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Abstract 

Urban areas are affected by anthropogenic activities and produce pollutants that are 
transported to recipients and receiving waters during precipitation. Untreated stormwater 
runoff is a main driver of environmental degradation, and the interest in stormwater 
quality treatment has increased with the awareness of stormwater pollution. Several 
pollutants, including metals PAHs, PCBs, phthalates, and phenols, pose a hazard to 
aquatic life and are listed among the 45 priority substances in The European Water 
Framework Directive list (Directive 2013/39/EU).  

Stormwater bioretention technology is employed to efficiently remove pollutants during 
stormwater treatment in urban areas. However, the resulting accumulation of pollutants 
in bioretention facilities could ultimately create a pollutant depot. Hence, it is important 
to understand the occurrence, availability, and mobility of pollutants in bioretention 
facilities, as well as the processes that control their accumulation and mobility over time. 
The aim of the work in this licentiate thesis was to investigate the occurrence, 
accumulation, distribution, and concentration of organic micropollutants and metals in 
bioretention facilities after long-term stormwater treatment in urban areas of Ohio, 
Michigan, and Kentucky in November 2019.  

Samples were collected from 29 bioretention facilities, 20 of which were equipped with 
forebays. A total of 269 samples were analysed for metals commonly found in stormwater 
(Cr, Cu, Ni, Pb, and Zn), and a five-step sequential extraction method was used to assess 
the metal mobility in the filter material. Additionally, 116 samples from 12 sites were 
analysed for 38 organic micropollutants (OMPs), including 16 PAHs, 7 PCBs, 13 
phthalates, and 2 alkylphenols.  

All studied metals were found in all samples, except for Cd, which was detected in 245 
samples (91%). For the OMPs, 32 of 38 analytes were detected in at least one sample. 
PAHs and PCBs were the most frequently detected pollutants, and were found in 12 and 
10 sites, respectively. The bioretention sites showed large variations in the concentrations 
of pollutants. The concentration of OMPs was highest in the upper 10 cm of the filter 
material and decreased with increasing depth, while a similar, but less obvious trend was 
observed for Cr, Cu, Pb, and Zn. A trend of decreasing concentration with increasing 
distance from the inlet was observed for OMPs but was less clear for the metals. The 
forebays, which contain sediment but no filter material, had the highest concentrations 
of OMPs. A strong correlation was observed between the pollutant concentrations and 
the ratio between the filter area and catchment area in a Principle Component Analysis. 
The accumulation and pathways of particle-bound OMPs and particle-bound metals 
showed similarities.  

These results will assist with improving the methods used for stormwater management. 
Importantly, regular replacement of the top filter layer and regular forebay maintenance 
may prevent pollutant accumulation and clogging, thereby extending the filters’ 
treatment function.  
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Sammanfattning 

Våra städer påverkas av mänskliga aktiviteter och verksamheter vilka producerar 
föroreningar som vid nederbörd leds till och blir en belastning för sjöar och vattendrag. 
Förståelsen för dagvatten och föroreningar har ökat intresset för att rena och behandla 
dagvatten. European Water Framework Directive (Directive 2013/39/EU) har bland 
annat listat metaller, PAH, PCB, ftalater och fenoler att kunna utgöra en fara för 
vattenlevande organismer.  

Biofilter anses vara effektiva för att rena dagvatten och är populära för hantering av 
dagvatten. Många föroreningar ackumuleras i filtermaterialet. Forskning har identifierat 
föroreningar ackumulerade i biofilter som en föroreningsdepå och potentiell 
föroreningskälla. Därav är det av stor vikt att förstå och känna till föroreningars förekomst, 
mobilitet och de processer som styr ackumulering till biofilter och filtermaterialet.  

Syftet i denna uppsats har varit att studera förekomst, ackumulering och koncentration 
av föroreningar i biofilteranläggningar vilka syftat till att rena dagvatten i urbana miljöer 
under längre tid. För att bättre förstå dessa processer utfördes en fältstudie med 
provtagning av 29 biofilter varav 20 försedda med en försedimentering.  

Förekomst av metaller (Cr, Cu, Ni, Pb och Zn) analyserades i 269 prover och en femstegs 
sekventiell lakning användes för studier av metallers mobilitet i filtermaterial. Från 12 
filter analyserades 116 prover för innehåll av 38 organiska föroreningar (16 PAH, 7 PCB, 
13 ftalater och 2 alkylfenoler).  

Samtliga undersökta metaller hittades i alla prover förutom Cd vilket påvisades i 91% av 
undersökta prover. Organiska föroreningarna detekterades för 32 av 38 undersökta 
ämnen. Bland organiska föroreningarna var PAH:er och PCB:er mest frekventa, där PAH 
påvisades i 12 undersökta filter och PCB i 10 filteranläggningar. Sex organiska 
föroreningar (fem ftalater och en PAH) påvisades aldrig. Stora variationer i koncentration 
av föroreningar påvisades mellan olika biofilter, särskilt för organiska ämnen. 
Koncentrationer var högst i de översta 10 cm av filtermaterialet och minskade med ökat 
djup. Denna trend var tydligast för de organiska ämnena men observerads även för Cr, 
Cu, Pb och Zn. En trend av minskande koncentrationer med ökat avstånd från inlopp 
kunde observeras för organiska ämnena men var mindre tydlig för metaller. Högst 
koncentrationer av föroreningar detekterades i försedimenteringar, vilka dock endast 
innehåller sediment och inget filtermaterial.  

En Principle Component Analysis visade ett starkt samband mellan koncentration och 
förhållandet mellan biofiltrens area och avrinningsområdets area. Resultaten i denna 
studie visade även på likheter i ackumulering till filtermaterialet mellan partikelbundna 
organiska ämnen och partikelbundna metaller.  

Slutsatserna i denna avhandling bidrar med kunskap till att utveckla bättre metoder för 
dagvattenhantering och därigenom en hållbar utveckling av framtida städer. Av praktisk 
betydelse är att regelbundet underhåll och periodvis byte av översta filterlagret kan 
säkerställa en bibehållen reningsfunktion över längre tid.  
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1 Introduction 

Urban areas are affected by anthropogenic activities and produce a pollutant load, 
generated and stored on surfaces, which by surface runoff from participation and/or 
snowmelt is subsequently conveyed to receiving water bodies (Müller et al., 2020). 
Untreated stormwater runoff is recognized as a main driver of environmental degradation 
in urban watersheds (Walsh et al., 2005). As awareness of stormwater pollution and its 
impacts has increased (Makepeace et al., 1995; Müller et al., 2020), interest in stormwater 
quality treatment has grown (Fletcher et al., 2015). 

Stormwater bioretention facilities are an increasingly popular treatment technology 
(Davis et al., 2009) commonly applied for stormwater treatment in urban areas as a low 
impact development practice (Kratky et al., 2017). They are considered an efficient 
method for the removal of various pollutants, e.g. total suspended solids (Hsieh and Davis, 
2005), metals (Blecken et al., 2009a) and a wide range of organic micropollutants (Zhang 
et al., 2014). Bioretention facilities treat water from surrounding surfaces, mainly by 
vertical filtration through a filter medium. The filter medium typically comprises an 
engineered (often) sand or sandy soil (0.7 – 1.0 m) drained by a perforated underdrain 
pipe installed in a drainage gravel layer. The filter is sometimes topped with a surface 
mulch layer and/or topsoil planted with a variety of plant species (Lange et al., 2020b). 
In some cases, bioretention facilities are equipped with a forebay at the inlet. Although a 
study has shown notable accumulation of pollutants (P and Zn) in forebays, few studies 
have examined sediment-borne pollutants in bioretention forebays (Johnson and Hunt, 
2016). 

Metals (e.g. Cd, Cu, Pb and Zn) are commonly regarded as pollutants of concern in 
stormwater that contribute to water degradation (Göbel et al., 2007). Such metals are 
transported by stormwater to receiving water bodies, where they can adversely affect the 
environment. Therefore, there is a need to treat stormwater before being discharged 
(Barbosa et al., 2012). Particulate metals are mainly removed from storwater through 
filtration (Tedoldi et al., 2016) and primarily retained in the 5-10 cm top layer of the 
filter (Blecken et al., 2011; Li and Davis, 2008). Similar trends have been observed for 
dissolved metals (Al-Ameri et al., 2018). Since most metals in bioretention are removed 
by filtration or adsorption to soil particles (Blecken et al., 2009a), the filter medium is 
important for both dissolved and particulate metal removal. Whereas several studies have 
investigated metal behaviour in bioretention, few have assessed accumulation, 
characteristics, and behaviour of accumulated metals in the filter material. Thus, to better 
understand the accumulation and distribution processes of metals in bioretention systems, 
further studies are needed. Fractionation of metals by sequential extraction can provide 
information on the mobility and leachability of metals (Gleyzes et al., 2002; Pueyo et al., 
2008) in a filter material, which could help to evaluate risks of metal release during 
operation, maintenance or disposal at the end of a filter’s functional lifespan. So far, few 
studies have used sequential extraction to assess the availability of metals. 

Recent studies have also shown that organic micropollutants (OMPs) are a pollutant 
group of concern because of their environmental persistence and tendency for 
bioaccumulation, which may have long-term and harmful effects on receiving water 
bodies, aquatic life and also humans (Barbosa et al., 2012; Markiewicz et al., 2017). To 
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date, compared to metals, few studies have assessed treatment of OMPs in stormwater by 
bioretention. Zhang et al. (2014) have shown that bioretention can efficiently remove a 
wide range of OMPs. Field studies have also demonstrated high removal (>90%) of PCBs 
and PAHs (David et al., 2015; Flanagan et al., 2018; Gilbreath et al., 2019) but also high 
mass load reductions of 87% for PAHs (DiBlasi et al., 2009). However, less is known 
about other OMPs, e.g., phthalates and alkylphenols. Limited research has also been 
conducted on the pathways and accumulation of OMPs in filter materials. Therefore, 
there is a need for further studies to better understand the accumulation processes and 
distribution of OMPs in bioretention facilities. 

Together, the pollutants captured in a bioretention facility create a pollutant depot (Davis 
et al., 2003). Characterization of different pollutants’ accumulation, occurrence, 
availability, and mobility in bioretention filter materials and forebays is important to 
identify successful design and maintenance needs for sustainable long-term performance 
in treating polluted storm water in urban areas. 

 

1.1 Aim and research objectives 

The overall aim of the work described in this licentiate thesis was to study pollutant 
occurrence, accumulation, and concentration in bioretention filter materials and forebays 
after long-term stormwater treatment in urban areas. The findings contribute towards 
knowledge and understanding of the requirements for design, long-term operation, 
maintenance, and waste management for improving pollutant treatment and reducing the 
environmental impact and risks that may occur with bioretention or similar technologies 
for treating stormwater in urban areas. 

 

The main objectives of the study were as follows: 

1) What are the occurrence, concentration and distribution of organic 
micropollutants in bioretention filters after long-term stormwater treatment in 
urban areas? 

2) How available are metals accumulated in bioretention filter media after long-term 
treatment of urban stormwater? 

