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Abstract 
Urban runoff is a transport path for pollutants from non-point sources, contributing with metals 

and organic contaminants deteriorating receiving waters. To enhance the chemical and 

ecological status of European waterbodies, the EU Water Framework Directive has established 

environmental quality standards (EQS) for a range of hazardous substances. Regarding metals, 

the EQS addresses dissolved and bioavailable forms of metals on the basis that metals in these 

forms likely have a greater impact on living organisms than particulate metals. The fate of metals 

in runoff conveyance- and treatment systems as well as in the receiving water is a function of 

their speciation. However, understanding of the distribution of metal species within the dissolved 

phase (i.e. sub-dissolved fractions) in urban runoff is limited. The aim of this thesis was to increase 

knowledge about on the characteristics of dissolved metals in urban runoff by investigating if, 

and if so how, different factors affect the distribution of sub-dissolved metal fractions (as defined 

by size, diffusion ability or predicted bioavailability) in rainfall and snowmelt derived runoff from 

different urban surfaces.  

Field runoff samples were collected in three urban catchments (two industrial areas and a parking 

lot) as well as from two different roofing materials (copper- and zinc-sheets) in order to 

investigate metal characteristics in urban runoff from different land uses. All samples were 

filtrated, using filters of pore size 0.45 µm and 3000 molecular weight cut off (MWCO), to 

determine the particulate, colloidal and truly dissolved metal size fractions. These analytically 

defined fractions were then compared to the predicted bioavailable fraction (Biomet), and a labile 

fraction assessed by the use of passive samplers (DGT). All metals analysed, Cd, Cr, Cu, Ni, V 

and Zn showed a complex composition of the defined fractions in urban runoff. Cd, Cu, Ni and 

Zn showed significant concentrations in the truly dissolved size fraction relative to total 

concentrations (on average 21%-32% in catchment runoff) whereas labile and predicted 

bioavailable Cu, Ni and Zn generally showed significantly lower concentrations (on average 

0,8%-5% and 0,8%-8% relative to total concentrations for labile and bioavailable fractions 

respectively). Distribution between defined metal fractions in catchment runoff showed no 

seasonal or land use differences at statistically significant levels (p<0.05). However, trends, such 

as rainfall events experiencing a wider range of metal concentrations and a larger portion of truly 

dissolved metals relative to total concentrations compared to snowmelt events were observed. 

This suggests that different partitioning processes occur in rainfall and snowmelt runoff. The 

absence of significant land use patterns together with the high variability between events 

indicated that metal partition between fractions is influenced by anthropogenic activities varying 

both between and within events. Both Cu and Zn concentrations as well as the portion of truly 

dissolved Cu and Zn in roof runoff from copper- and zinc-sheets, respectively, significantly 

exceeded that reported in catchment runoff. This suggests that urban surfaces such as buildings 

and street furniture made from these materials are likely sources of truly dissolved Cu and Zn in 

catchment runoff. 

Comparing metal size fractions with lability measurements and predicted bioavailability enabled 

a deeper understanding about the complex composition, and possible sources of the defined 

metal fractions in urban runoff. 
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Sammanfattning  
Dagvatten är känt för att sprida föroreningar från diffusa källor och för bland annat med sig 

metaller och organiska föroreningar till recipienten vilket försämrar vattenkvalitén. Med 

ambitionen att förbättra den kemiska och ekologiska statusen hos Europas sjöar och vattendrag 

har EU fastställt miljökvalitetsnormer för en rad miljöfarliga ämnen inom ramen för 

Vattendirektivet. När det gäller miljökvalitetsnormerna för metaller adresserar de antingen den 

lösta eller biotillgängliga formen av metaller vilket följer uppfattningen att metaller i dessa former 

är mycket mobila och sannolikt har större påverkan på levande organismer än metaller bundna 

till partiklar. Vad som händer med metallerna i dagvattennätet, eventuella reningssystem och i 

recipienten beror på vilka kemiska former av metallerna som förekommer i dagvatten. Kunskap 

om fördelningen mellan olika kemiska former av metaller i dagvatten är emellertid begränsad, 

särskilt när det gäller lösta former av metaller. Syftet med denna avhandling var att öka kunskapen 

om egenskaper hos lösta metaller i dagvatten genom att undersöka fördelningen, och hur olika 

faktorer påverkar fördelningen av flera underfraktioner av lösta metaller, antingen definierade 

efter storlek, diffusionsförmåga eller modellerad biotillgänglighet i regn- och snösmältnings-

avrinning från olika urbana ytor. 

Fältprovtagning av dagvatten utfördes i tre urbana avrinningsområden (två industriområden och 

en parkeringsplats) samt från två olika takmaterial (koppar- och zink-plåt) för att undersöka hur 

markanvändning påverkar egenskaperna hos metaller i dagvatten. Alla prover filtrerades, med 

filter med porstorlek 0,45 µm och 3000 molekylärvikt (MWCO), för att bestämma den 

partikulära, kolloidala och sant lösta storleksfraktionen av metaller. Dessa jämfördes med en 

modellerad biotillgänglig fraktion (Biomet) och en labil fraktion vilken uppmätts med hjälp av 

passiva provtagare (DGT). För alla utvärderade metaller, Cd, Cr, Cu, Ni, V och Zn, visade 

resultaten på en komplex sammansättning av de undersökta fraktionerna i dagvatten. 

Koncentrationerna av sant löst Cd, Cu, Ni och Zn uppvisade signifikanta nivåer i relation till 

totala koncentrationer (i genomsnitt 21% - 32% i dagvattnet hos de tre avrinningsområdena) 

medan labila och modellerade biotillgängliga koncentrationer av Cu, Ni och Zn generellt visade 

signifikant lägre nivåer (i genomsnitt 0,8%-5% och 0,8%-8% av total koncentration för labila och 

biotillgängliga metaller). Distributionen mellan de definierade fraktionerna av metaller i 

dagvatten uppvisade inga signifikanta skillnader (p<0,05) mellan säsonger eller markanvändning. 

Däremot observerades en del trender, såsom en högre andel sant lösta metaller och större 

variation i metallkoncentrationer generellt i dagvatten under regnevent jämfört med 

snösmältningsevent. Detta tyder på att det förekommer olika processer i regn- och 

snösmältnings-avrinning som påverkar fördelningen av metaller mellan olika fraktioner. 

Avsaknaden av signifikanta skillnader mellan markanvändning och distributionen av 

metallfraktioner tillsammans med höga uppmätta variationer mellan eventen indikerar att 

distributionen mellan fraktionerna påverkas till stor del av antropogena aktiviteter som varierar 

mellan eventen. Dock översteg både totala koncentrationerna av Cu och Zn, liksom andelen 

sant löst Cu och Zn i takavrinning från koppar- respektive zinktak, det som rapporterades i 

dagvatten från de tre avrinningsområdena. Detta tyder på att byggnader och andra urbana ytor 

gjorda av dessa material sannolikt är källor till sant löst Cu och Zn i dagvatten från 

avrinningsområdena. 

Jämförelsen mellan storleksfraktionerna, de labila koncentrationerna och de modellerade 

biotillgängliga koncentrationerna möjliggjorde en djupare förståelse om den komplexa 

kompositionen av, och möjliga källor till de definierade fraktionerna i dagvatten. 
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1 Introduction 
The distribution of metals between different chemical species (i.e. an element’s isotopic 

composition, oxidation state and/or complex or molecular structure (Templeton et al., 

2000)) determines their toxicity and influences their mobilisation, transportation and fate 

in treatment facilities and receiving waters (Van Leeuwen et al., 2005). Studies have 

shown there is a great variability in terms of pollutant concentrations carried by rainfall 

and snowmelt derived urban runoff, and their distribution between the particulate and 

dissolved phases. For example, Sun et al. (2015) reported a high variability in the 

contribution particulate concentrations made to total metal concentrations between 

rainfall events at the same site. Valtanen (2014) also describe a high variability in the 

distribution between total and dissolved metal concentrations from different land uses 

e.g. rural, commercial and residential areas. Apart from variation between sites, the 

distribution between dissolved and particulate metal fractions have also been shown to 

vary on a seasonal basis with, for example, higher percentages of the dissolved fraction 

reported during rain compared to snowmelt events (Helmreich et al., 2010).  

In terms of treatment, many stormwater best management practices (BMPs) are based on 

enhancing sedimentation processes through detaining flow to promote the settlement of 

particles and their associated pollutants. Pollutant removal efficiencies associated with a 

range of BMPs can vary greatly (Clark and Pitt, 2012; Maniquiz-Redillas and Kim, 2014). 

A factor identified as contributing to this variable performance for metals, is the 

occurrence of metals in the dissolved phase which is less susceptible to removal in systems 

designed for promoting the removal of particulates. Furthermore, knowledge of the 

characteristics of dissolved metals is crucial in undertaking environmental risk assessments 

as the speciation determines metal mobility and bioavailability (i.e. contributes to the 

assessment of the magnitude of impact within risk assessment calculations). Furthermore, 

Environmental Quality Standards (EQS) stated by the Priority Substance Directive (PHS 

Directive) and complemented by national EQS in selected Member States, now require 

compliance with the bioavailable metal fraction for surface water environments. Research 

by, for example, McKenzie and Young (2013) and Grout et.al. (1999) has identified that 

several metals (e.g. Cu and Zn) occur either as free ions or in association with light and 

heavy colloids in urban runoff. However, the processes that inform these distributions is 

an area that is less well understood, particularly in terms of their relationship with land-

use and seasonal aspects and how this influences their labile behaviour and predicted 

bioavailability. 

1.1 Aim and objectives 

The main aim of this thesis was to contribute to the understanding of dissolved metal 

characteristics, including the distribution of sub-dissolved metal fractions (i.e. fractions 

contributing to the dissolved fraction), in urban runoff with a focus on factors affecting 

metal transport and environmental impact. 
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The objectives of this thesis were: 

 To investigate the distribution of Cd, Cr, Cu, Ni, V and Zn within dissolved and 

selected sub-dissolved fractions of urban runoff.  

 To examine how land use and seasonality affects the distribution between sub-

dissolved size fractions of Cd, Cr, Cu, Ni, V and Zn, and the predicted metal 

bioavailability and lability of Cu, Ni and Zn in urban runoff. 

 To evaluate how measured metal fractions relate to lability measurements and 

predicted bioavailability. 

1.2 Thesis structure 

This licentiate thesis is based on research carried out over a period of 5 years (2016-2020). 

This substantial data set has led to the publication of the three appended papers, referred 

to as Paper I, II, and III, in which various aspects of the distribution of sub-dissolved 

metal fractions in field sampled runoff was evaluated, see Figure 1. The thesis presents an 

evaluation of how different land uses affect the distribution between sub-dissolved size 

fractions, predicted bioavailability and an assessment of how seasonal variations influence 

metal characteristics (Paper I and II). Winter season related runoff (snowmelt and snow 

mixed with rain runoff) was also studied from the perspective of different urban surfaces 

including catchment runoff and runoff from different roofing materials (Paper III). 

Ultrafiltration (UF) is used as a technique to separate the truly dissolved metal fraction 

(Paper I, II and III) and results are compared with predicted bioavailable concentrations 

(Paper II) and a passive sampling technique that measures the labile metal concentrations 

(Paper III).   

The combined results from all papers gives a broader and deeper understanding about 

characteristics of sub-dissolved metal fractions in urban runoff and aid a discussion about 

sources of various metal fractions and factors influencing metal distribution and lability as 

well as bioavailability. 
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Figure 1. Synthesis of the papers included in this thesis  
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2 Background 
A review of the ecological and chemical status of European waters identified both storm 

overflows and urban runoff as significant pressures on waterbodies contributing to good 

chemical status failures (EEA, 2018). The EU Water Framework Directive (WFD) has 

established EQSs for a range of pollutants termed priority (hazardous) substances to 

determine the chemical status of surface waters (EC, 2008). The EU WFD, as well as 

nationally established, EQSs for metals initially targeted dissolved (i.e. <0.45 µm) 

concentrations on the basis that the dissolved fraction was the most bioavailable and 

therefor the fraction to be targeted within programs to enhance chemical status. 

However, increased understanding of parameters and processes that affect the amount of 

metals which is available for biological uptake (Guo et al., 2002; e.g. Gandhi et al., 2010) 

led to revision of selected metal EQSs to target the bioavailable concentrations (EC, 

2013). There are many size fractions of metal reported in the literature as well as their 

inherent characteristics such as mobility and bioavailability which affect the contribution 

of metals in urban runoff to deterioration of surface water quality. The following sections 

report on the current knowledge of pollutants, with focus on metals, in runoff (2.1), 

factors influencing runoff quality and more specifically metal concentrations and their 

distribution between size fractions in runoff (2.2) as well as various techniques and 

definitions of sub-dissolved metal fractions (2.3). 

2.1 Pollutants in urban runoff 

Urban runoff is a major source of diffuse pollution, contributing with a cocktail of 

pollutants such as metals, nutrients, pesticides and polycyclic aromatic hydrocarbons 

(PAHs) from various sources (Müller et al., 2020). The mix of pollutants are mobilised 

during rainfall and snowmelt events and often discharged to the closest receiving water 

without treatment (Lundy et al., 2012). The quality of urban runoff is highly dependent 

on the characteristics of the urban surfaces it flushes such as roads and other paved surfaces, 

roofing and facade materials as well as parks and other green areas (e.g. Müller et al., 

2020). Runoff quality is also affected by wet and dry atmospheric deposition which 

contributes with metals, organics and suspended solids from local and distant sources 

(Lopes and Bender, 1998; Murphy et al., 2015; Liu et al., 2018). Anthropogenic activities 

such as traffic and industrial activities also affect the type and level of pollution washed 

off by urban runoff (Duke and Chung, 1995; Makepeace et al., 1995; Gunawardena et 

al., 2012). A summary of identified pollutants in urban runoff and their sources are 

presented in Figure 2 (from Lundy et al (2012)).  

Due to urbanisation and anthropogenic activities, a wide range of metals are represented 

at concentrations exceeding background levels in the urban environment and hence in 

urban runoff (Makepeace et al., 1995). Whilst all metals are persistent, many metals (such 

as Cd, Cr, Cu, Ni, Pb and Zn) routinely reported at elevated concentrations within urban 

stormwater are also bioaccumulative and toxic leading to their classification as PBT 

(persistent, bioaccumulative and toxic) substances, contributing to their identification as 

stormwater priority pollutants using the prioritisation methodology developed by 

Eriksson et al. (2007).  
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Figure 2. Principal stormwater pollutant sources and types. Used with permission, from Lundy 

et al. (2012). 

2.2 Factors influencing urban runoff quality 

2.2.1 Land use 

The type of land use within a catchment will affect the runoff since different surfaces (in 

terms of size and composition/substrate) as well as the activities which take place on those 

surfaces will have a major impact on the resulting runoff quality. Paved surfaces like roads, 

highways and parking lots will likely contribute with direct and indirect vehicular related 

pollutants. Direct sources are for example exhaust products (including particulate matter 

and unburned hydrocarbons), component wear of e.g. brake linings, tyres and other 

moving engine parts (including particulate matter, hydrocarbons and metals such as Cd, 

Cr, Cu, Ni and Zn) as well as emissions of brake fluids, oil and grease (Ball et al., 1991; 

Gnecco and Lanza, 2012; Revitt et al., 2014). Examples of indirect vehicular and traffic 

related pollutant sources are pavement wear and wash off of salts and antiskid materials 

that contribute to the loads of particulate matter and various elements including metals 

like Cu, Ni, V and Zn (Revitt et al., 2014; Mummullage et al., 2016; Schuler and Relyea, 

2018). A study of runoff from catchments with varying levels of imperviousness (mainly 

in form of paved surfaces) showed that increasing imperviousness resulted in higher levels 

of suspended solids and metals (Valtanen et al., 2014). Composition of traffic by vehicle 

type has also been shown to influence runoff quality with, for example, the increase in 
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the number of heavy duty vehicles associated with commercial and industrial land uses 

being reported to contribute with higher concentrations of metals in runoff than 

residential land uses (Liu et al., 2018).  

Roof and facade surfaces undergoing weathering and erosion processes has been found 

to be a major source of pollutants to runoff contributing with metals; like Cu and Zn, 

and organic micro-pollutants; like nonylphenols and phthalates, depending on the 

composition of the building material (Athanasiadis et al., 2010; Müller et al., 2019). A 

comparative study of roof and street runoff showed that roof runoff (tile and zinc 

materials) contributed with higher Cd, Pb and Zn concentrations than those reported for 

street runoff (which experienced higher levels of Cu and suspended solids) (Gromaire-

Mertz et al., 1999). Atmospheric deposition as a source of pollutants to surfaces, via 

precipitation or deposition in dry weather, is highly dependent on the anthropogenic 

activities in the catchment. For example, higher traffic density and combustion activities 

in residential, commercial and industrial areas has been shown to increase atmospheric 

concentrations of metals and polycyclic hydrocarbons (Rocher et al., 2004; Gunawardena 

et al., 2012; Liu et al., 2018).  

Apart from the findings of how different land uses and catchment specific activities 

contribute to variations in total concentrations and loads of runoff pollutants, it has also 

been shown that land use affect the speciation of metals. For example, studies of the 

distribution between dissolved and particulate metals in roof runoff show higher 

concentrations of dissolved Cu, Cd and Zn compared to the particulate fraction, Cr was 

more often found in the particulate fraction and Ni show a high variability in distribution 

between the two phases (Förster, 1999; Gromaire-Mertz et al., 1999; Müller et al., 2019). 

Runoff from more complex catchments than roofs alone show a great variability in the 

partition between dissolved and particulate metal fraction (Sansalone and Buchberger, 

1997; Göbel et al., 2007; Kayhanian et al., 2007) which partly could be explained by 

differing land use activities affecting, for example, the input of metals and solids in 

different size fractions. In relation to land use, fewer studies on the differences in the 

partitioning of metals between sub-dissolved fractions are available. However, it has been 

shown that river samples affected by stormwater experience both higher truly dissolved 

concentrations and higher percentages of truly dissolved Cu and Zn (relative to total 

concentrations) compared to upstream samples and river water affected by waste water 

(Luan and Vadas, 2015), suggesting that urban land uses may give rise to different metal 

size partitioning behaviours. Furthermore, McKenzie and Young (2013) compared 

highway runoff samples with natural, urban and agricultural stream water samples and 

found higher percentages of truly dissolved and colloidal metals in urban and especially 

highway samples compared to natural and agricultural samples. The higher sub-dissolved 

metal concentrations in the highway samples were suggested to be due to input of 

dissolved metals from atmospheric wet deposition and transportation sector sources 

unavailable in the other catchments (McKenzie and Young, 2013). A speciation 

modelling study on runoff collected at an airport, from the airside and landside with 

different activities and pavement material (asphalt and concrete, respectively), showed 

that the land use affected the speciation of Cu and Zn with e.g. higher concentrations of 
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carbonate zinc species and less Cu bound to organic matter due to the catchment 

characteristics (Gnecco et al., 2008). 

2.2.2 Seasons 

Average temperatures, precipitation depths and runoff intensities - as well as precipitation 

type – can vary on a seasonal basis in many environments with associated impacts on 

runoff quality and quantity. As well as climatic differences, seasonality may also impact 

on catchment activities. For example, in climates with low temperate seasons (e.g. defined 

under the Köppen climate classification as containing at least one winter month with an 

average temperature <-3 °C (Beck et al., 2018)) differences in road maintenance 

activities, such as the application of salts and antiskid materials on roads and parking lots 

and the use of snow tyres in vehicles, can occur. Studies have reported that total 

suspended solids (TSS) concentrations are higher during the cold season (snowmelt and 

rain-on snow runoff) compared to the warmer season (predominantly rainfall runoff), 

due to the addition of particulates in form of antiskid materials and the ‘shock’ release of 

accumulated solids on the melting of long term snowbanks (Sansalone and Buchberger, 

1996; Westerlund et al., 2003).  

Electrical conductivity (EC) in runoff has also been shown to be greatly affected by 

seasonal characteristics in cold climates due to the application of salt as de-icing agent. 

Results presented by Helmreich et al (2010) demonstrated a significant increase in EC 

from rainfall to snowmelt events (by an order of magnitude). Application of salt has also 

been shown to mobilise metals in road deposited sediments and road side soils, increasing 

the risk of metal transport to nearby water bodies and potentially shifting the distribution 

to more bioavailable species (Schuler and Relyea, 2018). Furthermore, Mayer et al (2011) 

presented data that showed higher toxicity (to Daphnia magna) in cold season runoff 

samples with high salt content compared to runoff samples collected during the warm 

season. However, sampling of highway runoff in Germany during warm and cold seasons 

with salt application indicated a lower fraction of dissolved metals, especially for Cu and 

Zn during the cold, compared to the warm, season (Hilliges et al., 2017). An explanation 

for a lower percentage of dissolved metal fractions in snowmelt was provided by Glenn 

and Sansalone (2002) that suggested snowmelt provided a longer pavement residence 

time than rainfall runoff, allowing colloids to aggregate. However, further studies on 

seasonal variations in metal fractionation did not identify a significant differences in size 

distribution between cold and warm seasons for Cd, Cu, Ni, Pb and Zn (Westerlund et 

al., 2003; Helmreich et al., 2010). Hence, there is an inconsistency in the limited number 

of studies on seasonal variations in urban runoff characteristics and also a lack of studies 

going beyond the traditional particulate and dissolved fractions, identifying the need for 

further work to understand the characteristics of sub-dissolved metal fractions in climates 

with varying seasons. 

2.2.3 Event characteristics 

Apart from TSS and EC, dissolved organic carbon (DOC) and pH are important 

stormwater quality parameters that are widely reported to vary from event to event, both 

between events at a single catchment and within the duration of a single event itself (e.g. 
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Helmreich et al., 2010; McCarthy et al., 2012; Sun et al., 2015; Djukić et al., 2016). TSS 

transported in runoff have been found to contribute to pollutant loads (e.g. through 

dissolution) as well as facilitate the transport of other substances (through adsorption to 

particulate matter and its subsequent mobilisation) (McCarthy et al., 2012; Jeong et al., 

2020). DOC can form strong complexes with dissolved metals, especially Cu, potentially 

decreasing its bioavailability (e.g. Blinova et al., 2010). EC and pH are commonly 

determined in most water quality research fields as a measure of water quality due to the 

indication of metal ions in solution (Ballance, 1996). All these parameters have been 

shown to be dependent on event characteristics such as event hydrology and antecedent 

dry days.  

Many studies have found that the number of antecedent dry days affect runoff quality 

with increased concentrations and loads of TSS, metals and organic pollutants after longer 

dry periods due to increased pollutant build up (Khan et al., 2006; e.g. Kayhanian et al., 

2007). However, the effect of dry days could be reduced by, for example, street sweeping 

and wind (Helmreich et al., 2010). These conditions affect the available pollution load 

and hence, possibly the distribution between metal phases.   

In runoff, TSS concentrations have been found to be positively correlated to peak flow 

(the highest period in the runoff hydrograph) and maximum rainfall intensities suggesting 

mobilisation of particulates is dependent on rainfall intensity (Francey et al., 2010; 

McCarthy et al., 2012). Kayhanian et al (2007) studied the influence of total rainfall depth 

to event mean concentrations (EMC) of TSS, DOC and total, as well as dissolved metals 

(As, Cd, Cr, Cu, Ni, Pb, and Zn) and found that increased rainfall depths resulted in 

decreased pollutant concentrations for all studied constituents apart from total As and Pb. 

Lower average constituent EMCs following larger events, compared to small rainfall 

events, were suggested to be due to dilution of pollutants in larger storms.  

Another intra event characteristic is the first flush phenomenon, defined as higher 

concentrations of pollutants in the beginning of an event compared to the end of the 

same event (Bertrand-Krajewski et al., 1998). A traditional approach to assess a first flush 

includes the development of cumulative load (M) versus cumulative runoff volume (V) 

relationships which are then (often subjectively) interpreted to determine the presence of 

first flush (Deletic, 1998). Examples of analytical definition are 80% of the total load being 

transported during the first 30% of runoff volume (expressed as 80/30) or 40/20 

(expression based on the same concept) (Saget et al., 1996; Deletic, 1998). As a function 

of definition differences as well as the environmental behaviour of different pollutants, 

the first flush phenomenon is a disputed concept among researchers (Bach et al., 2010). 

Sun et al (2015) studied the first flush phenomenon of TSS using four different definitions 

in 162 events sampled at an 185 ha industrial site and found that more events indicated 

first flush of TSS by use of less strict definitions (e.g. M(V) plots that showed first flush in 

45 events) compared to strict definitions (40/20 - 15 events and 80/30 - zero events). 

Whether sub-dissolved metal fractions experience first flush is less well understood. 

However, Sansalone and Buchberger (1997) evaluated the presence of first flush for 

particulate and dissolved Cd, Cu, Pb and Zn and found different, but not consistent, 
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patterns for the dissolved and particulate fractions suggested to be due to the intensity of 

the studied events. 

Event characteristics have been reported to affect the distribution between metal size 

fractions. For example, high intensity runoff events have been shown to generate runoff 

with higher proportions of dissolved Pb, Cd, Cu, and Zn in comparison to low intensity 

runoff events, with this suggested to be due to decreased pavement residence time and 

hence, opportunity for partitioning (Dean et al., 2005). Results from the same study also 

indicated more particulate metals during high flows in line with the discussion about 

greater mobilisation of particulates and TSS during high flows such as peak flow (see 

above). Studies on event characteristics and sub-dissolved fractions are limited. However, 

Morrison and Benoit (2005) studied changes in metal size distribution in an urban river 

during a rain-on-snow event and reported an increase in a colloidal fraction (0.1–1.0 µm) 

and a decrease in the truly dissolved fraction (<3 kMWCO) of Cd, Cu and Pb during 

the event compared to base flow. Furthermore, Kayhanian et al (2008) studied toxicity 

changes in highway runoff during storms and found in general, higher toxicity in 

beginning of events with more than 40% of the toxicity reported during the first 20% of 

runoff volumes. Cu and Zn were evaluated to stand for the main toxicity in about 90% 

of the samples, suggesting that metals in sub-dissolved fractions (likely contributing with 

most of the toxic metal compounds) also are affected by event characteristics. 

2.3 Characterisation of sub-dissolved metal phases and species 

Physicochemical characteristics, such as aggregation and sedimentation behaviours, are 

used to define different metal phases (such as the particulate, colloidal and dissolved phase) 

where each phases include several species (e.g. metal ions and ions bound to ligands in 

the dissolved phase) (Gustafsson and Gschwend, 1997), see Figure 3.  

 

Figure 3. Size spans of phases associated with metals in solution. Modified from (Gustafsson 

and Gschwend, 1997). 
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A common distinction between the colloidal and dissolved phase is that colloids have a 

charged, relatively large specific surface area with potential to sorb dissolved species. The 

distinction between the colloidal and particulate phase is generally based on that their 

respective environmental fates, whereby colloids are predominantly removed from the 

water column by coagulation-breakup mechanisms, as opposed to particulates which are 

removed by settling (Gustafsson and Gschwend, 1997). The most common approach to 

estimate the distribution of metals in aquatic samples is that achieved by the use of 0.45 

µm pore size filter to distinguish between particulate (materials trapped on the filter) and 

dissolved (materials that pass through the filter) fractions (Buffle et al., 1992). Further 

fractionation of the dissolved fraction using subsequent filters of increasingly smaller pore 

sizes, e.g. 0.2 µm and 1 nm, have been conducted to operationally define colloidal metals 

and separate them from free metal ions in a truly dissolved fraction (which is more 

representative of the dissolved phase than the dissolved size fraction of <0.45 µm) (Klaine 

et al., 2008). Whilst the use of filters defines the fractions by size, there are other 

definitions that do not fully comply with these predefined size delimitations. For example, 

the definition of colloids in applied geochemistry is based on the requirement  that at 

least one dimension of the colloidal complex is between 1 nm and 1 µm (Lead and 

Wilkinson, 2006), meaning that the 0.45 µm size delimitation excludes larger colloids 

and 1 nm size delimitation may exclude smaller colloids. Characterisation techniques 

developed to study metal species in waters are for example flow field-flow fraction 

(FlFFF) and voltammetry techniques (e.g. selective electrodes). FlFFF enables separation 

between a colloidal and truly dissolved size fraction through use of an ultrafilter and 

further divide compounds in the colloidal fraction after their ability to diffuse (determined 

by diffusion coefficients) (Hassellöv et al., 2007). Separation of free metal ions and 

colloidal species by the use of voltammetry techniques, such as selective electrodes, is 

based on an electrochemical reaction and specific potential resulting in a flux and 

accumulation of compounds on the electrode (Van Leeuwen et al., 2005).  

