(0.9) 
(μm) 

22/03/2011 

ST1 >63 (µm) 0 22 
1 7 32 

ST1 <63 (µm) 0 16 

ST2 >63 (µm) 0 24 
1 11 47 

ST2 <63 (µm) 0 15 

ST3 >63 (µm) 0 21 
2 7 34 

ST3 <63 (µm) 0 19 

08/04/2011 

ST1 >63 (µm) 11 19 
3 15 35 

ST1 <63 (µm) 15 14 

ST2 >63 (µm) 12 19 
3 12 41 

ST2 <63 (µm) 13 14 

ST3 >63 (µm) 10 22 
2 19 55 

ST3 <63 (µm) 11 17 

16/05/2011 

ST1 >63 (µm) 6 43 
1 6 25 

ST1 <63 (µm) 9 21 

ST2 >63 (µm) 6 39 
1 6 17 

ST2 <63 (µm) 9 14 

ST3 >63 (µm) 5 40 
1 8 20 

ST3 <63 (µm) 6 21 

27/06/2011 

ST1 >63 (µm) 4 28 
5 26 66 

ST1 <63 (µm) 5 18 

ST2 >63 (µm) 4 28 
5 29 72 

ST2 <63 (µm) 6 16 

ST3 >63 (µm) 4 31 
6 32 98 

ST3 <63 (µm) 5 24 

19/07/2011 

ST1 >63 (µm) 7 27 
5 26 61 

ST1 <63 (µm) 8 14 

ST2 >63 (µm) 7 16 
5 30 71 

ST2 <63 (µm) 10 12 

ST3 >63 (µm) 6 28 
5 28 72 

ST3 <63 (µm) 8 17 

23/08/2011 

ST1 >63 (µm) 4 52 
2 5 32 

ST1 <63 (µm) 5 32 

ST2 >63 (µm) 5 40 
2 8 67 

ST2 <63 (µm) 7 30 

ST3 >63 (µm) 4 36 
2 5 46 

ST3 <63 (µm) 4 32 
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Table 56 continued 

Date 
Sediment 

Trap 
Fraction 

S 
(g/day) 

VSC 
(%) 

d(0.1) 
(μm) 

d(0.5) 
(μm) 

d(0.9) 
(μm) 

18/10/2011 

ST1 >63 (µm) 4 63 
2 7 52 

ST1 <63 (µm) 3 44 

ST2 >63 (µm) 4 60 
2 7 50 

ST2 <63 (µm) 4 45 

ST3 >63 (µm) 3 58 
1 7 52 

ST3 <63 (µm) 4 45 

11/11/2011 

ST1 >63 (µm) 10 62 
4 30 68 

ST1 <63 (µm) 8 46 

ST2 >63 (µm) 8 61 
10 71 168 

ST2 <63 (µm) 8 57 

ST3 >63 (µm) 7 61 
5 31 74 

ST3 <63 (µm) 10 38 

14/12/2011 

ST1 >63 (µm) 7 55 
3 24 69 

ST1 <63 (µm) 5 27 

ST2 >63 (µm) 11 57 
4 30 88 

ST2 <63 (µm) 9 46 

ST3 >63 (µm) 13 66 
7 39 87 

ST3 <63 (µm) 5 28 

31/01/2012 

ST1 >63 (µm) 4 53 
0 20 62 

ST1 <63 (µm) 6 25 

ST2 >63 (µm) 4 62 
10 81 255 

ST2 <63 (µm) 6 25 

ST3 >63 (µm) 3 52 
2 22 73 

ST3 <63 (µm) 4 26 

02/03/2012 

ST1 >63 (µm) 8 45 
4 22 64 

ST1 <63 (µm) 11 23 

ST2 >63 (µm) 7 51 
3 20 64 

ST2 <63 (µm) 12 23 

ST3 >63 (µm) 6 60 
5 27 159 

ST3 <63 (µm) 5 35 

26/04/2012 

ST1 >63 (µm) 4 12 
6 30 72 

ST1 <63 (µm) 6 10 

ST2 >63 (µm) 4 17 
5 28 75 

ST2 <63 (µm) 7 10 

ST3 >63 (µm) 4 19 
6 33 82 

ST3 <63 (µm) 4 16 
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Table 56 continued 