3) What are the pollutant occurrence, concentration and distribution in bioretention 
forebays and filter media after long-term stormwater treatment in urban areas? 
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1.2 Thesis structure 

This licentiate thesis is based on research carried out during a three-year period including 
a major field sampling campaign. The research resulted in the three appended papers, 
referred to as Paper I, Paper II and Paper III.  

Paper I describes a field study of accumulation, occurrence and concentration for 
assessment of pathways of various organic pollutants (PAHs, PCBs, phthalates and 
alkylphenols) in a bioretention filter medium after long-term operation. 

Paper II presents a study of six metals (Cd, Cr, Cu, Ni, Pb and Zn) and how these metals 
bind to a filter medium after long-term operation based on a five-step sequential 
extraction method for assessing metal availability. The study also evaluated the 
distribution of metals in the filter medium. 

Paper III reports a broader study of the bioretention facility by measuring the occurrence, 
distribution, and concentrations of OMPs in the forebay and filter material.  

This thesis expands upon the work described in Paper III by including metal data from 
forebays, which have not yet been included in any paper. 

The papers complement each other, as illustrated in Figure 1. In combination, they give 
a broad perspective of pollutant accumulation, distribution, and availability in 
bioretention filter material for stormwater treatment after long-term operation. Such 
information is needed to understand long-term bioretention performance. 

 

 
Figure 1. Synthesis of papers included in this thesis. The dotted green line indicates work not published 
in papers but included in this thesis.   
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2 Background 

This review of sustainable urban stormwater treatment focus on improved best 
management practice and design of bioretention or similar technologies to demonstrates 
the need for increased knowledge and further research on long-term performance, 
pollutant pathways and accumulation in filter materials, as well as design features for 
facilitated maintenance and risk management. The increased implementation of 
stormwater quality treatment technologies, e.g. bioretention, makes it important to 
understand their long-term function (Blecken et al., 2017).  

 

2.1 Urban stormwater 

Stormwater is an important part of the urban water cycle. As urban areas continue to 
expand through urbanization and a growing global population, it has become apparent 
that the modern urban landscape affects the natural hydrological cycle. Impervious 
surfaces reduce infiltration and evapotranspiration but also increase runoff velocities, and 
therefore result in more rapid runoff with higher flow peaks. Due to the impact of various 
sources and anthropogenic activities (e.g. atmospheric deposition, vehicular 
transportation roads and building materials), urban stormwater contains a variety of 
contaminants e.g. sediments, metals, organic pollutants, nutrients, bacteria, chlorides 
(Makepeace et al., 1995). During runoff events, these pollutants are transported to 
receiving water bodies where they can affect the local environment and ecosystems 
(Müller et al., 2020). Untreated stormwater runoff is recognized as a main driver of 
environmental degradation (Walsh et al., 2005), which can affect public health. Thus, 
stormwater should be treated or managed before being discharged (Barbosa et al., 2012; 
Göbel et al., 2007; Markiewicz et al., 2017; McGrane, 2016). Ecological degradation 
including changed flow patterns and pollutant loadings with their associated impact on 
streams draining urban land is also referred to as “the urban stream syndrome” 
(MacKenzie et al., 2022; Walsh et al., 2005) and summarize an important part of the 
challenges in urban water management. 

 

2.2 Pollutants 

Previous research on stormwater has identified a number of pollutants that could pose a 
potential hazard to humans and aquatic life (Makepeace et al., 1995). It is well known 
that stormwater can transport large quantities of contaminants (Barbosa et al., 2012). The 
European Water Framework Directive (WFD, 2014) lists in Directive 2013/39/EU 
(2013/39/EU, 2013) 45 priority substances in the field of water policy for which 
environmental quality standards have been set. These substances include metals, PAHs, 
PCBs, phthalates, and phenols. Research has shown the significance of these priority 
substances as well as their environmental effects (Zgheib et al., 2011). Using a theoretical 
approach, Eriksson et al. (2007) examined 25 selected stormwater priority pollutants, 
including PAHs, phenols, di(2-ethylhexyl) phthalate, PCB28 and the metals Cd, Cr, Cu, 
Ni, Pb, Pt and Zn together with water quality parameters (Biochemical Oxygen Demand 
(BOD), Chemical Oxygen Demand (COD), Suspended Solids (SS), N, P and pH). 
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Practical studies have also been conducted on the occurrence and concentrations of the 
priority substances (Zgheib et al., 2011). Several other studies have also focused on the 
occurrence and concentrations of conventional stormwater contaminants, such as Total 
Suspended Solids (TSS), PAHs and metals (Cd, Cu, Pb and Zn) (Gasperi et al., 2014; 
Göbel et al., 2007; Zgheib et al., 2012, 2011) but also less documented pollutants, such 
as nonylphenols (Björklund et al., 2009; Gasperi et al., 2014), octylphenols (Gasperi et 
al., 2014; Zgheib et al., 2011), (Bergé et al., 2013; Björklund et al., 2009; Järlskog et al., 
2021; Markiewicz et al., 2017; Müller et al., 2021) and PCBs (Cao et al., 2019; Gilbreath 
et al., 2019).  

 

2.2.1 Organic micropollutants 

OMPs have been highlighted as a pollutant group of concern owing to their 
environmental persistence and tendency to bioaccumulate, which may have long-term 
effects on receiving water bodies (Barbosa et al., 2012; Markiewicz et al., 2017). A variety 
of OMPs have been frequently detected in stormwater (Masoner et al., 2019), such as 
hydrocarbons, including PAHs (Brown and Peake, 2006; Minervini, 2010), PCBs 
(Andersson et al., 2015; Cao et al., 2019), alkylphenols and phthalates (Björklund et al., 
2009; Clara et al., 2010; Flanagan et al., 2019b). Many of these pollutants are related to 
vehicle- and traffic-related organic pollutants, e.g. phthalates, alkylphenols and polycyclic 
organic hydrocarbons (Markiewicz et al., 2020). Field studies have detected OMPs such 
as polycyclic aromatic hydrocarbons (PAHs) (Smith et al., 2000), polychlorinated 
biphenyls (PCBs) (Hwang and Foster, 2008), phthalates (Björklund et al., 2009) and 
alkylphenols (Lamprea et al., 2018) in urban runoff. Numerous sources contribute to 
OMP contaminants, e.g. coal tar sealants, traffic, leaching from construction materials 
and industrial use (Bergé et al., 2013; Brown and Peake, 2006; Crane, 2014; Lamprea et 
al., 2018; LeFevre et al., 2012; Markiewicz et al., 2017). Since high stability PCBs are 
persistent, and therefore classified as persistent organic pollutants (POPs). They are 
considered as one of the important classes of POP chemicals alongside alkylphenols (Jones 
and de Voogt, 1999; Stockholm Convention, 2008). PCBs have been detected in road 
runoff sediments from areas with various land uses (Cao et al., 2019). Samples of 
stormwater have been shown to contain up to 80 times higher levels of PCBs than base 
flow (Hwang and Foster, 2008). The main sources of PCBs include transformer oils, small 
capacitors, heat transfer fluids, hydraulic fluids, liquid filled cables, paints, pesticides, and 
insecticides. Studies of sediments have revealed that there are still active sources 
contributing PCBs and that stormwater is the main pollutant pathway (Andersson et al., 
2015). Nonylphenols and phthalates are considered to be endocrine disrupting 
(Björklund et al., 2009), and petroleum hydrocarbons are suspected human carcinogens 
(Fent, 2003; LeFevre et al., 2012; Mastrangelo et al., 1996). In a study of 1100 
compounds to identify priority pollutants, PAHs, alkylphenols and phthalates were listed 
among the four highest ranked priority pollutants (Markiewicz et al., 2017). All together 
this highlights the need of further studies of long-term accumulation and distribution of 
OMPs in bioretention facilities.  
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2.2.1 Metals 

Metals are naturally occurring in the environment (Alloway, 2013a). However, in urban 
areas, due to anthropogenic activities, they are also a major source of contamination of 
stormwater and runoff (Müller et al., 2020). Various metals (e.g. Cd, Cu, Pb, Zn) 
contribute to the degradation of water (Göbel et al., 2007) and are considered 
contaminants of concern for human and aquatic life (Pitt et al., 1994). In road runoff, the 
Nationwide Urban Runoff Program (NURP) has classified several metals (especially Cu, 
Pb and Zn) as toxic (US EPA, 1983), and the European Water Framework Directive 
(WFD, 2014) lists metals such as Cd, Pb and Ni as priority substances. In a list of 25 
selected stormwater priority pollutants, Eriksson et al. (2007) also included the metals Cd, 
Cr, Cu, Ni, Pb, Pt and Zn. Metals either occur in particulate forms or as dissolved 
fractions in stormwater (Lange et al., 2020a). Huber et al. (2016) discussed the importance 
of stormwater treatment strategies from the perspective that Zn, Cu, Ni and Cd are the 
largest fractions in the dissolved phase, whereas Pb and Cr are mainly particle bound. 
Even though there are many studies of bioretention technology and metals, there are few 
larger field studies assessing metal accumulation and fractionation in stormwater treatment 
facilities and long-term performance. 

 

2.3 Bioretention 

As awareness of stormwater pollution has increased, interest in stormwater quality 
treatment has grown and several studies have studied stormwater treatment in urban areas. 
Bioretention is one of the most commonly used techniques and has been suggested to be 
a best management practice or low impact development for stormwater control measures 
(Johnson and Hunt, 2016; McGrane, 2016). In bioretention facilities, also referred to as 
biofilters, biofiltration systems or raingardens, stormwater is received from surrounding 
(impervious) areas and treated by percolating vertically through a filter, before being 
released to a downstream system (receiving water, stream, or stormwater drainage 
system). Bioretention facilities typically consist of a filter medium drained by an 
underdrain pipe embedded in gravel (Figure 3). The filter medium is often topped with 
mulch and/or topsoil, and planted with a variety of plant species (Lange et al., 2020b; 
LeFevre et al., 2015). An overflow device enables bypassing of high flows during rain 
events that exceed designed flows, and some facilities are also equipped with a forebay or 
a pre sedimentation. 

 

2.3.1 Long-term function 

Even if bioretention technology is a popular treatment technology and often studied, to 
date only limited research has been conducted to evaluate pollutant accumulation and 
associated risks, e.g. were high concentration of pollutants in parts of the facilities could 
pose risks to the local environment, wildlife and humans (Blecken et al., 2017). 
Therefore, increased knowledge of pollutant (both metals and OMPs) accumulation and 
fates in the filter is needed to enable improved design and assessment of bioretention 
technology and long-term performance (Davis et al., 2009). Regular maintenance is 
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needed to keep the long-term performance of a bioretention facility, (Johnson and Hunt, 
2016). To gain a perspective of long-term functioning, further research is required with 
a specific focus on older facilities to identify maintenance needs and measures (Blecken 
et al., 2017; Lucke et al., 2017).  

