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Sedimentation is a widely used technique in structural best management practices to remove pollu-
tants from stormwater. However, concerns have been expressed about the environmental impacts that
may be exerted by the trapped pollutants. This study has concentrated on stormwater ponds and sed-
imentation tanks and reports on the accumulated metal concentrations (Cd, Cr, Ni, Pb, and Zn) and the
associated toxicity to the bacteria Vibrio fischeri. The metal concentrations are compared with guidelines
and the toxicity results are assessed in relation to samples for which metal concentrations either exceed
or conform to these values. The water phase metal concentrations were highest in the ponds whereas
the sedimentation tanks exhibited a distinct decrease towards the outlet. However, none of the water
oxicity

eavy metals
tormwater
reatment facilities
ibrio fischeri

samples demonstrated toxicity even though the concentrations of Cu, Pb, and Zn exceeded the threshold
values for the compared guidelines. The facilities with higher traffic intensities had elevated sediment
concentrations of Cr, Cu, Ni, and Zn which increased towards the outlet for the sedimentation tanks in
agreement with the highest percentage of fine particles. The sediments in both treatment facilities exhib-
ited the expected toxic responses in line with their affinity for heavy metals but the role of organic carbon

content is highlighted.

. Introduction

Urban areas produce large amounts of pollutants that accumu-
ate on different surfaces such as streets and roofs. During rain
vents and snowmelt, these pollutants are transported into the
torm sewer system, from where they either reach treatment facili-
ies or directly discharge to receiving waters. Stormwater contains a
arge variety of pollutants e.g. heavy metals (lead, zinc, copper, cad-

ium, chromium and nickel), organic compounds, nutrients, solids,
nd de-icing agents [1,2]. These pollutants are often adsorbed to
articles of different sizes [3–5]. One of the most common ways to
reat stormwater is through sedimentation in different treatment
acilities e.g. ponds, wetlands, sedimentation tanks and gully pots
6]. The pollutants are accumulated in the bottom sediment result-
ng in concentrations which are higher than in natural sediments

7]. Generally, more sediment is found close to the inlet compared
o the outlet in treatment facilities because coarse-grained particles
ettle directly when entering the facility. The sediment close to the
nlet consists therefore mostly of sand and gravel, while the sedi-
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ment at the outlet consist of fine-grained particles like clay and silt
[8–10]. The measured annual sedimentation rates in ponds range
from 0 to 4 cm/year while in sedimentation tanks the rate can reach
7 cm/year [2,10–12].

Despite the extensive range of pollutants which may be present
in stormwater, they may only account for a few percent of the
full toxic potential. Therefore, toxicity tests complement chemical
analyses in helping to diagnose the full environmental impact of
contaminated samples [13]. Petänen et al. [14] have demonstrated
how different toxicity tests assess different parameters of a toxic
sample and can therefore be used as complementary techniques.
The toxic effects of stormwater have been studied by e.g. [15–18].
Depending on the drainage area and design, season, characteris-
tics of the storm and time during a storm, stormwater can show
both acute toxicity and genotoxicity [18]. Highway runoff demon-
strates the highest toxicity, particularly during the first flush stage
and during winter conditions [18,19], with mixed land use showing
lower toxicity [3,20]. Pitt et al. [3] studied, under laboratory condi-
tions, the reduction of stormwater toxicity by different treatment
processes and found that settling, screening and aeration and/or

photodegradation processes were the most efficient in reducing the
toxicity. Studies of stormwater ponds have shown mixed results
regarding the removal of toxicity with Collins et al. [21] finding no
significant toxicity reduction while Marsalek et al. [18,19] found
minor reduction of toxicity. However, Marsalek et al. [19] observed

http://www.sciencedirect.com/science/journal/03043894
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hat the sediment in the pond was very toxic and demonstrated a
patial decrease from the inlet to the outlet [22]. Freshwater river
ediment receiving stormwater has also been investigated with
oxic results [23,24]. However, additional studies of the toxicity
f sediments collecting in stormwater treatment facilities are nec-
ssary to inform the appropriate maintenance regimes for these
ystems.