However, the physicochemical properties of different species may overlap (Gustafsson 

and Gschwend, 1997). The dissolved fraction, distinguished from the particulate fraction 

by 0.45 mm filters, were for a long time considered the most mobile and bioavailable 

fraction. With time, it has become apparent that this characterisation is limited and is 

hence no longer adequate to fully describe the various species within the dissolved phase 

(Buffle et al., 1992; Lead et al., 1997). Colloidal species are often ascribed to be metal 

carriers in waters, as metals are likely to sorb to particles with high specific-surface-area 

(i.e. colloids) that might aggregate and settle but could also be transported long distances 

and dissolve again (Sigg, 1994; Stolpe et al., 2013). Whereas, dissolved metal species 

(metal ions, small ligands and complexes, Figure 3) are considered to pose the greatest 

risk to aquatic life due to their ability to penetrate cell membranes and interact with 

biochemical processes (Williams, 1981; Stumm and Morgan, 1996). However, labile and 

bioavailable species, further described in section 2.2.2 and 2.2.3, have been shown to not 

only be associated with the dissolved phase but also with colloidal species (Lead et al., 

1997; Guo et al., 2002; Nybroe et al., 2008; Worms and Wilkinson, 2008).   
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2.3.1 Size fractionation  

Since the traditional definition between particulate and dissolved metal fractions using 

0.45 µm filters, several studies including stormwater studies have complemented this 

traditional approach with the use of ultrafiltration to further define sub-dissolved fractions 

such as the colloidal fraction (Tuccillo, 2006; McKenzie and Young, 2013). 

Ultrafiltration is a technique originating from the research field of molecular biology 

which uses filters that separate substances according to their molecular weight (molecular 

weight cut off-MWCO)(Yoon, 2016). Ultrafilters used in studies on runoff quality range 

between 3000-50 000 MWCO and are used to determine the truly dissolved fraction 

assumed to contain constituents smaller in size than colloids such as free metal ions 

(Morrison and Benoit, 2005; Tuccillo, 2006; Ortega Sandoval et al., 2019).  

2.3.2 Lability 

Labile metals are often discussed in contexts about uptake by biota and is defined as the 

sub-dissolved fraction that is available to contribute to metal flux for uptake, by 

dissociation from complexes or as already free metal ions (Hudson and Morel, 1993; e.g. 

Baeyens et al., 2018; Gao et al., 2019). Inorganic ligands are examples of such labile 

complexes, they often exhibit higher lability than organic ligands and processes of organic 

complexation in seawater have been shown to result in total reduction of metal lability 

(Hudson and Morel, 1993).  

The diffusive gradients in thin films (DGT) technique was developed to assess labile metal 

concentrations in waters and soils and sediments (Davison and Zhang, 1994, 2016a; 

Zhang and Davison, 1995). The DGT technique provides in-situ measurements and is 

based on diffusion of labile species through a membrane filter and a diffusion gel (diffusion 

layer) to an ion exchange resin (binding layer) where the ‘labile’ solutes of interest are 

accumulated. The different layers are assembled in a plastic sampling device (see Figure 

4 for schematic view). Labile species measured by the DGT technique are metals weakly 

bound to ligands that are able to dissociate within the period of time for the complex to 

pass the diffusion layer. The dissociation is driven by the concentration gradient that 

develops due to adsorption to the binding layer and disturbs the chemical equilibrium 

between free metal species and metal-ligand complexes, see Figure 4. The measurement 

of these accumulated solutes reflect a time weighted average of changes in concentration 

of metals in the measured solution throughout the deployment time, defined as the labile 

concentration (Zhang and Davison, 1995).  When applying the DGT technique in an 

aquatic environment it is recommended that the solution have a minimum flow rate of 

2 cm/s to minimise the effects of creating a diffusive boundary layer (DBL) (Davison and 

Zhang, 2016a). The DBL describes the layer created when a solution flows close to a 

solid surface, which increase the diffusion layer for solutes (Gundersen and Jorgensen, 

1990). The metal concentration in the runoff samples, in which the DGT devices had 

been submerged, is provided by the relationship with the measured metal content in the 

Chelex gel according to the equation  (Davison and Zhang, 1994):  

𝐶𝐷𝐺𝑇 =
𝑀∆𝑔

𝐷𝑡𝐴
  Equation 1. 
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where 𝐶𝐷𝐺𝑇 represent the concentration in the runoff samples, 𝑀 is the measured metal 

mass in the Chelex gel, 𝐴 is the exposed area of the device, Δ 𝑔 the diffusion length 

(thickness of diffusion gel plus the protective membrane filter), 𝑡 the deployment time 

and 𝐷 the compounds’ diffusion coefficients. 

 

 

Figure 4. To the left: Schematic view of a DGT piston holder with the layers labile metals have 

to diffuse through and to bind to the final layer. To the right: Example of concentration gradients 

in the diffusion layer of a labile metal complex, MeL(a), and an inert metal complex, MeL(b). 

Applications of DGT in surface waters include quantification of labile metals as well as  

determination of toxic metal fractions (alone or combined with other techniques) (Luider 

et al., 2004; Tusseau-Vuillemin et al., 2004; e.g. Baeyens et al., 2018). For example, labile 

metal complexes in seawater has been shown to correspond with the bioavailable fraction 

to phytoplankton (Baeyens et al., 2018). Voltammetry techniques, originally developed 

for use in oceanography and limnology, has also been used to measure concentrations of 

metal binding ligands and determine metal speciation using cation exchangers similar to 

the DGT technique. Voltammetry has been applied to estimate concentrations of Cu 

bound to organic ligands or available as free ionic copper in highway runoff (Nason et 

al., 2012). DGT measurements in a runoff context was conducted by Villanueva et al 

(2016) to estimate the contribution of labile Cd, Co, Cr, Cu, Ni, Pb and Zn from a 

runoff discharge point to a river. Results indicated that labile Cd, Cu, and Zn in the river 

mostly originated from the runoff, labile Co and Cr were provided from both upstream 

the discharge point and the runoff whereas labile Ni mainly originated from upstream 

sources. Hayman et al (2019) evaluated the use of DGT to quantify Cu in runoff by 

comparison of DGT measurements in the field to dissolved (<0.45 µm) Cu 

concentrations in composite samples collected over the same events. The results showed 
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that the relationship between labile Cu and dissolved Cu varied over different exposure 

durations and that DGT measurements showed better correlation with collected 

composite samples for longer deployment times (>6 hours). 

It should be noted that the labile metal fraction is not necessarily equivalent to the 

bioavailable fraction. Although lability measurements have been used to estimate the 

biological impact of metals in waters i.e. metals which can pass through a cell membrane, 

the labile fraction is defined by the flux of metal species through the specified diffusion 

layer that is not representative for the whole spectrum of natural cell membranes (Van 

Leeuwen et al., 2005). 

2.3.3 Bioavailability 

In the field of urban runoff quality, several approaches have been used to determine metal 

bioavailability such as bioavailability and speciation modelling (Gnecco et al., 2008; Brix 

et al., 2009; Nason et al., 2012), bioassays (LaBarre et al., 2017) and voltammetry 

techniques (Bahar et al., 2008; Nason et al., 2012).   Bioassays often consist of several 

laboratory ecotoxicity tests that include introduction of field collected or synthetically 

composed runoff to different vertebrates, invertebrates and/or plants representative of 

differing trophic levels to assess potential acute or chronic biological effects (Bartlett et 

al., 2011; Mayer et al., 2011; LaBarre et al., 2017). Whilst the  use of toxicity tests alone 

does not enable quantitatively  identification of bioavailable metal concentrations, results 

can be used to grade pollutants or sources in terms of relative levels of toxicity (Mayer et 

al., 2011).  

Analytical challenges of direct measurements of bioavailable concentrations and toxic 

metal species has led to speciation and bioavailability modelling becoming common 

techniques for investigations among practitioners. Speciation modelling in runoff has 

been undertaken using a range of models. For example, the use of the thermodynamic 

equilibrium model MINTEQ that requires a range of input data including pH, redox-

potential, ionic strength and all major dissolved (<0.45 µm) ionic constituents to 

determine concentrations of aqueous species formed under the specific conditions per 

sample (Dean et al., 2005). Bahar et al (2008) used the model to investigate speciation 

changes of Cu in runoff and the results suggested a reduction of bioavailable Cu in runoff 

when interacting with impermeable surfaces, organic matter and complexing agents 

already in the drainage system. Bioavailability modelling in runoff contexts has also been 

performed by biotic ligand models (BLM) which differ from models such as MINTEQ 

in that they do not estimate concentrations of specific metal species They combine an 

equilibrium geochemical speciation model, a metal–organic binding model and a 

toxicological model to predict the amount of metal which will occur in a bioavailable 

form on a site specific basis (Brix et al., 2009; Smith et al., 2015). Requiring large amounts 

of input data, extensive run times and operational complexity in form of input data and 

interpretation of output has led to the development of several simplified BLMs such as 

Bio-met (2019), M-BAT (2014), PNEC-Pro (2016) and Windward BLM (2019). These 

simplified BLMs combine a shortlist of key water quality parameters (i.e. pH, DOC and 

calcium concentrations) with dissolved (<0.45 µm) metal concentrations to predict the 
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bioavailable metal concentrations under the specific field conditions in which samples 

were collected (Peters et al., 2016). These simplified models have been used in a range 

of research, risk assessment and regulatory contexts (Peters et al., 2009, 2016; Hoppe et 

al., 2015; Crémazy et al., 2017), however, to the author’s knowledge, not in any runoff 

contexts. 

Bioavailability assessment within this thesis was conducted by the use of one of the 

simplified BLMs, Bio-met (2019), freely available as an online tool. The tool was 

developed by a consortium of European metal trade associations and consultancies as a 

response to the European Water Framework Directive’s  establishment of environmental 

quality standards for bioavailable metals (EQSbioavailable) (EC, 2013). The model can be 

used to predict bioavailable Cu, Ni, Pb and Zn concentrations, however, with the 2019 

version it was not recommended for predictions of bioavailable Pb for chemical status 

classification under the WFD (User Guide, 2019). The Bio-met tool is underpinned by 

full BLMs based on data generated from a range of bioassays carried out in several 

European countries (User Guide, 2019). 
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3 Methods 
For the studies compiled in this thesis, urban runoff was collected in the field in order to 

enable investigation of metal characteristics and advance the understanding of metal 

behaviour in runoff and the potential risks to receiving environments. Metal 

characteristics were studied in the laboratory by conducting size fractionation and lability 

measurements and bioavailability was calculated by model predictions. The metals 

focused on in this thesis were based on the metals in the stormwater priority list (Cd, Cr, 

Cu, Ni, Pb and Zn), however, Pb was regularly below detection limit in the analysed 

sub-dissolved fractions and therefore not reported. V was selected to complement the list 

of selected metals due its occurrence in urban runoff and the reported toxicity of V to 

aquatic organisms (Makepeace et al., 1995; Schiffer and Liber, 2017).  

3.1 Study catchments 

Three urban catchments in Umeå (Paper I and II) and three roofs of copper and zinc 

sheets in Luleå (Paper III) were investigated in order to study metal characteristics in 

runoff generated from different urban surfaces and catchments with varying 

anthropogenic activities (see Figure 5). The catchment land uses include a parking lot  

 

 

Figure 5. The location of Umeå and Luleå and map over the sampled catchments IP1, IP2 and 

PL in Umeå, northern Sweden.  

 

IP1 
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PL 

Umeå 

Luleå 
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(PL) located next to the University Hospital of Umeå, and two industrial parks in the 

south (IP1) and northwest parts (IP2) of Umeå, (see Figure 6). PL was a 0.45 ha 

catchment with the highest degree of imperviousness (95%) of the three catchments. The 

runoff at PL was well defined (parking lot runoff) as the drainage system (plastic pipes) 

did not carry any baseflow or receive roof runoff from surrounding buildings. The 

industrial park catchment areas were 15 ha (IP1) and 12 ha (IP2) with approximately 75% 

and 85% levels of imperviousness, respectively. The impervious areas composed of asphalt 

pavement and coated corrugated steel and bitumen sheet roofs, and the pervious surfaces 

were grassed. Pipe networks in both IP1 and IP2 consisted of concrete pipes and 

experienced groundwater infiltration, generating a baseflow. The industrial activities 

were related to construction, car and transport services. The two main roads in IP1 and 

IP2 experienced annual average traffic densities of approximately 8000 vehicles/day and 

3000 vehicles/day, respectively. No traffic data was available for PL, however, the 

parking lot was observed to be well visited all year round and a road adjacent to PL had 

a traffic density of 1630 vehicles/day. The actual traffic density per area at PL was assumed 

to be several times higher than at IP1 and IP2 based on the number of observed vehicles 

and the relatively smaller catchment area of PL.  

 

Figure 6. Catchment land uses of IP1, IP2 and PL (top - industrial parks, below - parking lot).

Roof runoff was collected from an experimental setup at the campus of Luleå University 

of Technology, described in (Müller et al., 2019). Roof runoff was sampled as a 

complement to catchment runoff in order to evaluate runoff from surfaces known to 

contribute with pollutants within catchments. The setup consisted of copper and zinc 

sheets used in building construction, mounted as 2 m2 sheets on a slope of ~10° facing 

south-southeast, with runoff collected via a gutter system. Runoff from triplicates of 

copper and zinc sheets were denoted Cu-roof and Zn-roof. 
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Annual average temperature in Umeå and Luleå are 2.7 and 1.3 °C and annual average 

rainfall depths during the two sampling years were approximately 600 mm and 650 mm, 

respectively (SMHI, 2020). Average monthly precipitation are presented in Table 1, data 

retrieved from SMHI (2020). 

Table 1. Average monthly precipitation during the sampling years 2016-2017 in Luleå and 

Umeå. 

[mm] Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Luleå 51 56 33 60 28 51 73 65 57 39 87 57 

Umeå 21 57 21 45 36 65 33 58 62 49 97 59 

             

3.2 Stormwater and snowmelt sampling 

Both rainfall and snowmelt induced runoff were studied in order to investigate potential 

seasonal differences in the metal characteristics. The number and types of events sampled 

per paper are described in Table 2.  Event notations used in this thesis are presented in 

Table 2 and their relationship to their inclusion in submitted papers is further described 

in section 4.1. The collection of runoff at the three catchment sites was conducted by 

accessing the drainage system using manholes. ISCO automatic water samplers (6712 

Portable Sampler) with sample tubing (PVC) and area-velocity flowmeters (ISCO, 2150 

AV) were mounted at the base of each stormwater pipe upstream of the manhole. The 

sample tubing was automatically rinsed prior to each sample being collected to minimise 

cross contamination between samples. Tubing inlet and flowmeters were cleared prior 

each event from accumulated sediments and precipitation building up during baseflow at 

IP1 and IP2 to prevent non-runoff related sediments to be sampled and to optimise flow 

measurements.  

Table 2. Events and sites sampled in this thesis. 

Automatic sampling enables relatively exact proportional sampling (time, volume or flow 

proportional) and sampling over long period of times compared to manual sampling. In 

this thesis the automatic samplers were used to collect volume proportional samples in 

up to 23 hours in maximum 24 bottles of 1 L (polypropylene; ISCO). The flowmeters 

recorded flow volume at one minute intervals during runoff events. The frequency of 

the automatic sampling was determined before each event and depended on a combined 

Date 24.4.16 6.6.16 14.11.16 16.3.17 22.3.17 26.4.17 2.10.17 9.11.17 

Event 
type 

Snow-
melt 

Rain- 
fall 

Rain on 
snow 

Snow- 
melt 

Snow- 
melt 

Snow- 
mixed 
rain 

Rain- 
fall 

Rain- 
fall 

Name SM1 RF1 RoS SM2 SM3 SmR RF2 RF3 
Paper I II III I II III I II III I II III I II III I II III I II III I II III 

IP1  - -   -   -   -    - - -   -   - 

IP2  - -   -   -   - - - - - - -   -  - - 

PL  - -   -   - - - -    - - -   - -  - 

Cu-roof - - - - - - - - - - - - - - - - -  - - - - - - 

Zn-roof - - - - - - - - - - - - - - - - -  - - - - - - 
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assessment of the weather forecast, previous days’ melting rate (for snowmelt) and 

calculations of anticipated volume of runoff generation. The runoff volume passing 

between samples ranged between 1-22 m3 at PL, 32-265 m3 at IP1 and 23-290 m3 at IP2. 

In the rainfall and snowmelt events where automatic sampling was conducted, five 

samples was set as a minimum per event, after which the sampling frequency was reduced 

by half in order to cover longer events.  

Two grab samples were collected at IP1 and PL in order to compare ultrafiltration and 

the DGT technique in the same samples. The grab sampling was conducted in 5 L HDPE 

bottles during one snowmelt event aimed around peakflow (Paper III). Peakflow is 

described by the period with highest flow during an event and is often characterised by 

high concentrations of mobilised suspended solids and metals (Maniquiz-Redillas and 

Kim, 2014). Roof runoff was sampled in 2 L, HDPE bottles attached to the outlet of the 

gutters during one, snow mixed-with rain event. With the triplicate setup, 6 L 

representing the whole event, was collected in total from each type of roof, copper (Cu) 

and zinc (Zn), see Figure 7.  

 

Figure 7. Collection of roof runoff at experimental setup, Luleå University of Technology.  

All samples were kept cold in cooler bags and transported to the Environmental 

Laboratory, Luleå University of Technology, for analysis of physicochemical parameters 

within 24 hours of sample collection in order to minimise possible physicochemical 
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changes of samples. The bottles with grab samples were left for 2-3 hours for particles to 

settle before filtering to minimise clogging of filters. All samples were subjected to 

filtration (0.45 µm) and ultrafiltration (3000 molecular weight cut off – 3 kMWCO) in 

order to identify the particulate (>0.45 µm), colloidal (3 kMWCO-0.45 µm) and truly 

dissolved (<3 kMWCO) fractions.  

3.3 Fractionation techniques 

Table 3 provides details of the techniques used to identify fractions reported and 

techniques used in Paper I, II and III.  

Table 3. Fractionation techniques used in different papers 

Technique Paper I Paper II Paper III 

Membrane filtration 0.45 µm X X X 

Ultrafiltration 3000 MWCO X X X 
Diffusive gradients in thin films   X 

Bio-met  X (X) 
(X) – Data was used for computation of predicted bioavailability using Bio-met for presentation in the 

licentiate thesis, not published in Paper III.  

In this thesis, the size fractions; particulate (>0.45 µm), dissolved (<0.45 µm), colloidal 

(0.045 µm - 3 kMWCO) and truly dissolved (<3 kMWCO) fractions are assessed 

together with the analytically measured labile fraction (DGT labile) and predicted 

bioavailable fraction (Bio-met modelled). Relation between size fractions, phases and 

physicochemical properties are presented in Figure 8. 

 

 

Figure 8. Size delimitation with ultrafiltration, membrane filtration (0.45 µm) and DGT 

together with metal phases and physicochemical characteristics described in Figure 3. Modified 

from (Gustafsson and Gschwend, 1997) 
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3.3.1 Filtration 

All samples were subjected to filtration using 0.45 µm membrane filters in order to 

operationally distinguish between particulate and dissolved fractions as follows. Volume 

proportional samples taken at IP1, IP2 and PL (Paper I and II) were processed through 

syringe filters (Sarstedt, Filtropur S 0.45). Whereas grab samples and roof runoff samples 

aimed for DGT deployment (Paper III) were filtered through cellulose nitrate membrane 

filters (Whatman, GE Healthcare Life Science, 142 mm) using a peristaltic pump 

(Masterflex® L/S, 7518-00) due to the greater volumes needed for the study of labile 

metals. Ultrafiltration was carried out after membrane filtration in order to operationally 

define truly dissolved metals from colloids, using 20 mL ultrafiltration centrifugal columns 

(Sartorius, Vivaspin 20, 3000 MWCO PES membrane), see Figure 9. Up to 16 columns 

at a time were centrifuged (Eppendorf, Centrifuge 5804) for 45 minutes up to an hour 

at 4000 rev/min, until less than 0.5 ml was retained. The use of centrifugal columns to 

estimate the truly dissolved fraction allowed for many samples to be processed within a 

short time and only required the aid of a centrifuge compared to e.g. the time consuming 

field-flow fractionation technique.  

 
Figure 9. Centrifugal columns equipped with ultrafilters (3 kMWCO) are placed in the 

centrifuge. 

 

3.3.2 Diffusive gradients in thin films 

To measure the labile metals, triplicates of all samples from Cu- and Zn-roofs, and grab 

samples from IP1 and PL were prepared in 2 L plastic bottles with DGT devices mounted 

on a Plexiglas holder in one litre of collected sample, filtered through 0.45 µm filters. 

The DGT devices were equipped with standard APA gel as diffusion layer and Chelex 
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resin as a binding layer. The DGT devices were submerged in the samples for 24 hours 

at room temperature under continuous stirring of 55 rpm generated by an Adolf Kühner 

shaking table, see Figure 10. The stirring procedure was applied to achieve a flow of at 

least 2 cm/s in the bottle and minimise the DBL. After the exposure time, DGT devices 

were rinsed with ultrapure water to stop diffusion of solutes from any excessive sample 

water and kept cold before sent for analysis of the amount of accumulated Cu, Ni and 

Zn.   

 

Figure 10. Set up of sample bottles with deployed DGTs on a shaking table. 

 

3.3.3 Bioavailability modelling  

In order to predict the bioavailable fraction of metals in runoff, bioavailability modelling 

was conducted by the use of the simplified Biotic Ligand Model Bio-met (2019). The 

Bio-met tool use the input values of pH, Ca and DOC concentrations to retrieve metal 

specific local HC5 values (the concentration which is hazardous for 5% of the tested 

species) from the underpinned full BLM database which is based on various bioassays 

conducted in several European countries. The model proceeds to compare the derived 

local HC5 with a reference HC5 which is defined as the UK environmental quality 

standards EQSbioavailable (Cu: 1 µg/L Ni: 4 µg/L and Zn: 10.9 µg/L) and should reflect a 

HC5 under conditions of high bioavailability. The ratio between the reference HC5 and 

the local HC5 is expressed as BioF, the bioavailable fraction. The model use this ratio to 

calculate the predicted bioavailable concentration by multiplying the BioF with the 

dissolved metal concentration in µg/L. The model is validated within defined ranges for 

the input values varying depending on metal. If input values fall out with the validated 

ranges, the model assigns the closest validated value to the sample (User Guide, 2019). 
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3.4 Analysis of water samples 

Water quality parameters were determined in the Environmental Laboratory at Luleå 

University of Technology. Total suspended solids (TSS) were determined according to 

SS-EN 872: 2005 using a glass microfibre filter with 1.6 µm pore size (Whatman, GE 

Healthcare, GF/A 53 g/m2). EC and pH were measured using a CDM210 Radiometer 

(Copenhagen, Denmark) and a WTW pH 300 (Weilheim, Germany) respectively. All 

runoff samples were analysed at an accredited laboratory (ALS Scandinavia, Luleå, 

Sweden) for elements in the total, dissolved (<0.45 µm), and truly dissolved (<3 

kMWCO) fractions. Prior to analysis, all samples were acidified in 0.14 M HNO3 (nitric 

acid) and for total concentrations further digested in 1.3 M HNO3 in an autoclave. 

Element concentrations were determined using two methods; Ca, Cu and Zn 

concentrations were reported after analysis using inductively coupled plasma - optical 

emission spectroscopy (ICP-OES) according to the standard SS EN ISO 11885:2009 and 

Cd, Cr, Ni and V were reported after analysis of ICP - sector field mass spectrometry 

(ICP-SFMS) according to SS EN ISO 17294-2:2016. DOC concentrations, as input for 

the bioavailability modelling, were determined by the accredited laboratory using 

oxidation and IR-spectrometry according to DIN EN 1484 H3. 

DGT devices were disassembled at ALS Scandinavia, where the adsorptive Chelex gels 

within the devices were eluted in 10 ml of 1.4 M HNO3 (nitric acid) and metal 

concentrations measured using ICP-SFMS.  

3.5 Data analysis 

The colloidal fraction was calculated as the difference between the dissolved and truly 

dissolved concentration (i.e. the 0.45 µm - 3 kMWCO fraction) and the particulate 

fraction as the difference between total and dissolved concentrations (i.e. the >0.45 µm 

fraction). 

Volume weighted event mean concentrations (EMCs) of metals and TSS were calculated 

as in Leecaster et al. (2002) for each sampling site and event according to the equation: 

EMC =
∑ Ci∗Vi

n
i=1

∑ Vi
n
i=1

  Equation 2 

where Ci is the concentration of sample i among n number of samples multiplied with 

Vi, the runoff volume associated with sample i and divided by the total volume ∑ Vi
n
i=1 . 

The sample associated volume is defined as half the volume between sample 𝑖-1 and 𝑖, 

plus half the volume between sample i and i+1. Statistical analysis by ANOVA, t-test and 

linear regression was used to compare the metal EMCs in the measured fractions for the 

different event types and sites as well as correlation with water quality parameters. 
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4 Results 
The results presented in this thesis include (but are not limited too) the results reported 

in the appended papers. Complete size fractionation data sets for all metals (Cd, Cr, Cu, 

Ni, V and Zn) at all sites are presented, together with labile and predicted bioavailable 

concentrations for Cu, Ni and Zn. 

4.1 Event characteristics and water quality parameters 

Characteristics of the sampled events are presented in Table 4. The total runoff volumes 

generated during snowmelt events were generally lower than for rainfall events, with the 

exception of RoS, a trend that agrees with the findings of Westerlund et al (2003).The 

lowest and highest total runoff volumes were recorded during SmR and RoS 

respectively. A snowfall occurred a week prior to the RoS event, leaving a 10 cm thick 

snow cover, thus the runoff generated during this event comprised both of rainfall and 

snowmelt. Furthermore, three antecedent days of cold temperatures (<0°C) might have 

left the ground frozen and thus impermeable, causing additional rainfall runoff. These 

conditions provided for the highest total runoff volume, 2577 m3 at IP1, recorded during 

the monitored events despite the fact that the greatest rainfall depth at IP1 of 14.8 mm 

occurred during RF2, indicating that both rainfall depth and ground conditions are 

important when considering runoff volumes. SM1 occurred in the end of the melt season 

2016 with approximately 5 cm of seasonal snowpack remaining compared to SM2 and 

SM3 during 2017 when the snowpack depth was > 30 cm. Despite the variable nature 

of the runoff events regarding e.g. duration and flow rates between sites within single 

events, the runoff intensity (l/s/ha) generally varied less than twice the value per site per 

event type. This suggests a predictable catchment response for each site and event type.  

Mean concentrations of TSS, EC, pH and turbidity monitored during the reported events 

are presented in Figure 11. Data from SM3 is presented in two formats at IP1 and PL; as 

the mean concentrations of seven and six volume proportional samples at IP1 and PL, 

respectively (denoted as SM3; Paper II), and as grab samples (denoted SM3*; Paper III). 

The concentrations of water quality parameters varied little between the grab sample 

(SM3*) and the EMCs (SM3) with the exceptions of TSS at PL and EC at IP1 where 

the EMC was 50% higher in the grab sample. This indicates that the peak flow may be 

representative of whole events but also that important changes in concentration could be 

missed if only taking a grab sample. No seasonal or land use trends were identified at a 

statistically significant level (p<0.05) for TSS, pH or turbidity per site or type of event, 

respectively.  EC, however, showed significantly higher (p<0.05) values during snowmelt 

events (mean: 12-80 mS/m) compared to rainfall events (mean: 2-28 mS/m) over all 

catchment sites (IP1, IP2 and PL), probably due to winter maintenance involving the 

application of salt on the roads. During cold months, the application of antiskid materials, 

such as grit, is common. Westerlund et al (2003) identified this practice as responsible for 

the seasonal trend in TSS, with higher TSS concentrations in snowmelt compared to 

rainfall events associated with accumulation of particles over time in long lasting snow 

banks. In contrast, seasonal elevated concentrations of TSS were not reported in this 

study, with the application of antiskid materials to roads in the catchments  
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Table 4. Overview of runoff event characteristics, ADD-antecedent dry days or days since last 

snowfall.  