Date 
Sediment 

Trap 
Fraction 

S 
(g/day) 

VSC 
(%) 

d(0.1) 
(μm) 

d(0.5) 
(μm) 

d(0.9) 
(μm) 

07/06/2012 

ST1 >63 (µm) 6 44 
9 43 108 

ST1 <63 (µm) 7 25 

ST2 >63 (µm) 7 52 
10 46 118 

ST2 <63 (µm) 8 22 

ST3 >63 (µm) 5 67 
10 48 122 

ST3 <63 (µm) 5 23 

05/07/2012 

ST1 >63 (µm) 7 55 
1 16 80 

ST1 <63 (µm) 8 35 

ST2 >63 (µm) 7 67 
11 107 323 

ST2 <63 (µm) 8 33 

ST3 >63 (µm) 4 68 
10 40 107 

ST3 <63 (µm) 4 32 

14/09/2012 

ST1 >63 (µm) 3 59 
9 60 188 

ST1 <63 (µm) 3 38 

ST2 >63 (µm) 3 70 
8 52 191 

ST2 <63 (µm) 4 39 

ST3 >63 (µm) 2 78 
6 37 87 

ST3 <63 (µm) 2 49 

18/10/2012 

ST1 >63 (µm) 7 45 
7 43 100 

ST1 <63 (µm) 7 23 

ST2 >63 (µm) 7 50 
6 40 93 

ST2 <63 (µm) 8 22 

ST3 >63 (µm) 6 56 
8 73 585 

ST3 <63 (µm) 7 23 

08/11/2012 

ST1 >63 (µm) 6 44 
2 29 71 

ST1 <63 (µm) 7 21 

ST2 >63 (µm) 7 48 
4 37 90 

ST2 <63 (µm) 7 20 

ST3 >63 (µm) 7 69 
5 34 101 

ST3 <63 (µm) 7 27 

05/12/2012 

ST1 >63 (µm) 6 51 
3 24 67 

ST1 <63 (µm) 8 24 

ST2 >63 (µm) 5 52 
4 28 70 

ST2 <63 (µm) 9 24 

ST3 >63 (µm) 4 67 
3 28 65 

ST3 <63 (µm) 4 29 
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Table 56 continued 

Date 
Sediment 

Trap 
Fraction 

S 
(g/day) 

VSC 
(%) 

d(0.1) 
(μm) 

d(0.5) 
(μm) 

d(0.9) 
(μm) 

15/02/2013 

ST1 >63 (µm) 3 48 
6 36 142 

ST1 <63 (µm) 4 25 

ST2 >63 (µm) 3 49 
8 156 1035 

ST2 <63 (µm) 4 23 

ST3 >63 (µm) 2 54 
6 75 988 

ST3 <63 (µm) 3 24 

01/03/2013 

ST1 >63 (µm) 17 44 
5 31 119 

ST1 <63 (µm) 24 20 

ST2 >63 (µm) 16 47 
4 24 71 

ST2 <63 (µm) 27 22 

ST3 >63 (µm) 10 53 
4 26 85 

ST3 <63 (µm) 15 19 
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Table 57: Monthly monitoring data of metals found in the pond soil sediment at the inlet and the outlet 

Date Location Fraction 
Na 

(mg/l) 
Mg 

(mg/l) 
Mn 

(μg/l) 
Ca 

(mg/l) 
P 

(μg/l) 
Cl 

(mg/l) 
Ni 

(μg/l) 
Cu 

(μg/l) 
Zn 

(μg/l) 
Cr 

(μg/l) 
Pb 

(μg/l) 
Cd 

(μg/l) 
Fe 

(mg/l) 
Pd 

(ng/l) 
Rh 

(ng/l)  
Pt 

(ng/l) 