Many different toxicity tests have been applied to stormwa-
er e.g. plankton (Daphnia magna) [18,19], water flea (Ceriodaphia
ubia) [20], rotifers (Brachionus calyciflorus) [17], algae [24], fish
25] and SOS chromotest [18,19]. One of the most common test
rganisms is the luminescent bacteria Vibrio fischeri, because the
est is rapid, easy to perform and cost-effective and there are no eth-
cal implications [26,27]. The toxicity is measured by the reduced
ight output from the bacteria [27] and the technique is employed
n several different test kits e.g. MicrotoxTM and BiotoxTM. To accu-
ately determine the toxicity it is important that the bacteria are
n direct contact with the particles in the sample since much of the
oxicity is dependent on the particle bound and marginally soluble
ollutants [28]. The BiotoxTM Flash method has been developed
or solid and coloured samples which means that filtration is not
equired and that the solids are in direct contact with the bacteria
uring the measurement [29]. Both the BiotoxTM and the BiotoxTM

lash methods have been used on different kinds of samples e.g.
astewater [30], sediments [31], soil [32] but this study reports the
rst use of the Biotox Flash method on water and sediment samples
ollected from treatment facilities. The objective of this paper is to
nvestigate if differences in metal concentrations (Cd, Cr, Ni, Pb, and
n) and toxicity exist between ponds and underground sedimen-
ation tanks receiving urban runoff. The metal concentrations are
ompared with guidelines and the toxicity results are assessed in
elation to samples for which metal concentrations either exceed or
onform to these values. The reported results provide new knowl-
dge regarding the behaviour of heavy metals in the sediment and
verlying waters of stormwater treatment facilities and how toxi-
ity levels respond to the different phase associations. In addition
o the scientific significance, this is highly relevant to practitioners,
uch as the owners/operators responsible for the maintenance of
hese facilities.

. Experimental

.1. Field site

Two sedimentation tanks and two ponds were studied: the
edimentation tanks are at Ryska smällen (RS) and Hammarby Sjös-

ad (HS) in Stockholm, and the ponds are located at Linnéaholm
n Stockholm (LH) and Krubban in Örebro (KÖ) (Table 1). Both
edimentation tanks are underground concrete structures which
ltimately drain into the bay of a large lake. Sedimentation tank
S is designed to hold the runoff generated by around 15 mm of

able 1
escription of the catchments and facilities.

Sedimentation tanks Ponds

RS HS LH KÖ

Construction year 1997 2000 1996 1996
Total catchment area (ha) 1.1 2.1 4.5 40
Impervious catchment area (ha) 1.1 2.1 2.8 16
Commercial or industrial area (%) 100a 0 100b 50
Residential area (%) 0 100 0 50
Traffic intensity (vehicles/day) 71,000 4700 113,000 n.i.c

Volume (m3) 130 195 885 11,800

a 40% is motorway.
b 60% is motorway.
c No information.
s Materials 178 (2010) 612–618 613

rain, with a detention time of 36 h, from a catchment consisting of
parking areas, building roofs and a bridge in addition to a motor-
way. The catchment area for the sedimentation tank HS constitutes
roads and pavements in a residential area. Pond LH is served by a
catchment area consisting predominantly of motorway but with
some green areas which is maintained by the Swedish national
road administration. Pond KÖ is built as a series of three ponds
and the catchment area is represented by a combination of res-
idential (mainly single-family houses) and commercial/industrial
areas.

2.2. Sampling

The water and sediment samples were collected during the
period, September–November 2007. Three water samples were
obtained from the inlets and outlets of the ponds and sedimentation
tanks. The samples were collected in acid washed plastic bottles and
the pH, conductivity and temperature were measured immediately
after collection. Three sediment samples were obtained from the
inlet and outlet locations of the sedimentation tanks and the ponds,
each sample contained a mix of three sub-samples. The samples
were collected with a stainless steel cup and placed in acid washed
plastic containers. At each facility the inlet and outlet samples were
collected at the same time.