Events  Event 

characteristics  

IP1 IP2 PL Cu and Zn-roof 

RF1:  Event duration 5h 45min 5h 11 min 5h 59min  

16.6.16 Flow rate [l/s]*  38.1 ± 23.9 24.0 ± 25.3 2.06 ± 2.03  

6 ADD Tot. runoff V [m3] 711 444 38  

 RI** [l/s/ha] 2.29 1.98 3.89  

 Rainfall depth [mm]a 7.4 10.4 7.4  

 Number of samples 7 6 8  

RF2:  Event duration 12h 51min 14h 58min 14h 55min   

02.10.17 Flow rate [l/s]*  49.6 ± 39.8 32.2 ± 26.6 2.09 ± 2.03  

2 ADD Tot. runoff V [m3] 2032 1521 92  

 RI** [l/s/ha] 2.93 2.35 3.83  

 Rainfall depth [mm]a 14.8 19.4 14.8  

 Number of samples 13 12 11  

RF3:  Event duration 13h 23min 14h 12min 10h 53min  

09.11.17 Flow rate [l/s]*  35.4 ± 24.4 21.2 ± 14.1 No data  

3 ADD Tot. runoff V [m3] 1453 925   

 RI** [l/s/ha] 2.01 1.51   

 Rainfall depth [mm]a 9.2 9.2b 9.2  

 Number of samples 6 8 13  

SM1:  Event duration 17h 7min 20h 12min 12h 52min  

25.4.16 Flow rate [l/s]*  22.0 ± 11.60 8.50 ± 3.79 0.80 ± 0.50  

2 ADD Tot. runoff V [m3] 1287 560 40  

 RI** [l/s/ha] 1.39 0.64 1.92  

 Rainfall depth [mm]a 12 12 11  

SM2:  Event duration 10h 53min 17h 39min No data  

16.3.17 Flow rate [l/s]*  23.0 ± 13.1 6.07 ± 3.69   

2 ADD Tot. runoff V [m3] 836 377   

 RI** [l/s/ha] 1.42 0.49   

 Rainfall depth [mm]a 7 5   

SM3:  Event duration 9h 28min No data 11h 5min  

22.3.17 Flow rate [l/s]*  22.4 ± 10.6  0.47 ± 0.45  

1 ADD Tot. runoff V [m3] 704  13  

 RI** [l/s/ha] 1.38  0.74  

 Rainfall depth [mm]a 7+1c   6+1c  

RoS:  Event duration 23h 21min 23h 47min 21h 35min  

14.11.16 Flow rate [l/s]*  33.2 ± 30.5 13.9 ± 11.2 0.68 ± 0.97  

7 ADD Tot. runoff V [m3] 2577 1011 42  

 RI** [l/s/ha] 2.04 0.98 1.21  

 Rainfall depth [mm]a 12.6 9.8 12.6  

 Number of samples 12 9 6  
continued on next page 
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continued from previous page 

Events  Event 

characteristics  

IP1 IP2 PL Cu and Zn-roof 

26/4/17 Flow rate [l/s]*     9.18×10^-5 

3 ADD Tot. runoff V [m3]    0.002 per roof 

 RI** [l/s/ha]    0.23 

 Rainfall depth [mm]a    0.8 

 Number of samples    1d 

* Mean flow rate ± standard deviation. ** RI – runoff intensity. a Rainfall depth was recorded at three 

stations, station 1, within 500 m from IP1 and 1.5 km from PL, station 2, within IP2 and station 3, about 

750 m from the roof setup. b Station 2 was not operating during RF3, data presented from station 1.  
c During SM3 continuous sampling was conducted for Paper I and II and one grab sample was taken for 

Paper III. d The whole SmR event was sampled from triplicates of Cu-roof and Zn-roof. 

prior to RF3 identified as a factor in this. The timing of this application (cold 

temperatures followed by rainfall) resulted in elevated TSS concentrations in IP1 and PL 

(269 and 700 mg/L respectively), see Figure 11. The elevated TSS concentration during 

RF1 at IP2 (565 mg/L) could be due to ongoing construction activities observed within 

the industrial plots. Furthermore, the catchment runoff samples (from IP1, IP2 and PL) 

were collected after passing through gully pots, allowing sediments to settle, compared 

to Westerlund et al (2003) where runoff was collected directly at the drain inlet. TSS 

concentrations and conductivity in the roof runoff (130-200 mg/L and 16-41 mS/m 

respectively) were within the range of measurements in catchment runoff (e.g. 36-1543 

mg/L and 2-79 mS/m, respectively, at PL). These roof runoff concentrations illustrate 

the significance of atmospheric deposition as a source of pollution contributing to urban 

runoff loads. Levels of pH in catchment runoff (5.97-7.57) were occasionally lower than 

reported in runoff studies reviewed by Göbel et al (2007) (6.4-7.9) but within the range 

reported in earlier work by Makepeace et al (1995) (4.5-8.7). Runoff from the Cu-roof 

experienced the lowest pH of 5.8, (Zn-roof runoff had a pH of 6.5) which was similar 

to that previously reported in runoff from the same experimental set-up (pH:6.0-6.5) 

(Müller et al., 2019) and within the range reported in runoff from Cu and Zn roofs 

elsewhere (4.5-7) (Karlén et al., 2001, 2002). The absence of a seasonal trend in pH 

values in runoff has also been noted in previous studies (Sansalone et al., 1996; Helmreich 

et al., 2010; Galfi et al., 2016).
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Concentrations of dissolved organic carbon (DOC) and Ca as well as pH, input 

parameters for the bioavailability modelling, are presented in Table 5. Median pH values 

per event in catchment runoff were generally higher than that determined in roof runoff, 

with the lowest pH value (5.8) recorded in Cu-roof runoff and also during an event at 

PL. Similarly, catchment runoff demonstrated slightly higher median concentrations of 

DOC compared to roof runoff, whereas median Ca concentrations were up to five times 

higher in catchment runoff reflecting a mixed nature of contributing surfaces. Comparing 

catchment runoff by season, DOC concentrations during rainfall events were generally 

lower than those reported during snowmelt and the rain-on snow events. Ca and DOC 

infuence metal behaviour, whereby increased Ca and DOC concentrations contrbute to 

a decrease in metal bioavailability, whereas increased levels of pH would have the reverse 

effect of decreased bioavailability.  

Table 5. Concentrations of input parameters for bioavailability modelling.  

 
Events 

 
Site 

pH DOC [mg/l] Ca [mg/l] 

SM3* 

grab sample 

IP1 6.7 5.3 10.1 

PL 6.8 5.7 9.92 

SmR 
whole event 

Cu roof 5.8 4.1 2.29 

Zn roof 6.5 3.8 2.83 

RF1-RF3 IP1 6.8 (6.4-7.0) 4.45 (2.40-29.0) 8.07 (3.57-38.5) 

median (min-max) IP2 6.7 (6.2-7.0) 7.35 (3.20-23.0) 6.18 (4.03-35.1) 

 PL 6.8 (5.8-7.7) 5.40 (1.30-40.0) 3.23 (1.00-49.2) 

SM2-SM3 IP1 6.9 (6.6-7.1) 8.40 (6.00-25.0) 9.78 (7.68-18.3) 

median (min-max) IP2 6.8 (6.7-6.8) 11.8 (9.20-14.0) 7.36 (5.79-12.9) 

 PL 7.6 (7.5-7.7) 7.95 (7.00-9.00) 12.0 (8.24-25.2) 

RoS IP1 6.6 (6.6-7.0) 5.95 (3.40-18.0) 6.21 (3.89-15.2) 

median (min-max) IP2 6.6 (6.5-6.8) 7.90 (4.90-28.0) 6.85 (3.25-8.51) 

 PL 7.1 (6.7-7.2) 5.60 (3.70-29.0) 6.08 (2.99-50.2) 

 

4.2 Sub-dissolved metals in urban runoff 

In this thesis, the terms sub-dissolved metals (<0.45 µm) refers to the colloidal (0.45 µm 

- 3000 MWCO) and truly dissolved (<3 kMWCO) size fractions, as well as the physico-

chemically defined labile fraction and the predicted bioavailable fraction.    

4.2.1 Metal size fractions 

Metal concentrations in the total, dissolved and truly dissolved size fractions analysed in 

all samples are presented in Tables 6a-c as EMCs (Paper I), median, minimum and 

maximum concentrations per event type (snowmelt, rainfall and rain on snow) (Paper II) 

and as grab and event based samples (Paper III). Evaluation of Cu, Ni and Zn in all size 

fractions at IP1, IP2 and PL, indicated that while median concentrations (per event type) 

of all three metals were generally higher in snowmelt runoff, maximum concentrations 

were found in rainfall runoff. This suggests that a wider range of metal concentrations 
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occur during and between rainfall events compared to those determined during snowmelt 

events. However, analysis of data using ANOVA, indicated that identified trends did not 

occur at a level that was statistically significant (p<0.05) either by event type or between 

catchments (IP1, IP2 and PL) as EMCs or median values.  

The relative distribution between metal size fractions did not vary seasonally for any metal 

at any site (p<0.05). However, truly dissolved median Cu, Ni and Zn concentrations 

relative to total concentrations were generally higher during rainfall events compared to 

snowmelt events at PL. Regarding EMC values, the greatest contribution of truly 

dissolved Cd, Cu, V and Zn (relative to total EMCs) was reported in rainfall runoff (RF1 

at PL) whereas the lowest contribution of truly dissolved Cd, Cu, Ni and Zn was reported 

in snowmelt runoff (SM3 at PL), see Table 6. This could suggest differences in 

partitioning processes between rainfall and snowmelt runoff events, or that sources of 

truly dissolved metals differ and are more prominent during rainfall compared to 

snowmelt events.  

The trend seen for truly dissolved Cu and Zn (higher contribution relative to total 

concentrations during rainfall compared to snowmelt events) was the opposite for 

particulate (>0.45 µm) Cu and Zn. Contrasting seasonal trends between the particulate 

and truly dissolved fractions suggest that the particulate fraction of Cu and Zn generally 

did not contribute to the truly dissolved fraction. Analysis of the sub-dissolved metal size 

fractions and TSS for IP1, IP2 and PL indicated weak to moderate correlations between 

TSS and truly dissolved Cu and Cr at IP1 (0.35<r2<0.50) with a high correlation 

determined between truly dissolved V and TSS at PL (r2=0.91). The absence of a 

correlation between TSS and most metals in catchment runoff further indicates that the 

truly dissolved metals did not originate from particulate materials but from sources 

releasing metals in the truly dissolved form. V is an exception to this trend, with data 

indicating that the sources of V are mainly particulate matter such as road side soil and 

wear and tear of asphalt and tyres (Mummullage et al., 2016).   

Metal concentrations determined in Cu- and Zn-roof runoff differed from those 

determined in runoff at the catchment sites (Table 6). For example, total concentrations 

of Cu (from the Cu-roof) and Zn (from the Zn-roof) were several orders of magnitude 

higher than in catchment runoff. However, the total concentrations of further metals (i.e. 

Cu and Ni in the Zn-roof runoff and Ni in the Cu-roof runoff) were determined at up 

to one order of magnitude higher in catchment runoff, indicating that metallic roof 

materials are not the primary source of all metals. As the roof panels were located next to 

each other, the elevated total concentrations of Cu and Zn in runoff from the respective 

roofs is likely to have been derived from the dissolution of the surface materials 

themselves (as opposed to atmospheric deposition which – together with impurities in 

the roofing materials - is likely to have been the source of the other metals determined). 

The relative distribution of metals between size fractions did not show any significant 

differences by land use with the exception of roof runoff versus catchment runoff where 

truly dissolved Cu and Ni concentrations in Zn-roof runoff and truly dissolved Ni and 

Zn  



 

31 

 

 



 

32 

 

   



 

33 

 

 



 

34 

 

concentrations in Cu-roof runoff contributed relatively greater contributions to total 

concentrations than in catchment-derived runoff (IP1, IP2 and PL).These results 

combined with the elevated levels of Cu and Zn in roof runoff suggest that the use of 

these metals as roof materials, in facades and street furniture are likely to be sources of 

truly dissolved Cu and Zn concentrations in catchment runoff.   

Overall, the results of the fractionation data showed that concentrations of truly dissolved 

Cd, Cu, Ni and Zn significantly contributed to total metal concentrations in urban runoff 

with, on average, 28%, 19%, 18% and 29% contributions to total concentrations, 

respectively. Truly dissolved Cr and V however, contributed on average 1% and 3% 

which is likely due to their tendency to bind to particles (Makepeace et al., 1995). 

4.2.2 Labile and predicted bioavailable metal fractions 

Predicted bioavailable concentrations of Cu, Ni and Zn are presented in Table 7. Similar 

to the metal concentrations in the defined size fractions (Table 6), predicted 

bioavailability data displays considerable variation. The highest predicted metal 

bioavailability was reported for Zn in all samples, with the exception of Cu-roof where 

Cu showed the highest predicted bioavailable concentration. In the remaining samples, 

predicted bioavailable Zn was reported at levels between one and two orders of 

magnitude higher than concentrations predicted to be bioavailable for Cu and Ni.  

Table 7. Predicted metal bioavailability reported as median (min-max) over rainfall, snowmelt 

and rain-on-snow events (Paper II), value of grab samples (SM3*) and whole roof runoff events 

(Paper III) from the studied sites IP1, IP2, PL and Cu- and Zn-roof. 

Site IP1 Cu-roof 
Unit median (min-max) [µg/l]  [µg/l] [µg/l] 
Event RF1, RF2, RF3 SM2, SM3 RoS SM3* SmR 

Cu 0.65 (0.24-1.28) 0.67 (0.23-1.29) 0.20 (0.05-0.35) 0.48 1010 
Ni 0.50 (0.21-1.38) 0.55 (0.25-0.67) 0.36 (0.14-0.75) 0.46 0.22 
Zn 40.0 (13.1-83.4) 26.2 (13.3-42.2) 34.1 (11.5-50.8) 20.8 36.0 

Site IP2 Zn-roof 
Unit median (min-max) [µg/l]  [µg/l] [µg/l] 
Event RF1, RF2, RF3 SM2, SM3 RoS SM3* SmR 

Cu 0.66 (0.04-1.41) 0.25 (0.16-0.32) 0.32 (0.12-0.69)  0.12 
Ni 0.41 (0.29-1.01) 0.54 (0.42-0.97) 0.39 (0.26-0.55)  0.20 
Zn 17.1 (2.42-31.5) 11.1 (9.53-23.8) 19.8 (15.6-31.8)  6200 

Site PL - 

Unit median (min-max) [µg/l]  [µg/l] [µg/l] 
Event RF1, RF2, RF3 SM2, SM3 RoS SM3* SmR 

Cu 0.30 (0.10-1.22) 0.16 (0.10-0.20) 0.19 (0.16-0.37) 0.38  
Ni 0.23 (0.09-0.57) 0.61 (0.42-0.72) 0.42 (0.32-0.69) 0.62  
Zn 7.16 (0.54-65.9) 1.27 (0.74-1.78) 5.39 (4.85-8.07) 4.05  

 

Labile and predicted bioavailable concentrations of Cu, Ni and Zn in the grab samples 

from IP1 and PL as well as runoff samples from Cu- and Zn-roof are presented in Figure 

12, together with respective metal concentrations in the truly dissolved fraction. Truly 

dissolved concentrations of Cu (from the Cu-roof) and Zn (from the Zn-roof) were 
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determined at similar levels to those reported for the labile fraction, indicating that the 

truly dissolved fraction consisted entirely of free metal ions or of free metals associated to 

labile complexes in a size range of <3MWKO. The labile fraction in the remaining 

samples contributed 18-58% of the truly dissolved fraction for IP1 and PL and 25-66% 

for roof runoff (based on data in Figure 12). The complex composition of the truly 

dissolved fraction in catchment runoff also applied to Ni from both roof surfaces, Zn 

from the Cu-roof and Cu from the Zn-roof which suggests that atmospheric deposition 

also contributes with pollution in various size fractions.  

    

 

Figure 12. Truly dissolved, labile and predicted bioavailable concentrations of Cu, Ni and Zn 

at the sites IP1, PL (grab samples SM3*) and Cu- and Zn-roof (SmR), note the different scale 

for Cu from Cu-roof and Zn from Zn-roof. 

 

4.3 Comparison of truly dissolved, labile and bioavailable fraction 

Comparing the predicted bioavailability data with the truly dissolved fraction (Table 6) 

showed that the truly dissolved fraction was consistently higher than the predicted 

bioavailable fraction for Cu, Ni and Zn at all studied sites. In terms of distribution, Zn 

exhibited the greatest predicted bioavailable fraction relative to the truly dissolved 

fraction of all metals. Up to a third of the truly dissolved Cu and Ni was predicted to be 

bioavailable whereas predicted bioavailable Zn contributed up to more than half of the 

truly dissolved fraction. Despite the variable characteristics between roof runoff and 

catchment runoff, the proportion of the truly dissolved metals predicted to be bioavailable 

varied little between the runoff types (Cu: 5.5-6.8%, Ni: 19-26% and Zn: 53-66%) with 

the exception of Cu from Cu-roof where 28% of the truly dissolved fraction was 

predicted to be bioavailable. These results indicate a relationship between the behaviour 

of the predicted bioavailable and truly dissolved fractions, suggesting that bioavailable 

compounds originate from the truly dissolved fraction for both catchment runoff and Zn-

roof runoff. However, it is also noted that the higher Ca and DOC concentrations in 
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catchment runoff (effectively reducing bioavailability) compared to roof runoff could also 

have been compensated for by the lower levels of pH in roof runoff (increasing 

bioavailability in a certain range). 

The predicted bioavailable and truly dissolved concentrations of Ni in catchment runoff 

showed moderate to strong positive linear relationships (R2 values of 0.47 - 0.96) in 11 

out of 15 studied events (remaining 4 events had R2 values <0.37). This supports the 

hypothesis that the truly dissolved Ni fraction is the source of the predicted bioavailable 

fraction in catchment runoff. Moderate to strong positive linear relationships (R2 values 

of 0.47 - 0.93) were also found between predicted bioavailable and colloidal (calculated 

as the difference between dissolved and truly dissolved concentrations) Ni concentrations 

in 8 out of 15 events (7 events showed low positive relationships with R2 values <0.35), 

supporting studies which also suggest that the colloidal fraction contribute to the 

bioavailable fraction (Wang and Guo, 2000; e.g. Guo et al., 2002). Positive linear 

relationships between predicted bioavailable and truly dissolved, as well as colloidal, Cu 

and Zn also occurred but not for the majority of the studied events.  

Predicted bioavailable Cu concentrations did not directly equate to labile Cu 

concentrations in any of the analysed samples (Figure 12), with predicted bioavailable Cu 

concentrations contributing 23-35% of labile concentrations. This indicates that Cu in 

runoff is composed, in part, of labile Cu species that are not necessarily bioavailable. 

Predicted bioavailable Ni and Zn however, did show similar levels with labile 

concentrations in catchment runoff and for Zn determined in Cu-roof runoff. These 

results indicate that lability measurements of Zn and Ni in these runoff types could be 

used to estimate the bioavailable fraction. However, the limited number of samples need 

to be supported by further research before statistically strong conclusions can be drawn.  

4.4 Seasonal and land use characteristics 

EMCs, flow volume data and catchment size was used to calculate the metal load per 

unit area for the particulate (>0.45 µm), colloidal (0.45 µm - 3 kMWCO) and truly 

dissolved (<3 kMWCO) fractions at IP1, IP2 and PL (Paper I), see Figure 13. Metal 

concentration (Table 6) and loads data per event and site differed in terms of trends 

observed by season and by site. Whilst differences of a statistically significant level were 

not seen between most metal concentrations for any site or runoff type, loads of Zn and 

V in all size fractions at IP1 were significantly (p<0.05) higher than loads recorded at IP2. 

Whilst none of the other metal loads demonstrated this trend across all size fractions, 

colloidal and truly dissolved Cr, Cu and Ni loads determined were also significantly 

(p<0.05) higher at IP1 than IP2.  Reasons for the differences between these catchments 

are likely varying (industrial related) activities in the catchments and a higher traffic load 

at IP1 with more than double the annual traffic density (a key source of metals) on the 

busiest road compared to IP2 (Müller et al., 2020). In contrast to total, dissolved and truly 

dissolved metal concentrations, load data did show seasonal patterns. For example, 

particulate loads of V at IP2 were significantly (p<0.05) higher during rainfall events 

compared to rain on snow and snowmelt events. The same trend applied to particulate 

Cd, Cr, Cu, Ni and Zn, however, at a lower significance level (p<0.08). Seasonal 
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differences in colloidal and truly dissolved fractions were not observed, with the 

exceptions of truly dissolved Cr at IP1 and colloidal Cd at IP2, a trend which followed 

the patterns of the particulate fraction. For Cu, Ni and Zn, this supports the hypothesis 

that particulates would not be a main source of truly dissolved metals. In that regard, load 

data complements the findings of the analysis of concentration data. 

 
Figure 13. Load in g/ha of impervious area for each catchment IP1, IP2 and PL of the 

particulate, colloidal and truly dissolved fractions. Whiskers represent the minimum and 

maximum loads over all events and boxes represent the 25th and 75th percentile around the mean. 

Note the logarithmic y-axis. From Paper I. 

Seasonal and land use type differences presented for metal loads and the absence of such 

differences for metal concentrations suggest that runoff characteristics are a significant 

factor to consider when assessing seasonal or site specific environmental impacts. Despite 

the absence of statistically significant seasonal and land use differences for metal 

concentrations, trends in the data regarding seasons and land use were observed. For 

example, the highest median concentrations of Cu, Ni and Zn were recorded in 

snowmelt runoff compared to rainfall runoff for all size fractions, see Table 6. Rainfall 

runoff however, contributed with highest maximum concentrations of Cu, Ni and Zn 

in all size fractions and hence, wider concentration ranges than snowmelt and rain-on-

snow runoff. Truly dissolved and predicted bioavailable Cu, Ni and Zn concentrations 

(as percentages of dissolved concentrations) at the sites IP1, IP2 and PL are presented per 

event in Figure 14. Similar to the distribution of measured size fractions, the predicted 

bioavailable fraction showed a higher variability in terms of relative contribution to 

rainfall events compared to snowmelt and rain-on-snow events. These results suggest that 

the nature of rainfall events (e.g. larger variation of generated runoff volumes and 

intensities compared to snowmelt events) contribute to a more variable distribution 
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between metal size fractions, both within and between events, than snowmelt and rain-

on-snow events.  

The relative distribution between metal size fractions also varied between the sites. For 

all metals but V, the contribution of truly dissolved metals to total concentrations was 

recorded to be both highest and lowest at PL, suggesting that PL is a so called flashy 

catchment i.e. sensitive to changing conditions such as rainfall intensities and pollution 

inputs. However, despite the fact that PL’s catchment characteristics differed the most 

between catchment sites (e.g. reporting the highest percentage of impervious area and no 

contributing roof runoff this site did not experience any significant differences in metal 

concentrations (Table 6), load output (Figure 13) or size distribution (Figure 14) from 

the other sites.  

 

Figure 14. Truly dissolved and predicted bioavailable concentrations in percent of the dissolved 

fraction.  
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5 Discussion 

5.1 Concentrations and distribution of sub-dissolved metals in urban 

runoff 

Total metal concentrations measured in catchment and roof runoff were within the 

ranges previously reported in urban runoff (Mosley and Peake, 2001; Helmreich et al., 

2010; Revitt et al., 2014; Valtanen et al., 2014; Charters et al., 2021), with the exception 

of V where total EMC values at IP1, IP2 and PL exceeded that reported in Makepeace 

et al. (1995) (7.2-8.5 µg/L) and Ferreira et al (2013) (<10 µg/L) by up to an order of 

magnitude (186 µg/L in SM3 at PL). V concentrations in runoff are not commonly 

reported in the literature and the lack of comparative studies prevents drawing any robust 

conclusions on the relatively higher levels of V reported in this study. However, apart 

from naturally occurring in soils, V also originates from a range of sources within the 

urban environment including combustion of fossil fuels, paints and steel industry 

emissions (Makepeace et al., 1995).  

The distribution of metals between particulate and dissolved phases varies in the literature; 

from metals such as Cr, Cu, Ni and Pb primarily reported as occurring in the particulate 

fraction (Göbel et al., 2007; Revitt et al., 2014) to studies which report that dissolved 

metals contributed up to 50% of total Cu and Zn concentrations determined (Valtanen 

et al., 2014; Charters et al., 2021). Further studies report that the dissolved fraction 

contributed >90% of Zn and 88% of Cu total concentrations (Helmreich et al., 2010) 

depending on event and catchment characteristics. Average dissolved metal EMCs in IP1, 

IP2 and PL (Table 6) varied between 21-32% of total average EMCs for Cd, Cu, Ni and 

Zn with maximum contributions of 87%, 57%, 42% and 64%, respectively. Dissolved Ni 

in roof runoff and Zn from Cu-roof determined were within these ranges. In contrast, 

92-100% of Zn and 73% of Cu (from respective roof materials) was determined to occur 

in the dissolved phase, with <4 % of total Cr and V concentrations were found in the 

dissolved fraction. Factors contributing to this varied behaviour could include the strong 

relationship between Cr and particulates in runoff and natural waters and that V is 

reported to show intermediate to poor solubility in water (Makepeace et al., 1995; Taira 

et al., 2020). The contribution of truly dissolved metals to total concentrations was similar 

to the dissolved fraction, indicating that only a small fraction of total metal concentrations 

are composed of metals associated with colloids (e.g. on average 8% for Cu and 3% for 

Zn). The contribution of truly dissolved metals reported in IP1, IP2 and PL was not as 

high as previously reported in other studies e.g. an assessment of highway runoff reported 

approximately 45-50% of total Cd, Cu and Zn concentrations in the truly dissolved 

fraction (determined as <10 kDa) and >70% of total Ni concentrations in the dissolved 

fraction (McKenzie and Young, 2013). However, the consistently low contribution of 

colloidal metals reported herein suggests that low colloidal metal concentrations are 

characteristic for urban runoff, which is supported by previous research (Tuccillo, 2006; 

McKenzie and Young, 2013) reporting similar colloidal metal concentrations in runoff.  
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5.2 Influential factors on metal distribution between fractions   

Despite an absence of differences in runoff quality between sites or seasons at a statistically 

significant level, results indicate that sources related to land use characteristics do influence 

the distribution of metals between size fractions, their labile behaviour and predicted 

bioavailable concentrations. For example, the small catchment PL, reported both the 

highest and lowest contribution of truly dissolved Cd, Cu, Ni and Zn relative to total 

concentrations. The variable distribution in size fractions might be a result of the 

catchment characteristics, such as a small drainage surface and high level of 

imperviousness. This results in a flashy catchment, sensitive to changes in inputs from 

anthropogenic activities such as traffic density and winter maintenance. The high 

variability in the distribution of metals between measured fractions in PL, which overlap 

with the ranges in concentrations reported at IP1 and IP2, might also explain the absence 

of a significant difference between the sites despite the fact that the PL catchment 

characteristics, with e.g. highest imperviousness, differ most noticeably from those of IP1 

and IP2. Valtanen et al (2014) compared runoff quality from different catchments and 

showed that increasing imperviousness of the catchments could result in decreasing 

contributions of dissolved metals to total concentrations. However, no explanation for 

this trend was proposed. As reported in the previous literature, the distribution between 

size fractions reported herein (chapter 4.2.1) varied greatly between events and 

catchments. However, these differences did not occur in a statistically significant pattern 

between catchments or by event type, which suggests that variable factors such as event 

characteristics and anthropogenic activities that are non-static between events, influence 

how metals partition between size fractions.  

Land use characteristics as an influential factor on the metal characteristics in runoff 

becomes most noticeable when comparing roof runoff with catchment runoff. The 

contribution of truly dissolved, labile and predicted bioavailable Cu, Ni and Zn to total 

concentrations in roof runoff was significantly higher than those determined for 

catchment runoff (Table 6 and 7, and Figure 12 and 14). Apart from dissolution of the 

surface materials, the major source of metals in roof runoff is atmospheric deposition, 

where sources include traffic emissions and combustion processes (Pacyna and Graedel, 

1995; Förster, 1999). This suggests that atmospheric deposition mainly contribute with 

soluble metals. The elevated concentrations of dissolved Cu from a Cu-roof and Zn from 

a Zn-roof likely derive from leaching of the surface materials in accordance with studies 

on runoff from metallic building surface materials (Charters et al., 2016; Müller et al., 

2019). The lability measurements of Cu and Zn in roof runoff were similar to the truly 

dissolved concentrations (Figure 12), which further suggests that the leached Cu and Zn 

in the truly dissolved fraction is of a labile nature. Considering that roof runoff contributes 

to catchment runoff at sites with buildings, these surfaces are likely to contribute to the 

pool of truly dissolved, labile and predicted bioavailable metals in catchment runoff. 