The concept of “long-term” is vague and requires definition in the context of this thesis. 
Whereas a short-term perspective assesses a facility’s ability to remove pollutants during 
several rain events (e.g., during one or few years or a season), a long-term perspective 
assesses the results of aged (in this thesis, at 7-16 years old) facilities. The latter includes 
many series of rain events, as well as processes occurring between them, such as 
evapotranspiration, plant uptake, dry periods and biodegradation, but also external 
actions, such as maintenance and reconstruction (Gavric, 2020). A long-term perspective 
of pollutant accumulation, pathways, and their availability in bioretention filter material 
can help to identify improvements in design and maintenance to increase performance 
during long-time operation in treating stormwater runoff in urban areas. 

 

2.3.2 Filter material 

The main function of the filter is to retain or delay flow and to treat stormwater quality 
by various processes (Fassman-Beck et al., 2015; Søberg et al., 2019). There are a number 
of filter material configurations, typically engineered sand with low organic matter, loamy 
sand or a mixture of sand with additives e.g. organic matter, biochar, chalk to support 
e.g. plant growth or metal treatment (Hatt et al., 2011; Søberg et al., 2019). Somteimes, 
filters are topped with a mulch layer (Davis et al., 2009; Hunt et al., 2012).  

The filter material should ensure sufficient retention of the water to ensure sufficient 
contact time for adsorption processes, but also relatively high infiltration to avoid 
overflow. Further, it has also to support plant life and avoid clogging (Fassman-Beck et 
al., 2015). These filter material requirements are partly conflicting.  

The filter material removes pollutants from the infiltrating water using different processes 
including adsorption, precipitation, and filtration (Hsieh and Davis, 2005). Plants in the 
filter foster infiltration and reduce the outflow load due to root zone development 
(Muthanna et al., 2007). However, most studies show that the filter media play the main 
role, at least for metal treatment (Blecken et al., 2011; Muthanna et al., 2007). Generally, 
filter materials classified as sand with naturally high pH, low organic matter and large 
specific surface area is recommended for dissolved metals and chalk additive to improve 
metal adsorption (Søberg et al., 2019). 

Most previous studies of bioretention have focused on metals (Tedoldi et al., 2016) and 
investigated mainly particle-bound metals (Lange, 2021). Most particulate metals are 
removed by filtration or adsorption to soil particles (Blecken et al., 2009a; Tedoldi et al., 
2016) and are primarily trapped in the top layer (0-10 cm) of the filter medium (Lange 
et al., 2020a; Li and Davis, 2008). Studies have shown high reductions of suspended solids 
and metals, with pollutant removal that often exceeds 70-90% (Blecken et al., 2009b; 
Flanagan et al., 2018; Hsieh and Davis, 2005; LeFevre et al., 2015). Similar trends have 
been observed for dissolved metals: Al-Ameri et al. (2018) reported that 70% of dissolved 
metals were trapped in the top layers (0-7 cm) of the filter medium. However, other 
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studies also reported poor treatment and leaching from the filter material (Lange et al., 
2020b; Søberg et al., 2017). 

Previous studies have also estimated the time for metal accumulation to reach regulatory 
limit concentrations of environmental and health reasons in the filter material e.g. to e.g. 
20, 77, 16 and 16 years for Cd, Cu, Pb and Zn (Davis et al., 2003) and 12-15 years of 
operation to exceed ecological guideline values requiring special disposal for Cd, Cu and 
Zn (Hatt et al., 2011). Leaching and desorption potential also affect the long-term 
function (Okaikue-Woodi et al., 2020) since there is a potential risk of leaching from 
polluted filter material and during disposal of filter material removed from polluted 
facilities. Because of this leaching potential, regular replacement of sediment and pollutant 
accumulated filter material has been recommended after, e.g., 20-25 years (Kluge et al., 
2018). Al-Ameri et al. (2018) have suggested from a study of metals that for less 
contaminated catchment areas (where clogging rather than high concentrations may limit 
bioretention function), regular maintenance could involve replacing the top 10 cm of 
filter material.  

Further studies of metal fractionation can provide information about potential metal 
behaviour, e.g., to reduce such leaching risks. Although several studies have 
investigated metal behaviour in bioretention few studies have assessed the availability of 
metals using sequential extraction methods. Previous laboratory studies using sequential 
extraction have studied Cd in a bioretention column lab-scale experiment (Wang et al., 
2016) and evaluated adsorbed dissolved metals in bioretention filter materials (Søberg et 
al., 2019). In a lab study, Søberg et al., (2019) also found metals as primarily adsorbed to 
exchangeable forms. Another lab study found that 88–97% of Zn, Cu, Pb were 
captured in the filter material while only 0.5–3.3% in the plants why the filter media 
play an important role in metal treatment (Sun and Davis, 2007). Two field studies 
have used five-step sequential extraction methods to study metal capture (Cu, Pb and 
Zn) and environmental availability (Jones and Davis, 2013; Li and Davis, 2008). Jones 
and Davis, (2013) found metals to be strongly bound to the filter media and largely 
immobile. Li and Davis, (2008) found that most captured metals were of anthropogenic 
origin but also  correlations between soluble-exchangeable forms with dissolved metals 
while more stable forms were associated to modeled runoff and media particulate 
metals. A recent field study also used sequential extraction to assess metal (Cr, Cu, Ni 
and Zn) mobility of road runoff in bioretention (Rommel et al., 2021). However, there 
are few larger studies assessing older field sites using sequential extraction methods. 

Compared to metals, only limited data is available on OMP removal and, specifically, 
accumulation to filter material. Most studies on OMP fate in bioretention facilities have 
focussed on hydrocarbons, particularly PAHs. However, some studies have indicated 
efficient removal of a wide range of OMPs (Zhang et al., 2014), with high concentration 
reductions (>90%) for PCBs and PAHs (David et al., 2015; Flanagan et al., 2018; 
Gilbreath et al., 2019) but more variable performance for treatment of alkylphenols and 
phthalates (49 – 76% and 8-74%, respectively) (Flanagan et al., 2018). There are today 
few studies concerning the filter material itself (Søberg et al., 2019) and for metals there 
are knowledge gaps in long-term retention, risks for leaching of adsorbed metals and 
accumulation processes to the filter material (Hatt et al., 2008; Søberg et al., 2017). For 
OMPs, only limited research has been conducted to evaluate the pollutant accumulation 
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in the filter material and long-term function. High OMP concentrations in the filters 
could pose risks to local environment. Therefore, increased knowledge of pollutant 
pathways and filter accumulation of both metals and OMPs is needed to enable improved 
design and assessment of bioretention long-term performance. Kratky et al., (2017) also 
recommended further research on long-term performance studies and disposal studies of 
disposal requirements of polluted filter media. 

 

2.3.3 Forebay 

A forebay could be implemented to provide pre-sedimentation at the inlet to minimise 
sediment transport to the filter surface, and thus prevent clogging. Bioretention forebays 
may comprise a small steel or concrete settling basin placed at the inlet as a velocity 
dissipator and/or for erosion protection but may also be a rock structure with a pooling 
function. In studies of ponds and wetland high levels of toxicity were commonly found 
in forebay sediments (McNett & Hunt, 2011). However, these forebays are commonly 
larger sedimentation facilities compared to bioretention.  

To date, only few studies have examined forebays in bioretention (McNett and Hunt, 
2011). In a study of biofilter wetlands, Kallin et al. (2004) suggested that a good design 
should incorporate a forebay for settling of large suspended sediments and periodically 
removing pollutants. (McNett and Hunt, 2011) assessed the toxicity of various metals 
(Cd, Cr, Cu, Fe, Pb, Ni and Zn) in forebay sediments from stormwater wetlands and 
wet ponds and concluded that according to US Environmental Protection Agency 
standards for the land application of biosolids (U.S. EPA, 1993), the sediments posed no 
threat to the environment. However, it was suggested that the presence of PCBs and 
PAHs (not assessed in the study) may restrict the possibilities for land application. 
(Johnson and Hunt, 2016) studied the accumulation and distribution of Zn, Cu and P in 
filter media from an 11-year-old bioretention cell. Their results showed significant 
variations in pollutant distribution with depth and distance from the inlet and correlation 
with humic matter in the filter material but also  
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3 Methods 

3.1 Field study 

In November 2019, a field study of stormwater bioretention systems was performed in 
Ohio, Michigan, and Kentucky (USA). Filter material was sampled from 29 bioretention 
sites (including 20 with a forebay) used for treating stormwater in urban areas for 7-16 
years. 

 

3.1.1 Field sites and site characteristics 

The contributing catchment areas were a mixture of urban and high urban, residential 
and industrial/commercial areas mainly treating road runoff and urban stormwater, as 
summarised in Table 2. Sampled filter materials were analysed in the laboratory and data 
were obtained on the occurrence, concentration, and accumulation of OMPs (16 PAHs, 
7 PCBs, 14 phthalates and 2 alkylphenols) and metals (Cd, Cr, Cu, Ni, Pb and Zn) in 
the filter material and forebays. Metal fractionation was also assessed using a five-step 
sequential extraction method.  

 

 
Figure 2. Selected bioretention sites from field sampling in Ohio, Michigan, and Kentucky in November 
2019. The upper left picture site #18, upper right site #27, lower left site #22 and lower right site #26.   
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Table 2. Field sites and site characteristics. 

 

 

3.1.2 Field sampling 

The methodology used was hypothesis guided sampling of filter material from 29 
bioretention sites, similar to a method previously used by (Tedoldi et al., 2017) and 
illustrated in Figure 3. The main aim of this approach was to determine length/depth 
profiles of the accumulated pollutants. At each bioretention site, filter material was also 
collected from the forebay if present (see Table 2).  