19/07/2011 
Inlet 

>63 (µm) 0.76 6 550 30 1080 14 1.66 8 124 2.63 14 0.06 2 35 1.1 8 

19/07/2011 <63 (µm) 0.85 4 560 30 1100 73 2.50 15 138 4.00 25 0.10 2 73 2.4 12 

19/07/2011 
Outlet 

>63 (µm) 0.19 2 440 4 17 56 0.89 3 18 1.72 4 0.02 2 14 0.5 3 

19/07/2011 <63 (µm) 0.53 2 470 3 33 66 0.90 3 17 1.90 4 0.03 3 20 0.7 4 

31/01/2012 
Inlet 

>63 (µm) 0.50 6 885 93 423 51 4.47 113 90 6.75 38 0.16 4 28 0.9 5 

31/01/2012 <63 (µm) 0.43 6 926 75 444 44 5.68 113 96 7.04 39 0.20 5 28 1.5 9 

31/01/2012 
Outlet 

>63 (µm) 0.19 5 650 9 98 37 2.90 8 33 7.33 15 0.07 10 9 0.7 3 

31/01/2012 <63 (µm) 0.22 7 325 8 101 39 3.00 6 39 9.89 16 0.05 10 10 0.5 3 

18/10/2011 
Inlet 

>63 (µm) 0.32 6 1250 89 401 46 2.46 11 146 5.16 34 0.13 3 25 0.8 5 

18/10/2011 <63 (µm) 0.32 6 1570 69 410 35 2.80 13 147 6.03 37 0.17 4 22 1.4 7 

18/10/2011 
Outlet 

>63 (µm) 0.16 4 782 7 95 29 2.52 8 12 8.28 11 0.06 10 7 0.5 3 

18/10/2011 <63 (µm) 0.18 5 550 7 98 37 4.21 5 13 9.88 10 0.04 9 8 0.4 2 

26/04/2012 
Inlet 

>63 (µm) 0.24 2 975 37 401 33 1.98 6 23 3.12 20 0.12 3 15 1.0 5 

26/04/2012 <63 (µm) 0.25 2 1045 26 201 37 1.92 7 25 2.95 19 0.08 2 14 1.2 9 

26/04/2012 
Outlet 

>63 (µm) 0.20 3 810 12 147 40 2.01 6 18 5.44 5 0.07 6 7 0.7 3 

26/04/2012 <63 (µm) 0.17 3 584 10 135 40 4.09 4 17 7.77 5 0.03 6 6 0.3 2 

05/07/2012 
Inlet 

>63 (µm) 0.50 2 1340 50 345 49 1.43 4 26 2.09 10 0.12 3 22 1.6 7 

05/07/2012 <63 (µm) 0.21 2 1560 32 281 48 1.59 5 25 1.88 9 0.05 2 12 1.1 6 

05/07/2012 
Outlet 

>63 (µm) 0.18 4 850 22 217 50 3.43 6 23 5.10 5 0.06 5 11 0.5 2 

05/07/2012 <63 (µm) 0.19 3 620 14 180 47 3.49 5 22 4.22 3 0.07 5 9 0.6 3 
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Table 58: Significant correlations between total (Log10) Ca, Mg and metals (settling 
solids) 

Variable Variable R2 p-value 

Ca Mg 0.638 0.000 

Ni Mg 0.667 0.000 

Ni Ca 0.536 0.000 

Cu Mg 0.674 0.000 

Cu Ca 0.720 0.000 

Zn Mg 0.696 0.000 

Zn Ca 0.655 0.000 

Cr Mg 0.610 0.000 

Cr Ca 0.639 0.000 

Pb Mg 0.656 0.000 

Pb Ca 0.670 0.000 

Cd Mg 0.503 0.000 

Cd Ca 0.522 0.000 

Fe Mg 0.751 0.000 

Fe Ca 0.501 0.000 
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APPENDIX C: FLOW MEASUREMENTS 

In this section all the measured inflow velocities, depth of flow at the inlet, areas 

of flow at the inlet, and inflow discharge are presented.  