Despite the differences in the distributions of truly dissolved, labile and predicted 

bioavailable Cu, Ni and Zn concentrations relative to their total concentrations in both 

roof- and catchment runoff, the distribution of the sub-dissolved fractions relative to 

dissolved concentrations did not differ between runoff types which further supports this 
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hypothesis. The difference in contributions of sub-dissolved fractions relative to total 

concentrations in catchment and roof runoff is likely due to dilution and mixing with 

metals from particulate sources in catchment runoff such as vehicle exhaust emissions and 

vehicle wear and tear. Labile concentrations (Figure 12) in catchment runoff (IP1 and 

PL) did not equate to the truly dissolved fraction of Cu, Ni and Zn which indicate a 

higher complexity of sub-dissolved fractions in catchment runoff compared to roof 

runoff. In catchment runoff, the truly dissolved fraction likely composes of free ions, 

labile complexes and inclusion of small (<3 kNWCO) colloids which bind strongly to 

the metal ions (not labile). Such complexity would be expected in runoff samples from 

IP1, a catchment with a mix of pollution sources including green areas contributing with 

organic carbon which has the effect to decrease metal lability.  

The smaller degree of green areas in PL (<5%) compared to IP1 and IP2 (25% and 15% 

respectively) and the absence of contributing green areas for Cu- and Zn-roof is not 

reflected in the levels of DOC from the different sites (Table 5). The specific composition 

of DOC in these samples was not determined and therefore it is not possible to identify 

differences in sources of the organic matter (McElmurry et al., 2014). However, DOC 

concentrations in PL are similar to that in IP1 and IP2 and DOC concentrations in roof 

runoff are within the range (at the lower end) of the levels reported for the catchment 

runoff, suggesting that green areas are not the only input of DOC and that air born 

organic matter (e.g. pollen or organic traffic emissions) might also be a source of DOC 

to runoff. Furthermore, DOC concentrations in snowmelt runoff were similar to levels 

in rainfall runoff which further suggests additional sources contribute to determined 

DOC concentrations, such as traffic emissions. The lack of knowledge on the 

characteristics of the DOC, both in general and in this study, could affect the assumptions 

and predictions about lability and bioavailability of metals in runoff. This is because the 

diffusion coefficients used within lability calculations and BLM surveys (such as toxicity 

tests) are based on naturally occurring – as opposed to anthropogenic - organic carbon 

compounds (Clifford and McGeer, 2010; Davison and Zhang, 2016b) and the impact of 

variations in DOC characteristics has yet to be explored in this context.  

5.3 Evaluation of discrete sampling, passive sampling and modelling 

Analysis of collected grab or composite water samples is by far the most common 

procedure to assess the quality of urban runoff. However, there is no standardised 

stormwater collection method and as a result many different types of sampling strategies 

are represented in the literature, e.g. manual or automatic sampling, single grab samples 

or continuous volume proportional sampling presented as either single-or composite 

samples representing whole or parts of events (e.g. Grout et al., 1999; Morrison and 

Benoit, 2005; McKenzie and Young, 2013; Ortega Sandoval et al., 2019). The use of 

many different sampling methods make direct comparisons between studies challenging 

but it also adds data to the discussion about metal behavioural differences between and 

within events, particularly if similar sample preparation and analytical techniques have 

been used. Overall, assembling data from 171 samples from three different sites and seven 

separate events into the 18 presented EMCs (Table 6), provided a comprehensive 
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overview of overall concentration trends (in terms of total concentrations as well as 

concentrations in size-fractions associated with different phases) connected to sites and 

event types to be evaluated. This approach may be of use during long term monitoring 

when developments over time are of interest or to internally grade sites in terms of 

pollution output. Metal concentrations in grab samples aimed at peakflow at IP1 and PL 

generally did not exceed related EMC values, but often showed similar total 

concentrations (Table 6). However, the distribution between size fractions varied in 

EMC and grab samples. This give an indication about the importance of peakflow for 

event mean metal concentrations but also suggest that the metal size distribution varies 

during the period of events.  

The collection and transportation of samples for analysis provides an opportunity for 

changes in the sample’s physico-chemical properties to occur. This may include, for 

example, aggregation (or disaggregation) of colloidal materials with resulting implications 

for metal distribution (Buffle and Leppard, 1995). Whilst the physico-chemical changes 

can start immediately after collection, the opportunity for and thus likelihood of 

occurrence increases with time (Lead et al., 1997) which is why analysis should 

commence as soon as possible after collection. Within this context, a key benefit of 

passive sampling (e.g. use of DGT) is that it is an in-situ technique and thus not affected 

by the physico-chemical changes apparent for collected water samples. Passive sampling 

provides time-integrated measurements and hence will include concentration changes (in 

the field) that might be difficult to identify with collected samples (Zhang and Davison, 

1995). In this thesis however, the DGT technique was not applied in-situ but used to 

analyse single samples in order to enable comparison with size fractionation data and 

predicted bioavailability of the single samples. Since the passive sampling was conducted 

on collected runoff samples, this facilitates comparison between the three techniques 

presented in this thesis regarding controlling for variations related to physico-chemical 

changes after sampling and transportation.  

The use of different diffusion coefficients (see Equation 1) could be a source of 

uncertainties with the DGT technique (Österlund et al., 2016) due to the absence of a 

standard to account for different metal species. Assuming that the accumulated mass of 

labile metals are in the form of free ions, enables the minimum labile metal concentration 

in the solution to be calculated, as free ions have higher diffusion coefficients compared 

to ligands (e.g. the diffusion coefficient at 17 °C for Cu bound to the ligand 

nitrilotriacetic acid will generate a 13% higher labile concentration compared to Cu2+). 

Interpretation of lability data might therefor be enhanced through comparisons with 

other techniques such as ultrafiltration (with similar pore size as of the DGT gel) to 

evaluate the results as comparable size fractions. This comparison for Cu, Ni and Zn 

(Figure 12) enabled visualisation of distribution differences of sub-dissolved metals 

between catchment runoff and roof runoff.   

A major motivation for undertaking bioavailability modelling and its use by practitioners 

is the need to demonstrate compliance with EU PHS of EQSbioavailable for Ni and Pb (and 

for further metals on a national basis) (UK TAG, 2008; EC, 2013; SwAM, 2019). 
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However, predictions of bioavailability also requires input data from field measurements 

and has to submit to the premises of representative sampling. The comparison made 

between predicted bioavailable and truly dissolved metal concentration data sets 

undertaken in this thesis (section 4.3) neither negates nor supports the use of simplified 

BLM modelling for analysis of urban runoff, as not all model assumptions are met but 

there were correlations between predicted and measured data. Positive linear relationships 

between measured size fractions and predicted bioavailability of Ni (section 4.3) indicate 

that while absolute values of the two fractions are not the same, the predicted bioavailable 

fraction is a component of the truly dissolved fraction. Hence, the modelled results could 

be used to further evaluate the composition of sub-dissolved Ni in urban runoff. 

However, these linear relationships were not as distinct for Cu and Zn which suggest 

that the model design does not comply with processes regulating Cu and Zn speciation 

in urban runoff. Furthermore, circumstances to consider are for example the model’s 

validated ranges for pH, Ca and DOC, which might be a limiting factor in urban runoff 

contexts.  

Regarding model input parameters (Table 5), Ca concentrations in roof runoff fell below 

the model’s validated operational ranges for Ca regarding prediction of bioavailbale Cu 

(3.1-129 mg Ca/L) and Zn (4.8-160 mg Ca/L). Runoff from Cu-roof also provided a 

pH that fell below the validated range reagarding prediction of Cu (pH: 6.0-8.5) and Ni 

(6.5-8.2). Ca concentration in rainfall at PL was below the validated range for Zn (4.8-

160 mg Ca/L). Ca and pH concentrations detected at levels below the validated range 

are replaced with the closest validated concentration (i.e. higher pH and Ca 

concentrations) which will lead to an underestimation of predicted bioavailability. 

Furthermore, bioavailability models are developed for static conditions and may be 

limited for application on urban runoff with rapidly changing conditions (i.e. pulsed 

exposures). Nonetheless, if the predicted bioavailable metal concentrations are assumed 

to be closer to the true field levels of bioavailability than truly dissolved metal 

concentrations (which include both labile and non-labile compounds as indicated from 

the comparison to DGT measurements), the use of the truly dissolved fraction as a 

surrogate for bioavailability would be overly conservative. In terms of management, such 

assumptions might result in EQS failures with implications for EU WFD programmes of 

measures.   

The combined assessment of labile metals, sub-dissolved fractions and bioavailability 

predictions (section 4.3) enabled a deeper understanding of the distributions of metal 

fractions in runoff from the different sites to be developed. Even so, discussion about 

which, if any, approach to identifying the bioavailable concentration (i.e. the 

measurement of truly dissolved concentrations, lability measurements or predicted 

bioavailability) is most representative of field conditions is difficult to establish due to the 

above discussed uncertainties and assumptions. However, the integration of results from 

the different techniques gave a much wider understanding of the characteristics of sub-

dissolved metals than results from single techniques, as well as providing new 

understanding of the relationships between these measures.  
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5.4 Implications for urban runoff mitigation 

The results reported in this thesis indicate that the relative distribution of metals between 

sub-dissolved fractions is highly variable in field samples (section 4.2). The behaviour of 

metals in the dissolved fraction is complex and non-homogenous which implies the need 

for a range of composite treatment techniques. Treatment options targeting the removal 

of dissolved metals in urban runoff include lamella filters and green infrastructure such as 

constructed wetlands and bioretention systems (Blecken, 2016). Other possible treatment 

techniques include the use of chemicals to enhance coagulation/flocculation processes, 

which has been used for treatment of highway runoff (Stockholms_Miljöförvaltning, 

2008), and ultrafiltration, an established treatment step in drinking water production (e.g. 

Göteborgs Stad, 2020). A study by Ortega Sandoval et al (2019) explored the use of 

ultrafiltration (50 kDa) for the treatment of parking lot runoff. The results suggested that 

the technique would provide variable treatment efficiencies depending on the metal e.g. 

15%, 31%, 43% and 61% removal of truly dissolved Cr, Cd, Zn and Ni respectively. The 

concentration of Cu were often below the limit of detection and therefore the removal 

rate could not be accurately determined. If applied to the runoff from the studied 

catchments herein, lamella or ultrafilters of pore sizes in the kDa range would entail 

reduction levels of maximum 68-80% depending on metal. This as the results indicate a 

considerable fraction of total Cd, Cu, Ni and Zn to be in the truly dissolved fraction and 

remain after passing a 3 kDa ultrafilter, on average 26%, 20%, 23% and 32%, respectively 

(derived from data in Table 6). In terms of concentrations however, truly dissolved Cd 

and Cr EMC values were below the receiving water quality guidelines for dissolved 

(<0.45 µm) Cd (0.08 µg/l) and Cr (3.4 µg/l) (SwAM, 2019). Current quality guidelines 

for the metals Cu, Ni and Zn are provided as bioavailable concentrations (SwAM, 2019), 

however, a predecessor document provide guidelines for classification of surface water 

status of dissolved (<0.45 µm) Cu (2.4 µg/l), Ni (8.2 µg/l) and Zn (6.8 µg/l) (SwAM, 

2016). These guidelines are exceeded by truly dissolved Cu and Zn EMC values in all 

sampled events, whereas truly dissolved Ni were below the guideline for all events (EMC 

values Table 6). These results suggest that filtration in the kDa range would not provide 

satisfactory treatment of Cu and Zn but possibly of Cd, Cr and Ni.    

Bioretention systems have often been reported to have up to a 90% removal of total loads 

of for example Cr, Cu and Zn (Read et al., 2008; Davis et al., 2009). In terms of 

treatment of different fractions, Lange et al. (2020) reported significant removal rates of 

dissolved and truly dissolved fractions of the studied metals Cd, Cu and Zn (e.g. 99%, 

82% and 98% of dissolved Cd, Cu and Zn, respectively) for bioretention systems exposed 

to runoff without salt. Application of salt (which can increase metal solubility (Bäckström 

et al., 2004)) decreased the removal rate of dissolved and truly dissolved Cd and Cu (to 

98% and 66% of dissolved Cd and Cu respectively). However, despite the high removal 

rates, effluent dissolved Cu concentrations exceeded Swedish receiving water quality 

guidelines of 2.4 µg/l dissolved (<0.45 µm) Cu discharge to lakes (Lange et al., 2020). A 

66% reduction of dissolved Cu in IP1, IP2 and PL would still result in concentrations 

above the guideline of 2.4 µg/l for 14 out of 18 events (EMC values Table 6). 

Furthermore, filter materials suggested for use in bioretention facilities have been found 
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to predominantly adsorb Cd, Cr, Cu, Ni and Zn in the exchangeable form which 

indicates that delayed release of dissolved metals from such systems is possible (Søberg et 

al., 2019).   

Treatment by addition of chemicals like Fe- and Al coagulants to enhance 

coagulation/flocculation processes and ultimately sedimentation has shown promising 

reduction results of organic pollutants and metals in urban runoff (Heinzmann, 1994; 

Harper et al., 1999). In a lab study, Nyström et al (2019) reported up to 40% reductions 

of dissolved Cu and Cr concentrations in runoff samples following treatment using 

commercially available coagulant products compared to 0% in the control using 

sedimentation for 30 minutes. The same study reported Cd was not detected in the 

dissolved fraction and dissolved Ni and Zn did not experience a reduction after treatment 

with the tested coagulants (Nyström et al., 2019). Due to the relatively small fraction of 

colloidal Cu and Cr compared to the truly dissolved fraction (on average 29/71% and 

28/72% for colloidal and truly dissolved Cu and Cr relative to dissolved concentrations) 

reported herein suggest that coagulation/flocculation would treat parts of both sub-

dissolved fractions.  

In light of the treatment options available and their removal rates of sub-dissolved metals 

it brings about a discussion whether multiple or combined treatment strategies could 

achieve satisfactory reduction of the fractions understood to have the greatest ecological 

impact.  
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6 Conclusions 
The combined results of metal concentrations within defined size fractions, metal lability 

and predicted metal bioavailability in snowmelt and rainfall generated urban runoff 

sampled from three catchments and two roof materials show that the dissolved (<0.45 

µm) fraction in urban runoff is characterised by a complex and variable composition of 

sub-dissolved metals. Dissolved Cd, Cu, Ni and Zn contributed 21-32% of total 

concentrations (average in catchment runoff), with the greatest contribution to the 

dissolved fraction for all metals consistently identified as the truly dissolved fraction. Cd, 

Cu, Ni and Zn were identified to occur in association with colloids (but at a significantly 

lower proportion than truly dissolved concentrations especially for Cu and Zn in roof 

runoff). In contrast, Cr and V were mainly reported in the particulate fraction with 

occurrence in the truly dissolved and colloidal fractions contributing <3% to total 

concentrations. Opposite wash off patterns between particulate Cd, Cu, Ni and Zn 

compared to colloidal and truly dissolved fractions implies that sources contributing to 

different size fractions vary, and that particulate matter is not the primary source (by 

dissolution and/or leaching) of colloidal and truly dissolved metals. 

Predicted bioavailable concentrations varied between Cu, Ni and Zn (with highest 

predicted bioavailability reported for Zn) and did not directly equate to truly dissolved 

metal concentrations in any of the studied sites. The relationship between predicted 

bioavailable concentrations and the truly dissolved fractions were generally similar 

between events and sites with the exception of roof runoff, where differences in 

contributing metal sources were identified as contributing to the relatively higher 

proportions of predicted bioavailable Cu and Zn determined. Labile measurements in 

combination with size fractionation showed that Cu, Ni and Zn in catchment runoff 

consisted of complex compositions of colloidal and labile species both related to ligands 

and as free ions. Roof runoff was prone to releasing Cu and Zn labile species in ionic 

form likely contributing to the labile and truly dissolved fraction in catchment runoff 

where such surfaces are present. The DGT results indicate the complex composition of 

catchment runoff - including portions of truly dissolved metals that were not in the form 

of free ions – and this identified as a potential explanation of the relatively low predicted 

bioavailable concentrations. Furthermore, the combined assessment of size fractionation, 

lability measurements and bioavailability predictions highlight the importance of several 

land use and activity factors affecting the distribution between metal fractions in runoff. 

Overall, the data shows that dissolved metals in urban runoff is not homogeneous in 

composition and as such, reducing dissolved metal concentrations might require more 

treatment than a single treatment technique.  

 

 

  



 

48 

 

  



 

49 

 

7 References 
Athanasiadis, K., Horn, H., Helmreich, B., 2010. A field study on the first flush effect of 

copper roof runoff. Corros. Sci. 52, 21–29. 
https://doi.org/10.1016/j.corsci.2009.08.048 

Bach, P.M., Mccarthy, D.T., Deletic, A., 2010. Redefining the stormwater first flush 
phenomenon. Water Res. 44, 2487–2498. 
https://doi.org/10.1016/j.watres.2010.01.022 

Bäckström, M., Karlsson, S., Bäckman, L., Folkeson, L., Lind, B., 2004. Mobilisation of 
heavy metals by deicing salts in a roadside environment. Water Res. 38, 720–732. 
https://doi.org/10.1016/j.watres.2003.11.006 

Baeyens, W., Gao, Y., Davison, W., Galceran, J., Leermakers, M., Puy, J., Superville, 

P.-J., Beguery, L., 2018. In situ measurements of micronutrient dynamics in open 

seawater show that complex dissociation rates may limit diatom growth, Nature: 
Scientific Reports. https://doi.org/10.1038/s41598-018-34465-w 

Bahar, B., Herting, G., Wallinder, I.O., Hakkila, K., Leygraf, C., Virta, M., 2008. The 

interaction between concrete pavement and corrosion-induced copper runoff from 
buildings. Environ. Monit. Assess. 140, 175–189. https://doi.org/10.1007/s10661-
007-9858-0 

Ball, J.E., Hamilton, L., Harrison, R., 1991. The influence of highway-related pollutants 

on environmental quality, in: Hamilton, R.S., Harrison, R.M. (Eds.), Highway 
Pollution. Elsivier, Amsterdam, pp. 1–47. 

Ballance, R., 1996. Field testing methods, in: Bartram, J., Ballance, R. (Eds.), Water 

Quality Monitoring  : A Practical Guide to the Design and Implementation of 

Freshwater Quality Studies and Monitoring Programmes. E & FN Spon, London, 
pp. 95–111. 

Bartlett, A.J., Rochfort, Q., Brown, L.R., Marsalek, J., 2011. Causes of toxicity to 

Hyalella azteca in a stormwater management facility receiving highway runoff and 
snowmelt. Part I: Polycyclic aromatic hydrocarbons and metals. Sci. Total Environ. 
414, 227–237. https://doi.org/10.1016/j.scitotenv.2011.11.041 

Beck, H.E., Zimmermann, N.E., McVicar, T.R., Vergopolan, N., Berg, A., Wood, 

E.F., 2018. Present and future Köppen-Geiger climate classification maps at 1-km 
resolution. Sci. Data 5, 1–12. https://doi.org/10.1038/sdata.2018.214 

Bertrand-Krajewski, J.L., Chebbo, G., Saget, A., 1998. Distribution of pollutant mass vs 

volume in stormwater discharges and the first flush phenomenon. Water Res. 32, 
2341–2356. https://doi.org/10.1016/S0043-1354(97)00420-X 

Bio-met, 2019. Bio-met – Bioavailability of metals and the Water Framework Directive 
[WWW Document]. URL https://bio-met.net/ (accessed 8.20.20). 

Blecken, G., 2016. Kunskapssammanställning dagvattenrening (Literature review - 

Stormwater control measures for quality treatment). Report 2016-05. Svenskt 
Vatten Utveckling. 



 

50 

 

Blinova, I., Ivask, A., Heinlaan, M., Mortimer, M., Kahru, A., 2010. Ecotoxicity of 

nanoparticles of CuO and ZnO in natural water. Environ. Pollut. 158, 41–47. 
https://doi.org/10.1016/j.envpol.2009.08.017 

Brix, K. V, Keithly, J., Santore, R.C., Deforest, D.K., Tobiason, S., 2009. Ecological 

risk assessment of zinc from stormwater runoff to an aquatic ecosystem. Sci. Total 
Environ. 408, 1824–1832. https://doi.org/10.1016/j.scitotenv.2009.12.004 

Buffle, J., Leppard, G.G., 1995. Characterization of Aquatic Colloids and 

Macromolecules. 2. Key Role of Physical Structures on Analytical Results. Environ. 
Sci. Technol. 29, 2176–2184. 

Buffle, J., Perret, D., Newman, M., 1992. The use of filtration and ultrafiltration for size 
fractionation of aquatic particles, colloids, and macromolecules, in: Buffle, J., van 

Leeuwen, H.P. (Eds.), Environmental Particles Vol. 1. Lewis Publisher, Chelsea, pp. 
171–230. 

Charters, F.J., Cochrane, T.A., O’Sullivan, A.D., 2021. The influence of urban surface 

type and characteristics on runoff water quality. Sci. Total Environ. 755, 142470. 
https://doi.org/10.1016/J.SCITOTENV.2020.142470 

Charters, F.J., Cochrane, T.A., O’Sullivan, A.D., 2016. Untreated runoff quality from 

roof and road surfaces in a low intensity rainfall climate. Sci. Total Environ. 550, 
265–272. https://doi.org/10.1016/j.scitotenv.2016.01.093 

Clark, S.E., Pitt, R., 2012. Targeting treatment technologies to address specific 

stormwater pollutants and numeric discharge limits. Water Res. 46, 6715–6730. 
https://doi.org/10.1016/J.WATRES.2012.07.009 

Clifford, M., McGeer, J.C., 2010. Development of a biotic ligand model to predict the 
acute toxicity of cadmium to Daphnia pulex. Aquat. Toxicol. 98, 1–7. 
https://doi.org/10.1016/j.aquatox.2010.01.001 

Crémazy, A., Wood, C.M., Ng, T.Y.T., Smith, D.S., Chowdhury, M.J., 2017. 
Experimentally derived acute and chronic copper Biotic Ligand Models for rainbow 

trout. Aquat. Toxicol. 192, 224–240. 
https://doi.org/10.1016/j.aquatox.2017.07.013 

Davis, A.P., Hunt, W.F., Traver, R.G., Clar, M., 2009. Bioretention Technology: 

Overview of Current Practice and Future Needs. J. Environ. Eng. 135, 109–117. 
https://doi.org/10.1061/(ASCE)0733-9372(2009)135:3(109) 

Davison, W., Zhang, H., 2016a. Introduction to DGT, in: Davison, W. (Ed.), Diffusive 

Gradients in Thin-Films for Environmental Measurements. Cambridge University 
Press, Cambridge, pp. 1–9. 

Davison, W., Zhang, H., 2016b. Diffusion layer properties, in: Davison, W. (Ed.), 
Diffusive Gradients in Thin-Films for Environmental Measurements. Cambridge 
University Press, Cambridge, pp. 32–65. 

Davison, W., Zhang, H., 1994. In situ speciation measurements of trace components in 
natural waters using thin-film gels. Nature 367, 546–548. 



 

51 

 

Dean, C.M., Sansalone, J.J., Cartledge, F.K., Pardue, J.H., 2005. Influence of Hydrology 

on Rainfall-Runoff Metal Element Speciation. J. Environ. Eng. 131, 632–642. 
https://doi.org/10.1061/(asce)0733-9372(2005)131:4(632) 

Deletic, A., 1998. The first flush load of urban surface runoff. Water Res. 32, 2462–
2470. https://doi.org/10.1016/S0043-1354(97)00470-3 

Djukić , A., Lekić , B., Rajaković -Ognjanović , V., Veljović , D., Vulić , T., 

Djolić , M., Naunovic, Z., Despotović , J., Prodanović , D., 2016. Further insight 

into the mechanism of heavy metals partitioning in stormwater runoff. J. Environ. 
Manage. 168, 104–110. https://doi.org/10.1016/j.jenvman.2015.11.035 

Duke, L.D., Chung, Y.J., 1995. Industrial stormwater pollution prevention: effectiveness 
and limitations of source controls in the transportation industry. Waste Manag. 15, 
558. 

EC, 2013. Directive 2013/39/European Commission, Priority substances in the field of 
water policy, Official Journal of the European Union. 

EC, 2008. Directive 2008/105/European Commission, Environmental quality standards 
in the field of water policy, Official Journal of the European Union. European 
comission. 

EEA, 2018. European waters - Assessment of status and pressures. European Environment 
Agency. 

Eriksson, E., Baun, A., Scholes, L., Ledin, A., Ahlman, S., Revitt, M., Noutsopoulos, 
C., Mikkelsen, P.S., 2007. Selected stormwater priority pollutants — a European 

perspective. Sci. Total Environ. 383, 41–51. 
https://doi.org/10.1016/j.scitotenv.2007.05.028 

Ferreira, M., Lau, S.-L., Stenstrom, M.K., 2013. Size fractionation of metals present in 

highway runoff: Beyond the six commonly reported species. Water Environ. Res. 
85, 793–805. 

Förster, J., 1999. Variability of roof runoff quality. Water Sci. Technol. 39, 137–144. 
https://doi.org/10.2166/wst.1999.0232 

Francey, M., Fletcher, T.D., Deletic, A., Duncan, H., 2010. New insights into the 

quality of urban storm water in South Eastern Australia. J. Environ. Eng. 136, 381–
390. https://doi.org/10.1061/(ASCE)EE.1943-7870.0000038 

Galfi, H., Österlund, H., Marsalek, J., Viklander, M., 2016. Indicator bacteria and 

associated water quality constituents in stormwater and snowmelt from four urban 
catchments. J. Hydrol. 539, 125–140. 
https://doi.org/10.1016/j.jhydrol.2016.05.006 

Gandhi, N., Diamond, M.L., Huijbregts, M.A.J., Peijnenburg, W.J.G.M., Guinée, J., 

2010. A New Method for Calculating Comparative Toxicity Potential of Cationic 

Metals in Freshwater  : Application to Copper , Nickel and Zinc. Environ. Sci. 
Technol. 44, 5195–5201. 

Gao, Y., Zhou, C., Gaulier, C., Bratkic, A., Galceran, J., Puy, J., Zhang, H., Leermakers, 



 

52 

 

M., Baeyens, W., 2019. Labile trace metal concentration measurements in marine 

environments: From coastal to open ocean areas. Trends Anal. Chem. 116, 92–101. 
https://doi.org/10.1016/j.trac.2019.04.027 

Glenn, D.W., Sansalone, J.J., 2002. Accretion and Partitioning of Heavy Metals 

Associated with Snow Exposed to Urban Traffic and Winter Storm Maintenance 
Activities. II. J. Environ. Eng. 128, 167–185. 
https://doi.org/10.1061/(ASCE)0733-9372(2002)128:2(167) 

Gnecco, I., Lanza, L.G., 2012. Review of hydrologic processes and transport of pollutants 
operated by stormwater runoff in urban environmnent, in: Wong, T.S.W. (Ed.), 

Overland Flow and Surface Runoff. Nova Science Publisher, New York, pp. 287–
320. 

Gnecco, I., Sansalone, J.J., Lanza, L.G., 2008. Speciation of Zinc and Copper in 

Stormwater Pavement Runoff from Airside and Landside Aviation Land Uses. 

Water. Air. Soil Pollut. 192, 321–336. https://doi.org/10.1007/s11270-008-9659-
2 

Göbel, P., Dierkes, C., Coldewey, W.G., 2007. Storm water runoff concentration matrix 
for urban areas. J. Contam. Hydrol. 91, 26–42. 
https://doi.org/10.1016/j.jconhyd.2006.08.008 

Göteborgs Stad, 2020. Frågor och svar om ultrafilter [WWW Document]. URL 

https://goteborg.se/wps/portal/start/vatten-och-avlopp/dricksvatten/fragor-och-
svar-om-ultrafilter/ (accessed 10.11.20). 