2.3. Analytical techniques

The water samples were analyzed for suspended solids (SS)
according to the standard method SS-EN 872:2005 [33]. The sed-
iment samples were analyzed for particle-size distribution (wet
sieving into 18 different size) gradations (between 0.063 and
180 mm) according to the standard method SS-EN 933-1/A1:2005
[34]. Loss on ignition (LOI) was measured according to the stan-
dard method SS 28113 [35], which involved drying the sediment at
105 ◦C for 20 h and thereafter heating at 550 ◦C for 2 h.

The water samples were separated into total and dissolved
(<0.45 �m) fractions prior to heavy metal analysis. The total frac-
tion (20 ml) was initially digested in a sealed teflon container in
a specially modified microwave oven for 50 min at a temperature
of 160 ◦C after the addition of 2 ml suprapure HNO3. The dissolved
fraction was analyzed, after filtration through a 0.45-�m syringe
filter, and 1 ml of HNO3 was added for every 100 ml of sample.

To facilitate heavy metal analysis, the sediment samples were
dried at 50 ◦C and then digested with 7 M HNO3 and water (1:1)
in a specially modified microwave oven. Depending on the metal
concentrations, the samples were either analyzed by optical emis-
sion spectrometry linked to inductively coupled plasma (ICP-AES)
or combined sector field mass spectrometry and inductively cou-
pled plasma (ICP-SFMS). All the metal analyses (sediment and
water) were performed by an accredited laboratory (ALS Laboratory
Group, Sweden). In the interpretation of the metal analyses, mea-
sured values below the detection limit were replaced by half the
value of the detection limit, as discussed in Marsalek and Schroeter
[36] and Tsanis et al. [37].

2.4. Toxicity measurement

The toxicity tests were performed according to the BiotoxTM

Flash method (Aboatox Oy, Turku Finland) which is based on the
bioluminescent response of V. fischeri bacteria and incorporates an
automatic correction for colour and turbidity [29,38]. The lumines-

cence measurements were carried out with a high performance
Sirius Luminometer and the light output was recorded automat-
ically by FB12 Software (Berthold Detection Systems, Pforzheim,
Germany). Prior to measurement, the freeze-dried V. fischeri bac-
teria were re-hydrated with reagent diluent (2% NaCl) at 4 ◦C for at
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Table 2
pH, conductivity, and SS concentration in the sedimentation tanks and ponds.

Sedimentation tanks Ponds

RS HS LH KÖ

In Out In Out In Out In Out

pH 6.8 6.7 7.6 7.6 6.9 7.2 7.4 7.0
Conductivity (�S/cm) 225 401 205 230 1266 1278 383 266
SS (mg/l) 13 55 2 1 77 91 88 1.4
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Fig. 1. Total and dissolved water heavy metal concentrations (

east 30 min and then stabilized at 15 ◦C for approximately 1 h in a
ry cooling block.

The water samples were prepared by mixing 9 ml of sample
ith 1 ml of 20% NaCl solution and adjusting the pH to 7.0 ± 0.2

f the sample pH was not between 6.0 and 8.5. The samples were
ubsequently diluted with 2% NaCl solution to obtain a dilution
eries (1:2, 1:4, 1:8, 1:16, 1:32, 1:64). For the sediment samples,
g of sediment (<2 mm) was mixed with 8 ml of 2% NaCl solu-

ion in polyethylene test tubes and vigorously shaken for 5 min.
he pH was adjusted as described above and the following dilu-
ion series prepared (1:2, 1:4, 1:8, 1:16, 1:32, 1:64, 1:128). The
oxicity measurements for the water and sediment samples were
erformed by initially placing 300 �l of diluted sample into lumi-

◦
ometer cuvettes (Sarstedt 55.476) and incubating at 15 C for at
east 10 min. Following introduction into the Sirius Luminometer,
00 �l of the bacterial suspension was automatically injected into
he sample and the bioluminescence measured. The biolumines-
ence measurements were repeated after 30 min to allow toxicity

ig. 2. Particle-size distribution curves for the inlet and outlet sediment samples
rom ponds and sedimentation tanks.
tandard deviations) in ponds and sedimentation tanks (�g/l).

calculations after this time period using the relationship between
the end point value and the peak value. A correction factor was
applied based on the response obtained from the non-toxic ref-
erence sample (2% NaCl solution). The inhibition percentage (INH
%) and the EC20 and EC50 values were calculated according to the
ISO standard method 11348-3 [39], where the initial luminescence
reading is replaced with the peak value observed immediately after
addition of bacteria to the sample.