Table 59: Inflow characteristics of the recorded storm events 

Storm 
Event 

Discharge 
(m³/s) 

Flow Velocity 
(m/s) 

Area of flow 
(m²) 

Hinlet  
(m) 

Time 
(min) 

26/10/2011 

0.001 0.167 0.006 0.015 0 

0.004 0.100 0.040 0.100 15 

0.004 0.143 0.028 0.070 30 

0.003 0.375 0.008 0.020 45 

0.003 0.188 0.016 0.040 60 

0.002 0.250 0.008 0.020 90 

0.001 0.125 0.008 0.02 120 

0.001 0.114 0.009 0.022 180 

01/12/2011 

0.001 0.125 0.008 0.020 0 

0.001 0.050 0.020 0.050 15 

0.008 0.286 0.028 0.070 30 

0.002 0.083 0.024 0.060 45 

0.002 0.083 0.024 0.060 60 

0.002 0.100 0.020 0.050 90 

0.001 0.063 0.016 0.040 120 

0.002 0.071 0.028 0.070 180 

12/12/2011 

0.011 0.550 0.020 0.050 0 

0.047 0.783 0.060 0.150 15 

0.013 0.464 0.028 0.070 30 

0.012 0.333 0.036 0.090 45 

0.009 0.250 0.036 0.090 60 

0.004 0.071 0.056 0.140 90 

0.004 0.077 0.052 0.130 120 

0.004 0.091 0.044 0.110 180 

24/01/2012 

0.001 0.050 0.020 0.050 0 

0.007 0.350 0.020 0.050 15 

0.005 0.179 0.028 0.070 30 

0.003 0.188 0.016 0.040 45 

0.003 0.375 0.008 0.020 60 

0.007 0.350 0.020 0.050 90 

0.001 0.055 0.020 0.050 120 

0.001 0.050 0.020 0.050 180 
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Table 59 continued 

Storm 
Event 

Discharge 
(m³/s) 

Flow Velocity 
(m/s) 

Area of flow 
(m²) 

Hinlet     
(m) 

Time 
(min) 

04/03/2012 

0.051 0.911 0.056 0.140 0 

0.012 0.214 0.056 0.140 15 

0.012 0.214 0.056 0.140 30 

0.010 0.156 0.064 0.160 45 

0.009 0.118 0.076 0.190 60 

0.007 0.092 0.076 0.190 90 

0.004 0.056 0.072 0.180 120 

0.003 0.042 0.072 0.180 180 

23/04/2012 

0.060 0.750 0.080 0.200 0 

0.064 0.667 0.096 0.240 15 

0.041 0.394 0.104 0.260 30 

0.035 0.337 0.104 0.260 45 

0.011 0.095 0.116 0.290 60 

0.007 0.058 0.120 0.300 90 

0.011 0.092 0.120 0.300 120 

0.005 0.048 0.104 0.260 180 

08/06/2012 

0.012 0.231 0.052 0.130 0 

0.034 0.654 0.052 0.130 15 

0.010 0.192 0.052 0.130 30 

0.010 0.179 0.056 0.140 45 

0.009 0.132 0.068 0.170 60 

0.011 0.145 0.076 0.190 90 

0.010 0.104 0.096 0.240 120 

0.009 0.102 0.088 0.220 180 
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APPENDIX D: RESEARCH ETHICS 

Figures 55 and 56 show the letter from the Ethics Committee confirming the 

favourable opinion and the UPR16 form declaring the ethical conduct of the 

research, respectively. 

 

Figure 54: Approval of research ethics for this study 
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Figure 55: Research ethics review checklist 