Gromaire-Mertz, M.C., Garnaud, S., Gonzalez, A., Chebbo, G., 1999. Characterisation 

of urban runoff pollution in Paris. Water Sci. Technol. 39, 1–8. 
https://doi.org/10.2166/wst.1999.0071 

Grout, H., Wiesner, M.R., Bottero, J.Y., 1999. Analysis of colloidal phases in urban 

stormwater runoff. Environ. Sci. Technol. 33, 831–839. 
https://doi.org/10.1021/es980195z 

Gunawardena, J., Egodawatta, P., Ayoko, G.A., Goonetilleke, A., 2012. Role of traffic 

in atmospheric accumulation of heavy metals and polycyclic aromatic hydrocarbons. 
Atmos. Environ. 54, 502–510. https://doi.org/10.1016/j.atmosenv.2012.02.058 

Gundersen, J.K., Jorgensen, B.B., 1990. Microstructure of diffusive boundary layers and 

the oxygen uptake of the sea floor. Nature 345, 604–607. 
https://doi.org/10.1038/345604a0 

Guo, L., Santschi, P.H., Ray, S.M., 2002. Metal partitioning between colloidal and 
dissolved phases and its relation with bioavailability to American oysters. Mar. 
Environ. Res. 54, 49–64. https://doi.org/10.1016/S0141-1136(02)00094-6 

Gustafsson, Ö., Gschwend, P.M., 1997. Aquatic colloids: Concepts, definitions, and 

current challenges. Limnol. Oceanogr. 42, 519–528. 
https://doi.org/10.4319/lo.1997.42.3.0519 

Harper, H.H., Herr, J.L., Livingston, E.H., 1999. Alum treatment of stormwater runoff: 

An innovative BMP for urban runoff problems, in: In: National Conference on 



 

53 

 

Retrofit Opportunities for Water Resource Protection in Urban Environments, 
February 9–12, 1998, Chicago, Il, USA. pp. 205–211. 

Hassellöv, M., von der Kammer, F., Beckett, R., 2007. Characterisation of Aquatic 

Colloids and Macromolecules by Field-Flow Fractionation, in: Wilkinson, K.J., 

Lead, J.R. (Eds.), Environmental Colloids and Particles: Behaviour, Separation and 
Characterisation. John Wiley & Sons Ltd, Chichester, pp. 223–276. 
https://doi.org/10.1002/9780470024539.ch5 

Hayman, N.T., Rosen, G., Strivens, J.E., 2019. Evaluating the efficacy of DGT to 
quantify copper in stormwater at end-of-pipe. Chemosphere 235, 1125–1133. 
https://doi.org/10.1016/j.chemosphere.2019.07.009 

Heinzmann, B., 1994. Coagulation and flocculation of stormwater from a separate sewer 

system – a new possibility for enhanced treatment. Water Sci. Technol. 29, 267–
278. 

Helmreich, B., Hilliges, R., Schriewer, A., Horn, H., 2010. Runoff pollutants of a highly 

trafficked urban road - Correlation analysis and seasonal influences. Chemosphere 
80, 991–997. https://doi.org/10.1016/j.chemosphere.2010.05.037 

Hilliges, R., Endres, M., Tiffert, A., Brenner, E., Marks, T., 2017. Characterization of 

road runoff with regard to seasonal variations, particle size distribution and the 
correlation of fine particles and pollutants. Water Sci. Technol. 75, 1169–1176. 
https://doi.org/10.2166/wst.2016.576 

Hoppe, S., Gustafsson, J.P., Borg, H., Breitholtz, M., 2015. Evaluation of current copper 
bioavailability tools for soft freshwaters in Sweden. Ecotoxicol. Environ. Saf. 114, 
143–149. https://doi.org/10.1016/j.ecoenv.2015.01.023 

Hudson, R.J.M., Morel, F.M.M., 1993. Trace metal transport by marine 

microorganisms: implications of metal coordination kinetics. Deep Sea Res. Part I 
40, 129–150. 

Jeong, H., Choi, J.Y., Lee, J., Lim, J., Ra, K., 2020. Heavy metal pollution by road-

deposited sediments and its contribution to total suspended solids in rainfall runoff 

from intensive industrial areas. Environ. Pollut. 265, 115028. 
https://doi.org/10.1016/J.ENVPOL.2020.115028 

Karlén, C., Odnevall Wallinder, I., Heijerick, D., Leygraf, C., 2002. Runoff rates, 

chemical speciation and bioavailability of copper released from naturally patinated 
copper. Environ. Pollut. 120, 691–700. https://doi.org/10.1016/S0269-
7491(02)00179-3 

Karlén, C., Odnevall Wallinder, I., Heijerick, D., Leygraf, C., Janssen, C.R., 2001. 

Runoff rates and ecotoxicity of zinc induced by atmospheric corrosion. Sci. Total 
Environ. 277, 169–180. https://doi.org/10.1016/S0048-9697(00)00872-X 

Kayhanian, M., Stransky, C., Bay, S., Lau, S.-L., Stenstrom, M.K., 2008. Toxicity of 

urban highway runoff with respect to storm duration. Sci. Total Environ. 389, 386–
406. https://doi.org/10.1016/j.scitotenv.2007.08.052 

Kayhanian, M., Suverkropp, C., Ruby, A., Tsay, K., 2007. Characterization and 



 

54 

 

prediction of highway runoff constituent event mean concentration. J. Environ. 
Manage. 85, 279–295. https://doi.org/10.1016/j.jenvman.2006.09.024 

Khan, S., Lau, S.L., Kayhanian, M., Stenstrom, M.K., 2006. Oil and grease measurement 

in highway runoff - Sampling time and event mean concentrations. J. Environ. Eng. 
132, 415–422. https://doi.org/10.1061/(ASCE)0733-9372(2006)132:3(415) 

Klaine, S.J., Alvares, P.J.J., Batley, G.E., Fernandes, T.F., Handy, R.D., Lyon, D.Y., 

Mahendra, S., McLaughlin, M.J., Lead, J.R., 2008. Nanomaterials in the 

environment: behaviour, fate, bioavailability and effects. Environ. Toxicol. Chem. 
27, 1825–1851. https://doi.org/10.1897/08-090.1 

LaBarre, W.J., Ownby, D.R., Rader, K.J., Lev, S.M., Casey, R.E., 2017. Bioretention 
storm water control measures decrease the toxicity of copper roof runoff. Environ. 
Toxicol. Chem. 36, 1680–1688. https://doi.org/10.1002/etc.3692 

Lange, K., Österlund, H., Viklander, M., Blecken, G.T., 2020. Metal speciation in 

stormwater bioretention: Removal of particulate, colloidal and truly dissolved 
metals. Sci. Total Environ. 724. https://doi.org/10.1016/j.scitotenv.2020.138121 

Lead, J.R., Davison, W., Hamilton-Taylor, J., Buffle, J., 1997. Characterizing Colloidal 

Material in Natural Waters. Aquat. Geochemistry 3, 213–232. 
https://doi.org/10.1023/A:1009695928585 

Lead, J.R., Wilkinson, K.J., 2006. Aquatic colloids and nanoparticles: Current 

knowledge and future trends. Environ. Chem. 3, 159–171. 
https://doi.org/10.1071/EN06025 

Liu, A., Ma, Y., Gunawardena, J.M.A., Egodawatta, P., Ayoko, G.A., Goonetilleke, A., 

2018. Heavy metals transport pathways: The importance of atmospheric pollution 
contributing to stormwater pollution. Ecotoxicol. Environ. Saf. 164, 696–703. 
https://doi.org/10.1016/j.ecoenv.2018.08.072 

Lopes, T.J., Bender, D.A., 1998. Nonpoint sources of volatile organic compounds in 
urban areas-relative importance of land surfaces and air. Environmnetal Pollut. 101, 
221–230. 

Luan, H., Vadas, T.M., 2015. Size characterization of dissolved metals and organic matter 

in source waters to streams in developed landscapes. Environ. Pollut. 197, 76–83. 
https://doi.org/10.1016/j.envpol.2014.12.004 

Luider, C.D., Crusius, J., Playle, R.C., Curtis, P.J., 2004. Influence of natural organic 

matter source on copper speciation as demonstrated by Cu binding to fish gills, by 

ion selective electrode, and by DGT gel sampler. Environ. Sci. Technol. 38, 2865–
2872. https://doi.org/10.1021/es030566y 

Lundy, L., Ellis, J.B., Revitt, D.M., 2012. Risk prioritisation of stormwater pollutant 
sources. Water Res. 46, 6589–6600. https://doi.org/10.1016/j.watres.2011.10.039 

M-BAT, 2014. UK-TAG: River & Lake Assessment Method Specific Pollutants (Metals) 

Metal Bioavailability Assessment Tool (M-BAT ). UK Technical Advisory Group 
on the Water Framework Directive. 



 

55 

 

Makepeace, D.K., Smith, D.W., Stanley, S.J., 1995. Urban stormwater quality: Summary 

of contaminant data. Crit. Rev. Environ. Sci. Technol. 25, 93–139. 
https://doi.org/10.1080/10643389509388476 

Maniquiz-Redillas, M., Kim, L.H., 2014. Fractionation of heavy metals in runoff and 

discharge of a stormwater management system and its implications for treatment. J. 
Environ. Sci. 26, 1214–1222. https://doi.org/10.1016/S1001-0742(13)60591-4 

Mayer, T., Rochfort, Q., Marsalek, J., Parrott, J., Servos, M., Baker, M., Mcinnis, R., 

Jurkovic, A., Scott, I., 2011. Environmental characterization of surface runoff from 
three highway sites in Southern Ontario, Canada: 2. Toxicology. Water Qual. Res. 
J. Canada 46, 121–136. https://doi.org/10.2166/wqrjc.2011.036 

McCarthy, D.T., Hathaway, J.M., Hunt, W.F., Deletic, A., 2012. Intra-event variability 

of Escherichia coli and total suspended solids in urban stormwater runoff. Water 
Res. 46, 6661–6670. https://doi.org/10.1016/j.watres.2012.01.006 

McElmurry, S.P., Long, D.T., Voice, T.C., 2014. Stormwater dissolved organic matter: 

Influence of land cover and environmental factors. Environ. Sci. Technol. 48, 45–
53. https://doi.org/10.1021/es402664t 

McKenzie, E.R., Young, T.M., 2013. A novel fractionation approach for water 

constituents-distribution of storm event metals. Environ. Sci. Process. Impacts 15, 
1006–1016. https://doi.org/10.1039/c3em30612g 

Morrison, M.A., Benoit, G., 2005. Temporal Variability in Physical Speciation of Metals 

during a Winter Rain-on-Snow Event. J. Environ. Qual. 34, 1610–1619. 
https://doi.org/10.2134/jeq2004.0324 

Mosley, L.M., Peake, B.M., 2001. Partitioning of metals (Fe, Pb, Cu, Zn) in urban run‐

off from the Kaikorai Valley, Dunedin, New Zealand. New Zeal. J. Mar. Freshw. 
Res. 35, 615–624. https://doi.org/10.1080/00288330.2001.9517027 

Müller, A., Österlund, H., Marsalek, J., Viklander, M., 2020. The pollution conveyed 

by urban runoff: A review of sources. Sci. Total Environ. 709, 136125. 
https://doi.org/10.1016/j.scitotenv.2019.136125 

Müller, A., Österlund, H., Nordqvist, K., Marsalek, J., Viklander, M., 2019. Building 

surface materials as sources of micropollutants in building runoff: A pilot study. Sci. 
Total Environ. 680, 190–197. https://doi.org/10.1016/j.scitotenv.2019.05.088 

Mummullage, S., Egodawatta, P., Ayoko, G.A., Goonetilleke, A., 2016. Use of 

physicochemical signatures to assess the sources of metals in urban road dust. Sci. 
Total Environ. 541, 1303–1309. https://doi.org/10.1016/j.scitotenv.2015.10.032 

Murphy, L.U., Cochrane, T.A., Sullivan, A.O., 2015. Build-up and wash-off dynamics 
of atmospherically derived Cu , Pb , Zn and TSS in stormwater runoff as a function 

of meteorological characteristics. Sci. Total Environ. 508, 206–213. 
https://doi.org/10.1016/j.scitotenv.2014.11.094 

Nason, J.A., Sprick, M.S., Bloomquist, D.J., 2012. Determination of copper speciation 

in highway stormwater runoff using competitive ligand exchange - Adsorptive 



 

56 

 

cathodic stripping voltammetry. Water Res. 46, 5788–5798. 
https://doi.org/10.1016/j.watres.2012.08.008 

Nybroe, O., Brandt, K.K., Ibrahim, Y.M., Tom-Petersen, A., Holm, P.E., 2008. 

Differential bioavailability of copper complexes to bioluminescent pseudomonas 
fluorescens reporter strains, Environmental Toxicology and Chemistry. 

Nyström, F., Nordqvist, K., Herrmann, I., Hedström, A., Viklander, M., 2019. 

Treatment of road runoff by coagulation/flocculation and sedimentation. Water Sci. 
Technol. 79, 518–525. https://doi.org/10.2166/wst.2019.079 

Ortega Sandoval, A.D., Barbosa Brião, V., Cartana Fernandes, V.M., Hemkemeier, A., 

Friedrich, M.T., 2019. Stormwater management by microfiltration and 
ultrafiltration treatment. J. Water Process Eng. 30, 100453. 
https://doi.org/10.1016/j.jwpe.2017.07.018 

Österlund, H., Widerlund, A., Ingri, J., 2016. Application in Natural Waters, in: 

Davison, W. (Ed.), Diffusive Gradients in Thin-Films for Environmental 
Measurements. Cambridge University Press, Cambridge, pp. 123–145. 

Pacyna, J.M., Graedel, T.E., 1995. Atmospheric Emissions Inventories: Status and 

Prospects: Articles at Luleå University of Technology. Annu. Rev. energy Environ. 
20, 265–300. 

Peters, A., Merrington, G., Brown, B., 2009. Using biotic ligand models to help 

implement environmental quality standards for metals under the Water Framework 
Directive, Science Report - SC080021/SR7b. Environment Agency, Bristol. 

Peters, A., Schlekat, C.E., Merrington, G., 2016. Does the scientific underpinning of 

regulatory tools to estimate bioavailability of nickel in freshwaters matter? The 
European-wide environmental quality standard for nickel. Environ. Toxicol. Chem. 
35, 2397–2404. https://doi.org/10.1002/etc.3510 

PNEC-pro, 2016. PNEC-pro V6, BLM tool for calculation of bioavailability of metals 
[WWW Document]. URL http://www.pnec-pro.com/ (accessed 9.14.20). 

Read, J., Wevill, T., Fletcher, T., Deletic, A., 2008. Variation among plant species in 
pollutant removal from stormwater in biofiltration systems. Water Res. 42, 893–
902. https://doi.org/10.1016/j.watres.2007.08.036 

Revitt, D.M., Lundy, L., Coulon, F., Fairley, M., 2014. The sources, impact and 

management of car park runoff pollution: A review. J. Environ. Manage. 146, 552–
567. https://doi.org/10.1016/j.jenvman.2014.05.041 

Rocher, V., Azimi, S., Gasperi, J., Beuvin, L., Muller, M., Moilleron, R., Chebbo, G., 

2004. Hydrocarbons and metals in atmospheric deposition and roof runoff in central 

Paris. Water. Air. Soil Pollut. 159, 67–86. 
https://doi.org/10.1023/B:WATE.0000049165.12410.98 

Saget, A., Chebbo, G., Bertrand-Krajewski, J.L., 1996. The first flush in sewer systems. 
Water Sci. Technol. 33, 101–108. https://doi.org/10.1016/0273-1223(96)00375-7 

Sansalone, J.J., Buchberger, S.G., 1997. Partitioning and first flush of metals in urban 



 

57 

 

roadway storm water. J. Environ. Eng. 123, 134–143. 

Sansalone, J.J., Buchberger, S.G., 1996. Characterization of metals and solids in urban 
highway winter snow and spring rainfall-runoff. Transp. Res. Rec. 147–159. 
https://doi.org/10.3141/1523-18 

Sansalone, J.J., Buchberger, S.G., Al-Abed, S.R., 1996. Fractionation of heavy metals in 

pavement runoff. Sci. Total Environ. 189/190, 371–378. 
https://doi.org/10.1016/0048-9697(96)05233-3 

Schiffer, S., Liber, K., 2017. Toxicity of aqueous vanadium to zooplankton and 

phytoplankton species of relevance to the athabasca oil sands region. Ecotoxicol. 
Environ. Saf. 137, 1–11. https://doi.org/10.1016/j.ecoenv.2016.10.040 

Schuler, M.S., Relyea, R.A., 2018. A Review of the Combined Threats of Road Salts 

and Heavy Metals to Freshwater Systems. Bioscience 68, 327–335. 
https://doi.org/10.1093/biosci/biy018 

Sigg, L., 1994. The regulation of trace elements in lakes. The role of sedimentation, in: 

Buffle, J., de Vitre, R.R. (Eds.), The Chemical and Biological Regulation of Aquatic 
Systems. Lewis, Boca Raton, FL, USA, pp. 175–195. 

SMHI, 2020. Års- och månadsstatistik [WWW Document]. URL 
https://www.smhi.se/klimat/klimatet-da-och-nu/manadens-vader-och-vatten-
sverige/manadens-vader-i-sverige/ars-och-manadsstatistik (accessed 9.7.20). 

Smith, K.S., Balistrieri, L.S., Todd, A.S., 2015. Using biotic ligand models to predict 
metal toxicity in mineralized systems. Appl. Geochemistry 57, 55–72. 
https://doi.org/10.1016/j.apgeochem.2014.07.005 

Søberg, L.C., Winston, R., Viklander, M., Blecken, G.T., 2019. Dissolved metal 

adsorption capacities and fractionation in filter materials for use in stormwater 

bioretention facilities. Water Res. X 4. 
https://doi.org/10.1016/j.wroa.2019.100032 

Stockholms_Miljöförvaltning, 2008. Reningsanläggningar för trafikdagvatten - 
Tillsynskampanj 07/08. 

Stolpe, B., Guo, L., Shiller, A.M., 2013. Binding and transport of rare earth elements by 

organic and iron-rich nanocolloids in alaskan rivers, as revealed by field-flow 
fractionation and ICP-MS. Geochim. Cosmochim. Acta 106, 446–462. 
https://doi.org/10.1016/j.gca.2012.12.033 

Stumm, W., Morgan, J.J. (Eds.), 1996. Aquatic chemistry : chemical equilibria and rates 

in natural waters, 3rd ed. Wiley, New York. 

Sun, S., Barraud, S., Castebrunet, H., Aubin, J.B., Marmonier, P., 2015. Long-term 

stormwater quantity and quality analysis using continuous measurements in a French 

urban catchment. Water Res. 85, 432–442. 
https://doi.org/10.1016/j.watres.2015.08.054 

SwAM, 2019. Klassificering och miljökvalitetsnormer avseende ytvatten (The Marine 

and Water Authority’s regulations on classification and environmental quality 



 

58 

 

standards regarding surface water). Consolidated Electronic Edition Last updated 
2020-01-01. 

SwAM, 2016. Miljögifter i vatten – klassificering av ytvattenstatus (Environmental toxins 

in water - classification of surface water status), Swedish Agency for Marine and 
Water Management. Report 2016. 

Taira, M., Sakakibara, K., Saeki, K., Ohira, S.-I., Toda, K., 2020. Determination of 

oxoanions and water-soluble species of arsenic, selenium, antimony, vanadium, and 

chromium eluted in water from airborne fine particles (PM 2.5 ): effect of acid and 
transition metal content of particles on heavy metal elution †. Environ. Sci. Process. 
Impacts 22, 1514–1524. https://doi.org/10.1039/d0em00135j 

Templeton, D.M., Ariese, F., Cornelis, R., Danielsson, L.-G., Muntau, H., Van 

Leeuwen, H.P., Łobiński, R., 2000. Guidelines for terms related to chemical 

speciation and fractionation of elements. Definitions, structural aspects, and 

methodological approaches (IUPAC Recommendations 2000). Pure Appl. Chem. 
72, 1453–1470. 

Tuccillo, M.E., 2006. Size fractionation of metals in runoff from residential and highway 

storm sewers. Sci. Total Environ. 355, 288–300. 
https://doi.org/10.1016/j.scitotenv.2005.03.003 

Tusseau-Vuillemin, M.H., Gilbin, R., Bakkaus, E., Garric, J., 2004. Performance of 

diffusion gradient in thin films to evaluate the toxic fraction of copper to Daphnia 
magna. Environ. Toxicol. Chem. 23, 2154–2161. https://doi.org/10.1897/03-202a 

UK TAG, 2008. UK Environmental standards and conditions (Phase 1), Final report. 
UK Technical Advisory Group on the Water Framework Directive. 

User Guide, 2019. Bio-met version 5.0 - Guidance document on the use of the bio-met 
bioavailability tool. 

Valtanen, M., Sillanpää, N., Setälä, H., 2014. The effects of urbanization on runoff 

pollutant concentrations, loadings and their seasonal patterns under cold climate. 
Water. Air. Soil Pollut. 225, 1–16. https://doi.org/10.1007/s11270-014-1977-y 

Van Leeuwen, H.P., Town, R.M., Buffle, J., Cleven, R.F.M.J., Davison, W., Puy, J., 

Van Riemsdijk, W.H., Sigg, L., 2005. Dynamic speciation analysis and 
bioavailability of metals in aquatic systems. Environ. Sci. Technol. 39, 8545–8556. 
https://doi.org/10.1021/es050404x 

Villanueva, J.D., Granger, D., Binet, G., Litrico, X., Huneau, F., Peyraube, N., Le 

Coustumer, P., 2016. Labile trace metal contribution of the runoff collector to a 

semi-urban river. Environ. Sci. Pollut. Res. 23, 11298–11311. 
https://doi.org/10.1007/s11356-016-6322-0 

Wang, W.X., Guo, L., 2000. Bioavailability of colloid-bound Cd, Cr, and Zn to marine 
plankton. Mar. Ecol. Prog. Ser. 202, 41–49. https://doi.org/10.3354/meps202041 

Westerlund, C., Viklander, M., Bäckström, M., 2003. Seasonal variations in road runoff 
quality in Luleå, Sweden. Water Sci. Technol. 48, 93–101. 



 

59 

 

Williams, R.J., 1981. Physico-chemical aspects of inorganic element transfer through 

membranes. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 294, 57–74. 
https://doi.org/10.1098/rstb.1981.0089 

Windward BLM, 2019. Biotic Ligand Model - Windward Environmental LLC [WWW 

Document]. URL https://www.windwardenv.com/biotic-ligand-model/ (accessed 
8.20.20). 

Worms, I.A.M., Wilkinson, K.J., 2008. Determination of Ni2+ using an equilibrium ion 

exchange technique: Important chemical factors and applicability to environmental 
samples. Anal. Chim. Acta 616, 95–102. https://doi.org/10.1016/j.aca.2008.04.004 

Yoon, S.H., 2016. Chapter 2: Membrane Process, in: Membrane Bioreactor Processes : 

Principles and Applications. CRC Press, Boca Raton, Florida. 

Zhang, H., Davison, W., 1995. Performance Characteristics of Diffusion Gradients in 

Thin Films for the in Situ Measurement of Trace Metals in Aqueous Solution. Anal. 
Chem. 67, 3391–3400. https://doi.org/10.1021/ac00115a005 

 

 

 

  



 

60 

 

 



Paper I 

 

 

 

Sarah Lindfors, Heléne Österlund, Lian Lundy, Maria Viklander 

 

 

Metal size distribution in rainfall and snowmelt-

induced runoff from three urban catchments 
 

 

Science of the Total Environment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reprinted from Lindfors, S., Österlund, H., Lundy, L. and Viklander, M. (2020). Metal 

size distribution in rainfall and snowmelt-induced runoff from three urban catchments. 

Science of the Total Environment. Volume 743, 15 November 2020, 140813 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



M
th

Sa
Urb

H

• D
d
t

• T
(
t

• P
o

• M
n

a

Art
Re
Re
Ac
Av

Ed

Key
Ur
Siz
Dis
Tru
Co
Ult

⁎

htt
00
Science of the Total Environment 743 (2020) 140813

Contents lists available at ScienceDirect
Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
fall an

n Lund
Natural Re

A P H I C
etal size distribution in rain
ree urban catchments

rah Lindfors ⁎, Heléne Österlund, Lia
an Water Engineering, Department of Civil, Environmental and

I G H L I G H T S

issolved metal concentrations are
ominated by the truly dissolved frac-

G R
ion.

ruly dissolved metals contribute 1%
Cr) - 28% (Zn) of total metal concentra-
f truly dissolved or colloidal metals.

s t r a

lloids
rafiltration

size distri
icting the
r underst
contributi
conventi

all and sn
n of the t
ion. Truly
EMCs wit
identified
ns (relati

were identified
tistically signifi
not follow the
dissolved meta

Corresponding author.
E-mail address: sarah.lindfors@ltu.se (S. Lindfors).

ps://doi.org/10.1016/j.scitotenv.2020.140813
48-9697/© 2020 The Authors. Published by Elsevier B.V. This is an op
d snowmelt-induced runoff from

y, Maria Viklander
sources Engineering, Luleå University of Technology, 971 87 Luleå, Sweden

A L A B S T R A C T
ions.
articulates are unlikely the only source
etal concentrations per fraction did
ot indicate a seasonal or site variation.
a br t i c l e i n f o

icle history:
ceived 11 March 2020
ceived in revised form 2 July 2020
cepted 6 July 2020
ailable online 8 July 2020

itor: Ashantha Goonetilleke

words:
ban runoff
e fractionation
solved metals
ly dissolved

The
pred
bette
As a
using
rainf
butio
fract
total
were
tratio
c t

bution of metals transported by urban runoff has implications for treatment type and design,
ir mobility and evaluating their potential impact on receiving waters. There is an urgent need to
and the distribution of metals between fractions, particularly those in the sub-dissolved fractions.
on to addressing this need, this study characterises the size distribution of Cd, Cr, Cu, Ni, V and Zn
onal and novel techniques. Data is presented as event mean concentrations (EMC) of a total of 18
owmelt events at three urban sites. For all studied metals in all events and at all sites, the contri-
ruly dissolved fraction made a greater contribution to the total concentrations than the colloidal
dissolved Cd and Zn concentrations contributed (on average) 26% and 28% respectively, of the
h truly dissolved Cu and Ni contributing (on average) 18%. In contrast, only 1% (V) and 3% (Cr)
in the truly dissolved fraction. The greatest contribution of truly dissolved Cd, Cu and Zn concen-

ve to total concentrations) were reported during rainfall events. However, no seasonal differences
and differences between the sites regarding the EMCs distribution by fractions were not at a sta-
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iginate from a diversity of sources such as traffic, building materials
d the atmosphere (e.g. Müller et al., 2020). The distribution of metals
tween different size fractions affects their environmental fate by, for
ample, influencing the potential for processes such as physical and/
chemical sorption to particulatematter to occur and their subsequent
dimentation (O'Melia and Tiller, 1993).
Standard practice for the analysis of pollutants mobilised by runoff

volves subdividing collected samples into dissolved and particulate
actions, operationally defined by filtration through a filter with a
ore size of 0.45 μm (Buffle et al., 1992). Several studies have shown
at the dissolved fraction can be further sub-divided into colloidal
d truly dissolved fractions (e.g. Gustafsson and Gschwend, 1997;

oss and Sherrell, 1999; Stumm and Morgan, 1996) define colloids as
ynamic complexes in a size range between 1 nm and 1 μm in at least
e dimension.
The truly dissolved fraction,which is the smallest size fraction herein

efined as b3000 molecular weight cut off (3 kMWCO), mainly consists
hydrolysed ions that are typically considered as bioavailable (Morel,
83; Sunda and Guillard, 1976). Knowledge of the behaviour of metals
sub-dissolved fractions in urban runoff is currently limited. However,

evelopment of a full understanding of the urban hydro-geochemistry
critical in order to enable environmental impacts to be predicted, sup-
ort sustainablewater resourcesmanagement and protect public health
uo et al., 2000; Martin et al., 1995; Ure and Davidson, 2002; Waeles
al., 2008; Wong et al., 2012).
Depending on environmental conditions, urban runoff has been
own to exhibit toxicity to both marine and freshwater species
here the primary cause of toxicity was subscribed to cationic metals,
ainly Cu and Zn (Kayhanian et al., 2008). Several metals, including
d, Cr, Cu, Ni, and Znwas included in the stormwater priority pollutants
t suggested by Eriksson et al. (2007) due to their prevalence in urban
noff and inclined toxicity in receiving environments. Vanadium, even
ough recieved much less attention, was included in this study moti-
ted by its occurence in typical urban runoff sources such as asphalt
d brake dust (Mummullage et al., 2016) and its reported toxicity in
rface water conditions (Gillio Meina et al., 2019; Schiffer and Liber,
17).
The distribution ofmetals between colloidal and truly dissolved frac-

ons in watercourses has been shown to be influenced by land-use
rout et al., 1999; Guéguen and Dominik, 2003; Jarvie et al., 2012).
r example, a study by Grout et al. (1999) indicated a shift towards
igher colloidal Cr and Zn concentrations in an urban waterway during
storm event. McKenzie and Young (2013) reported that highway and
rban runoff contributed higher concentrations of truly dissolved
etals (defined as the b10 kDa fraction) compared to concentrations
the same fraction reported within agricultural runoff during event

eak flow. The higher concentrations of truly dissolved metals were
ggested to originate from transportation sector sources.
Seasonal changes have also been identified as affecting the distri-

ution between particulate and dissolved metal phases (McKenzie
d Young, 2013). For example, research by Glenn and Sansalone
002) showed that the dissolved metal fraction in highway runoff
ere lower during snowmelt conditions in contrast to summer sam-
ling undertaken at the same sites in Cincinnati (Ohio, USA) with the
thors suggesting this to be due to the longer pavement residence
me during snowmelt, which allowed for colloids to aggregate. In
ntrast, seasonal road runoff in Sweden (Westerlund et al., 2003)
d Germany (Helmreich et al., 2010) showed no significant differ-
ce (p N 0.05) between the dissolved metal fractions in rainfall run-
f compared to snowmelt runoff.
Previous studies on cold season characteristics of colloidal and truly

issolved metal fractions in urban runoff are limited. However, one ex-
ple is a study by Morrison and Benoit (2005) which reported the

etal distribution in an urban river (Torrington, CT, USA) during a win-
r rain-on-snow event. Under peak flow conditions, the data indicated
change in distribution from primarily truly dissolved metals, defined

as b3 kMWCO, d
of colloidal met

To the autho
loidal and truly
in runoff from w
a contribution t
results of rainfa
paigns which
(N0.45 μm), col
kMWCO) metal
trial parks and o
pounds in the t
and Wilkinson,
rapid and cost e
identify metals
to characterise t
of Cd, Cr, Cu, V
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between sites. I
both the develo
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2. Material and

