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Abstract
Stormwater ponds can provide flood protection and efficiently treat stormwater using sedimentation. As the ponds also host 
aquatic biota and attract wildlife, there is a growing concern that the sediment bound pollutants negatively affect aquatic 
organisms and the surrounding ecosystem. In this study, we used three methods to assess the accumulation and the potential 
ecological risk of 13 different heavy metals and metalloids (e.g. trace elements) including both elements that are frequently 
monitored and some which are rarely monitored in sediment from 5 stormwater ponds located within catchments with pre-
dominately industrial activities. Ecological risk for organisms in the older ponds was observed for both commonly (e.g. Cd, 
Cu, Zn) and seldom (e.g. Ag, Sb) monitored trace elements. The 3 methods ranked the degree of contamination similarly. 
We show that methods usually used for sediment quality assessment in aquatic ecosystems can also be used for screening 
the potential risk of other trace elements in stormwater ponds and may consequently be useful in stormwater monitoring and 
management. Our study also highlights the importance of establishing background conditions when conducting ecological 
risk assessment of sediment in stormwater ponds.
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Introduction

Urban stormwater runoff may cause flooding and pollution 
in downstream watercourses if neither the flow is reduced 
nor the pollutants are removed (Baekken 1994; Maltby 
et al 1995; Blecken et al. 2012; Sharley et al. 2016). Today, 
stormwater is often retained and treated in wetlands or 
stormwater ponds (also called stormwater detention ponds 
or urban ponds), either alone or in combination with other 
techniques (Marsalek et al. 2005; Blecken et al. 2017; Jef-
ferson et al. 2017; Sharley et al. 2017; Crane 2019). The type 

and quantity of pollutants in stormwater runoff which accu-
mulates in a specific wetland or stormwater pond depend on 
the catchment area, climatic factors, land use and percentage 
impervious surfaces (Färm and Waara 2005; Casey et al. 
2006; Frost et al. 2015; Søberg et al. 2016; Blecken et al. 
2017; Sharley et al. 2017; Crane 2019).

Recently, concern has been raised over the ecological 
risks to aquatic life in wetlands and stormwater ponds and 
for the surrounding wildlife caused by the accumulated 
sediment. For example, Sharley et al. (2017) sampled 98 
wetlands in the Melbourne region and found that catch-
ments with > 10% industrial land use were at a greater 
risk of containing contaminants at values which exceeded 
ecological guideline values and waste disposal guidelines. 
Additionally, a study in Minnesota by Crane (2019) found 
that industrial areas in Minnesota were more contaminat-
ing than residential and commercial areas, leading to sta-
tistically significant increases in zinc and some organic 
micropollutant content in the studied stormwater ponds. 
This suggests that stormwater ponds in catchments with 
industrial activity may accumulate high levels of trace ele-
ments which could pose a significant risk to the ecosystem.
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In studies of trace element accumulation in stormwater 
ponds, only a few selected heavy metals (e.g. Cd, Cu, Ni, Pb, 
Zn) are typically monitored (Färm and Waara 2005; Casey 
et al. 2006; Egemose et al. 2015; Blecken et al. 2017; Sun 
et al. 2019). However, there are many other potentially eco-
logically harmful trace element contaminants. Herein, 13 
different trace elements representing both commonly and 
seldom monitored trace elements were selected, and their 
accumulation in five ponds in catchments with industrial 
activity was studied. In addition, P and S were analysed to 
determine whether their concentrations correlated with those 
of the trace elements, and therefore if they could provide 
overall contamination values. The patterns and relationships 
between trace elements with P, S and sediment character-
istics were analysed using Principal Component Analysis 
and Classification. Furthermore, three methods which are 
commonly used for assessing sediment quality in lakes and 
watercourses but rarely used for stormwater ponds and wet-
lands were used to assess the degree of contamination and 
ecological risk. The accumulation of elements in the ponds 
compared to background levels was assessed using Müller’s 
geoaccumulation index, Igeo, (Müller 1969), while ecologi-
cal risk was assessed using Håkanson’s Potential Ecological 
Risk Index (RI) (Håkanson 1980) and by the Risk Quotient 
Methodology (RQ-method) (European Chemicals Bureau 
2003) which nowadays, under REACH, is called Risk Char-
acterisation Ratios (RCRs) (ECHA 2016) and therefore 
hereafter referred to as the RCR-method. To our knowledge, 
Igeo and RI have not been used to assess risk in stormwater 
pond sediment. The RCR-method is partly used as sediment 
guidelines, which in this study serve as PNEC values for 
calculating RCRs, that are frequently compared to measured 
values when assessing the quality of stormwater sediment 
(Färm et al. 2003; Anderson et al. 2004; Färm and Waara 
2005; Jang et al. 2010; Blecken et al. 2012; Allen et al. 2017; 
Sharley et al. 2017; Crane 2019). However, RCRs have not 
been calculated nor evaluated in previous studies. In sum-
mary, in this study, we use three methods to assess the accu-
mulation and the potential ecological risk of 13 different 
heavy metals and metalloids (e.g. trace elements) including 