3. Results and discussion

3.1. Water status

The measured mean pH and conductivity values and suspended
solids (SS) concentrations in the sampled waters are shown in
Table 2. The pH values for the treatment facilities were consistently
around 7 within each facility with greater differences between inlet
and outlet samples being observed in the ponds. Pond LH demon-
strated the largest conductivity values which were coincident with
the use of de-icing salt in the catchment area. An antecedent
dry period, extending over a few days prior to the sampling, had
allowed particle settling which explains the low SS concentrations,
especially in the sedimentation tanks.

The total and dissolved concentrations for Cd, Cr, Cu, Ni, Pb and
Zn in the water samples collected from the different treatment facil-
ities are shown in Fig. 1. Elevated total metal concentrations were
observed for the two ponds compared to the two sedimentation

tanks and the results clearly indicate that in all facilities the metals
were predominantly attached to particles. Therefore, it is not sur-
prising that ponds KÖ and LH both showed similar trends to those
for SS concentrations with either decreases (Pond KÖ) or increases
(Pond LH) towards the outlet. Both sedimentation tanks exhibited
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3.3. Toxicity

Toxicity tests were conducted on both the water and sediment
samples collected from the ponds and sedimentation tanks and the
Fig. 3. Heavy metal sediment concentrations (with standard

mall decreases in total metal concentrations between the inlet and
utlet positions and in the case of sedimentation tank RS this was a
everse of the trend observed for SS concentrations. The dissolved
oncentrations, particularly of Pb and Cr, were low whereas Ni and
o a lesser extent Zn showed an affinity for the soluble phase in
ll treatment facilities. These results are consistent with previous
ndings that Pb is strongly associated and bound to particles, Cr

s relatively strongly bound to organic matter and Zn is associated
ith the dissolved phase (e.g. colloidal material) [40–42]. However,

he presence of Ni in the dissolved state has not been commented
pon and appears to be unique to this study.

.2. Sediment status

The mean particle-size distributions for the sediments collected
rom the treatment facilities are shown in Fig. 2. The coarsest
article-size curves are exhibited by sedimentation tank HS and
lthough the curves follow each other they also demonstrate the
argest difference between inlet and outlet. In contrast, sedimen-
ation tank RS showed the finest particle-size curves which were
lso very closely matched. The pairs of curves for the two ponds
ere similar except for a distinctive behaviour demonstrated by the

3–250 �m fraction of the pond KÖ inlet where a steeper initial gra-
ient exists indicating a coarser profile. Comparisons of the curves
or the inlet and outlet sediment samples predict a higher level of
ne particles at the outlet except for pond LH where this trend is
eversed. Marsalek et al. [8] studied pond sediment and found less
han 1% of clay (0.24 �m) at the inlet but this increased to 54% at
he outlet. There is evidence that the facilities with higher traffic
oads (sedimentation tank RS and pond LH) have higher composi-
ions of fine particles in the sediments compared to those facilities
ith low traffic loads (sedimentation tank HS). This indicates that

raffic activity in the contributing catchment area has an impact on
he sediment particle size in the treatment facility with abrasive
haracteristics associated with high traffic densities leading to the
ash-off of finer particles [43].