2.1. Site descript

Runoff from
were investigat
perature of 3 d
700 mm. Two o
IP1 and IP2) an
next to a hospit
of 15 ha and 12
ousness, respec
sheet roofs and
network consist
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consistedmainl
vices), together
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of IP1 and 3000
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green areas (5%
roof runoff from
was 1630 vehic
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times higher tha
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2.2. Sampling m

Automatic w
bottles of 1 L (p
portional samp
AV) recorded flo
Sample tubing (
bottom of each
with base flow,
before each sam
rinsed prior to
programmed fo
tional samples
weather forecas
erated). After c
was reduced by

S. Lindfors et al. / Science of the Total Environment 743 (20
ng pre-flow conditions towards a higher percentage
uring the event.
knowledge, the distribution of metals between col-
solved fractions under differing seasonal variations
-defined urban areas has yet to be investigated. As
dressing this identified data gap, this paper presents
nowmelt and rain-on-snow runoff sampling cam-
lved the determination of the total, particulate
al (0.45 μm - 3 kMWCO) and truly dissolved (b3
centrations in three urban catchments; two indus-
arking lot. The pore size of b3 kMWCOdefines com-
dissolved fraction as less than ~1 nm in size (Lead
6). For the first time in an urban runoff context, a
tive ultrafiltrationmethodwas used to operationally
e truly dissolved fraction. The aim of this study was
istribution of colloidal and truly dissolved fractions
Zn from different land uses and investigate if there
ences in identified metal distributions. EMCs and
lated for the different event types both within and

within this context that this research contributes to
ent and assessments of contamination sources and
plications for runoff treatment.

thods

ee urban catchments in Umeå, northern Sweden,
ee Fig. 1. Umeå experience an annual average tem-
es Celsius and an annual average rainfall depth of
e studied sites were industrial parks (identified as
e third site collected runoff from a parking lot (PL)
he two industrial parks had total catchment areas
with approximately 75% and 85% levels of impervi-
y, composed of coated corrugated steel and bitumen
halt pavement. IP1 and IP2 were drained by a pipe
of concrete pipeswith groundwater infiltration gen-
at both sites. The activities within IP1 and IP2

light industries (construction, car and transport ser-
h offices and commercial activities. Annual average
approximately 8000 vehicles/day on the main road
icles/day on a road leading to IP2. The parking lot's
was composed of impervious asphalt (95%) and
ith plastic pipes and no baseflow or connections of
rounding buildings. The annual daily traffic density
ay for the road adjacent to PL. Traffic density at the
as assumed to be approximately six and thirteen

t IP1 and IP2, respectively, based on this observation
sizes.

ds and sampled events

r samplers (ISCO, 6712 Portable Sampler) with 24
propylene; ISCO) were used to collect volume pro-
at each site. Area-velocity flowmeters (ISCO, 2150
olume at oneminute intervals during runoff events.
) together with the flowmeter was mounted at the
rmwater pipe upstream of a manhole. At the sites
mulated sediments and precipitationswere cleared
ng event and the sample tubing was automatically
sample being collected. Sampling frequency was
ch event with a minimum of five volume propor-
lected (based on a combined assessment of the
d calculation of the anticipated runoff volume gen-
ction of the fifth sample, the sampling frequency
to enable the profile of longer events to be covered.
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e number of samples varied from 5 to 13 for all events and sites. Sam-
e bottles were placed in cooler bags, transported to the university lab-
atory and analysed for physicochemical parameters and subjected to
tration (b0.45 μm) and ultrafiltration (b3 kMWCO) within 24 h of
e last sample being collected.
Table 1 presents an overviewof the characteristics of sevenmonitored

ecipitation events during 2016 and 2017. On seven dates, at three sites,
otal of 18 events were sampled. Data reported demonstrated the char-
teristically variable nature of runoff events in terms of, for example,
ent duration (e.g. between sites on the same date) and flow rate (for
ample, flow rate varied by up to three orders of magnitude within an
dividual event). Antecedent dry periods ranged from two and three
ys for the second and third rainfall event (RF2 and RF3) respectively,
to six days for rainfall event 1 (RF1). RF3 occurred after the first frost
autumn of 2017 and following the application of antiskid materials
rit; which otherwise is characteristic for snowmelt events). The season
snowpack melting during snow melt event 1 (SM1) was approxi-

ately 5 cm in depth including a light snowfall occurring two days pre-
ding the sampling occasion. Antecedent conditions for snowmelt
ents in spring 2017 (SM2 and SM3) are similar to each other; a season
snowpack, approximately 30 cm in depth with a small addition of

ow mixed with rain one week prior to SM2 and one day prior to SM3.
week prior to the rain on-snow event (RoS) in November 2016, there
s a snowfall leaving approximately 10 cm of snow on the ground. Dur-
the RoS, the snowwas exposed tomelting degrees and a 3-hour rain-

l event with an average intensity of 1.5 mm/h.

. Fractionation and analysis

All sampleswere processed to identify the total, dissolved (b0.45 μm),
d truly dissolved (b3 kMWCO) fractions (Fig. 2). Samples were filtered
ing 0.45 μm membrane syringe filters (Sarstedt, Filtropur S 0.45), and
e filtrate directly injected into 20mL ultrafiltration centrifugal columns

(Sartorius, Vivas
centrifuged at 4
The colloidal fra
solved and truly
fraction) and the
dissolved concen
gal columns to e
samples to be p
centrifuge. In ad
mately 14 euro/

Procedural b
the same proce
were determine
iquot and a drie
GE Healthcare,
with a calibrate
and turbidity m
ter 2100N (Hac
(Radiometer, Co
conductivity. Sa
laboratory (ALS
ing full quality a
digested in 1.3 M
acidified in 0.14
solved concentr
determined usi
spectrometry (I
according to SS
general, Cu and
OES, whereas Cd

Volume weig
TSS were calcul
and event accor

Fig. 1. Map over the sampled catchments IP1, IP2 and PL in Umeå
20, 3000 MWCO PES membrane) which were then
rev/min (Eppendorf, Centrifuge 5804) for 50 min.
was calculated as the difference between the dis-

solved concentration (i.e. the 0.45 μm - 3 kMWCO
ticulate fraction as the difference between total and
ions (i.e. the N0.45 μm fraction). The use of centrifu-
ate the truly dissolved fraction allowed for up to 16
ssed within an hour and only required the aid of a
n, the centrifugal columns are affordable (approxi-
SD per unit), though only for one time use.
s consisting of deionised water were subjected to
e for every event. Total suspended solids (TSS)
cording to SS-EN 872: 2005with use of a sample al-
d pre weighted glass microfibre filter (Whatman,
1.6 μm pore size and 53 g/m2). pH was recorded
TW pH 330 device (WTW, Weilheim,Germany)
rements were conducted using a Hach Turbidime-
veland, CO, USA). A CDM210 conductivity meter
hagen, Denmark) was used to determine electrical
s were kept at 4 °C before delivery to an accredited
dinavia, Luleå, Sweden) for metal analyses, includ-
ance and quality control procedures. Samples were
ric acid in an autoclave for total concentrations and
nitric acid for analysis of dissolved and truly dis-
ns. Concentrations of Cd, Cu, Cr, Ni, V and Zn were
oth inductively coupled plasma sector field mass
FMS) and optical emission spectroscopy (ICP-OES)
SO 17294-2:2016 and 11885:2009, respectively. In
oncentrations were reported from analysis of ICP-
Ni and Vwere reported from analysis of ICP-SFMS.
d event mean concentrations (EMCs) of metals and
as in Leecaster et al. (2002) for each sampling site
to the equation:

thern Sweden.
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Table 1
Overview of rainfall event characteristics.

Event
dates

Event characteristics Industrial
park 1 [IP1]

Industrial
park 2 [IP2]

Parking lot
[PL]

RF1:
16/6/16

Event duration 5 h 45 min 5 h 11 min 5 h 59 min
Minimum-maximum
flow rates [l/s]

4.11–95.8 0.12–143 0.001–12.97

Mean flow rate ± SD [l/s] 38.1 ± 23.9 24.0 ± 25.3 2.06 ± 2.03
Total runoff volume [m3] 711 444 38
Runoff intensity [l/s/m2] 2.29 1.98 3.89
Rainfall depth [mm]a 7.4 10.4 7.4

RF2:
02/10/17

Event duration 12 h 51 min 14 h 58 min 14 h 55 min
Minimum-maximum
flow rates [l/s]

2.03–131 0.11–92.6 0.01–6.74

Mean flow rate ± SD [l/s] 49.6 ± 39.8 32.2 ± 26.6 2.09 ± 2.03
Total runoff volume [m3] 2032 1521 92
Runoff intensity [l/s,m2] 2.93 2.35 3.83
Rainfall depth [mm]a 14.8 19.4 14.8

RF3:
09/11/17

Event duration 13 h 23 min 14 h 12 min No data
Minimum-maximum
flow rates [l/s]

2.68–81.9 0.30–57.9

Mean flow rate ± SD [l/s] 35.4 ± 24.4 21.2 ± 14.1
Total runoff volume [m3] 1453 925
Runoff intensity [l/s/m2] 2.01 1.51
Rainfall depth [mm]a 9.2 9.2b

SM1:
25/4/16

Event duration 17 h 7 min 20 h 12 min 12 h 52 min
Minimum-maximum
flow rates [l/s]

4.04–41.30 0.64–14.40 0.01–2.07

Mean flow rate ± SD [l/s] 22.0 ± 11.60 8.50 ± 3.79 0.80 ± 0.50
Total runoff volume [m3] 1287 560 40
Runoff intensity [l/s/m2] 1.39 0.64 1.92

SM2:
16/3/17

Event duration 10 h 53 min 17 h 39 min No data
Minimum-maximum
flow rates [l/s]

3.91–52.90 1.69–15.04

Mean flow rate ± SD [l/s] 23.0 ± 13.1 6.07 ± 3.69
Total runoff volume [m3] 836 377
Runoff intensity [l/s/m2] 1.42 0.49

SM3:
22/3/17

Event duration 9 h 28 min No data 11 h 5 min
Minimum-maximum
flow rates [l/s]

3.27–45.20 0.001–2.06

Mean flow rate ± SD [l/s] 22.4 ± 10.6 0.47 ± 0.45
Total runoff volume [m3] 704 13
Runoff intensity [l/s/m2] 1.38 0.74

RoS:
14/11/16

Event duration 23 h 21 min 23 h 47 min 21 h 35 min
Minimum-maximum
flow rates [l/s]

3.83–128 1.40–43.3 0.01–4.14

Mean flow rate ± SD [l/s] 33.2 ± 30.5 13.9 ± 11.2 0.68 ± 0.97
Total runoff volume [m3] 2577 1011 42
Runoff intensity [l/s/m2] 2.04 0.98 1.21
Rainfall depth [mm]a 12.6 9.8 12.6

a

1.

Fig.
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C ¼ ∑n
i¼1Ci∗Vi

∑n
i¼1Vi

here Ci is the concentration of sample i among n number of samples
ultiplied with Vi, the runoff volume associated with sample i and di-
ded by the total volume∑i=1

n Vi. The sample associated volume is de-
ned as half the volume between sample i-1 and i, plus half the volume
tween sample i and i+1. Statistical analysis by ANOVA, t-test and lin-
r regression was used to compare the metal EMCs in the measured
actions for the different event types and sites as well as correlation
ith water quality parameters.

Results and discussion

1. Event characteristics

The event characteristics, presented in Table 1, showed that
owmelt events in general generated lower total runoff volumes,

frequently appl
TSS, turbidity an
nitude, betwee
25–1575 NTU a
analysis of data
were statisticall

These result
road runoff qua
higher in snow
et al., 2003), wi
available mater
seasonal differe
were taken wit
the TSS concen
runoff was coll
The pH values r
viously reporte
1995; Viklande
noted at PL. Sim
et al., 2010; San
Harrison and W
buffering actio
materials.

Rainfall depth was recorded at two stations, station 1 was within 500 m from IP1 and
5 km from PL, station 2 was within the catchment of IP2.
b Station 2 was not operating during RF3, data from station 1 presented.
ximum flow rates compared to rainfall events.
est runoff volume was recorded during the rain
77 m3; see Table 1), with the same trend also de-
lund et al. (2003). As anticipated, runoff volume
nt and event type, decreased in the order of de-
t size. However, despite identified variations in
the runoff intensity (l/s/m2) showed less varia-
than twice the value per site per event type) sug-
ment response was predictable for each site and

parameters

eneral water quality parameters are presented in
ity levels (ranging from 0.94–76.6 mS/m) were
ng lot during SM and RoS events, understood to be
fact that antiskid materials containing salts were
to this heavily used site. Whilst concentrations of
nductivity varied, sometimes over an order ofmag-
ites and type of event (e.g. 54–1320 mg/L TSS,
0.94–51 mS/m in RF2 and SM3 respectively at PL),
g ANOVA did not indicate that any identified trends
nificant (p N 0.05).
trast with those of a study on seasonal variations in
which concluded that concentrations of TSS were
lt runoff than during rainfall events (Westerlund
levated loads associated with the accumulation of
within snow over time. A reason for the absence of
within this study could be that the runoff samples
the pipe system after sediment traps which affect
ions, compared to Westerlund et al. (2003) where
d directly at the drain inlet before any treatment.
ted (5.97–7.57)were within the range of those pre-
urban runoff (pH: 4.5–8.7) (e.g. Makepeace et al.,
997) with both the lowest and highest pH values
r to previous studies (Galfi et al., 2016; Helmreich
one et al., 1996) pH values did not vary by season,
n (1985) suggested that this could be due to the
minerals, such as CaCO3, deriving from antiskid

2. Operational processing for metal fractions.
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. Total and particulate metal EMCs

A total of 18 separate events were monitored across the three sites,
d total, dissolved and truly dissolved EMCs for Cd, Cr, Cu, Ni, V and
are presented in Table 3. Total metal concentrations ranged (in

/L) for Cd: 0.05–0.37, Cr: 3.08–252, Cu: 10.7–134, Ni: 1.93–99.9, V:
9–186 and Zn: 54.3–537 and, disregarding V, were within the
nge of those previously reported in urban runoff, Cd: 0–5 and Cu:
205 (Revitt et al., 2014) and Cr: 0.06–222, Ni: 0.66–122 and Zn:
–1937 μg/L (Valtanen et al., 2014). With regard to rainfall events,
o of the three events (RF2 and RF3) for all metals but Cd showed a
ttern of decreasing total EMCs with decreasing catchment size. For
ample total Zn concentration during RF2 ranged from 54.3 μg/L at
to 82.1 μg/L at IP2 and 194 μg/L at IP1, see Fig. A, supplementary ma-
rial. During RF1, metal concentrations measured at IP1 were higher
an at PL but the highest metal concentrations were measured at IP2.
is could be due to RF1's longer antecedent dry period and the higher
rcentage of impervious areas at IP2 compared with IP1.
During the two SM events and RoS at the smallest catchment, PL,

tal EMCswere continuously higher than at IP2 and on a number of oc-
sions exceeded total EMCs at IP1 (on three occasions for Cd, Cr, andNi,
ice for Cu and V and on one occasion for Zn). These patterns for SM
d RoS events are not consistent with those identified for RF events.
is could be due to a dilution effect at site IP1 and IP2 during winter
hen melting pristine snow from large green areas were discharged
to the pipe system togetherwith contaminated snowmelt) in contrast
events during thewarm season (when the green areas did not gener-
asmuch runoff due to infiltration). The fact that PL has a low degree
green areas and a major part of the catchment was regularly treated
th antiskid material could explain the reported higher total EMCs at
compared to IP1 and IP2 during SM events.
Despite the trends seen between the sites, ANOVA tests showed no
tistical significant differences (p N 0.05) for total metal EMCs be-
een the sites for any event type. Highest total EMCs for all metals
re measured during SM3 at PL, e.g. 134 μg/L for Cu and 538 μg/L for
, and lowest total metal EMCs were observed in the same catchment
ring RF2 for all metals, e.g. 10.7 μg/L for Cu and 54.3 μg/L for Zn. Min-
um and maximum TSS EMCs, 35.1 mg/L and 1319 mg/L, were re-
rted in the same samples as for lowest and highest total metal
Cs, respectively, indicating a relationship between total metal con-

ntrations and TSS.
The samples with minimum and maximum particulate EMCs for all

etals but Cd were reported at PL in RF2 and SM3, respectively, data
t presented. This is consistent with the data for total EMCs, indicating
at sources of particulate matter influence the total concentrations of
etals present. It is also an indication of a seasonal pattern (higher con-
ntrations in the particulate fraction during SM events compared to RF
ents). However, this trend did not occur at a level thatwas statistically
nificant (p N 0.05). Looking at the whole dataset, particulate EMCs of
metals in this study were statistically significantly higher (p b 0.05)
an dissolved concentrations. This was consistent regardless if dividing
e data into the different event types. In Glenn and Sansalone (2002),
e particulate metal concentrations exceeded dissolved metal

concentrations
was explained
compared to sn
able more diss
and Sansalone
Ni and Cr conc
pared to the d
e.g. Westerlund
(p N 0.05) was f
EMCs per meta
bution of metal
seasons indicate
can be fully und

Previous stu
difference for a
(2003) reported
total concentrat
compared to RF
centrations by e
Germany by He
(p b 0.05) seaso
during the melt
seen for Cd, Ni a
nificantly differ
10 EMCs includ
highest total me
Factors identifie
reported during
wear as a functi
road surfaces (g
ported to degra
rials (increasing
et al., 2010; We
mulation of poll
elevated TSS loa
and storage with
to particulate m
during the snow

3.4. Dissolved, tr

Results of th
3–76%), 1% of C
Ni (range: 2–41
1–64%) total EM
sents EMCs tha
see Fig. 3. These
form the selectio
to target the fra
impact.

In terms of re
tion in the truly
found at PL dur

erview of EMCs for selected physicochemical parameters per site for seven monitored events.

vent RF1 RF2 RF3 SM1

ite IP1 IP2 PL IP1 IP2 PL IP1 IP2 IP1 IP2 PL

o. samples 7 6 8 13 12 11 6 8 12 12 11

onductivity
(mS/m)

8.84 8.10 3.20 3.63 4.83 0.94 8.82 6.81 8.63 10.1 28

H 6.42 6.37 5.97 6.89 6.75 6.82 6.82 6.78 6.57 6.48 6
otal suspended
solids (mg/l)

173 670 115 148 99.8 35.1 268 147 190 49.8 158

urbidity (NTU) 613 292 99.9 166 80.8 25.0 414 162 1929 68.4 178
ring SM events but not during RF events. This
horter pavement residence time during rainfall
elt events as a longer residence time would en-

d metals to adsorb onto highway solids (Glenn
02). However, Valtanen et al. (2014) reported
ations to be greater in the particulate as com-
lved fraction during a RF event. Furthermore,
al. (2003) reported that no statistical difference
d in the distribution of particulate and dissolved
etween seasons. This lack of consistency in distri-
tween the particulate and dissolved phase during
ther research is required before governing factors
ood.
have not been able to reveal a significant seasonal
easured constituents. However, Westerlund et al.
nificantly higher (p b 0.05) suspended solids and
of Cd and Cu in road runoff during the SM period
nts, and no significant difference in Zn and Ni con-
t type. During a two year study of road runoff in
eich et al. (2010), results indicated a significant
ifferencewith higher total Zn and Cu concentration
son whereas only a slight seasonal variation was
b. In this study, total EMCs for all metals did not sig-
0.05) between event types (RF – 8 EMCs and SM –
RoS) however, there was a trend observed with
MCs recorded in snowmelt and lowest in rainfall.
hich could contribute to increased pollutant levels
SM period events include increased road and tyre
f snow clearing activities which scrape snow from
rating road fragments), the use of tyre studs (re-
ad surfaces) and the application of antiskid mate-
tion between tyres and road materials) (Helmreich
und et al., 2003). Further factors include the accu-
ts in snowbanks over extended time periods, with
ported providing available binding sites for metals
now banks, enhancing opportunities for adsorption
r with a subsequent and relatively rapid released
t (Westerlund et al., 2003).

issolved and colloidal metal EMCs

tudy indicate that on average 28% of Cd (range:
nge: 0.1–10%), 19% of Cu (range: 4–51%), 18% of
3% of V (range: n/a-22%) and 29% of Zn (range:
ccurred in the truly dissolved fraction (n/a repre-
ls below the concentration in the blank sample),
lts indicate a need for runoff characterisation to in-
f treatment technologies on the basis of their ability
that is understood to have the greatest ecological

e contribution, sampleswith the lowest concentra-
olved fraction (as a percentage of total EMC) were
SM3 for all metals with the exception of V. The

SM2 SM3 RoS

IP1 IP2 IP1 PL IP1 IP2 PL

7 5 7 6 12 9 6

54.7 41.4 16.8 51.2 17.9 18.7 76.6

6.97 6.74 6.91 7.57 6.63 6.63 7.03
261 209 341 1320 164 84.7 289

320 164 513 1575 241 86.6 437
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n of truly dissolved V occurred in RF1 at IP2 as the
e unusually high concentration in the blank sample.
ns of truly dissolved metals (as a percentage) were
or Cd, Cu, V and Zn and in SM1 at PL for Cr and Ni.
igher percentages of truly dissolved Cd, Cu and Zn
Cs during RF events in comparison to SM events is
tern found for particulate metal EMCs which indi-
ncentrations in the truly dissolved fraction poten-
n of the higher concentrations of particulate metal
ents. However, the trend did not occur at a level
lly significant (p N 0.05). Considering that both
t percentages of all truly dissolved metals apart
ted at PL could suggest that the small catchment
le to changes in land cover activities (e.g. traffic den-
kid materials).
rall trends, moderate positive correlations were
and truly dissolved Cu EMCs at IP1 (r2 = 0.49)
, colloidal Cu, Ni and Zn at IP1 and truly dissolved
at PL, the only correlation with TSS was seen for
= 0.91). These results could suggest that the corre-
truly dissolved metals was land use specific. How-
were, most likely, not merely land use specific as

for winter maintenance with gritting application
n industries, at the industrial parks, and municipal-
at IP1 and IP2. A rapid turnover in the industrial

ve resulted in temporary sources of TSS due to con-
thin the industries. Even so, the correlations with
articulates could be a source of colloidal and truly
ue to dissolution, whereas the lack of correlation
icate that the sub-dissolvedmetal fractions originate
ile sources. Such sources could be corrosion and
g materials and structure surfaces, where metal
ave been pointed out to be major sources of Cd, Cu
al., 2020). Regarding particulate metal sources,
t and tyre wear and roadside soil have all been
es of V and Cu in urban road dust (Mummullage
ese sources are likely to be dominating sources of
hich experienced a higher load of cars relative to
compared to the industrial parks. The composition
ve not been analysed at the sites in this study but
uture studies is recommended to further explore

issolved concentrations, results suggested that on
(4–87%), 2% Cr (0.1–10%), 27% Cu (5–57%), 21% Ni
24) and 32% Zn (1–64%) of the total concentrations
tion. The samples with highest and lowest EMCs in
n followed the same pattern described for the truly
, reflecting the fact that the dissolved fraction was
f the truly dissolved fraction, with b30% on average
tion consisting of metals in the colloidal phase (de-
able 3), see Fig. 3. A pairwise comparison of all 18
dissolved metal EMCs showed that the truly dis-
re statistically significantly higher (p b 0.05) for all
d V.
ssolved fraction of Cr and V, 50% of EMCs reported a
ncentration in the truly dissolved as opposed to the
N65% of EMCs, Cd concentrations in the truly dis-

re approximately 5 times higher than colloidal Cd
re up to 80 times higher. In approximately 50% of
ly dissolved fraction were twice that reported for
tion. The distribution of Cu exhibited considerable
fractions, with Cu EMCs in the truly dissolved frac-
twice as high up to an order of magnitude higher
imilar to Cu, Ni and Zn concentrations in 37% of
n-fold greater value in the truly dissolved fraction
eir respective colloid concentrations.