Filter material samples were collected at three locations along each filter (i.e., three 
different distances from the inlet) located approximately 1 m, 3 m and 6 m from the inlet. 
Since some sites were shorter (sites #5, #8, #12), the distances were scaled to fit three 
sampling locations within the site, and for site #24 and #25, only one sample point each 
was included. Further, some filters either had multiple inlets (site #5, #16, #23 and #26) 

Site Analyse Forebay
Age
[yr] Location

Catchment area
characteristics

Catchment Area 
[m²]

Filter
Area [m²]

 
FA/CA

[%]

1 omp/metal Yes 9 Upper Arlington, OH Residential 318488 950 0.3
2 metal Yes 9 Upper Arlington, OH Residential 1253311 1200 0.1
3 metal Yes 9 Upper Arlington, OH Residential 223791 900 0.4
4 metal Yes 9 Upper Arlington, OH Residential 145687 1900 1.3
5 omp/metal No 8 Upper Arlington, OH Commercial 750 40 5.3
6 omp/metal No 10 Columbus, OH Industrial 6000 300 5.0
7 metal Yes 8 Westervil le, OH Parking/Roads 12000 600 5.0
8 metal Yes 8 Westervil le, OH Parking/Roads 2000 50 2.5
9 omp/metal Yes 7 Westervil le, OH Commercial 4000 170 4.3

10 metal Yes 9 Columbus, OH Parking/Roads 4500 580 12.9
11 omp/metal Yes 9 Columbus, OH Downtown Urban 300 40 13.3
12 omp/metal Yes 8 Columbus, OH Downtown Urban 50 10 20.0
13 metal Yes 12 Hamilton, OH Industrial 4500 200 4.4
14 omp/metal Yes 12 Hamilton, OH Industrial 4500 300 6.7
15 metal Yes 12 Hamilton, OH Industrial 4500 200 4.4
16 metal No 16 Cincinatti, KY Commercial 3000 190 6.3
17 metal No 9 Toledo, OH Residential 250 50 20.0
18 omp/metal No 12 Lansing, MI Downtown Urban 600 50 8.3
19 omp/metal Yes 11 Lansing, MI Downtown Urban 500 50 10.0
20 metal Yes 14 Ann Arbor, MI Parking/Roads 2250 156 6.9
21 metal No 11 Seven Hil ls, OH Commercial 1200 200 16.7
22 omp/metal Yes 8 Parma, OH Fueling station 2500 200 8.0
23 omp/metal No 13 Twinsburg, OH Fueling station 2000 70 3.5
24 metal No 10 Orange Vil lage, OH Residential 250 20 8.0
25 metal No 10 Orange Vil lage, OH Residential 250 20 8.0
26 metal Yes 11 Kent, OH Fueling station 800 70 8.8
27 metal Yes 13 Akron, OH Parking/Roads 6500 180 2.8
28 omp/metal Yes 12 North Canton, OH Fueling station 1250 180 14.4
29 metal Yes 12 North Canton, OH Fueling station 1000 100 10.0
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or stretched out inlets along one of the sides (site #13, #14, #15, #24 and #25). For 
these sites, sampling locations were selected by judgement of the likely main flow path 
based on topography and sediments. Therefore, before sampling, mapping and 
examination of the local site hydrology and topography were performed, with catchment 
areas, inlets, sediments, and erosion studied to define the main inlet from which the 
sampling points then measured.  

At each sampling location, filter material was collected at three depths (0-5 cm, 10-15 
cm, and 30-50 cm). While the samples from the two shallower depths were always taken 
at 0–5 and 10–15 cm, the depth of filter material in some facilities (i.e., at sites #6, #7, 
#8, #23 and #27) was less than 50 cm. In these cases, the deepest sample was collected 
from the filter layer between 35 cm and the bottom of the filter material. In general, nine 
samples were collected from each filter (except at site #24 and 25, where only 3 samples 
were taken) and one sample was collected from each of the 20 forebays, resulting in a 
total of 269 samples. For each sample, a replicate was also taken.  

 

 
Figure 3. Cross-section of a bioretention facility illustrating the 10 sampling points (forebay, three 
locations in the filter and at three depths) all illustrated with a black “X” except “Depth 1” and “Location 
1” marked with a black “X” indicating that a sequential extraction also was performed on the sample. 
The coloured rectangles indicate different locations in the filter.  

 

Samples were collected in the field by cutting/digging out a core of filter material (5cm 
x 15cm x 15cm for layer 1 and 10 cm x 10 cm x 10 cm for layers 2 and 3). The filter 
material (about 1 kg) was placed into diffusion-tight plastic bags (18 cm x 35 cm) that 
were sealed shut with cable ties. At the time of sampling, the outdoor temperature was 
between -12 and +6 °C. After sampling, the samples were refrigerated prior to analysis. 
The forebay samples consisted of sediments collected from sites with a forebay or 
structure of similar function, i.e., a pre-treatment facility of steel, concrete or large stones 
or rock structures with a pooling function or where sediment deposited.  
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Figure 4. Left picture sampling of filter material consisting of sand with a covering mulch layer at site 
#22. Right picture a forebay with sediments. 

 

3.2 Sample analysis 

All samples were analysed for the concentration of six metals (Cd, Cr, Cu, Ni, Pb and 
Zn). The metal analysis was conducted using a five-step sequential extraction method for 
all 29 sites at location 1 and depth 1 (Figure 3). For these samples, the total organic carbon 
(TOC) content and pH were also analysed. Further, for all samples, the concentrations 
of 38 organic pollutants from four pollutant groups (16 PAHs, 7 PCBs, 13 phthalates and 
2 alkylphenols) were analysed for 12 sites (including eight sites with a forebay). For these 
12 sites, TOC, and loss on ignition (LOI) were also analysed, and in two of the samples 
from each site (location 1, depth 1 and depth 2), the specific surface area (SSA) was 
analysed. All samples were sent to an external accredited laboratory ALS Scandinavia AB 
(ALS Global, 2022) for pretreatment and analysis. 

 

OMP concentrations were analysed using gas chromatography – mass spectrometry (GC 
– MS.  

Concentrations of 16 PAHs (i.e. naphthalene (Nap), acenaphthylene (Acyl), 
acenaphthene (Acen), fluorene (F), phenanthrene (Phen), anthracene (A), fluoranthene 
(Fluo), pyrene (Pyr), benzo(a)anthracene (BaA), chrysene (Chry), benzo(b)fluoranthene 
(BbF), benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP), dibenzo(a,h)anthracene 
(DahA), benzo(g,h,i)perylene (Bper) and indeno(1,2,3-cd) pyrene (IP)) were analysed 
according to US EPA 8270 (Pitt et al., 1994) and ISO 18287 (ISO, 2006). Σ16PAH was 
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calculated as the sum of the concentrations of all 16 PAHs. The sum of PAHs with low 
molecular weights (PAH-L) was calculated as the sum of naphthalene, acenaphthylene 
and acenaphthene concentrations, PAHs with medium molecular weights (PAH-M) as 
the sum of fluorene, phenanthrene, anthracene, fluoranthene and pyrene concentrations, 
and PAHs with high molecular weights (PAH-H) as the sum of benzo(a)anthracene, 
chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, indeno(1,2,3-
c,d)pyrene, dibenzo(a,h)anthracene and benzo(g,h,i)perylene concentrations. 
Concentrations of seven PCB indicator congeners (i.e. PCB 28, PCB 52, PCB 101, 
PCB118, PCB 153, PCB 138, PCB 180) were analysed following DIN ISO 10382 (DIN 
ISO, 2002), and Σ7PCB was calculated as the sum of their concentrations. The 
concentrations of 13 phthalates (i.e. dimethylphthalate (DMP), diethylphthalate (DEP), 
di-n-propylphthalate (DPP), diisobutylphthalate (DIBP), di-n-butylphthalate (DBP), di-
n-pentylphthalate (DNPP), di-n-octylphthalate (DNOP), di-(2-ethylhexyl)phthalate 
(DEHP), butylbenzylphthalate (BBP), dicyclohexylphthalate (DCP), diisodecyl phthalate 
(DIDP), diisononyl phthalate (DINP) and di-n-hexylphthalate (DNHP)) were analysed 
following E DIN19742 (E DIN, 2014). Finally, the concentrations of two alkylphenols 
(4-tert-octylphenol (OP) and 4-nonylphenol (NP)) were analysed. All OMP detection 
limits are presented in Appendix I (paper II, Table 2, page 4). 

Besides the OMP concentrations, total organic carbon (TOC was measured using CSN 
EN 13137 (CSN EN, 2018) and CSN ISO 10694 (CSN ISO, 1995). Loss on ignition 
(LOI was measured using gravimetric analysis based on CSN EN 12879 (CSN EN, 
2014), CSN 72 0103 (CSN, 2009) and CSN 46 5735 (CSN, 1991), dry matter (DM) 
was measured using appropriate methods for each pollutant group and Specific surface 
area (SSA was measured according to BS ISO 9277:2010 (BS ISO, 2010) (gas adsorption 
- Brunauer, Emmett and Teller (BET) method). 

For determination of total metal concentration, the samples were dried (at 50°C) and 
sieved (2 mm) according to Swedish standards (SS, 2004a; (SS, 2004b). Drying at 105°C 
was carried out in parallel to the analysed samples to calculate the DM concentration. 
Microwave assisted digestion was performed on the dried samples in 5 ml concentrated 
HNO3 and 0.5 ml H2O2.  

Sequential extraction is a fractionation method developed for laboratory simulations of 
leaching. It can be used to analyse the availability of metals (such as Cd, Cr, Cu, Ni, Pb 
and Zn) in soils and sediments to determine whether they are leachable to the 
environment, and hence a potential pollutant. The method used for analysis in the present 
work was based on one used previously by Hall et al. (1996a, 1996b) and consisted of 
five different fractionation steps of extraction to provide information about the availability 
and leachability of different metals. Samples of metal leachate water were acidified with 
1 ml nitric acid (HNO3; suprapur for trace analysis) per 100 ml and analysed using 
Inductively Coupled Plasma Sector Field Mass Spectrometry (ICP-SFMS) according to 
Swedish standards (SS-EN ISO, 2016, 2006) (mod) and U.S. EPA method (U.S. EPA, 
1994a) (mod). Inductively Coupled Plasma Optica Emission Spectrometry (ICP-OES or 
ICP-AES) was also performed according to Swedish standard (SS-EN ISO, 2009) (mod) 
and U.S. EPA method (U.S. EPA, 1994b) (mod). Detection limits (DLs) were affected 
in one sample (site 16, step 2 for Cd, Cr and Ni). Thus, in this case, there was a need for 
extra dilution to reduce matrix effects.  
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Table 3. Metal fractionation steps in the five-step sequential extraction (ALS, 2018). 

# Form Leaching solution Description 

1 Adsorbed and 
exchangeable 
metals and 
carbonates 

1.0 M sodium 
acetate buffer, pH 
5 

Mimics the effects of acidified conditions. Easily 
soluble substances or adsorbents loosely adhered to 
material surfaces are released, including those bound 
to carbonate phases. The exchangeable fractions are 
released by ion exchange. Easily leached forms 
mobilized during precipitation are a direct threat to 
the environment. 

2 Labile organic 
forms 

0.1 M sodium 
pyrophosphate, 
pH 9 

Releases metal impurities bound in labile organic 
forms, such as humus and fulvic acids. This leaching 
step reveals what could be potentially bioavailable. 

3 Amorphous 
Fe- and Mn-
oxides 

0.25 M 
NH2OH·HCl in 
0.1 M HCl  

60°C, pH 1 

Indicates the proportion that can be released if the 
redox potential in the soil is significantly reduced 
and anoxic conditions prevail in the material, e.g., 
at elevated groundwater levels, when covering 
results in reduced oxygen uptake or at high oxygen 
consumption due to high levels of organic material. 
To some extent, the release of metals in hydroxide 
form may be due to an acidic environment rather 
than altered redox potential 

4 Crystalline Fe 
oxides 

1.0 M 
NH2OH·HCl in 
25% acetic acid 
90°C, pH approx. 
1 

The material is leached under greatly reduced 
conditions, which reduce crystalline iron oxides, 
(e.g., ingot, hematite and magnetite), releasing 
metals bound to these phases. These forms are more 
stable than amorphous Fe/Mn oxides and only 
problematic if anoxic conditions prevail for a long 
time 

5 Stable organic 
forms and 
sulphides 

K-chlorate 12 M 
HCl, 

4 M HNO3 90°C 

Stable organic forms and sulphides. Upon exposure 
to air and water, sulphides dissolve to form 
sulphuric acid, which can then release metals 

 

3.2 Data analysis 

The data and statistical analysis are described in detail in the appended papers. In addition, 
a complementary principal component analysis (PCA) model was performed for analysis 
of forebay impact, as described below.  