both elements that are frequently monitored and some which 
are rarely monitored in sediment from 5 stormwater ponds 
located within catchments with predominately industrial 
activities. By combining the results from each method, the 
ponds at the highest risk and the trace elements of highest 
concern were identified and provided essential guidance for 
our continued contaminant monitoring.

Materials and methods

Study site

The sampled stormwater ponds are in the municipality of 
Ängelholm in southern Sweden. The characteristics of the 
ponds and their catchment are presented in Table 1, and 
their design and sediment thicknesses are presented in 
Fig. 1. The ponds were designated Pond A and B (DUM 20 
and DUM3, Åkerslund 26:3), pond C (DUM 23, Rebbel-
berga 14:6), pond D (DUM 8, Rebbelberga 19:2) and pond 
E (DUM 19, Munka-Ljungby 52:20), and they are located 
with catchments with mainly industrial activity. The indus-
trial areas have been developed at different paces from when 
the respective ponds were built, and consequently the per-
centage impervious area has been changing over time. The 
industrial activity is diverse, and it consists of workshops, 
shops and storage of building materials including metals, 
storage of vehicles for building and construction work, haul-
age companies, a bus company, car testing facilities, the 
major recycling plant in Ängelholm and the power plants of 
Ängelholm and Munka Ljungby. Pond A–D are located less 
than 1 km apart, and pond E is located about 5 km east of the 
other ponds in the village of Munka Ljungby. The stormwa-
ter ponds were designed to prevent flooding in downstream 
areas.

Sediment sampling and analysis

Sediments were first sampled in April 2019. Each pond was 
split into as many sections as there were inlets and outlets 

Table 1  Characteristics of 
the investigated ponds. Data 
obtained from the Municipality 
of Ängelholm

1 The impervious surface will increase when the area is fully developed
2 The pond was constructed after the development of the industrial area

Pond Area  (m2)1 Catchment 
area (ha)2

% Impervious 
 surface1

The ratio (in percentage) of 
pond area to impervious area

Age 
2019 
(years)

A (DUM 20) 300 6.5 50 0.9 6
B (DUM 3) 950 72.0 50 0.3 17
C (DUM 23) 2000 14.5 121 1.1 2
D (DUM 8) 1300 44.3 30 1.0 18
E (DUM 19) 500 24.8 702 0.3 2
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(Fig. 1), which enabled the identification of differences in 
sediment characteristics and pollutant levels within a single 
pond. Sediment depth and sample collection were conducted 
using the method described by Blecken et al. (2017). Briefly, 
sediment samples were taken with a sediment retriever. The 
depth of the accumulated sediment layer (i.e. only that which 
was above the clay layer) was measured with a ruler while 
the extracted core was still in the retriever. After the sedi-
ment sample was emptied into a clean bucket, the clay layer 
was carefully removed, and the remaining sample was mixed 
thoroughly with the other 3–6 subsamples collected from the 
same pond section. The number of subsamples taken from 
each section was dependent on the section area.

In August 2019, surface soil around the ponds A + B, C 
and E and well above possible waterlines was collected to 
determine background element concentrations in soil which 
in this area is dominated by kaolinite clay mineral. Subsur-
face soil was collected randomly using a small, clean, plastic 
spoon and then mixed thoroughly before analysis. At this 
time, a sample from E3 was also taken as it was not possible 
to retrieve a sample with the core sampler during the first 
sampling because this part of the pond is covered with mac-
adam. Additionally, although no accumulation of sediment 
was evident above the macadam, it was possible to collect 
the material deposited around and under the macadam layer 
and around the macrophyte roots using a gloved hand in 
order to avoid sampling the underlying clay layer.