40813



bu
sig
lo
ch
ca
in
in
et
ev
se
go

10
tio
so
of
low
m
so
Tu
(2
so
an
po
ati
fro

iffer
een

f th
imp
he f
com
ifica
s. P
ifica
r, co
ighe
ults
orig
to I
ity c
the
0.0
e hi
oad
er l
par

ersto
. Cal
istic

Fig conc

7S. Lindfors et al. / Science of the Total Environment 743 (2020) 140813
Variations reported for the colloidal metal EMCs and the contri-
tion of the colloidal fraction to total EMCs were not statistically
nificant (p b 0.05) between sites or event types. The relatively
w colloidal metal EMCs reported could be a function of physico-
emical processes within gully pot sediment traps, where detention
n provide an opportunity for colloids to aggregate (thus contribut-
g to suspended particulate load) and/or settle out of solution to be
corporated within basal substrates (Butler et al., 1995; Morrison
al., 1988). The variation of colloidal metal content from event to
ent (irrespective of event type) is not predictable and further re-
arch would be needed to enable a fuller understanding of the
verning processes to be developed.
In a study by Tuccillo (2006), the colloidal metal fraction (defined as
kDa - 0.45 μm) was frequently reported as below the level of detec-
n in peak flow highway and residential runoff, whereas the truly dis-
lved fraction (in that study defined as b10 kDa) contributed 22–100%
total Cu and 20–100% of total Zn concentrations. As reported earlier,
colloidal concentrations have been explained as a function of pave-

ent residential time, local soil properties and a reflection of upstream
urces with specific colloidal chemical signatures (Grout et al., 1999;
ccillo, 2006). In highway peak flow runoff, McKenzie and Young
013) reported that Cu, Cd, Ni and Zn primarily occurred in a truly dis-
lved fraction (b10 kDa) suggested to originate from wet deposition
d transportation sector sources. The data from the current study sup-
rts both these hypothesis. However, it should be noted that the oper-
onal definition of the different fractions varied within these studies
m those reported in this study, with this variation in fraction

definitions by d
paring data betw

3.5. Mass loads

Metal loads o
per unit area of
to as “load” in t
Fig. 4. A pairwise
dicated that sign
IP1 in all fraction
statistically sign
ments. Howeve
a significantly h
Fig. 4. These res
and Ni loadings
at IP1 compared
nual traffic dens
acteristics from
differences (p b

IP1 stood for th
originate from r
explain the high
green areas com
metals was und
between events
the PL were stat

. 3.Metal concentrations in the particulate, colloidal and truly dissolved fractions presented as percentage of total
ent researchers also identified as a barrier to com-
studies.

e particulate, colloidal and truly dissolved fractions
ervious surface for each event at each site (referred
ollowing text) were calculated and presented in
parison of loads per event between IP1 and IP2 in-
ntly (p b 0.05) higher loads of Zn and V occurred at
articulate loads of Cd, Cr, Cu and Ni did not vary at a
nt level (p N 0.05) between the any of the catch-
lloidal and truly dissolved Cr, Cu and Ni displayed
r (p b 0.05) load at IP1 compared to IP2, as seen in
indicate that Zn and V as well as dissolved Cr, Cu,
inated from activities occurring more frequently
P2. For example, IP1 has more than double the an-
ompared to IP2. The PL, differing the most in char-
other sites, only showed statistically significant
5) in loads with IP1 for Cd in all fractions, where
gher loads. Cd in runoff has been found to mainly
side soil (Mummullage et al., 2016) which would
oads in IP1, with the highest percentage (25%) of
ed to PL (b5%). The lack of differences for other
od to be a function of PL's high variability in loads
culated coefficients of variance between events for
ally significantly higher (p b 0.05) than for IP1 and

entrations during 7monitored events at the sites IP1, IP2 and PL.
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2. This greater level of variance encompasses a range in load output at
which overlaps that reported at both IP1 and IP2, resulting in less

ear characteristic load output from PL. This greater level of variability
probably connected to the relatively higher level of imperviousness
PL resulting in a catchment that is both more flashy and sensitive to
anging rainfall intensities than IP1 and IP2. The high variance be-
een events at PL was also considered to contribute to the absence of
asonal patterns regarding loads at this site. In contrast, the particulate
action did experience a seasonal pattern at site IP2 with higher loads
uring RF events compared to RoS and SM events (data not presented).
is trend occurred at a statistically significant level for V (p b 0.05)
ith a slightly less strong relationship identified for Cd, Cr, Cu, Ni and
(significant at p b 0.08). The gritting event during RF3 is thought to

ave influenced this seasonal pattern with higher particulate loadings
ported during RF events. In contrast with the particulate fraction,
ads within the colloidal and truly dissolved fractions did not experi-
ce any seasonal patterns with the exception of truly dissolved Cr at
1 and colloidal Cd at IP2 that followed the particulate fraction and
owed significantly higher loads (p b 0.05) during RF events compared
RoS and SM events. Since the seasonal trend for particulate metals
as not observed at both industrial parks the results indicate that the
end was not driven by land use type. The recorded total runoff vol-
mes (see Table 1) at site IP1 were higher during RoS and SM events
mpared to RF events in relation to IP2. The relative decreasing vol-
mes during SM could potentially be a reason why IP2 experienced
is seasonal pattern and not IP1. A suggestion for the smaller snowmelt
nerated volumes at IP1 is that snow froma larger area at IP2was com-
ressed into piles compared to IP1 where the higher percentage of
een areas were left undisturbed. Snow piles in designated spaces
ver a smaller area than undisturbed snow distributed over larger
eas and hence do not generate runoff in the same rates as undisturbed
ow (Ho and Valeo, 2005).

6. Implications for practice

The fact that the truly dissolved fraction contributed N25% of total
d, N18% of total Cu, 15% of total Ni and N30% of total Zn in more than

50% of samples,
cient treatmen
Sweden's nation
Directive provid
erage concentra
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(SwAM, 2019).
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available Ni – 4
2019). Dissolve
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order of magni
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all events with
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tions and is ther
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g. 4. Load in g/ha of impervious area for each catchment IP1, IP2 and PL of the particulate, colloidal and truly disso
er all events and boxes represent the 25th and 75th percentile around the median. Note the logarithmic y-axis.
icates that ultrafiltration alone would not be an effi-
chnique with regard to removing these metals.
mplementation of the European Water Framework
nvironmental quality standards (EQS) of annual av-
s for bioavailable Cu – 0.5 μg/L and Zn – 5.5 μg/L as
b0.45 μm) Cr – 3.4 μg/L in receiving water bodies
thermore, Swedish receiving water quality guide-
ts for annual average effluent concentrations of bio-
L and dissolved (b0.45 μm) Cd – 0.08 μg/L (SwAM,
ncentrations of Cd in this study only exceeded the
P1 (Cd EMC - 0.1 μg/L) whereas Cr did not exceed
he sampled events, see Table 3. Truly dissolved Cu
EQSbioavilable in all measured events, often by an
(e.g. truly dissolved Cu – 5.7 μg/L in SM1 at PL)

Zn exceeded the EQSbioavailable by at least 3 times in
exception of SM3 at PL. Truly dissolved Ni only

ioavailable in one rainfall and one snowmelt event
1 at PL). The EQSbioavilable for metals considers

sed on pH, DOC and the dissolved metal concentra-
e not directly comparable to the results of this study.
issolvedmetals are typically considered as the frac-
for biological uptake and their accumulation by
on measure has been investigated (Blecken et al.,
03). These studies indicatedmetal uptake by plants
tively minor contribution to the reduction in total
vis et al., 2009; Muthanna et al., 2007). However, if
ent is the removal of truly dissolved metals, then

oval mechanism may need to be re-examined in
l for uptake of this fraction. An alternative option
that promote coagulation/flocculation processes,
(Nyström et al., 2020) reporting a 40% reduction
μm) Cr and Cu in urban runoff using commercially
products. In this regard, further knowledge on the
l performance of alternative fractions by the various
vailable is needed to enable treatment technologies
e basis of not only total concentrations but in rela-
ial to manage metal fractions of particular concern.

fractions. Whiskers represent theminimum andmaximum loads
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Conclusions

Whilst dissolved EMCs are a sum of both colloidal and truly dis-
lved fractions, this study shows that the truly dissolved fraction is
e primary component of determined dissolved Cd, Cu, Ni and Zn
Cs, in runoff from industrial and parking lot land use. Colloidal

etal concentrations contribute a relatively lower amount regardless
metal, sampling site and event type, standing for on average 16%,
%, 28%, 13%, 10% and 44% of dissolved Cd, Cr, Cu, Ni, Zn and V respec-
ely. The data clearly indicates that the dissolved fraction is not a ho-
ogeneous fraction and should not be treated as such. In the context
treatment, a nonhomogeneous dissolved phase is likely to require
ore than one approach to enable all fractions to be treated.
Distribution of the colloidal and truly dissolved fraction did not fol-
the patterns observed for the particulate fraction which indicate

at the sub-dissolved fractions did not originate solely fromdissolution
d leaching from particulate matter or that release patterns per source
ry by metal fraction. In terms of metal loads, outputs from PL varied
eatly, reporting values both higher and lower than the loads calcu-
ed for IP1 and IP2, most probably due to PL being a highly imperme-
le catchment and therefore sensitive to changes in rainfall intensity.
e load data revealed that all fractions of Zn and V as well as sub-
ssolved fractions of Cr, Cu and Ni were higher in IP1 compared to
understood to be due to the higher traffic load at site IP1. Particulate

etal loads at IP2 in this study are higher during RF events compared to
S and SM events. However, when looking at sub-dissolved fractions,
ither colloidal nor truly dissolvedmetal loads demonstrated any sim-
r patterns. This also supports the hypothesis that particulatematter is
t the main source of truly dissolved or colloidal metals.
Supplementary data to this article can be found online at https://doi.

g/10.1016/j.scitotenv.2020.140813.
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A B S T R A C T   

Urban runoff is a diffuse source of pollution contributing to the poor ecological and chemical status of surface 
waters. Whilst the EU Priority Hazardous Substances Directive now identifies environmental quality standards 
for selected metals in relation to the bioavailable metal fraction the relationship between analytically determined 
metal size fractions transported by urban runoff and the often variably defined concept of bioavailability has not 
been thoroughly evaluated. This paper provides a review of the terminology used within urban runoff studies to 
characterise metal fractions and behaviour. Measured dissolved and truly dissolved (determined by ultrafiltra-
tion; <3000 molecular weight cutoff) Cu, Ni, and Zn concentrations are also compared to the bioavailable metal 
fraction (as predicted using Bio-met, a simplified biotic ligand model) in snowmelt and rainfall derived runoff 
samples from three urban catchments. The study shows that predicted bioavailable concentrations were 
significantly lower than truly dissolved concentrations for all metals and discusses current bioavailability 
modelling parameters in relation to rainfall and snowmelt runoff data sets. Statistical analysis of relationships 
between field and predicted bioavailable data sets indicate that the bioavailable fractions originate from both 
colloidal and truly dissolved fractions.   

1. Introduction 

A review of the state of Europe’s waters (EEA, 2018) reported that 
approximately 60% of surface waters have yet to achieve either good 
ecological or chemical status. Diffuse pollution is identified as affecting 
38% of water bodies, over twice the number affected by point sources 
(18%) and on a par with pressures effected by hydromorphological 
changes (40% of water bodies) (EEA, 2018). Whilst agricultural activ-
ities are recognised as a major source of diffuse pollution in many river 
basin management plans, the contribution of pollutants deposited in 
urban areas and mobilised by surface runoff during rainfall and snow-
melt events to receiving water loads is less certain (EEA, 2018). 

The principal pollutant groups associated with urban diffuse pollu-
tion are metals, organics and nutrients coming from a mix of sources 
including vehicular wear and traffic emissions, roofing, construction 
materials, commercial activities, litter and plant/leaf debris, spillages 
and animal/bird excreta in addition to atmospheric deposition (Lundy 
et al., 2012; Müller et al., 2020). Determining the ecological impacts of 
this urban pollution cocktail on receiving waters is not straightforward. 
For example, whilst there are studies where the ecology of surface 

waters downstream of urban discharge sites does not significantly differ 
from those upstream of the discharge point (e.g. Bruen et al., 2006), 
several detailed studies have reported a change in the nature or 
composition of downstream ecologies (Hurle et al., 2006; Kayhanian 
et al., 2008). However, the challenge of establishing a causal relation-
ship between the chemical and ecological statuses remains. Whilst 
studies have identified metals transported in stormwater runoff as the 
source of toxicity in several species (Crabtree et al., 2009; Mayer et al., 
2011), runoff discharges identified as exceeding metals environmental 
quality standards (EQS) are not consistently associated with poorer 
ecological status (EEA, 2018). 

In terms of legislation, the EU Water Framework Directive (WFD: EC, 
2000) sets out a legal requirement for Member States to protect and 
restore the quality of European water bodies, by establishing re-
quirements for both good ecological and chemical status. The chemical 
status of surface waters is determined through the use of EQSs which, in 
terms of metals, were established for Cd, Ni, Pb and Hg. The EQS for 
metals were expressed as dissolved concentrations (defined in Annex I 
part B as the fraction obtained on filtration through a 0.45 μm filter) (EC, 
2008) as annual average (AA) and maximum allowable concentrations 
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(MAC). Monitoring of the dissolved concentrations were in recognition 
of the fact that metals occur in a variety of forms in aquatic systems (i.e. 
particulate, colloidal and free ions) and that only metals in solution (i.e. 
dissolved) have the potential to cross biological membranes and are 
therefore of greater concern (e.g. Markich et al., 2001; Wang and Guo, 
2000). 

A review of the EU EQS in 2011 led to the establishment of revised 
AA EQS for Ni and Pb which relate to the bioavailable concentration of 
each metal (the EU Priority Substance (PHS) Directive) (EC, 2013). This 
revision (a shift from dissolved concentrations to their bioavailable 
fraction) was in response to increased understanding of the range of 
parameters (i.e. pH, dissolved organic carbon, salinity and temperature) 
and processes (e.g. formation of metal complexes and competition for 
binding sites on biological receptors) which interact to determine the 
amount of metal that is actually bioavailable on a site by site basis (Guo 
et al., 2002; Smith et al., 2015). In addition to the establishment of EU 
EQSbioavailable for Ni and Pb, national EQSbioavaliable were developed by 
certain Members States. For example, the UK, France and Sweden have 
developed national EQSbioavaliable for Cu, Zn and Mn (Hoppe et al., 2015; 
SwAM, 2016; UK TAG, 2008). 

In recognising the analytical challenges posed by direct measure-
ment of the bioavailable fraction, the EU PHS Directive (2013) permits 
the use of ‘appropriate bioavailability modelling’ to take into account 
the influence of local water quality parameters when identifying the 
bioavailable concentration for purposes of compliance. To meet this 
need, a variety of full and simplified biotic ligand models (BLMs) have 
been developed and used in a range of research, risk assessment and 
regulatory contexts (Crémazy et al., 2017; Peters et al, 2009, 2016). In 
contrast to full BLMs which require input of field data on upwards of 10 
parameters, simplified BLMs (such as Bio-met (2019), M-BAT (2014), 
PNEC-pro (2016) and Windward BLM (2019)), integrate data on dis-
solved metal concentrations, pH, DOC and calcium concentrations to 
predict the amount metal available for uptake by organisms on a site 
specific basis (Peters et al., 2016). 

As a contribution to this field, this paper presents an overview of the 
terminology used to-date in characterising directly measured sub- 
dissolved fractions in a stormwater context and current understanding 
of the relationship of these fractions to the term ‘bioavailable’. Field data 
on the dissolved and truly dissolved concentrations of Cu, Ni and Zn, pH, 
DOC and Ca in snowmelt and rainfall runoff derived from three urban 
catchments during six events is also presented. The generated data set is 
then used to support an evaluation of the relationship between directly 
measured truly dissolved concentration (as separated using <3000 
molecular weight cut off; MWCO; ultrafiltration) and the predicted 
bioavailable metal fraction (calculated using the simplified Bio-met 
BLM) in relation to the validity of using truly dissolved metal concen-
trations as a surrogate for the bioavailable fraction. 

2. Method 

2.1. Study sites, sampling and analysis 

Runoff from three urban catchments (two industrial parks (IP1, IP2) 
and a parking lot (PL)) located in Umeå, northern Sweden, was sampled 
from receiving stormwater pipes during three rainfall, two snowmelt 
and one rain-on-snow event. Site levels of imperviousness were 75%, 
85% and 95% for IP1, IP2 and PL respectively, with the pervious sur-
faces consisting mainly of grassed areas. IP1 and IP2 were industrial 15 
ha and 12 ha sites, respectively, whereas PL was a parking lot of 0.45 ha. 
Automatic samplers (Teledyne ISCO) were installed in storm sewer 
manholes on the bottom of the pipe downstream each catchment. The 
automatic samplers were programmed to collect volume proportional 
samples (a minimum of five samples and a maximum of 24 samples per 
event; for further details see Lindfors et al. (2020)). Samples were stored 
at 4 ◦C and transferred to the university laboratory where pH was 
measured and samples filtered via 0.45 μm membrane syringe filters 

within 24 h of collection for analysis of metals and dissolved organic 
carbon (DOC). DOC samples were frozen prior to analysis. Membrane 
filtered samples were further processed using Sartorius ultrafiltration 
spin columns with a 3 MWCO for analysis of the operationally-defined 
truly dissolved metal concentrations. Element and DOC analysis were 
conducted by an accredited laboratory (ALS Scandinavia, Lulea, Swe-
den) where element concentrations were determined using inductively 
coupled plasma-sector field mass spectrometry and -optical emission 
spectroscopy (ICP-SFMS and ICP-OES) according to SS EN ISO 
17294-2:2016 and 11885:2009. DOC concentrations were measured 
using oxidation and infrared-spectrometry according to DIN EN 1484 
H3. All samples for DOC analysis were acidified with HCl in order to 
eliminate inorganic carbon such as carbonates. Control samples con-
sisting of deionised water were included in each stage of the prepara-
tion, extraction and analysis of samples. The accreditation certifies the 
laboratory compliance with international QA standards, confirmed both 
by an initial assessment and by recurrent audits. Laboratory blanks and 
control materials were prepared and analysed in parallel with the 
samples. Concentrations of filtration blanks exceeding the reporting 
limits were subtracted from sample concentrations to account for any 
metals leaching from the filters. Statistical analysis involved Anova, 
t-test and linear regression. Ca, DOC and metal concentrations were not 
normally distributed and were log transformed before further analysis. 

2.2. Event characteristics 

Runoff samples were collected during a total of 15 events: three 
rainfall (RF-A, B and C); two snowmelt (SM-A and B) and one rain on 
snow (RoS) at IP1, IP2 and PL. Characteristics of the sampled events are 
presented in Table 1. Event durations varied from a minimum of 5 h 11 
min (RF-A) up to almost 24 h (RoS). Rainfall events generally generated 
higher total runoff volumes than snowmelt events, with the RoS at IP1 
generating the highest total runoff volume. The number of samples 
collected per event varied from 5 to 13 samples (see Table 1), with a 
total of 128 samples analysed. Baseflow samples were collected prior to 

Table 1 
Event characteristics of six monitored events at the sites IP1, IP2 and PL.  

Dates Event characteristics IP1 IP2 PL 

RF-A: 16/6/ 
16 

Duration 5 h 45 min 5 h 11 min 5 h 59 min 

6 ADD Total runoff volume 
(m3) 

711 444 38  

Number of samples 7 6 8 
RF-B: 10/10/ 

17 
Duration 12 h 5 min 14 h 58 

min 
14 h 55 
min 

2 ADD Total runoff volume 
(m3) 

2032 1521 92  

Number of samples 13 12 11 
RF-C: 11/11/ 

17 
Duration 13 h 23 

min 
No 10 h 53 

min 
3 ADD Total runoff volume 

(m3) 
1453 data 168  

Number of samples 6  13 
SM-A: 16/3/ 

17 
Duration 10 h 53 

min 
17 h 39 
min 

No 

7 ADD Total runoff volume 
(m3) 

836 377 data  

Number of samples 7 5  
SM-B: 22/3/ 

17 
Duration 9 h 28 min No 11 h 5 min 

1 ADD Total runoff volume 
(m3) 

704 data 13  

Number of samples 7  6 
RoS: 14/11/ 

16 
Duration 23 h 21 

min 
23 h 47 
min 

21 h 35 
min 

7 ADD Total runoff volume 
(m3) 

2577 1011 42  

Number of samples 12 9 6 

Key; ADD = antecedent dry days. 
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every event at IP1 and IP2 (no baseflow at PL) with the exception of RoS; 
a total of 5 and 3 base flow samples from IP1 and IP2, respectively. For 
further site and event characteristics see Lindfors et al. (2020). 

2.3. Bioavailability modelling using bio-met 

Biotic ligand models (BLMs) are mechanistic models that combine an 
equilibrium geochemical speciation model, a metal–organic binding 
model and a toxicological model to predict the amount of metal which 
will occur in a bioavailable form on a site specific basis (Smith et al., 
2015). However, their operational complexity (i.e. input data re-
quirements and skills required to interpret data) together with extended 
runtimes has led to the development of simplified bioavailability 
assessment models for both establishing and monitoring compliance 
with EQSbioavailable (Hoppe et al., 2015; M-BAT, 2014). Bio-met is a 
simplified BLM available for free online as an output of the Bio-met 
initiative (a collaboration of European metals trade associations and 
consultancies) (Bio-met, 2019). Bio-met was developed as a rapid, 
low-data requirement alternative to the use of data-demanding full-scale 
BLMs or expensive, time consuming laboratory bioassays. Bio-met was 
used in this study, as opposed to other simplified BLMs, due to its use 
among practitioners (e.g. Umeå_kommun, 2018). The Bio-met tool in-
tegrates site specific pH, Ca and DOC concentrations data to generate 
metal-specific local HC5 values (i.e. the metal concentration which is 
hazardous for 5% of the species challenged) and predict the bioavail-
ability of Cu, Ni, Zn and Pb. However, at the time of writing, it was not 
recommended to use the model for calculations of bioavailable Pb for 
chemical status classification under the WFD (User Guide, 2019). The 
local HC5 levels are obtained from full BLMs based on data generated 
from a range of bioassays carried out in several European countries. 
Under sensitive site conditions, i.e. conditions of maximised bioavail-
ability based on the input parameters, the local HC5 would equal the 
reference condition (conditions of high bioavailability) i.e. the envi-
ronmental quality standard for bioavailability (EQSbioavailable). The 
model then introduce a BioF which represents the fraction of the dis-
solved metal concentration which is bioavailable. It is established as the 
ratio between the reference HC5, the expected bioavailability at the 
reference site, and the derived local HC5 and will always equal 1 or less. 
The bioavailable metal concentration is then calculated as the BioF 
times the dissolved metal concentration in μg/L. Validated operational 
ranges for pH, Ca and DOC inputs (see Table 2) are pre-defined for each 
metal through reference to the respective full-scale BLMs. Samples 
which fall outside the validated ranges are automatically allocated the 
closest value from the under-pinning BLM database. 

3. Results and discussion 

3.1. Sub-dissolved metals; key terms and definitions 

Filtration is a common aqueous separation technique, with the use of 
a filter with a specific pore size resulting in a filtrate with an 
operationally-defined - in this case - metal fraction. For example, the use 
of a 0.45 μm filter is identified in Buffle et al. (1992) to distinguish 
between total and dissolved metal concentrations. In line with scientific 
and legislative developments in the field of environmental protection e. 
g. the revision of selected metal EQS to target the bioavailable fraction 

(EU PHS Directive, 2013), increasing attention has focused on the 
development and application of techniques to characterise sub-dissolved 
(i.e. <0.45 μm) metal fractions. Several studies have supplemented the 
traditional approach of reporting total, particulate and dissolved metal 
concentration with, for example, the use of ultrafiltration techniques. 
Ultrafiltration is a separation technique that involves the use of filters 
which separate substances according to their molecular weight. The 
technique has been used as a step in drinking water production, 
municipal and industrial wastewater as well as stormwater treatment 
(Zhang et al., 2019; Collado et al., 2020; Faragò et al., 2019; Göteborgs 
Stad, 2020; Ortega Sandoval et al., 2019). The most commonly used 
ultrafilters in previous studies on stormwater quality were in the range 
3000–50,000 MWCO (often also referred to as Dalton (Da)) (e.g. Mor-
rison and Benoit, 2005; Ortega Sandoval et al., 2019; Tuccillo, 2006). In 
the field of protein separation, filters in this MWCO range have been 
approximated to be equivalent to 2.5–6 nm pore size (Yoon, 2016). 

However, in contrast to the conventional use of a 0.45 μm filter to 
identify metals in the dissolved fraction, the use of ultrafiltration to 
identify sub-dissolved metal fractions (and the associated terminology) 
has yet to be harmonised. This has led to the use of ultrafiltration to 
identify a number of differing size fractions which are then described 
using a range of overlapping terms (Town and Filella, 2002). Fig. 1 
provides an overview of the range of operationally defined size frac-
tions, terms used to describe these fractions and the overall relationship 
with changes in mobility described in a number of urban runoff studies. 
For example, the use of ‘ultra-fractionation’ techniques has resulted in 
the smallest fraction determined being reported as the “true” dissolved 
fraction (Grout et al., 1999) or, simply denoted “dissolved” (as the 
<0.45 μm fraction was not determined in these studies) (McKenzie and 
Young, 2013; Tuccillo, 2006). The colloidal metal fraction was generally 
derived by subtraction of the ultrafiltrate concentration from that 
determined in the 0.45 μm filtrate (Grout et al., 1999; McKenzie and 
Young, 2013; Tuccillo, 2006). McKenzie and Young (2013) further 
divided the colloidal fraction into light and heavy colloids by centrifu-
gation and filtration processes and Baumann et al. (2011) denoted the 
size fractions after their size range (see Fig. 1). The many operational 
definitions used in the literature complicates comparisons between 
different runoff studies. One approach to clarifying this current mixed 
use of terminology would be for future studies to move away from the 
use of subjective terms (such as dissolved and truly dissolved), and 
instead report data using unambiguous terms (e.g. < 0.45 μm or < 3 
kDa). 

Key: UC – ultracentrifugation, size cut-off not determined. 
As described below, the terms “truly dissolved” and “colloidal” often 

appear in discussions about bioavailability. As a concept, ‘bioavailable’ 
is broadly understood as ‘the fraction available for uptake by organisms’ 
(Lartigue et al., 2020). However, the term itself is used in the literature 
in a variety of contexts and in relation to a range of operationally defined 
fractions and, as such, there appears to be no clear scientific consensus 
on which size fractions contribute to the bioavailable concentration; a 
fraction of increasing regulatory importance. For example, the term 
bioavailable is used in relation to the freely dissolved constituents 
(McKenzie and Young, 2013), concentrations or activities of free metal 
ions (Clifford and McGeer, 2010; Smith et al., 2015; Worms and Wil-
kinson, 2008), labile concentrations (Pesavento et al., 2009) and the 
truly dissolved fraction (Brown, 2002). Further studies report that col-
loids can also be bioavailable (Grout et al., 1999; McKenzie and Young, 
2013), with research by Guo et al. (2002) reporting that low-molecular 
weight colloids are ‘more bioavailable’ than high-molecular weight 
colloids. Analytical techniques available for the direct measurement of 
one or more of these species include ion selective electrodes (free ions), 
diffusive gradient in thin films (DGT) (free ions and labile species), 
ligand exchange cathodic stripping voltammetry (free ions and labile 
species) and x-ray absorption spectroscopy (bioavailable fraction) 
(Hayman et al., 2019; Luider et al., 2004; Pesavento et al., 2009; Ure and 
Davidson, 2002). However, the field concentration of these 

Table 2 
Ranges for pH, DOC and Ca within which the Bio-met tool is validated. Ranges 
has been defined for each metal based on the bio assays underlying the simpli-
fied BLM.  

Parameter Validation range Cu Validation range Ni Validation range Zn 

pH 6.0–8.5 6.5–8.2 5.5–8.5 
DOC mg/L 0.1–30 0.1–30 0.3–22.9 
Ca mg/L 3.1–129 2–88 4.8–160.3  
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sub-dissolved fractions are typically low and subject to interference, and 
hence results can be complex to interpret within a regulatory context 
(Pesavento et al., 2009). To date, ultrafiltration has been used within the 
field of bioavailability and toxicity research to study uptake of metals by 
marine bivalves (Guo et al., 2002) and aquatic moss (Öhlander et al., 
2012) in the bioavailability of nanoparticles (Klaine et al., 2008) where 
it offers a potentially rapid approach to the separation of the truly dis-
solved phase for subsequent characterisation using conventional 
chemical analytical techniques. 

3.2. Concentrations of selected metals and basic parameters determined in 
field samples 

Measured metal concentrations in the total, dissolved and truly dis-
solved fractions in runoff during rainfall, snowmelt and rain on snow 
events are presented in Table 3 (adapted from Lindfors et al., 2020). 
Whilst median Cu, Ni and Zn concentrations were generally highest in 
snowmelt runoff in all fractions, maximum metal concentrations were 
determined in rainfall events (reporting wider concentration ranges 
than the other event types). Total metal concentrations in this study 
decreased in the order Zn > Cu > Ni as previously reported for urban 
runoff (Helmreich et al., 2010; Westerlund et al., 2003). Dissolved and 
truly dissolved metal concentrations also followed this order for all 
event types except for the dissolved and truly dissolved Zn concentra-
tions at PL during snowmelt events (see Table 3; decreased Cu > Zn > Ni 
in both dissolved and truly dissolved fractions). A factor in this may be 
the application of salt as a de-icing agent at PL during the winter season 
(Na concentrations in snowmelt compared to rainfall runoff were 70 
times higher at PL and about 15 times higher at the IPs, data not pre-
sented) as salts (via ion-exchange) are reported to increase metal, and 
especially Cu, mobility (Bäckström et al., 2004; Schuler and Relyea, 
2018). Median metal concentrations in baseflow were within the overall 
range reported for the runoff samples, with lower maximum concen-
trations than the reported runoff samples. 