The software SIMCA 17 was used to summarize the data and for easy visualization of the 
main characteristics and examine correlations between parameters. In total, four PCA 
models were considered: one model of OMPs from 12 different sites (Paper I), one model 
of metals from 29 sites (Paper II) and two additional models in this thesis (metals and 
OMPs from 12 different sites; metals, OMPs and forebays from 8 different sites). The 
PCA models also included observations of concentrations from the laboratory analysis 
and the variables depth, location (Figure 3), SSA, LOI, TOC, age, ratio between filter 
area and catchment area, land use (commercial, industrial, downtown urban, roads and 
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parking and fuel stations). The models were UV scaled, and log transformed (auto 
transformed) on skewed variables. 

Since most of the datasets were non-normally distributed, a nonparametric method 
(Kruskal-Wallis test) was used after censoring data at the highest reporting limit (Helsel, 
2012) to test the statistical significance of differences between the examined parameters 
(i.e. concentration, depth and location). 
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4 Results 

4.1 Organic micropollutants 

34 of the 38 studied organic analytes were detected in at least one of 116 samples of filter 
material. Four substances, one PAH (acenaphthalene) and three phthalates 
(diethylphthalate (DEP), di-n-octylphthalate (DNOP) and dicyclohexylphthalate 
(DCP)). 

PAHs were found above the detection limit in 79% of all 116 samples and detected at all 
twelve examined sites. Of the 16 analysed PAHs, only acenaphthylene was not detected 
at all. PCBs were detected in 77% of all samples and therefore, together with the PAHs, 
the most frequently observed group of organic micropollutants. In total, all PCBs aside 
from PCB28 were detected at all but two (#3 and #7) of the 12 sites. The most frequently 
occurring PCB were PCB 153, which was detected in 76% of all samples. The least 
frequently detected PCB (PCB 28) was detected at four sites (#5, 19, 22 and 23) and in 
17% of all samples. Phthalates were detected at eleven sites and in 59 of 108 samples (51 
%). 10 of the13 studied phthalates were detected in at least one sample. The most 
frequently detected phthalate was di-2-ethylhexylphthalate (DEHP), which was detected 
in 49% of the samples, whereas all other phthalates were only detected occasionally in 
≤7% of all samples. Alkylphenols had the lowest occurrence rate of the studied OMPs. 
The most frequently detected alkylphenol was NP, which was detected at 10 of 12 sites 
and in 26 out of a total of 107 samples (23%). OP was only found above the detection 
limit in one sample out of 107 (<1% detection frequency).  

Of the twelve examined sites, eight had a forebay (site # 1, 9, 11, 12, 14, 19, 22 and 28), 
and for those, NP was detected in seven forebays (site # 9, 11, 12, 14, 19, 22 and 28) 
but only in four of the corresponding filters materials (site # 11, 12, 19 and 28). For the 
PAHs, phthalates and NP, the concentrations were statistically higher (Kruskal-Wallis, 
p<0.05) in the forebay than in the other sampled surface locations (location 1, 2 and 3), 
and for PCBs, a similar trend of higher concentrations in the forebay were observed 
(Figure 3). Two phthalates (di-n-pentylphthalate (DNPP) (site #11) and diisodecyl 
phthalate (DIDP) (site #22)) were detected in only one sample each and only in the 
forebay. At three sites, NP (tech. mixture) was only detected in the forebay (site #9, 14 
and 22) and OP was detected in two samples, one in the forebay (site #22) and one in 
the top layer (Site #5).  

For the PAHs and PCBs, molecules with higher molecular weights were more abundant 
than those with lower molecular weights. Among the PAHs, PAH-H and PAH-M had 
higher concentrations than PAH-L. 
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Figure 5. Boxplots of concentrations Σ16PAH, Σ7PCB, di-2-ethylhexyl phthalate and 4-nonylphenols 
(tech. mix) in the forebay (FB) and at three filter locations (Loc. 1, 2 and 3) and three depths (0-5 cm, 
10-15 cm and 30-50 cm). Each location is marked with coloured rectangles according to depth 
corresponding to those in Figure 3. 

 

From the boxplots in Figure 5, it can be seen that the pollutant concentrations of PAHs, 
PCBs and phthalates was highest in the surface layers but also detected in the deeper 
layers, albeit less frequently and at lower concentrations. For alkylphenols, detected 
concentrations were mainly found in the top layer close to the inlet and forebay. 
Concentrations also decreased significantly with depth between depth 1 (0-5 cm) and the 
deeper depths (depth 2 (10-15 cm) and depth 3 (35-50 cm)) for the three studied groups 
of OMPs (PAHs, PCBs, phthalates) and the more frequently detected NP (tech. mix). A 
trend of decreasing concentrations with increasing distance from the inlet was observed 
for all four groups of pollutants. However, no significant difference was detected. 
Another trend observed for all four organic micropollutants was the large variation in 
concentrations within and between different sites, particularly in the forebay but also for 
PAHs in all surface layers.  
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4.2 Metals  

All metals except for Cd (i.e. Cr, Cu, Ni, Pb and Zn) were found in all 269 analysed 
samples (Table 4). Cd was detected in 245 of 269 analysed samples. 21 of the 24 non-
detectable samples were from the four sites with the lowest concentrations (site # 13, 14, 
15 and 27). s 

The concentration ranges observed in this study were generally lower for Cr, Cu, Ni, Pb 
and Zn compared to other similar studies, whereas comparable or slightly higher 
concentrations were observed for Cd (Al-Ameri et al., 2018; Rommel et al., 2021). 
However, the concentrations in the present study varied greatly between different 
facilities. Deeper layers of the filter material had similar levels to soil background 
concentrations (England, USA and median global average) (Alloway, 2013b). A trend of 
decreasing concentration with increasing depth was observed for Cd, Cr, Cu, Pb and Zn 
but not Ni. This trend was statistically significant (Kruskall-Wallis, p<0.05; Figure 6) for 
Cr, Cu, Pb and Zn, whereas the trend for Cd was only observed in boxplots. However, 
looking at each site separately revealed that all metals, including Cd and Ni, at most sites 
showed a similar trend of concentrations decreasing with depth. Also, a trend of 
decreasing concentration with increasing distance from the inlet was observed for Cr and 
Zn, mainly in the top layer of the filters. A similar tendency was observed for Cu and Pb, 
but the difference was not statistically significant (Kruskal-Wallis, p=0.05). 

Cr, Cu and Zn showed slightly higher concentrations in the forebays (at 20 of the 29 
sites, Table 2) than the filter material (Figure 6). In contrast, Ni did not show any 
difference in concentration and Cd and Pb showed lower concentrations in the forebay 
than in the rest of the filter. However, these trends were not statistically significant 
(Kruskall-Wallis, p<0.05). 
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Table 4. Metal total concentrations, concentrations measured after five steps of 
fractionation (mg/kg, DM) and occurrence rates (%). * Indicates that for Cd, Cr and Ni, 
one sample had a higher detection limit from the analysis (double value) than the other 
detection limits. Values of total concentration are from the external accredited laboratory 
analysis of total concentration. 

 

 

Median Min Max Max DL

Cd total 0.35 0.10 1.58 0.10 91%
1 0.20 0.06 0.42 - 100%
2 - - - 0.3* 0%
3 0.05 0.01 0.10 - 100%
4 0.05 0.02 0.10 - 100%
5 0.02 0.01 0.06 - 100%

Cr total 8.75 2.66 60.9 - 100%
1 1.02 0.47 3.63 - 100%
2 <3 <3 3.19 3* 3%
3 0.41 0.16 4.53 - 100%
4 5.27 1.84 27.1 - 100%
5 6.40 1.44 26.8 - 100%

Cu total 20.7 4.89 93.6 - 100%
1 1.26 0.19 5.81 - 100%
2 <8.65 <6 32.8 6 66%
3 0.42 0.03 9.33 - 100%
4 13.3 5.22 87.6 - 100%
5 4.95 2.21 100 - 100%

Ni total 14.8 3.67 64.0 - 100%
1 1.37 0.33 3.90 - 100%
2 <3 <3 4.99 3* 7%
3 1.25 0.08 6.78 - 100%
4 6.97 3.35 25.8 - 100%
5 4.28 1.27 31.4 - 100%

Pb total 16.00 2.89 122 - 100%
1 3.51 0.59 22.5 - 100%
2 <2.50 <1 29.0 1 76%
3 4.57 0.32 33.8 - 100%
4 9.24 2.06 36.4 - 100%
5 1.16 0.32 3.40 - 100%

Zn total 84.6 16.9 813 - 100%
1 53.9 4.48 304 - 100%
2 <13.8 <11 78.6 11 66%
3 33.6 2.63 330 - 100%
4 55.9 13.0 214 - 100%
5 14.5 3.69 26.1 - 100%

Metal Fraction Occurance >DL[mg/kg,DM]
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4.2.1 Fractionation 

To study the selected metals (Cd, Cr, Cu, Ni, Pb, Zn) potential ability to leach a 
fractionation of the metals was performed. The method used for the fractionation was a 
five-step sequential extraction on samples collected closest to the inlets in the top layer 
(Figure 3, location 1, depth 1), i.e., samples with (in most cases) the highest metal 
concentrations. The results showed that all studied metals were present in all five fractions 
and that all analysed metals (Cd, Cr, Cu, Ni, Pb, Zn) were available in potentially mobile 
forms in the filter material to varying degrees, with Cd being the most mobile metal and 
Cr the least. The content of all the metals was highest in fraction 4 and lowest in fraction 
2. In fraction 2, for all the metals, several of the total 29 analysed samples were below the 
detection limit (Cd<DL = 29, Cr<DL = 28, Cu<DL = 10, Ni<DL = 27, Pb<DL = 7 and Zn<DL 
= 10, Table 5 and Figure 7). The reason for non-detects in fraction 2 could either be 
low concentrations in the samples and/or combination of the level of detection limits in 
the method. For all metals, most of the detected mass was in the first four fractions (Table 
4 and Figure 7). Cr was the only metal in the study that had the highest content in 
fraction 5. For Cu, Ni and Pb, the highest content was found in fraction 4 (Table 4 and 
Figure 7). When comparing the fractionation results between the 29 sampling sites, large 
variations were observed between the various sites. However, the distribution between 
the fractions was rather uniform for each metal (Cd, Cr, Cu, Ni, Pb and Zn). Thus, the 
main trend was the variation in mobility between the different metals, e.g., Cd high in 
fraction 1 and Cr mainly in fraction 4 and 5. 

 

Table 5. Distribution between fractions as a percentage of detected metal content 
calculated from median concentrations with detection limits reported by the external 
accredited laboratory. 