The organic content in the sediment, measured as loss on igni-
ion (LOI), varies between the facilities with the ponds showing
he higher contents (66–74%) compared to the sedimentation tanks
1–14%). The sediment metal concentrations are represented by bar
harts in Fig. 3. Pond LH shows relatively similar metal concentra-

ions for the inlet and outlet positions whereas when a difference is
bserved for pond KÖ, the inlet metal concentration exceeds that
t the outlet (e.g. Cu and Zn). Färm [10] also found that the con-
entrations of sedimentary metals in ponds were highest at the
nlet although Marsalek et al. [8] found the opposite effect in a
tions) in the ponds and the sedimentation tanks (mg/kg dw).

study of a Canadian stormwater pond. Pond KÖ was also sampled
in 1999 [9] and 2005 [44] when similar or slightly higher sediment
metal concentrations were found. For both sedimentation tanks the
highest concentration can be found at the outlet which correlates
with the high percentage of fine particles at the outlet. The sedi-
ment concentrations for Cr, Cu, Ni and Zn in sedimentation tank
RS have increased with 28, 48, 45, 81%, respectively, since sam-
pling was conducted in 2001 [12]. Pond LH and sedimentation tank
RS have elevated concentrations of Cr, Cu, Ni, and Zn compared to
the other studied facilities which is consistent with these facilities
being influenced by the highest traffic loads and implicate this as a
possible pollutant source.

Several studies have shown that higher metal concentrations
are associated with small particles [4,45,46] and this is illustrated
in this study by considering the particle size association of Zn
(Fig. 4). For particles smaller than 63 �m, a linear relationship exists
between the total Zn concentration in the samples and the per-
centage of particles in this size fraction (correlation of 0.76) even
though the outlet for pond KÖ exhibited a low concentration given
the high percentage of fine particles. This suggests that the size
dependent concentration factor is less pronounced at this location
than in some reported studies. Smaller, but still relevant correla-
tions, were found for Cu, Ni and Cr indicating the tendency for these
metals to be associated with particles less than 63 �m. Sedimen-
tation tank RS and pond LH demonstrated these correlations most
efficiently.
Fig. 4. Relationship between total Zn concentration and percentage of particles less
than 63 �m for all sediment samples.
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Table 3
Toxicity results for water (ml/l) and sediment (g/l) samples collected from the ponds and sedimentation tanks.

Ponds Sedimentation tanks

LH KÖ RS HS

In Out In Out In Out In Out

Water (ml/l) EC20 n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.t.
EC50 n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.t.
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Sediment (g/l) EC20 2 0.75 1.8
EC50 18 6.75 7.8

.t.: not toxic. The concentration unit ml/l refers to the volume of sample added to

esults are reported in Table 3 as the concentrations that inhibit
he luminescence by 20% (EC20) and 50% (EC50). None of the water
amples were found to be toxic to the bacteria, V. fischeri. This is
onsistent with the results reported by Waraa and Färm [47] who,
sing the same test organism as part of a suite of 4 tests, found
o toxicity in runoff samples entering a Swedish detention pond

rom a highway carrying 20,000 vehicles/day. However, Marsalek
t al. [19] have shown varying degrees of toxicity in stormwater
eriving from highways with traffic densities of over 100,000 vehi-
les/day although this decreased between the inlets and outlets of
tormwater ponds.

The sediments from all treatment facilities showed toxic
esponses (Table 3) which is consistent with their affinity for heavy
etals. The sediment collected from the outlet locations showed

ncreased toxicity in all facilities although this could not be quan-
ified in the outlet sample from pond KÖ due to an unknown
nterference affecting the measurement procedure (probably due
o the solubility of the toxic substance affecting the dose–response
urve). The highest toxic responses were found in the pond sed-
ments. Comparison of the sedimentation tanks shows a higher
oxicity for the sedimentation tank HS which is the reverse of the
etermined metal levels (Table 1). This suggests that the sediment
ssociated metals are more bioavailable in HS or the presence of
rganic pollutants (e.g. organic compounds) which are contributing
o the toxicity. It has been shown that the toxicity of a sediment can
e influenced by the particle-size distribution with a high silt/clay
ontent being associated with a high natural toxicity [48,49]. These
esults were obtained using the MicrotoxTM solid-phase test which
oes not make correction for colour and turbidity. However, in this
tudy (using the BiotoxTM Flash method) the facility with the high-
st percentage of fine particles in the sediment, the sedimentation
ank RS, showed the lowest toxic response.