Concentrations of Ca, DOC and pH are reported in Table 4. Values 
were within the range previously reported in stormwater (e.g. Galfi 
et al., 2016; Makepeace et al., 1995; McElmurry et al., 2014). Median 
DOC levels were highest in runoff samples during snowmelt events with 
maximum DOC values at IP1 and PL. However, median DOC levels in 
baseflow samples exceeded median levels in runoff reported at IP1 and 
IP2. Furthermore, median DOC concentrations measured in the baseflow 
of this study (29 mg/L and 45 mg/L at IP1 and IP2, respectively) 

occasionally exceeded by an order of magnitude DOC concentrations 
found in groundwater globally (McDonough et al. (2020) reported 3.8 
mg/L DOC concentrations on average from six continents) as well as 
values reported for the five northernmost counties of Sweden (1.6 mg/L 
DOC on average (Lundmark et al., 2015)). It should be noted that the 
specific compounds of organic carbon occurring was not determined 
(out of scope of this study). The elevated DOC concentrations in the 
baseflow might be due to input of organic carbon from anthropogenic 
sources and activities occurring at the industrial parks e.g. oil and lu-
bricants from washing of vehicles. The Ca concentrations in the baseflow 
were also significantly higher (p < 0.05) than the levels reported in the 
runoff samples, indicating the inclusion of groundwater, leaching Ca 
from surrounding soils, to the baseflow. The site without baseflow, PL, 
experienced the lowest and highest event median Ca concentrations in 
rainfall and snowmelt runoff, respectively, possibly due to application of 
grit and salt during the cold season as winter maintenance. Ca concen-
trations in runoff showed similar levels of variations to that identified 
for both DOC and metal concentrations whereas pH varied little between 
the event types and baseflow. 

3.3. Prediction of bioavailable concentrations using the bioavailability 
model bio-met 

Of the 128 samples, pH and Ca levels were below the metal-specific 
validated ranges in 21 and 38 samples, respectively (see Table A in 
supplementary material). In these circumstances, model guidelines 
recommend using the closest validated value as a surrogate for the ‘out 
of range’ value. In three samples for each metal (recorded within 
different events) DOC levels were above the validated range (see 
Table 2). pH fell below the validated range for Ni in all samples at IP2 
and PL during RF1 and for two samples at IP2 during RoS. Considering 
that pH levels below 6.5, which is the lower limit for calculating 
bioavailable Ni, are not exceptional in urban runoff samples (e.g. pH 
values of 4.0, 5.1 and 6.4 have been reported in rainfall and snowmelt 
runoff studies (Göbel et al., 2007; Tuccillo, 2006; Yuan et al., 2018)) the 
validated pH range for Ni could cause limitations for Bio-met in an urban 
runoff context. While a surrogate, validated, value can be used, the 
predicted bioavailability may underestimate field levels of bioavail-
ability as the increasing dissolution of metals in lower pH environments 
would not be accounted for. In terms of site, samples collected from PL 
most often fell below the validated range of Ca for all metals. The sewer 
systems at IP1 and IP2 both experienced groundwater infiltration 

Fig. 1. Operational definitions of size fractions and associated metal species (categories) in previous stormwater studies and current study.  
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whereas the sampled sewer system at PL was dry between events. This 
could explain the occasionally lower Ca concentrations at PL, lacking 
groundwater infiltration, as the Ca levels in baseflow at IP1 and IP2 were 
statistically higher (p < 0.05) compared to the runoff samples at the 
same sites. This supports findings of Galfi et al. (2016) which identified 
the role of groundwater in contributing to elevated Ca concentrations in 
urban runoff systems with baseflow compared to systems without 
baseflow. Furthermore, the stormwater pipes in IP1 and IP2 were made 
of concrete, while PL stormwater pipes were made of plastic, and 
therefore additional Ca may have been mobilised at IP1 and IP2. 

Bioavailable metal concentrations (as predicted using Bio-met) are 
presented in Table 5. Similar to total, dissolved and truly dissolved metal 
concentrations, the predicted bioavailable metal concentrations showed 
considerable variation, especially during rainfall events. Predicted 
bioavailable concentrations can be compared with the surface waters 
EQSbioavailable for Ni (4 μg/L) (Priority Substances Directive, 2013) and 
UK national surface waters EQSbioavailable for Zn (10.9 μg/L) and Cu (1 
μg/L) (UK TAG, 2014). The predicted bioavailable Ni did not exceed the 
EQSbioavailable on any occasion at any site, with predicted bioavailable Cu 
concentrations exceeding its EQSbioavailable in a total of 5% of samples at 
IP1 and PL during both rainfall and snowmelt events. In contrast, pre-
dicted bioavailable concentrations of Zn exceeded its EQSbioavailable in all 
runoff samples at IP1 for all event types, 84% of samples at IP2 and in 
16% of samples at PL indicating that, of the three metals evaluated, Zn 
potentially posed the greatest risk to surface waters receiving runoff 
from industrial parks in this study. However, whilst comparison of 
modelled bioavailable concentrations with EQS can be useful to put the 
predicted concentrations in context, the EQSbioavailable apply to 

Table 3 
Concentrations of total, dissolved (Dis.) and truly dissolved (TD) Cu, Ni and Zn 
measured in baseflow and runoff samples from the study sites IP1, IP2 and PL 
during rainfall, snowmelt and rain-on-snow events.  

Event type Fraction 
and metal 

IP1 IP2 PL 

Rainfall 
(RF: A-C) 

Total Cu 
μg/L 

37.4 
(19.9–218) 

34.3 
(12.8–283) 

24.8 
(6.09–225) 

Dis. Cu μg/L 14.5 
(2.76–36.8) 

10.5 
(2.08–39.0) 

6.27 
(1.61–33.6) 

TD Cu μg/L 8.81 
(1.50–27.3) 

6.22 
(0.01–26.3) 

3.86 
(0.61–31.92) 

Total Ni μg/ 
L 

11.4 
(3.43–42.1) 

8.88 
(3.61–130) 

6.29 
(0.97–122) 

Dis. Ni μg/L 1.86 
(0.49–10.2) 

2.08 
(1.10–5.55) 

0.90 
(0.20–6.84) 

TD Ni μg/L 1.52 
(0.38–10.2) 

1.86 
(0.72–4.73) 

0.61 
(0.06–6.23) 

Total Zn 
μg/L 

202 
(98.1–1010) 

79.0 
(35.1–1040) 

114 
(27.4–1430) 

Dis. Zn μg/L 84.0 
(21.5–258) 

38.0 
(10.5–79.4) 

15.8 
(7.14–249) 

TD Zn μg/L 74.8 
(18.5–270) 

30.7 
(3.84–65.2) 

13.6 
(4.71–262) 

Snowmelt 
(SM: A-B) 

Total Cu 
μg/L 

76.7 
(57.6–132) 

52.8 
(24.5–71.2) 

128 
(56.4–294) 

Dis. Cu μg/L 23.7 
(15.8–42.8) 

11.4 
(7.57–12.4) 

6.79 
(4.65–7.59) 

TD Cu μg/L 14.3 
(8.73–32.7) 

5.4 
(4.52–7.11) 

4.94 
(3.13–15.1) 

Total Ni μg/ 
L 

25.5 
(13.1–36.2) 

20.3 
(8.1–31.5) 

92.9 
(39.5–225) 

Dis. Ni μg/L 2.55 
(1.97–5.08) 

3.38 
(2.75–4.62) 

2.28 
(1.71–2.45) 

TD Ni μg/L 2.13 
(1.66–4.60) 

2.65 
(2.59–3.75) 

1.99 
(1.58–2.57) 

Total Zn 
μg/L 

292 
(216–542) 

169 
(92.5–219) 

487 
(223–1220) 

Dis. Zn μg/L 93.3 
(50.9–173) 

47.2 
(39.2–73.5) 

5.28 
(3.87–7.35) 

TD Zn μg/L 84.3 
(35.8–155) 

43.1 
(36.2–66.0) 

2.59 
(1.54–5.89) 

Rain on snow 
(RoS) 

Total Cu 
μg/L 

26.1 
(16.5–73.1) 

33.1 
(21.4–49.8) 

25.1 
(15.3–164) 

Dis. Cu μg/L 3.73 
(2.52–5.95) 

8.97 
(2.28–20.5) 

6.21 
(4.55–19.4) 

TD Cu μg/L 3.37 
(1.85–5.46) 

5.98 
(0.01–12.6) 

4.04 
(3.16–15.9) 

Total Ni μg/ 
L 

8.66 
(6.26–16.7) 

5.58 
(2.14–9.83) 

14.0 
(8.32–79.9) 

Dis. Ni μg/L 1.52 
(0.82–5.75) 

1.87 
(1.45–3.40) 

1.48 
(1.02–8.25) 

TD Ni μg/L 1.20 
(0.64–4.71) 

1.56 
(1.04–2.81) 

1.01 
(0.52–7.73) 

Total Zn 
μg/L 

216 
(142–417) 

107 
(92.3–289) 

96.3 
(61.2–710) 

Dis. Zn μg/L 79.9 
(52.1–207) 

50.2 
(29.7–100) 

14.1 
(11.0–60.5) 

TD Zn μg/L 81.3 
(51.8–205) 

48.5 
(27.2–100) 

10.8 
(7.9–61.0) 

Baseflow 
(All events 
excl. RoS) 

Total Cu 
μg/L 

24.4 
(8.16–52.5) 

20.1 
(15.4–29.8) 

No baseflow 

Dis. Cu μg/L 16.3 
(3.95–38.6) 

12.3 
(7.01–17.9)  

TD Cu μg/L 11.5 
(0.50–25.6) 

7.47 
(6.36–11.0)  

Total Ni μg/ 
L 

9.80 
(4.26–12.3) 

7.16 
(4.62–10.0)  

Dis. Ni μg/L 8.86 
(3.15–10.5) 

6.16 
(3.56–7.08)  

TD Ni μg/L 8.18 
(2.52–9.64) 

5.15 
(3.00–7.02)    

Table 3 (continued ) 

Event type Fraction 
and metal 

IP1 IP2 PL 

Total Zn 
μg/L 

158 
(94.3–230) 

49.7 
(12.3–74.8) 

Dis. Zn μg/L 99 
(80.5–202) 

30.0 
(7.08–58.5)  

TD Zn μg/L 84.4 
(65.6–159) 

22.2 
(4.97–42)  

Key: data presented as median (range) concentrations. 

Table 4 
Concentrations of dissolved Ca and dissolved organic carbon (DOC) and pH at 
the sites IP1, IP2 and PL during baseflow and runoff events.  

Event type Input 
parameters 

IP1 IP2 PL 

Rainfall 
(RF: A-C) 

Dis. Ca mg/L 8.07 
(3.57–38.5) 

6.18 
(4.03–35.1) 

3.23 
(1.00–49.2) 

DOC mg/L 4.45 
(2.40–29.0) 

7.35 
(3.20–23.0) 

5.4 
(1.30–40.0) 

pH 6.8 
(6.4–7.00) 

6.7 (6.2–7.0) 6.8 (5.8–7.7) 

Snowmelt 
(SM: A- 
B) 

Dis. Ca mg/L 9.78 
(7.68–18.3) 

7.36 
(5.79–12.9) 

12.0 
(8.24–25.2) 

DOC mg/L 8.40 
(6.00–25.0) 

11.8 
(9.20–14.0) 

7.95 
(7.00–9.00) 

pH 6.9 (6.6–7.1) 6.8 (6.7–6.8) 7.6 (7.5–7.7) 
Rain on 

snow 
(RoS) 

Dis. Ca mg/L 6.21 
(3.89–15.2) 

6.85 
(3.25–8.51) 

6.08 
(2.99–50.2) 

DOC mg/L 5.95 
(3.40–18.0) 

7.90 
(4.90–28.0) 

5.60 
(3.70–29.0) 

pH 6.6 (6.6–7.0) 6.6 (6.5–6.8) 7.1 (6.7–7.2) 
Baseflow 

(All 
events) 

Dis. Ca mg/L 21.0 
(7.30–44.0) 

11.0 
(11.00–11.0) 

No baseflow 

DOC mg/L 29.0 
(11.4–35.2) 

42.5 
(9.52–49.4)  

pH 6.70 
(6.52–6.99) 

6.86 
(6.72–6.95)  

Key: data presented as median (range) concentrations. 
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freshwater aquatic water bodies as opposed to runoff concentrations. 
The magnitude of dilution offered by the receiving water should be 
consider when discussing the implications of predicted EQS exceedance. 
In this study, runoff from IP1 and PL discharges into the Ume River, a 
major receiving water body with estimated dilution factors of 9600 and 
124,000 for mean flows at IP1 and PL respectively. These levels of 
dilution reduce even the highest level of Zn reported (i.e. 83.4 μg/l) to a 
concentration below its EQS. However, runoff from IP2 discharges to the 
Tvärån Stream, a small waterbody with high ecological values 
(Umeå_kommun, 2018). Based on flow data, this smaller receiving water 
offers an estimated dilution factor of 400 (Umeå_kommun, 2018). Whilst 
Zn concentrations at this site are still unlikely to exceed relevant EQS 
following dilution, it does highlight that runoff discharges from com-
parable catchments into smaller water bodies (i.e. with dilution factors 
<8) would pose a risk to receiving water ecologies. 

An example of such a smaller receiving water body would be a 
stormwater management pond. Constructed to mitigate the impacts of 
urban runoff, it has been shown that they also can provide habitats for 
wildlife as well as other ecosystems services (e.g. Bishop et al., 2000; 
Moore and Hunt, 2012). Studies comparing constructed and natural 
ponds have found that there were no significant difference in metal 
bioaccumulation for macroinvertebrates (Søberg et al., 2016) as well as 
that certain species were less abundant in stormwater ponds compared 
to natural ponds (Perron and Pick, 2020; Scheffers and Paszkowski, 
2013). However, data collected in this study suggests that reduced levels 
of biodiversity might be due to their receipt of runoff containing metals 
in excess of the EQS together with relatively low levels of dilution. For 
ponds receiving runoff as the only input of water, Zn from the sites in 
this study would pose a risk to potential wildlife inhabiting a pond. As 
discussed above, the lowest level of dilution in this study was provided 
by the Tvärån Stream in Umeå, which receives runoff from several 
discharge points. The stream was subjected to an extensive sampling 
campaign during 2017 where levels of dissolved As and Cd (not analysed 
in this study) and predicted bioavailable Zn (applying Bio-Met) were 
found to exceed the national EQS (Umeå_kommun, 2018). Sources of 
these metals were suggested to be urban runoff as well as leaching of 
acidic, sulphate rich soils (Umeå_kommun, 2018). These results agree 
with the findings of this study as catchment. IP2 is part of a larger in-
dustrial area that drains to the stream with a dilution factor of only 30. If 
IP2 is assumed to be representative for the whole area, a dilution factor 
of at least 6 would be required to ensure predicted bioavailable Zn 
concentrations did not exceed the EQSbioavailable. 

3.4. Comparison of measured and predicted concentrations 

The predicted bioavailable concentration was significantly (p <
0.05) less than the analytically measured truly dissolved concentration 
in all events at all sites, see Fig. 2. For example, an evaluation of the 
number of samples in which the bioavailable fraction contributed at 

least 20% of the truly dissolved fraction identified this to be the case for 
Zn in 88% of rainfall runoff, 89% of rain-on snow runoff and 96% of 
snowmelt runoff samples, for Ni in 71% of rainfall, 78% of rain-on snow 
and 68% of snowmelt samples and for Cu in 8% and 4% of rainfall and 
rain-on snow samples, respectively. Predicted Cu bioavailable concen-
trations did not contribute more than 20% of the truly dissolved con-
centrations in any snowmelt samples. 

The colloidal, truly dissolved and predicted bioavailable metal 
fractions (as percentage of the dissolved metal concentrations from 
selected events representing all event types and sites) are presented 
together with the flow, pH and Ca and DOC concentrations in Fig. 2 (see 
Figure A in supplementary materials for presentation of all events). The 
average percentages of predicted bioavailable concentrations in relation 
to dissolved concentrations for Cu were 6%, 3%, and 5% in rainfall, 
snowmelt and rain on snow events, respectively, 41%, 27% and 40% for 
Zn, respectively, and 26%, 21% and 23% for Ni, respectively. In rainfall 
and rain on snow events the percentage of the dissolved concentration 
predicted to be bioavailable generally increased over event duration by, 
on average, 7, 21 and 41% for Cu, Ni and Zn respectively. At the end of 
the events the predicted bioavailable concentrations experience a drop, 
most likely due to groundwater infiltration and increased Ca concen-
trations leading to decreased predicted bioavailability. This pattern 
could also be seen for snowmelt events but was not as pronounced with 
an average increase of 2, 10 and 15% for Cu, Ni and Zn, respectively, 
from start to mid of the events, with predicted bioavailability decreasing 
from mid-event onwards. 

In contrast, trends in the truly dissolved fractions (as a percent of the 
dissolved fraction) did not show the same behaviour. The profile of the 
truly dissolved fraction generally followed that of the dissolved fraction 
with the truly dissolved fraction contributing an average of 84% and 
93% of dissolved Zn during rainfall and rain on snow events respec-
tively, followed by Ni (79% and 78%) and Cu (62% and 70%). During 
snowmelt events, the truly dissolved fraction of Ni (89% of dissolved 
concentrations) exceeded those reported for Zn (77%) and Cu (63%). A 
possible explanation for this difference in patterns between the fractions 
may be that the truly dissolved fraction originates from dissolution of 
compounds in the dissolved faction whereas the predicted bioavailable 
fraction is a function of all the input parameters. 

Both DOC and Ca concentration data indicated the presence of first 
flush, but for some events there was also an increase of Ca at the end of 
the events (see RF-B at IP1 and SM-B at IP2 in Fig. 2). This may be a 
function of the relatively increasing volume of baseflow to runoff vol-
umes towards the end of the events. Whilst predicted bioavailable 
concentrations depends on the dissolved metal fraction, initial decreases 
in Ca and DOC concentrations contributed to the elevated predicted 
bioavailability over the duration of events. This contrasts with the re-
sults of a previous study where toxicity tests, conducted throughout 
runoff events, showed that the highest toxicity impacts (and therefore 
presumably bioavailability) were reported in samples collected during 

Table 5 
Predicted Cu, Ni and Zn median (range) bioavailable concentrations (Bio.) in baseflow and runoff samples collected during rainfall, snowmelt and rain-on snow events 
at the sites IP1, IP2 and PL.  

Event type Metal/Site EQSbioavailable IP1 IP2 PL 

Rainfall 
(RF: A-C) 

Bio. Cu [μg/L] 1 0.65 (0.24–1.28) 0.66 (0.04–1.41) 0.30 (0.10–1.22) 
Bio. Ni [μg/L] 4 0.50 (0.21–1.38) 0.41 (0.29–1.01) 0.23 (0.09–0.57) 
Bio. Zn [μg/L] 10.9 40.0 (13.1–83.4) 17.1 (2.42–31.5) 7.16 (0.54–65.9) 

Snowmelt 
(SM: A-B) 

Bio. Cu [μg/L] 1 0.67 (0.23–1.29) 0.25 (0.16–0.32) 0.16 (0.10–0.20) 
Bio. Ni [μg/L] 4 0.55 (0.25–0.67) 0.54 (0.42–0.97) 0.61 (0.42–0.72) 
Bio. Zn [μg/L] 10.9 26.2 (13.3–42.2) 11.1 (9.53–23.8) 1.27 (0.74–1.78) 

Rain on snow 
(RoS) 

Bio. Cu [μg/L] 1 0.20 (0.05–0.35) 0.32 (0.12–0.69) 0.19 (0.16–0.37) 
Bio. Ni [μg/L] 4 0.36 (0.14–0.75) 0.39 (0.26–0.55) 0.42 (0.32–0.69) 
Bio. Zn [μg/L] 10.9 34.1 (11.5–50.8) 19.8 (15.6–31.8) 5.39 (4.85–8.07) 

(All events) Bio. Cu [μg/L] 1 0.23 (0.13–0.37) 0.39 (0.17–0.46) No baseflow 
Bio. Ni [μg/L] 4 0.72 (0.52–1.17) 1.00 (0.61–1.05)  
Bio. Zn [μg/L] 10.9 18.3 (11.1–66.0) 7.94 (1.64–16.6)  

Key: Values in bold exceed the corresponding EQSbioavailable. 
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the first flush (Kayhanian et al., 2008). The truly dissolved metal frac-
tions on the other hand do show an indication of first flush (see Fig. 2). 
Since the bioavailability Bio-met model is based on tests with fixed sets 
of concentrations of the input parameters (i.e. data generated through 
static laboratory based experiments) it may not be appropriate for use 
within the context of the rapidly changing conditions that are charac-
teristic urban runoff. Furthermore, the model only considers Ca as 
competing ion exchange element, whereas salt application during 
winter time would add a range of possible competing elements that 
would increase the bioavailability (Bäckström et al., 2004) in snowmelt 
events compared to rainfall events. 

Despite the differences between the truly dissolved and predicted 
bioavailable fractions, moderate to strong linear relationships was seen 
between truly dissolved and predicted bioavailable Ni concentrations 
(R2 values 0.47–0.96) in 11 out of the 15 analysed events. This rela-
tionship was not as strong for Cu and Zn where only 4 and 8 events, 
respectively, showed moderate to strong positive linear relationship (R2 

values 0.53–0.85 and 0.47–0.96, respectively; 2 events showed negative 
R2 values for Cu). Further analysis also indicated positive linear re-
lationships between bioavailable and colloidal fractions. Positive line-
arity was seen in 8 events for Ni and 3 events for both Cu and Zn, with R2 

> 0.47, indicating that both the truly dissolved and colloidal fraction 

Fig. 2. Profiles over the truly dissolved, colloidal and bioavailable Cu, Ni and Zn concentrations in percent of dissolved concentrations for selected events. Each bar 
represents a single sample. 
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might contribute to the bioavailable fraction, especially for Ni. How-
ever, further research is required to test this hypothesis. To determine 
which size fraction, or fractions, that best reflect bioavailability, a 
combination of fractionation techniques in combination with parallel 
series of eco toxicity tests would be necessary. 

4. Conclusions 

This study presents measured metal concentrations in total, dis-
solved and truly dissolved fractions in both snowmelt and rainfall runoff 
as well as baseflow from three urban catchments and the sub-dissolved 
fractions relationship with predicted bioavailable concentrations. The 
results of this study suggested that:  

• The predicted bioavailable concentration did not directly equate to 
the measured truly dissolved concentration. On average, the truly 
dissolved concentration exceeded the predicted bioavailable con-
centration by a factor of 22 for Cu, 4 for Ni and 3 for Zn. However, 
linear relationships with the colloidal and truly dissolved fractions 
indicate that both these fractions contribute to the predicted 
bioavailable fraction. 

• National EQSbioavailable for Zn was exceeded by a factor of 8 in sam-
ples from one catchment. However, environmental implications 
depend on the dilution capacity of the receiving water. 

• An initial decrease of DOC and Ca, possibly due to dilution of base-
flow (which reported elevated DOC and significantly higher Ca 
concentrations), contributed to increasing predicted metal bioavail-
ability over event duration.  

• Differences in the predicted bioavailable fraction as opposed to 
measured data are potentially a consequence of bioavailability 
model design in that it was developed under static – as opposed to 
dynamic – conditions. The use of simplified BLMs within a rapidly 
changing water quality context is highlighted as requiring further 
research. 

• Further research on the relationship between bioavailable concen-
trations (as identified using eco toxicity tests and simplified BLMs 
identified to assess compliance with EQS) and analytically deter-
mined metal size fractions is also recommended as a way to support 
river basin managers in identifying and implementing appropriate 
mitigation measures. 
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Summary 
In this work two approaches were used in order to characterise the chemical speciation of Cu 
and Zn in urban runoff: ultrafiltration and passive sampling using diffusive gradients in thin films 

(DGT). Grab samples were taken from two catchments during snowmelt and from copper and 
zinc roofs during a snow-mixed-with-rain event. The results indicated that the catchment runoff 
composed of high amounts of particulate Cu and Zn, and that the dissolved Cu and Zn 
comprised of a variety of mobile and labile species. Whereas, the total Cu and Zn concentrations 

in roof runoff, to a great extent, composed of free ions. 

Keywords 
stormwater quality, copper, zinc, speciation, ultrafiltration, diffusive gradients in thin films 
(DGT) 

Introduction 

The distribution of trace metals between different size fractions and the metal’s speciation 

determines their toxicity and mobility as well as the fate in best management practice (BMP) 
treatment facilities and in the receiving waters. Knowledge about the fractionation and speciation 
characteristics of the runoff’s dissolved phase are of essential importance for further development 
of runoff treatment techniques that are aiming at reducing the metals also in the dissolved phase. 

The dissolved phase (normally operationally defined as <0.45 µm) of e.g. copper (Cu) and zinc 
(Zn), sometimes contributes to up to 50% of the total concentration (Galfi et al. 2017) which 
may explain the sometimes poor treatment efficiency of BMP facilities (Clark & Pitt 
2012). Despite this, characterisation of the dissolved fraction in stormwater is sparsely reported 

in the literature. However, that previous research indicate that a large part of the dissolved 

fraction of particularly Cu and Zn is present as free ions or bound to small colloids, which will 

increase their mobility further (Grout et al. 1999, Morrison et al. 1990). 
Diffusive gradients in thin films (DGT) and ultrafiltration are techniques for studies of the truly 
dissolved fraction and metals bound to small colloids and have approximately the same size cutoff 

around a few nanometers. However, the DGT technique discriminates metals that are strongly 
bound to colloids, which is often referred to as the DGT labile fraction. 
The objective of this study was to characterise Cu and Zn in the dissolved fraction and investigate 
to what extent these were mobile and labile, in a selection of runoff samples from different urban 

surfaces. This was done by applying ultrafiltration and the DGT techniques. 

Methods and Materials 
Two snowmelt runoff samples were collected in March 2017 in one industrial area (15 ha) and 
one parking lot (0.4 ha) in Umeå, Sweden. Sampling of roof runoff was done in May 2017 from 
copper and zinc roofs in Luleå, Sweden, during a snowfall mixed with rain. The laboratory 

procedure is presented in Figure 1. 
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Figure 1. Lab. procedure, incl. membrane filtration, ultrafiltration and DGT measurements. 
 

After transport of the samples to the laboratory, 3 L of each sample was passed through a 0.45 
µm filter membrane and divided into three HDPE bottles in order to obtain triplicates. DGT 
devices were deployed and the bottles were placed on a shaking table for 24 h. The shaking was 

applied to prevent development of a diffusive boundary layer at the opening of the DGT device. 
After exposure, the accumulated amount of Cu and Zn was analysed and the DGT labile 
concentration was calculated as described by Davison & Zhang (1994). In addition, the 0.45 µm 
filtered samples were ultrafiltered using Millipore Amicon ultrafiltration spin columns with a 

3,000 nominal molecular weight limit (NMWL). Ultrafilter, DGT device and calculation of 
DGT labile concentrations are presented in Figure 2. 
 

 
Figure 2. Ultrafiltration columns (left), a mounted DGT device, ready for deployment (middle), and the 
equation for calculating the DGT labile conc (right). 

 

Results and Discussion 

The percentage of particulate and dissolved fractions of Cu and Zn in urban runoff from the industrial 
area, parking lot, zinc and copper roofs are presented in Table 1. 
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Table 1. Particulate and dissolved fractions in % of the total conc. 

 

Further fractionation with ultrafiltration (<3 kNMWL) showed no significant difference with 

the dissolved fraction of Cu from the industrial area, parking lot and zinc roof, and of Zn from 
both roofing materials (Figure 3). There was no significant difference between the two 

techniques, ultrafiltration and DGT, regarding Cu from the copper roof and Zn from the zinc 

roof. In the other samples, the DGT labile Cu and Zn were lower than the permeate 
concentrations. The DGT concentrations were calculated using diffusion coefficients for free 
ions, which could entail an underestimation of the labile concentration as the labile fraction also 
include small metal ligands, which have lower diffusion coefficients than free ions. Taking into 

account other labile species would generate a higher labile concentration. 

 

Figure 3. Tot conc. of Cu and Zn compared with dissolved, ultrafiltered and DGT labile fractions. 

Conclusions  

The catchment runoff constituted to a greater extent of Cu and Zn in the particulate phase 
compared to the runoff from copper- and zinc roofs that contributed with high amounts (≥73%) 
of Cu, and Cu and Zn, respectively, in the dissolved fraction (<0.45µm). Speciation with 

ultrafiltration indicated that the dissolved fraction of Cu in the catchment runoff and from the 
zinc roof, and of Zn in the roof runoff, comprised entirely of mobile Cu and Zn species. DGT 
measurements further revealed that the truly dissolved (<3 kNMWL) Cu from copper roof and 
Zn from zinc roof were merely present as free ions, the most bioavailable form. The two 
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speciation techniques showed that the dissolved Cu and Zn in the catchment runoff consisted of 

a variety of colloidal, mobile and labile species. Speciation of the labile fraction could be further 
studied. The same applied for Cu from zinc roof and Zn from copper roof. In the roof runoff, 
however, these species stood for a larger fraction of the total Cu and Zn concentrations. 
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