 

  

Cd Cr Cu Ni Pb Zn
Fraction 1 63% 7% 4% 9% 20% 36%
Fraction 2 0% 1% 22% 2% 14% 10%
Fraction 3 14% 5% 4% 10% 23% 22%
Fraction 4 16% 38% 48% 47% 39% 26%
Fraction 5 7% 48% 22% 32% 4% 6%
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Figure 7. Boxplots of median concentration for metals in five different fractions. For all metals, the 
detection limit (DL) is indicated in fraction 2 and marked with a horizontal line. “n” indicates the number 
of values below DL out of a total of 29 samples. * Indicates that for Cd, Cr and Ni, one sample in the 
analysis had a higher DL (double value) than the other DLs (i.e., CdDL=0.3 for 28 samples and CdDL=0.6 
for one sample, CrDL=3 for 27 samples and CrDL=6 for 1 sample, NiDL=3 for 26 samples and NiDL=6 for 
1 sample). 

 

Cd was mainly present in fraction 1 but also in fraction 3, 4 and 5 (Table 4). Of all the 
analysed metals, Cd had the highest proportion in fraction 1 and a high sum of content 
from fraction 1 to fraction 4 (Cu∑F1-F4=93 %) but a rather low proportion in fraction 5 
(Table 4). For Cd, all 29 samples in fraction 2 were below DL. 

Cr was found mainly in fraction 5 (48%) and fraction 4 (38%). Cr was to a less extent 
present in fraction 1 and 3 and rarely detected in fraction 2 (CrF1 = 7%, CrF2 = 1%, CrF3 
= 5%, CrF4 = 38%, CrF5 = 48%). In fraction 2, Cr was detected in only one sample out 
of 29 (DLCd=3 mg/kg and 6 mg/kg in one sample). Cr had the highest percentage metal 
content in fraction 5 of all the metals analysed and the lowest sum of content in fraction 
1 to 4 (Cr∑F1-F4 = 52%).  

Cu had the highest detected metal content in fraction 4 and fraction 2 but also some 
content in fraction 5 (Cu∑(2+4+5) = 92%), while concentrations in fraction 1 and fraction 
3 were rather low. The distribution of Cu between the different fractions was as follows: 
CuF1 = 4%, CuF2 = 22%, CuF3 = 4%, CuF4 = 48%, CuF5 = 22%. In fraction 2, Cu was 
detected in 19 of the 29 analysed samples above DL (DL=6 mg/kg, 5 mg/kg for two 
samples). The total sum of Cu content in fraction 1 to fraction 4 (Cu∑1-4) was 78%, and 
the sum of fraction 2 and fraction 4 was 70 % (Cu∑F2+F4=70%).  

Ni was found with the highest concentration in fraction 4 and a high concentration in 
fraction 5. Less was detected in fraction 1, 2 and 3. In fraction 2, Ni was only detected 
in 2 of the 29 samples (3.28 and 4.99 mg/kg with DLNi = 3 mg/kg for all samples but 
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one with DLNi=6 mg/kg). The distribution in Ni content between the different fractions 
was as follows: NiF1 = 9%, NiF2 = 2%, NiF3 = 10%, NiF4 = 47%, NiF5 = 32%. After Cr, 
Ni had the highest content in fraction 5 and the least sum of fraction 1 to fraction 4 
(Ni∑(F1-F4) = 68%). 

Pb had a high content in fraction 1, 3 and 4, a lower content in fraction 2 and only a 
small content in fraction 5. Among all the metals, Pb had the highest sum of content 
from fraction 1 to fraction 4 (Pb∑(1-4) = 96%) and the least content in fraction 5.  

Zn had a relatively even spread in metal content, mainly between fraction 1 and 4, with 
the highest content in fraction 4 and the least content if fraction 5. The Zn distribution 
between the different fractions was as follows: ZnF1 = 31%, ZnF2 = 8%, ZnF3 = 20%, 
ZnF4 = 33%, ZnF5 = 8%. Zn had the second highest (after Pb) sum of content in fraction 
1 to fraction 4 (Zn∑(1-4) = 94%) and the second highest (after Cd) content in fraction 1 
(36%). 
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4.3 pH, TOC 

 
Figure 8. Left: boxplot of pH and depth. Samples were analysed from the top layer close to the inlet. 
Right: boxplot of total organic carbon (TOC) from 12 of the total 29 sites (site 1, 5, 6, 9, 11, 12, 14, 18, 
19, 22, 23 and 28) according to depth and location. 

 

The mean values of TOC obtained in this study corresponded to typical USA geometric 
mean values for texture classes sandy (6.0 mg/kg), coarse loamy (10.3-10.8 mg/kg) and 
coarse silty (18.1 mg/kg) (Alloway, 2013a, Table 13.2). The top layer had a significantly 
higher (Kruskall-Wallis, p<0.01) TOC than the deeper layers. pH was measured at 
location 1 and depth 1 and had a median value of pH 7.2 and range 6.2 to 8.7. 
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To obtain an overview of potential relations between metals, OMPs and other analysed 
parameters, a PCA model (principal component analysis) was constructed with data from 
the 12 sites (#1, 5, 6, 9, 11, 12, 14, 18, 19, 22, 23, and 28) with analyses of both metals 
and organic pollutants. The PCA model was a three-component model with R²Xcum = 
0.664 (cumulative X-variation modelled after all three components) and Q2(cum) = 
0.569 (cumulative overall cross-validated R²X). The variation for each component was 
R²X(p1) = 0.382, R²X(p2) = 0.173 and R²X(p3) = 0.11. The model was UV scaled and 
log transformed (auto transformed on all skewed variables). The PCA showed similar 
correlations for the 8 sites with a forebay as for the 12 sites without a forebay.  

The main trends identified in the score plot are as follows. The observations were 
clustered in groups site by site, and most sites were stretched out with a slight angle along 
the t[2] axis from lower left to upper right. Site 1 was mainly grouped outside Hotelling’s 
T2 (95%) as outliers with high significance and just slightly stretched out. Sites #5, 9, 11, 
12, 14, 18, 19 and 22 were clearly stretched out, while sites 1 and 23 were slightly 
stretched out and sites 6 and 28 more clustered. This trend of stretched out observations 
in the score plot corresponded to trends between the area ratio (between catchment area 
size and filter area) and land use but also between depth and concentration in the loading 
plot. The latter trend indicated a large variation in concentration between sites as well as 
within the sites. In the loading plot, the main trend was that concentrations of PAHs, 
metals, PCBs, NP, DEHP and the general parameters TOC and LOI were located 
towards the left. A negative correlation was observed between them and the general land 
use parameters depth, ratio, industrial, location and site age as the latter were located on 
the opposite side of the plot. The catchment characteristic variables (commercial, fuel 
station, industrial, residential, and urban land use) were spread around the origin in the 
loading plot. Data for residential, urban, and industrial land use were located far from 
each other and the origin, indicating a high impact in the model, whereas those for fuel 
station and commercial land use were located closer to the origin.  

The PAHs with the highest molecular weights were located further to the left, and 
therefore had a stronger negative correlation to the parameters to the right (depth, ratio, 
industrial, location, site age and fuel stations), whereas PAHs with lower molecular 
weights were located closer to the origin in the first component (p[1]). A similar trend 
was also observed for PCBs, with PCB 153, PCB180 and PCB138 located far to the left, 
PCB101 and PCB118 also to the left and PCB28 and PCB52 located closer to the origin 
in p[1]. TOC and LOI seemed to correlate to PCBs, phthalates and DEHP but also 
showed some correlation to the metals Cd, Cr, Cu Pb and Ni rather than the other 
pollutants in the loading plot.  

Comparing the loading plot with the score plot, one can see that some sites were more 
correlated to certain pollutant groups, e.g., site #1 to PAHs, #11 and #19 to PCBs, and 
site #5 to metals. Another observation was that patterns where sites were stretched out 
in the score plot from lower left to upper right seemed to correspond to a diagonal from 
left to right in the loading plot with a relation between depth and concentrations, 
especially for the OMPs. The other diagonal from upper left to lower right, where sites 
#1, 5, 18, 11 and 19 grouped, seemed to correspond with the negative correlation 
between area ratio and residential land use, especially for the PAH group and site #1. For 
example, a low ratio between filter area and catchment area, i.e., large catchment area 
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compared to filter area at sites #1, 2 and 3 (Table 2) correlated to higher concentrations 
of PAHs. Urban/downtown areas seemed to correlate to PCBs. Otherwise, there was no 
clear correlation between usage and concentration. All pollutants with high occurrence 
rates showed a strong negative correlation between ratio and depth but also location and 
age.  
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5 Discussion 

Occurrence, concentration, and accumulation of OMPs and metals in bioretention filter 
materials are the result of numerous processes, material properties, filter characteristics 
and local conditions. Some of these processes are dependent on the pollutant substance 
properties, such as hydrophobicity, solubility, biodegradation, and volatilization, which 
can affect the accumulation over time. Geographical and seasonal conditions, such as 
temperature, precipitation patterns (wet and dry periods), pollutant load and emissions 
from catchment areas, global and local sources, may also have an impact, as can filter 
design, filter material, maintenance, road maintenance with de-icing salts and local 
hydrology.  

 

5.1 Occurrence and concentration 

OMPs were frequently detected in the analysis. PAHs and PCBs showed a higher 
occurrence than alkylphenols and phthalates, while metals showed an overall high 
occurrence. The different occurrence of metals and OMPs may partly be explained by 
the fact that the metals are naturally occurring, and therefore more widely spread, whereas 
OMPs originate mainly from anthropogenic sources, and may therefore be more 
localised. The concentrations observed in the filter materials were slightly lower for Cr, 
Cu, Ni, Pb and Zn than in some other similar studies (Al-Ameri et al., 2018; Rommel 
et al., 2021) but comparable or higher for Cd. Comparing the metal concentrations to 
soil background concentrations, e.g. in England and USA, the levels in the deeper layers 
of the filter materials were within normal background concentrations (Alloway, 2013c). 
OMP concentrations had similar ranges as in previous studies. However, extremely high 
PAH concentrations (DiBlasi et al., 2009; Tedoldi et al., 2017) were detected at one 
particular site (site #1). 