The particle size distribution of the samples was deter-
mined according to ISO 11277:2009 “Soil quality—
Determination of particle size distribution in mineral soil 
material—Method by sieving and sedimentation”. The 
determination of dry matter was conducted according to 
Swedish Standard (SS) 28,113 “Determination of dry mat-
ter and ignition residue in water, sludge and sediment”. The 
elemental composition of the samples was analysed with 
inductively coupled plasma sector field mass spectroscopy 
(ICP-SFMS). In all cases, samples were digested in concen-
trated acid. For the elements As, Ba, Cd, Co, Cr, Cu, Hg, 
Ni, P, Pb, S, V and Zn, samples were heated and mixed in 
concentrated  HNO3, whereas for Ag and Sb, samples were 
treated with aqua regia (3:1 HCl:HNO3). General guidelines 
of the method are found in SS EN ISO 17294–1 “Water 
quality—Application of inductively coupled plasma mass 
spectrometry (ICP-MS)—Part 1: General guidelines.” Anal-
ysis was conducted according to ISO 17294–2:2016 “Water 
quality—Application of inductively coupled plasma mass 
spectrometry (ICP-MS)—Part 2: Determination of selected 
elements including uranium isotopes (modified)” and USA 
EPA 200.8 “Determination of Trace Elements in Waters and 
Wastes by Inductively Coupled Plasma-Mass Spectrometry”. 
All analyses were carried out by a certified laboratory.

The division of trace elements into commonly moni-
tored (i.e. Cd, Cr, Cu, Hg, Ni, Pb, Zn) and seldom moni-
tored (Ag, As, Ba, Co, Sb, V) was related to the frequency 

Fig. 1  Design of the ponds and the measured thickness of sediment
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the elements were quantified in literature studies such as 
those presented in Table 5.

Data analysis

Calculations and statistical analyses were conducted using 
Statistica 13.5.0.17, TIBCO Software Inc. Multivariate 
analysis was conducted using the module Principal Com-
ponent Analysis and Classification. Computational details 
are described in the software in the document ¨Principal 
Components & Classification Analysis – Computational 
Details¨.

Determination of the contamination degree using 
the geoaccumulation index (Igeo)

The single element geoaccumulation index, Igeo, developed 
by Müller (1969) is generally used for comparing current 
metal levels in sediment to pre-industrial levels (Zhu et al. 
2013; Manoj and Padhy 2014; Duodo et al. 2016; Wang 
et al. 2016, 2018; Li et al. 2020). It is calculated using 
Eq. 1:

where ci is the measured concentration of the examined 
metal in the sediment, and Bi is the geochemical background 
concentration. Here, Bi was calculated as the average value 
obtained from three soil samples taken around ponds A + B, 
C and E. An adjustment factor of 1.5 was used to account for 
possible variations in background values as well as minor 
anthropogenic influences. Müller (1969) used a graded scale 
of classification (Table 2).

The sum of the average Igeo values for all trace elements 
determined in each pond were calculated and used to gen-
erate a risk ranking for each respective pond. These values 
were then compared to values obtained from two other risk 

(1)Igeo = log
2

(

Ci

1.5xBi

)

ranking methods described below. Negative values (i.e. 
unpolluted; class 0) were set to zero.

Ecological risk assessment using the potential 
ecological risk index (RI)

The RI method was developed by Håkanson (1980) for 
assessing the potential ecological risks in sediment in fresh-
water ecosystems in Sweden. This was determined from the 
quantity of 7 elements (As, Cd, Cr, Cu, Hg, Pb and Zn) and 
one persistent organic pollutant (PCB), and continues to be 
used for ecological risk assessments of heavy metals in sedi-
ments (Manoj and Padhy 2014; Duodu et al. 2016; Jiao et al. 
2017; Wang et al. 2018; Wei et al. 2019; Li et al. 2020). The 
RI method considers the hazard of metals to humans and 
ecosystems from two aspects—the abundance principle and 
the release effect—where the potential toxicity of a metal is 
inversely proportional to its abundance. The index includes 
the risk factor, Eri , for a given substance (Eq. 2), the sum of 
which being the Potential Ecological Risk Index (RI) (Eq. 4; 
Håkanson 1980):

where Tri is the toxic response factor of substance i, Ci
f
 =is 

the contamination factor of substance i, Ci
o
 is the concentra-

tion of substance i in the sediment and Ci
n
 = concentration 

of substance i in the background.
Here, Ci

f
 was calculated as the average value obtained 

from 3 soil samples taken around ponds A + B, C and E. The 
toxic response factors (Tr) for each element were obtained 
from previously published studies (Table 3). For a single 
substance, the risk factor value (Er) and the sum of risk fac-
tors (RI) were classified according to Håkanson (1980), 
Table 4.