Fig. 5 shows the correlation between sediment organic content
nd the percentage of particles less than 63 �m in the treatment

acilities. Two groupings can be identified which are representa-
ive of the different behaviours exhibited by the ponds and the
edimentation tanks. Both ponds demonstrate consistently high
ercentage organic contents with small particles (<63 �m) consti-

ig. 5. Correlations between sediment organic content and the percentage of par-
icles finer than 63 �m.
Toxic 12 5 8.25 3
Toxic 52.5 50.3 50 19.3

edium of the toxicity test.

tuting between 40 and 70% of the sediment content. In contrast,
the sedimentation tanks show low percentages of organic content
combined with more varied percentages of fine particles. Sedimen-
tation tank RS contains a higher proportion of particles finer than
63 �m and an elevated concentration of metals compared to sedi-
ment tank HS but the toxicity was not appropriately elevated. The
higher organic content in the ponds is associated with an increased
toxicity indicating the influence this parameter may have on tox-
icity with the metal concentrations and particle size having a less
influential impact.

Fig. 6 shows the measured concentration response curves for the
sediment from the ponds and the sedimentation tanks after 30 min
incubation. There is a distinct difference in the shapes of the curves
for the two facilities with the ponds following a near inverse expo-
nential pattern while the sedimentation tanks are characterized
by curves which are between linear and inverse exponential. Con-
sideration of the curves clearly shows that the outlet sediment is
more toxic than that at the inlet for pond LH and both sedimen-
tation tanks. This is consistent with the findings of Marsalek et al.
[22] which also found the presence of elevated sediment toxicities
at the outlet.

Due to the use of de-icing salt (NaCl) in the catchment area of
pond LH, marine bacterium was used for the evaluation of toxicity
in the facilities. BiotoxTM has been shown not to be toxic to NaCl
[26]. Kayhanian et al. [20] and Schiff et al. [50] have studied the tox-
icity of stormwater and found that it was toxic both to freshwater
and marine species. They also used the Toxicity Identification Eval-
uation procedure (TIE) and found that Cu and Zn were the most
probable constituents responsible for the toxicity. Although the
TIE procedure, is difficult to apply to complex mixtures such as
stormwater, it represents an important first approach for identi-
fying the leading categories of pollutants which are particularly of
concern when addressing toxicity. Pollutant interactions are not
necessarily additive, but it is possible to aim to reduce toxicity by
lowering the contributing inputs for each of the identified cate-
gories and eventually controlling the overall impact. Hwang et al.
[51] found a mixture of contaminants of different origins contribut-
ing to the toxic effects observed in sediments. Although the results
from this study show that particularly the sediment in the treat-
ment facilities are toxic to the bioluminescent V. fischeri bacteria,
more tests are needed to evaluate the toxicity to other test organ-
isms since many studies have shown that different organisms react
differently to the same sample [17,20,50].

3.4. Environmental assessment

The Swedish Environmental Protection Agency (SEPA) has
issued guidelines for the classification of water in lakes and water-

courses [52]. These guidelines classify environmental impacts on
scales of 1–5 with Class 1 representing situations in which aquatic
pollutants create no or very slight risk of biological effects. At the
other extreme, Class 5 is representative of levels where there is a
high risk for biological effects after short exposure. Comparing the
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Fig. 6. Concentration response curves for the sediment i

otal water metal concentrations determined in this study with the
wedish EPA guidelines indicates that only the Pb concentration at
he inlet to pond KÖ exceeds the threshold level for Class 5. In all the
acilities the inlet concentrations of Cu exceed the threshold level
or Class 4 (increased risk for biological effects) and this is also true
or the inlet concentrations of Zn and Pb in ponds LH and KÖ and
edimentation tank RS. Even the outlet concentrations of Cu, Pb, and
n were so high in pond LH and sedimentation tank RS (not Pb) that
lass 4 waters were implicated. The United States Environmental
rotection Agency (US EPA) has provided guidelines for dissolved
etals [53] which estimate the highest pollutant concentrations