Large differences were observed in the concentrations and occurrence between various 
sites for both metals and OMPs. However, this trend was not as clear for metals as for 
OMPs. This large variation in concentrations may be explained by variation in the 
catchment characteristics, such as the ratio between catchment area to filter area and 
different land use, which may contribute different pollutant types and loads (Cao et al., 
2019; Crane, 2019) and local hydrology. The PCA demonstrated that the observations 
from different sites were grouped together and often correlated to a certain group of 
pollutants (Figure 9). For example, according to the PCA, the highest concentrations of 
PCBs were in urban areas with downtown/city centre areas characterised by high 
population density and traffic, whereas lower concentrations were found in less densely 
populated suburban residential areas with more green space. Therefore, differences in 
sources may play an important role, especially for the OMPs, since these pollutants are 
mainly anthropogenic. This was supported by the fact that nonylphenol was more 
frequently detected and at higher concentrations than octylphenol, which may be because 
nonylphenol ethoxylates have a greater industrial use than octylphenol ethoxylates (Bergé 
et al., 2012). Regarding the correlation between phthalates (OP and NP) in stormwater 
sediments and industrial use, previous studies have shown that concentrations may be 
lower in USA than in Europe (Crane, 2019; Flanagan et al., 2021), which could reflect 
different legislation concerning the use of phthalates in industry.  
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5.1.1 Spatial distribution of pollutants in the filter material 

One important observation, especially for OMPs (i.e., PAHs, PCBs and, when detected, 
phthalates and alkylphenols, e.g., DEHP and NP) was that occurrence frequencies and 
concentrations were higher in the top layers of the filters and decreased with increasing 
depth from the surface. A possible explanation for this is that, e.g. PAHs and PCBs, are 
often associated with suspended solids in stormwater, (LeFevre et al., 2015; Marsalek et 
al., 1997; Hwang and Foster, 2008) and have similar properties to other particle-bound 
pollutants. Therefore, they may be primarily removed in the surface layers through 
sedimentation and filtration of particles (Blecken et al., 2009a). Alkylphenols and 
phthalates exhibit more variable speciation in stormwater and are more mobile (Flanagan 
et al., 2018), and therefore occur in lower concentrations near the surface.  

Metal concentrations also generally decreased with increasing depth in the bioretention 
material. This variation was significant (Kruskall-Wallis, p<0.05) for Cr, Cu, Pb and Zn, 
but was also observed for Cd and Ni at some sites. Similar results have been shown by 
previous studies (Blecken et al., 2009a; Li and Davis, 2008; Muthanna et al., 2007). An 
explanation for this could be that like OMPs, accumulated metals may be associated with 
particles, and therefore removed from stormwater by filtration through sediments, 
reducing the concentration with depth from the surface (Al-Ameri et al., 2018; Tedoldi 
et al., 2016).  

Concentrations and occurrence frequencies also decreased with increasing distance from 
the inlet for OMPs, whereas for metals (PCA paper I and II), this trend was only seen for 
Cr and Zn, partly for Cu and to some extent for Pb but only in the top layer (see boxplots 
in Figure 6). Among the OMPs, this trend was most clear for PAHs and PCBs, and to a 
lesser extent for alkylphenols and phthalates. However, for the more occurring 
alkylphenols (NP) and phthalates (DEHP), this trend was highly correlated. Variation of 
occurrence and concentration with increasing distance from the inlet may be explained 
by the pollutants being mainly particle-bound coupled with long-term effects of filter 
hydrology. For example, the more frequently occurring smaller rainfall events could cause 
a higher pollutant load close to inlets, resulting in higher pollutant accumulation (Al-
Ameri et al., 2018; Jones and Davis, 2013).  

An explanation for the observed decrease of pollutant concentrations with depth could 
be that both OMPs and metals (as discussed in (Al-Ameri et al., 2018; Blecken et al., 
2009a; Li and Davis, 2008; Muthanna et al., 2007; Tedoldi et al., 2016)) accumulate in 
the filter as particle-bound pollutants due to their ability to attach to other particles (e.g. 
suspended solids). However, in this study, this trend was more pronounced for OMPs 
than metals. This difference could be due to a lower pollutant load of metals, and thus 
lower concentrations levels closer to background concentrations. However, metals may 
occur either as dissolved or particle bound depending on environmental conditions, e.g., 
pH, concentration, organic matter, and the presence of other metals (Fe, Mn) and deicing 
salts and therefore less accumulated over time in the filter medium.  

In the case of OMPs, pollutants with higher molecular weight (i.e., PAH-H and heavier 
PCBs) were better retained in the filter medium, and therefore occurred in higher 
concentration and were more frequently detected than substances with lower molecular 
weights (e.g., PAH-L and lower weight PCBs). This may be because heavy molecules 
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are generally more hydrophobic than lighter molecules (PAHs), and therefor to a higher 
degree retained in the filter media but also less soluble, more strongly particle bound, less 
biodegradable and less volatile (Crane, 2014; David et al., 2015; Flanagan et al., 2018; 
MacKay, 2006). This explanation is supported by the findings of in Paper I, which 
showed the highest PAH concentrations for Fluo, Pyr, Phen (PAH-M), Chry and BbF 
(PAH-H), similar as in a previous study of soil accumulated PAHs in stormwater 
infiltration facilities (Tedoldi et al., 2017). Also, PCB concentrations in the bioretention 
filter medium showed a trend of decreased with decreased molecular weight with the 
order PCB 153 > PCB 138 > PCB 180 > PCB 118 ≈ PCB 101 > PCB 52 > PCB 28. 
For PCBs, however this may also be related to the degree of chlorination since the 
hydrophobicity of PCBs also increases with increasing chlorination. Thus, more 
chlorinated PCBs tend to be more effectively retained in bioretention facilities than less 
chlorinated PCBs (David et al., 2015). More highly chlorinated PCBs are also less 
biodegradable and less volatile (MacKay, 2006).  

Phthalates and alkylphenols were less commonly found in the filter material, which may 
reflect their lower industrial use (Bergé et al., 2013). Another explanation could be that 
they are less effectively treated in bioretention facilities than, e.g. PAHs (Flanagan et al., 
2018), but are more biodegradable compared to heavy PAHs and PCBs (Mackay, 2006), 
which may reduce filter accumulation over time. Biodegradation is considered to be one 
of the most important treatment processes for OMPs (Zhang et al., 2014). Since it 
predominantly occurs during long dry periods, it is likely to be a major fate process in 
long-term contaminant patterns.  

PCA (Figure 9) confirmed the major trends observed for metals (Figure 5) and OMPs 
(Figure 6) but also indicated that the ratio between the catchment and filter areas had a 
strong correlation with concentration, especially for metals. These correlations are 
particularly clear in the PCA results presented in Paper I and II but are also evident in 
the PCA with both OMPs and metals in Figure 9. PCA also indicated correlations 
between PCBs and urban catchment areas, metals and commercial areas and a negative 
correlation between metals and industrial areas, but rather weak effect from other 
catchment areas. However, the impact of land use should not be over interpreted from 
the PCA, especially not for the OMPs, owing to the low number of examined sites (12 
sites) compared to the number of land use categories (6, all treating mainly road runoff). 
Given the few sites for each land use type, variations within each land use group may 
have contributed to these trends as a result of other specific catchment area characteristics, 
e.g., the industrial areas that showed high impact on metal concentrations also had the 
highest catchment area ratios, which according to the PCA of metals has a higher impact 
than area use. The Kendall’s-tau (τ) correlation test was used to study the variation in 
concentrations between detected OMPs. Stronger correlations were observed within 
each pollutant group (i.e., for PAH with PAH and PCB with PCB) than between groups. 
This finding corresponds well with the general observations from the PCA, where the 
OMP families were grouped together (Figure 9). When adding the metals as a group in 
the PCA, the metals also seemed to group together. However, this mainly applied to Cr, 
Cu, Pb and Zn, whereas the data for Cd and Ni were sometimes spread out, largely 
because they did not show any differences in concentration with depth and distance.  
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The concentrations in general seem to depend on a combination of pollutant sources, 
local pollutant load, hydrology accumulation processes and pollutant properties. The 
main similarities between OMP and metal concentrations was the variation with depth 
and distance, correlation with filter ratio and site-specific variations. The main difference 
between the OMP and metal concentrations was that the OMPs showed larger variations 
between sites, with depth and along the surface and in the forebay, whereas the metals 
were more evenly spread in the filter material and forebay. It seems like he higher the 
concentration, the more significant were the similarities or differences and the stronger 
the correlation.  

 

5.1.2 Forebay 

The distribution of OMPs in this study showed overall higher occurrence and 
concentrations in the forebay. In contrast, for metals, the concentrations were more 
similar in the forebay to those in the rest of the filter. However, variations in 
concentrations were detected between the various metals, e.g., were Cr, Cu and Zn had 
slightly higher concentrations in the forebay, Ni do not show any difference in 
concentration in the forebay compared to the rest of the filter, and Cd and Pb exhibited 
lower concentrations in the forebay.  

Since the forebay samples were collected from the surface and close to the inlet, one 
would expect similar trends in forebay concentration and occurrence as in the top layer 
of the filter, such as generally higher than in deeper filter layers. However, when 
comparing concentrations in the forebay to those in the filter material, it is important to 
consider that the forebay samples mainly consisted of stormwater sediments, whereas the 
filter samples consisted of both of sediments and filter material. This could be one 
explanation for the higher concentrations of OMPs in the forebays. For metals this may 
also impact since metal are naturally occurring and widely spread why filter media also 
could be a source for metals while the anthropogenic OMPs rather are expected in the 
sediments. The similarities and variations in concentrations in the forebay samples 
between OMPs, metals as a group but also within each metal may also be due to different 
substance properties, such as the ability to attach to particles, hydrophobicity, and 
mobility, which for metals also could be related to their ability to dissolve.  

 

5.2 Fractionation 

When assessing risks of metal leaching (Cd, Cr, Cu, Ni, Pb and Zn) from bioretention 
technologies, it is important to consider not only the total concentration but also the 
metal mobility and bioavailability (Bacon and Davidson, 2008; Karlsson et al., 2016). 
Fractionation by sequential extraction is one way of assessing the metal leaching potential 
(Gleyzes et al., 2002; Stone and Marsalek, 1996; Tessier et al., 1979). One major 
observation from the sequential extraction was that the metal content was spread over all 
five fractions. This indicates that all examined metals (Cd, Cr, Cu, Ni, Pb and Zn) to 
some extent were mobile in the filter material, and therefore could pose a potential risk 
of leaching from the filter over time or from disposed filter material, which could have a 
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negative environmental impact (Barbosa et al., 2012; Göbel et al., 2007). The 
fractionation results also indicated that the properties of the different metals affected the 
potential risk of leaching.  

A high content in fraction 1 indicated that the metal was easily soluble and could 
potentially be leached or mobilized from the filter material during normal precipitation. 
Cd had the highest content in fraction 1, and hence was the most mobile and available 
metal in the study. Therefore, Cd in used filter material could pose a threat to sensitive 
recipients or environments.  

A high concentration in fraction 5 indicated that the substance may be associated with 
stable organic forms, and therefore only potentially mobile and bioavailable under 
extreme conditions, e.g., when sulphides in contact with air, oxygen and or water 
dissolve to form sulphuric acid, which could result in the release of metals. Fraction 4 
simulated the conditions where a substance is potentially mobile under anoxic conditions 
after a long time, conditions which reduce crystalline iron oxides, releasing metals bound 
to these phases. Cr had the highest content in both fraction 4 and 5 (Cr∑F4+F5 = 89 %), 
suggesting it was the most stable metal in the study, and therefore the least mobile and 
bioavailable. The conditions in fraction 5 are also unlikely to occur in bioretention 
(Søberg et al., 2019), meaning that Cr is likely to be stable rather than mobile in 
bioretention filter media.  