Ecological risk assessment using the risk 
characterisation ratio method (RCR‑method)

The derivation of RCRs (the term Risk Quotients is also 
commonly used) for assessing ecological risk is used in 
many fields, such as for evaluating the risk of chemicals 
within the EU (ECHA 2016), the risk of emerging pollut-
ants in landfill leachate (Nika et al. 2020) or the poten-
tial risk of pharmaceuticals in surface waters (Zhou et al. 
2019). The RCR is derived by dividing the Predicted or 

(2)Eri = Tri × Ci
f

(3)Ci
f
=

Ci
o

Ci
n

(4)RI =
∑n

i
Ei
r
=
∑n

i
Ti
r
× Ci

f

Table 2  Classification of Igeo (Müller 1969)

Class Description Igeo value

0 Unpolluted Igeo ≤ 0
1 Slightly polluted 0 < Igeo ≤ 1
2 Moderately polluted 1 < Igeo ≤ 2
3 Moderately/severely polluted 2 < Igeo ≤ 3
4 Severely polluted 3 < Igeo ≤ 4
5 Severely/extremely polluted 4 < Igeo ≤ 5
6 Extremely polluted Igeo > 5
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Measured Environmental Concentration (PEC or MEC, 
respectively) by the Predicted No Effect Concentration 
(PNEC), where a RCR ≥ 1 indicates a risk of deleteri-
ous effects to the ecosystem by the pollutant in question. 
The PNEC is usually derived using toxicity data for sedi-
ment dwelling organisms, but where this data is lacking 
other methods such as the Equilibrium Partitioning Model 
which use toxicity data for pelagic species can be used 
(CIS 2011). PNEC values are often generated when Envi-
ronmental Quality Standards are set, such as those under 
the Environmental Quality Standard Directive of the EU 
(Directive 2013/39/EU). In this study, we use data from 
when EQS were set for metals and metalloids in water, 
soil and sediment in the Netherlands (Crommentuijn et al. 
2000), as equivalent data are still lacking for most sedi-
ment contaminants in Swedish and European legislation. 
Models and data from the Netherlands have also been used 
for developing guideline values for contaminated soil in 
Sweden (Swedish Environmental Protection Agency 
2009). An RCR was consequently calculated using Eq. 5:

where RCR i is the risk characterisation ratio for element i, 
MECi is the measured concentration of element i in the sam-
ple and NCi is the negligible concentration of element i. Val-
ues for  NCi were calculated using the modified Eq-P method 
and take into account mixture effects. Elements at concentra-
tions lower than or equal to their NC is not expected to cause 
negative long-term effects in the ecosystem (Crommentuijn 
et al. 2000). NCs were available for all trace elements except 
Ag, for which the Danish Default Guideline Value (DGV) of 
1.5 mg per kg of dry weight (mg/kg DW) for sediments was 
used as PNEC value (Ministry of Environment and Food of 
Denmark. 2017).

The sum of average RCR values for all trace elements in 
each pond were calculated to enable risk ranking with Igeo 
and RI.

Remediation requirements

The samples were also classified using the generic guide-
line values for contaminated soil developed by the Swedish 
Environmental Protection Agency (2009) using the guideline 
values in the updated list from 2016 (Swedish Environmen-
tal Protection Agency 2016). Generic guideline values were 
available for all trace elements except Ag (Supplementary 
Data Table S1). Two different generic guideline values are 
derived depending upon expected land use, sensitive land 
use (KM) and less sensitive land use (MKM). KM values are 
used for example if the land is going to be used for housing, 
while MKM values are used if the land use is intended for 
industries.

Results and discussion

Concentrations of elements in sediment

The concentrations for elements at all sampling sites and the 
average values for each element in each pond are presented 
in Supplementary Data Table S2. The measured concen-
trations of four commonly monitored (Cd, Cu, Pb and Zn) 
and four seldom measured (Ag, As, Ba and Sb) trace ele-
ments in stormwater ponds are presented in Figs. 2 and 3, 
respectively. For all elements, the highest concentrations 
were recorded in the older ponds (A, B and D), while the 
concentrations in recently constructed ponds (C and E) were 
generally low or close to the concentration found in the sur-
rounding soil. The mean element concentrations were ranked 
as follows: P > S > Zn > Ba > Cu > V > Pb > Cr > Ni > Co > 
As > Sb > Cd > Ag. Measured concentrations for Hg never 
exceeded the detection limit (0.5 mg/kg DW), while Ag was 

(5)RCRi =
MECi

NCi

Table 3  Toxic response factors used for calculating the Potential Risk 
Index (Håkanson 1980)