n a surface water to which an aquatic community can be exposed
riefly/indefinitely without resulting in an unacceptable effect. The
oncentrations that exceeded the threshold values for US EPA were
he inlet concentrations of Cu and Zn for pond KÖ. Generally, the
oxicity tests showed that the waters from the different facilities
ere not toxic to V. fischeri, even though the concentrations of Cu,

b, and Zn were over the Swedish EPA and the US EPA guideline
hreshold levels. The metals are probably attached to particles or
olloids and therefore not bioavailable.

The sediment concentrations in treatment facilities can be com-
ared to guidelines for both soil and sediment depending on
he intention of the assessment. The guidelines for sediment are
esigned to assess the status in natural aquatic environments, how-
ver when the sediment is removed from the treatment facility
hen it is more appropriate to use soil guidelines. The Swedish EPA
as produced a similar classification (Classes 1–5) for sediment to
hat for water [52]. The measured sediment metal concentrations
ave also been compared to the Ontario Provincial Sediment Qual-

ty guidelines for which there are two levels: lowest effect level
LEL) and severe effect level (SEL) [54]. Only the concentrations of
u and Zn in pond LH and sedimentation tank RS exceeded the
hreshold values for Class 4 and the SEL level. Following removal
f the sediment from any of the treatment facilities comparison
ith soil guidelines becomes relevant [55]. Application of the crite-

ia identifies the sediment from sedimentation tank HS as slightly
erious, the sediment from the ponds as moderately serious and
he sediment from sedimentation tank RS as serious due to high Zn
oncentrations. The boundary between slightly serious and moder-
tely serious is used for classification for sensitive land use, where
and use is not restricted by soil quality. The concentrations of Cu
nd Zn in ponds LH and KÖ and sedimentation tank RS exceed
he threshold values for industrial land use found in the Canadian
nvironmental Quality (CEQ) guideline for soil [56]. According to
he guidelines the sediment from both the ponds and sedimenta-
ion tanks exceeds the CEQ threshold values, where especially the
ediment from the sedimentation tank RS is classified as serious.
Generally, the toxicity test showed that sediment from all facili-
ies was toxic to V. fischeri. This could be confirmed by a comparison
ith the Swedish and the Canadian guidelines for sediment where

he concentration of Cu and Zn in pond LH and sedimentation tank
S exceeded the threshold values. The toxicity tests also showed
ponds and sedimentation tanks after 30 min incubation.

that the sediment from the sedimentation tank RS had the lowest
toxicity of all facilities even though the metal concentrations were
high, especially the Zn concentration. However, if the conditions in
the facilities change (e.g. anoxic conditions or change in pH), the
metals could be released from the sediment or change speciation
in the water which could result in higher toxicity since the metals
become more bioavailable. The results from this study show that it
is important to carry out both chemical analyses and toxicity tests
to be able to correctly evaluate the potential environmental impacts
of water and sediments from stormwater treatment facilities.

4. Conclusions

The water samples in the investigated stormwater treatment
facilities were found to be non-toxic to the bacteria V. fischeri
despite the concentrations of Cu, Pb, and Zn in the water phase
exceeding the threshold values for the compared guidelines. This
is considered to be related to the predominant attachment of
metals to particles limiting their bioavailability. The sediments
from all facilities displayed a toxic response which is consistent
with their exceedance of the threshold values identified in sed-
iment guidelines. The highest toxicity was found in the ponds
and sedimentation tank HS showed an elevated level compared to
sedimentation tank RS although this is the reverse of the metal
concentrations. The ponds demonstrated consistently high per-
centages of organic content compared to the sedimentation tanks
indicating that this may influence the toxicity with the metal con-
centration and particle size posing a less influential impact. It is
clear that to accurately evaluate the environmental impacts of pol-
lutants trapped in stormwater treatment facilities there is a need
to perform both chemical analyses and toxicity tests.
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