Fraction 2 was associated with soil organic matter and resulted from extraction of metals 
bound in labile organic forms, such as humus and fulvic acids, which can potentially leach 
over time if organic matter in the filter breaks down. Such conditions are possible in 
bioretention, involving the breakdown of organic matter in the filter medium and top 
mulch layers or degradation of vegetation over time. This is reflected in the results from 
the sequential extraction of Cu, showing high content in fraction 2 (highest in the study, 
CuF2 = 22%) and 4. Cu in soil has a high affinity for organic matter and often exists in 
complexed forms with soluble organics, such as humic materials, whose stability is pH 
dependent. Thus, Fe displaces Cu below pH=5.7 (Bradl, 2004) and Fe oxides have a 
strong influence on Cu mobility. In the present study, Cu was extracted from fraction 2 
but also fraction 4. This could indicate that Cu may become mobile under anoxic 
conditions after a longer time, and therefore should be regarded as a potentially mobile 
metal in bioretention filter media and sediments but also potentially bioavailable. Both 
Cu and Cr had significantly higher concentrations in the top layer, which could be related 
to the higher content of organic matter in the top layers (Figure 6 and figure 8).  

Ni was distributed within all 5 fractions, indicating potential for mobility and 
bioavailability in the studied filter medium. However, Ni seemed most stable after Cr 
since it had a low proportion in fractions 1, 3 and 5 and the highest proportion in fraction 
4. Therefore, Ni may be potentially mobile under certain conditions. Ni, similarly to Cu, 
has a high affinity for organic matter in soil (Alloway, 2013d), and hence correlated with 
TOC (Figure 8).  

Pb was primarily distributed between fractions 1 to 4, with the highest proportion in 
fraction 4 and the lowest proportion in fraction 5. Therefore, it may be mobile to some 
extent in most bioretention environments. The distribution of Pb may result from 
complex processes, e.g., specific adsorption to solid phases, precipitation to stable 
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compounds and formation of complexes. Factors such as pH and the presence of 
carbonates (fraction 1) and organic matter (fraction 2) play a role in adsorption by 
affecting the ionic strength (Bradl, 2004). The Pb content in fractions 3 and 4 was most 
likely an effect of Pb adsorption to Fe- and Mn-oxides (Bradl, 2004).  

Zn was present in fractions 1 to 4, with high content in fraction 1, which can partly be 
explained by Zn being adsorbed to carbonates in calcareous and alkaline soils. Zn surface 
charge increases with increasing pH. Therefore, Zn seems to have a high potential for 
mobility in filter media.  

To sum up the discussion about fractionation and mobility of the studied metals, the 
order of the total content in fraction 1 from high to low was Cd>Zn>Pb>Ni>Cr>Cu 
and the total content in F1-F4 Pb>Zn>Cd>Cu>Ni>Cr. Thus, it was concluded that 
Cd, Pb and Zn were very mobile in the filter medium, and Cr, Cu and Ni were to some 
degree mobile. Cd was probably the most mobile metal analysed in the study, whereas 
Cr was the least.  

 

5.3 Comparison of concentrations to soil quality guidelines 

To further assess the risks of polluted filter material or sediments, we compared the results 
from the analysis of concentrations and fractionation to quality guidelines for 
contaminated soil. The concentrations of metals (Figure 10) and OMPs (Figure 11) were 
compared to the Swedish national guidance limits for classification of soil, “soil for 
sensitive land use” (abbreviated KM) and “soil for less sensitive land use” (abbreviated 
MKM), published by the Swedish Environmental Protection Agency (Swedish EPA, 
2009). Among the metals, Zn seemed to be the most limiting metals in the sampled filter 
material. Zn occurred frequently above KM but also occasionally above MKM. Pb 
occurred frequently above KM but not above MKM. Previous studies have suggested Pb 
as one of the limiting metals for bioretention accumulation (Li and Davis, 2008). Cd and 
Cu also occurred above KM but less frequently than Zn and Pb. Ni only occurred with 
two outliers above KM, with one also above MKM. The least mobile metal according 
to the fractionation study was Cr, which was also the only metal not detected above the 
KM limit for total Cr (CrIII and CrVI). However, compared to CrVI limits for KM and 
MKM, Cr would be considered one of the most limiting metals. The fractionation results 
indicated that the total concentration of Cr in the study mainly comprised the more stable 
CrIII form rather than the more mobile CrVI since it predominantly occurred in fractions 
4 and 5. This implies that before removing filter material from a site, depending on the 
local circumstances and legislation, further investigations may be needed of the soil and 
sediment quality. 
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Among the OMPs PAH-H showed the greatest exceedance of the guidelines, frequently 
above both KM and MKM, followed by PAH-M and the sum of seven PCBs. 

 
Figure 11. Boxplots of concentrations of Σ7PCB, PAH-H, PAH-M and PAH-L (mg/kg, DM) for 
different distances from the inlet (locations, Figure 3) and surface (depth, Figure 3). In addition to those 
plotted as asterisks (*), outliers above 100 mg/kg, DM are indicated as text on the right for plotting 
purposes. The concentrations of PAH-H, PAH-M and PAH-L are compared to Swedish guidelines for 
pollutant concentrations relating to soil classifications KM (soil for sensitive land use) and MKM (soil for 
less sensitive land use).  

Concentrations above the MKM level are classified as hazardous waste (FA) and require 
certified transportation and disposal at licensed landfill sites. For the OMPs, and in some 
cases metals, most concentrations above MKM were detected in the upper layer and close 
to the inlet.  

  

5584539_Inlaga_21okt.indd   505584539_Inlaga_21okt.indd   50 2022-10-21   10:422022-10-21   10:42



39 
 

5.4 Practical implications 

These results could contribute towards improving the design and maintenance of 
bioretention facilities. Knowledge of pollutant accumulation in filter material and 
forebays is important for proper design that facilitates maintenance to preserve filter 
function during long-term treatment of stormwater but also to understand risks associated 
with used filter material and sediments. The highest concentrations of pollutants were 
generally found in the top 10 cm of the filters, especially for the anthropogenic OMPs. 
Compared to local guidelines (Swedish EPA, 2009), the most critical concentrations were 
found in the top layer of the filter material for both metals and OMPs and for OMPs in 
the forebay. The fractionation results showed that there was a risk of metal leaching over 
time from the filter material and sediments. Taken together, this knowledge is of great 
importance for bioretention operators because it implies that removing only the top layer 
of the filter medium periodically may be all that is needed to ensure that the entire filter 
medium does not saturate, with the risk of pollutant discharge.  

This conclusion is in line with previous guidance for maintaining bioretention facilities 
considering metals and OMPs (e.g. Al-Ameri et al., 2018; Blecken et al., 2011; Tedoldi 
et al., 2017). Also, when removing filter material, e.g. during maintenance work, when 
filter media may need to be replaced due to clogging (Al-Ameri et al., 2018), or when 
retrofitting an area, it may be sensible to consider the filter material and sediments as 
possibly dangerous waste, especially material from close to the surface and inlets. 
However, to further optimize operation and maintenance, one should also consider the 
impact of a forebay. A forebay could, if regularly maintained, reduce the risk of clogging 
of the filter’s surface and the pollutant load to the filter, which over time would keep 
concentrations at a lower level, especially the OMPs.  

 

5.5 Further studies 

Further work on the short- and long-term functioning and maintenance is required to 
better understand the accumulation and distribution of metals, OMPs (and other particle-
bound and dissolved pollutants) in bioretention systems. The present study did not 
include biodegradation due to the lack of information on pollutant loads and uncertainties 
associated with calculations of pollutant mass (Flanagan et al., 2019a). Measurement of 
stormwater quality and quantity in and out at sampled bioretention cells together with 
mass balance calculations in forebays and filter material could provide information on the 
amount of pollutants in forebays but also leaching and biodegradation processes. Previous 
studies have shown variations in emissions over time (Markiewicz et al., 2017). 
Therefore, continued sampling of filter material from previous sampled sites and targeted 
sampling campaigns over yearly cycles and longer period of time could enable a broader 
understanding of time perspectives. Studies including a broader age variation of new 
filters and those in operation for a longer period of time than in the present study could 
complement by providing information on pollutant accumulation trends expected over 
a bioretention system’s lifetime. Owing to different national/regional regulations, use of 
building materials, etc., further studies should also include samples from other countries 
to evaluate the geographic variability of these pollutants as well as geographical ambient 
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variations, e.g., in temperature, humidity and precipitation hydrographs. Results from 
field studies are always to some extent site-specific but also restricted by the specific 
analysis and methods used. Therefore, studies from other geographic locations as well as 
other pollutants would contribute to a wider understanding of filter function. Since the 
nature of the filter medium affects the amount of dissolved species as well as particulate 
pollutant removal, further studies of different filter materials (e.g., by varying particle size 
distribution, composition, use of amendments) are also needed.  
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6 Conclusions 

All metals (Cd, Cr, Cu, Ni, Pb, and Zn) and OMPs (16 PAHs, 7 PCBs, 13 phthalates, 
and 2 alkylphenols) analysed in this study were commonly detected in the filter materials 
of bioretention facilities in Michigan, Ohio, and Kentucky (USA) aged 7–16 years. All 
analysed metals were detected in all samples, except for Cd, which was detected in 91% 
of the 269 samples. For OMPs, 32 of 38 substances were detected in at least one filter 
material sample, while six substances (five phthalates and one PAH) were never detected. 
PAHs and PCBs were the most frequently detected OMPs, whereas phthalates and 
alkylphenols were detected the least. The bioretention sites showed large variations in 
the concentrations of OMPs, and metals to a lesser extent, most likely due to differences 
in pollutant sources. OMPs were found at the highest concentration in the upper 10 cm 
of the filter material and then decreased with increasing depth in the filter. For metals, a 
similar, but less clear trend was observed for Cr, Cu, Pb, and Zn. A trend of decreasing 
concentration with increasing distance from the inlet was observed for all four groups of 
OMPs (PAHs, PCBs, phthalates, and alkylphenols), but was less clear for the metals. 
Besides depth and distance from the inlet, the ratio of the catchment area to filter area 
also showed a strong correlation with concentration. Given the similarities in the 
pathways and accumulation between particle-bound OMPs and metals, the long-term 
performance and maintenance requirements may also be similar.  

A metal fractionation in the top layer of bioretention filter material show that all 
studied metals (Cd, Cr, Cu, Ni, Pb, Zn) have a potential risk of leaching over time. 
The highest risk of leaching according to metal mobility was Cd, Zn, and Pb, 
potentially mobile already during precipitation, while Cr, Cu and Ni was more stable. 
Metals are also at a potential risk of leaching from filter material or sediments if 
removed from the bioretention sites why conditions at deposit are important.  

Regular forebay maintenance and replacement of the top layer of the filter may be 
sufficient to ensure prolonged filter function and prevent pollutant accumulation and 
clogging. Safe disposal of contaminated filter material is important when removing 
material from a bioretention facility. Therefore, filter material should be regularly sampled 
and analysed for concentrations of OMPs and metals to enable better environmental 
assessment of the material. 
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