Element Tr Source

Ag 17.5 Aksu et al. 1998
As 10 Håkanson 1980
Ba 2 Yang et al. 2015
Cd 30 Håkanson 1980
Co 5 Zhang et al. 2017
Cr 2 Håkanson 1980
Cu 5 Håkanson 1980
Ni 5 Zhang et al. 2017
Pb 5 Håkanson 1980
Sb 7 Wang et al. 2018
V 2 Zhu et al. 2013
Zn 1 Håkanson 1980

Table 4  Classification of Potential Ecological Risk Index (Håkanson 
1980)

Level of poten-
tial ecological 
risk

Eri value Level of ecologi-
cal risk

RI value

Low Eri< 40 Low RI < 150
Moderate 40 ≤ Eri< 80 Moderate 150 ≤ RI < 300
Considerable 80 ≤ Eri< 160 Considerable 300 ≤ RI < 600
High 160 ≤ Eri< 320
Very high Eri ≥ 320 Very high RI ≥ 600
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below the detection limit (0.7 mg/kg DW) in sediments from 
pond C and E.

The element concentrations were generally similar or 
higher at the outlets compared to the inlets of ponds. For 
pond A, samples from near the outlet had higher concentra-
tions for all elements compared to the inlet except for S. 
In pond B, all elements were found in higher concentra-
tions near the outlet, except for Co, Cr and V which were 
in a higher concentration around inlet B2. In pond D, all 
elements were found in higher concentrations at outlet D3 
compared to the inlet, but only Cd, Cu, Pb, S and Zn were 
higher in concentration at outlet D2 compared to the inlet. 
In pond E, element concentrations, except for Ag, Co, Cu, S 
and Sb, were generally higher at the outlet than at the inlets. 
Inlet E2 presented the highest concentration of Co and Cu, 
while inlet E1 had the highest concentrations of Ag, S and 
Sb. Finally, in pond C, a different trend was observed where 
Ag was below the detection limit and all other element con-
centrations—except for those of Ba, Cr and V—were higher 
at the inlet than the outlet.

Our measured trace element concentrations were then 
compared with data from other studies (Table 5). The con-
centrations of commonly monitored trace elements (i.e. 
Cd, Cr, Cu, Ni, Pb, Zn) were detected within the same 
order of magnitude as those observed in several previous 

international and national studies (Jang et al. 2010; Blecken 
et al. 2012, 2017; Istenič et al. 2012; Egemose et al. 2015; 
Frost et al. 2015; Sharley et al. 2017; Crane 2019; Sun 
et al. 2019), but lower maximum concentration values were 
obtained here compared to those found in ponds within 
industrial areas (Sharley et al. 2017). Blecken et al. (2012) 
also detected sixfold higher Cr concentrations in sediment 
close to stormwater outlets, while Jang et al. (2010) observed 
fourfold higher maximum values in road residues. The con-
centration values for seldom monitored metals (i.e. Ag, As, 
Ba, Co, Sb, V) were also within the same order of magni-
tude as previously reported values (Färm et al. 2003; Jang 
et al. 2010; Frost et al. 2015; Sharley et al. 2017; Crane 
2019). Furthermore, higher maximum concentration values 
for these elements were found in stormwater ponds and tun-
nels within industrial areas (Färm et al. 2003; Sharley et al. 
2017). Jang et al. (2010) generally observed lower maximum 
values in sediment from stormwater ponds, but the maxi-
mum concentrations of Ba was higher.

Sediment depth and particle size distribution

The sediment depth measurements in different ponds 
showed that there were no significant differences in sedi-
ment depth between the areas surrounding the inlets and 
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Fig. 2  Concentrations of four commonly monitored trace elements (Cd, Co, Pb, Zn) in sediments in stormwater ponds and soil from the banks of 
the ponds in areas with industrial activity. Light grey bars—inlets, black bars—outlets
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outlets (Fig. 1). The largest sediment depths were observed 
in one of the older ponds (B). Accumulation of material 
had already occurred at the inlets in one of the newer 
ponds (E), while the accumulation was still low in the 
other new pond (C).

The particle size distribution and the sediments varied 
between sampling sites across individual ponds and between 
ponds (Fig.  4, all data shown in Supplementary Data 
Table S2). Most of the sampling sites contained mainly fine 
material (PSsilt/clay), except for pond E. During sampling 
in August 2019, erosion of material from the surrounding 
step banks into the ponds was observed, and thus the sedi-
ment may constitute material from both the catchment and 
the areas directly surrounding the ponds.

A well-designed pond should accumulate coarse material 
at the inlets and fine material at the outlets, but we observed 
mixed results. Here, the stormwater ponds were constructed 
to prevent flooding downstream and have several inlets (e.g. 
B and E) or several outlets (e.g. D); therefore, the hydrau-
lic efficiency may be low. However, previous studies also 
reported varied results which suggested that fine sediment 
may also accumulate preferentially at inlets in ponds with 
high hydraulic efficiency (Istenič et al. 2012; Blecken et al. 
2017).

Pattern and relationship between elements 
and sediment characteristics

Trends in variation and the relationship between measured 
variables were further explored using PCA and classification 
methods. PCA on all element concentration data and sedi-
ment characteristics was not possible because the correla-
tion matrix became singular indicating that the data could 
be replicated as the linear combination of fewer variables. 
Therefore, PCA was conducted with the element concen-
tration and PSsilt/clay data (Fig. 5). In Fig. 5a, the PCA 
for the 2 first Principle Components is presented for the 
samples including the soil samples (cases n = 17), the 12 
trace elements detected, P, S and the silt/clay fraction (vari-
ables n = 15). Only 2 PCs had an eigenvalue above 1, and 
PC1 and PC2 describe 65.44% and 24.12% of the variation 
respectively. Two distinct groups of variables were identi-
fied (Fig. 5a). The first group (Fig. 5b), hereafter labelled 
Group A, consisted of elements with a high negative loading 
(score) on PC1 include (in descending order) Pb, Cd, Ba, As, 
Sb, P, Zn, Ag, Cu and S. They also all have a low positive 
loading on PC2 except for Ba. The second group, hereafter 
labelled B (Fig. 5c), consisted of elements and parameters 
with lower negative loadings on PC1 and higher negative 
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loadings on PC2 included (in descending order of PC 1) V, 
Cr, PSsilt/clay (i.e. PS < 63 µm) and Ni. Co was included in 
the second group, but we remark that it showed a very low 
negative loading on PC1.

The projection of the cases on PC1 and PC2 showed that 
samples from a given pond were loosely grouped (Fig. 5d). 
This suggested that samples taken from a single pond were 
more similar to each other than to those from other ponds, 
which reflects differences in catchment characteristics. Sam-
ples with the highest contamination level had the highest 
negative loading in PC1 (i.e. located furthest to the left in 
Fig. 5b), which indicated that pond B was the most contami-
nated and pond E was the least contaminated.

A Pearson’s r correlation analysis was also conducted 
to identify correlations between the elements and the sedi-
ment characteristics including PSclay/silt (i.e. PS < 63 µm), 
PSsand (i.e. PS 0.63 µm–2 mm), PSgravel (i.e. PS > 2 mm), 
PScoarse material (i.e. PSsand and PSgravel) and sediment 
depth (Table 6). Statistically significant positive correla-
tions (p ≤ 0.05) were observed for PSclay/silt and (in order 
of decreasing correlation) V, Cr Ni, S, Ba and Co, where the 
same elements also showed significant negative correlation 
with similar amplitude with PSsand. No significant correla-
tion between PSgravel and the elements was observed. Addi-
tionally (in order of decreasing correlation) P, Pb, Ba, Cd, 
Sb, Zn, Ag and S were significantly correlated with sediment 
depth. Finally, a correlation analysis was also conducted 
for the trace elements and the potential indicators of con-
tamination P and S (Table 6). Elements constituting Group 
A as identified in the PCA (see Fig. 5a,b) showed higher 

correlation coefficients with P and S than those in Group B 
(Fig. 5a,c) except for V which showed a significant correla-
tion with S. Group A elements were more strongly correlated 
with P than with S.

Contamination degree using the geoaccumulation 
index Igeo

The single element index, Igeo was used to assess the degree 
of contamination in the sediment. The mean Igeo values for 
the elements Co, Cr, Ni and V in all ponds were all nega-
tive, and the sediment was therefore classified as unpolluted 
(Class 0) with respect to these elements. The mean Igeo for 
Ba only exceeded 0 in pond B (0.3 ± 0.3). The Igeo for the 
elements Ag, As, Cd, Cu, P, Pb, S, Sb and Zn are shown for 
each pond in Fig. 6. The complete data set for Igeo values is 
shown in Supplementary Data Table S3. The highest mean 
Igeo values were obtained for Ag, S, Sb and Zn. The older 
ponds (A, B and D) showed higher contamination degree 
than the newest ponds (C and E). Overall, Pond B was the 
most polluted, showing the highest Igeo values for Ag (Class 
4), S (Class 4) and Sb (Class 6) and Zn (Class 3). Ponds C 
and E only showed contamination by S and Sb (both ponds) 
and Zn (pond E only).

Ecological risk assessment using the Potential 
Ecological Risk Index (RI)

The mean risk factor, Er, for the elements As, Ba, Co, Cr, 
Cu, Ni, Pb, V and Zn, was below 40 which suggested they 

Fig. 4  Particle size distribution 
of the sediment in the different 
sampling sites in five storm-
water ponds. Particle size (PS) 
for PSsilt/clay < 0.063 mm, 
PS sand 0.063- 2 mm and PS 
gravel > 2 mm
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provided low potential ecological risk. The Er values for Ag, 
Cd and Sb are shown in Table 7, and all data are summarised 
in Supplementary Data Table S4. Low risk factors (Er < 40) 
were obtained for the newer ponds C and E, while the older 
ponds A,B and D showed very high risks (Er ≥ 320) for Ag 
and Sb.

The RI for ponds C and E were classified as low, while 
the classifications for RI for ponds A, B and D ranged from 
considerable ecological risk (Class 3) to very high ecologi-
cal risk (Class 4). The highest RI was obtained in pond B.

Ecological risk assessment using the RCR‑method

Elements with mean RCRs exceeding 1 in at least one sam-
ple are summarised in Table 8, while all data is presented in 
Supplementary Data Table S5. Mean RCRs in soil were < 1 
for all elements except for Co and V. In pond sediment, 
mean RCRs for Ag, As, Cd, Cr, Pb were always ≤ 1. For 

Ba, two samples (B2 and B4) had a RCR ≥ 1 (1.0 and 1.2, 
respectively). For Cd and Ni, only samples B4 and C1 had a 
RCR ≥ 1 (both 1.0). For Co and V all ponds except pond E 
had a mean RCRs of 2 > RCR ≥ 1. Finally, mean RCRs for 
Cu, Sb and Zn exceeded 2 in numerous samples, where the 
highest mean RCRs for Zn (5.6), Sb (2.8) and Cu (2.4)—and 
therefore the highest Sum-RCR—were obtained in pond B. 
The lowest sum-RCR values were obtained for the newest 
ponds C and E. Indeed, the sum-RCR for the surrounding 
soil exceeded that of pond E.

Remediation requirements

The complete data set is shown in Supplementary Data 
Table S2. The mean concentration of each element in back-
ground soil was below the respective generic guideline 
values for both less sensitive land use (MKM) and sensi-
tive land use (KM). The KM value for Co was, however, 
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Fig. 5  a) Projection of the variables on PC 1 and PC2. b) Enlarged section of PCA with Group A elements. c) Enlarged section of PCA with 
Group B elements and PSsilt/clay. d) Projection of the samples on PC1 and PC2
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Table 6  Pearson r 
correlations between sediment 
characteristics and elements. 
Significant correlations are 
presented in in bold. Statistical 
significance was set to < 0.05

1 Particle size < 0.063 mm
2 Particle size 0.063 mm–2 mm

Element
mg/kg DW

PSsilt/clay1

(%)
PSsand2

(%)
Sediment depth
(cm)

P
mg/kg DW

S
mg/kg DW

Ag 0.29  − 0.31 0.57 0.96 0.78
As 0.48  − 0.47 0.53 0.90 0.82
Ba 0.58  − 0.59 0.60 0.91 0.87
Cd 0.38  − 0.38 0.59 0.93 0.86
Co 0.54  − 0.68 0.16 0.10 0.15
Cr 0.91  − 0.92 0.16 0.46 0.59
Cu 0.28  − 0.28 0.48 0.76 0.75
Ni 0.85  − 0.86 0.14 0.42 0.47
P 0.38  − 0.40 0.62 –––- 0.84
Pb 0.44  − 0.44 0.61 0.96 0.86
S 0.59  − 0.58 0.54 0.84 –––-
Sb 0.31  − 0.31 0.59 0.92 0.84
V 0.93  − 0.92 0.16 0.49 0.70
Zn 0.26  − 0.26 0.58 0.89 0.80
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Fig. 6  Contamination degree for trace elements in the different ponds using the geoaccumulation index Igeo. Classification was made using mean 
values, and error bars present standard deviation
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exceeded in the surrounding soil from pond C. The generic 
guideline value for less sensitive land use (MKM) was 
never exceeded in pond sediments except for Zn where all 
samples from pond B exceeded the MKM value as did the 
sample D3 from pond D. Based upon means, the KM value 
was exceeded in pond A for Zn, for pond B for As, Cd, 
Cu, Pb and Zn (i.e. exceeds MKM) and for pond D for Cu 
and Zn (i.e. Zn exceeds MKM). No sediment concentrations 
exceeded KM values in pond C and E. This suggest that 
some elements—particularly Zn—will limit the re-use of the 
sediments from the older ponds, and they may require costly 
and laborious clean-up procedures (Zubala et al. 2018) when 
excavated in the future.

Priority ranking of ponds and elements

The ponds were then ranked according to their Igeo, RI and 
RCR values (Table 9). The rankings were similar for all 
methods except Igeo was higher in pond E than in pond C. 
Overall, Pond B was the most contaminated. The degree of 
contamination was summarised as B >  >  > D ≈ A > C ≈ 
E. The degree of contamination in ponds C and E was low 
such that their RCR values matched those of the surround-
ing soil. This confirmed that the younger ponds (C and E) 
were less contaminated than the older ponds. In theory, the 
annual accumulation of trace element should be the same 
if it is not influenced by other factors. In this case, it was 
assumed that low rainfall during 2018, 60% less than normal 
(Swedish Meteorological and Hydrological Institute 2021), 
contributed to a low accumulation. Additionally, the per-
centage impervious surface of pond C was low (12%) as the 

Table 7  Mean risk factor, Er, 
values for Ag, Cd and Sb with 
standard deviation; the RI for 
the sum of risk factors and the 
contribution, in percentage, 
of Ag, Cd and Sb to the RI 
in sediment from the five 
stormwater ponds

1 The risk of single element was classified as according to Håkanson (1980), and here, for convenience, 
it has been given a numeric classification: Class 1 Low potential ecological risk Er < 40; Class 2 Moder-
ate potential ecological risk 40 ≤ Er < 80; Class 3 Considerable ecological risk 80 ≤ Er < 160; Class 4 High 
potential ecological risk 160 ≤ Er < 320 and Class 5 Very high ecological risk Er > 320
2 The RI, the sum of the risk factors, was classified according to Håkanson (1980), and here, for conveni-
ence, it has been given a numeric classification: Class 1 Low ecological risk RI < 150; Class 2 Moderate 
ecological risk 150 ≤ RI < 300; Class 3 Considerable ecological risk 300 ≤ RI < 600; Class 4 Very high eco-
logical risk RI ≥ 600

Pond Er-Ag1 Er-Cd1 Er-Sb1 RI2 % Ag of RI % Cd of RI % Sb of RI % 
Ag + Cd + Sb 
of RI

A 147 ± 11
Class 3

93 ± 16
Class 3

267 ± 75
Class 4

593
Class 3

25 16 45 86

B 421 ± 102
Class 5

182 ± 44
Class 4

528 ± 143
Class 5

1248
Class 4

34 15 42 91

C 18 ± 2
Class 1

31 ± 0
Class 1

22 ± 4
Class 1

134
Class 1

14 23 16 53

D 129 ± 66
Class 3

111 ± 54
Class 3

321 ± 150
Class 5

646
Class 4

20 17 50 86

E 17 ± 3
Class 1

25 ± 12
Class 1

48 ± 27
Class 2

117
Class 1

16 20 39 75

Table 8  Mean Risk Characterisation Ratio (RCR) with standard 
deviation for elements measured in soil and sediments in five storm-
water ponds. Negligible concentrations (NC, in mg/kg DW sediment) 

was collected from Crommentuijn et al. (2000). Mean RCRs in bold 
text ≥ 1, ponds with a at least 1 sample with a RCR ≥ 1 in italics

1 NC in parenthesis
2 Sum mean RCR for all elements analysed except P and S

Pond Ba
(157)1

Cd
(1.1)

Co
(9.1)

Cu
(36)

Ni
(35)

Sb
(3.2)

V
(42)

Zn
(145)

Sum-RCR 2

A 0.8 ± 0.2 0.4 ± 0.1 1.2 ± 0.2 1.3 ± 0.2 0.7 ± 0.1 1.4 ± 0.4 1.6 ± 0.3 2.7 ± 0.5 11.1 ± 2.1
B 1.0 ± 0.2 0.8 ± 0.2 1.1 ± 0.2 2.4 ± 0.7 0.7 ± 0.2 2.8 ± 0.8 1.3 ± 0.2 5.6 ± 1.9 17.3 ± 4.2
C 0.5 ± 0.0 0.1 ± 0.0 1.4 ± 0.0 0.6 ± 0.0 1.0 ± 0.0 0.1 ± 0.0 1.3 ± 0.1 0.6 ± 0.1 6.3 ± 0.1
D 0.6 ± 0.1 0.5 ± 0.2 1.0 ± 0.2 2.3 ± 1.1 0.5 ± 0.1 1.7 ± 0.8 1.0 ± 0.2 3.8 ± 1.6 12.3 ± 4.5
E 0.3 ± 0.1 0.1 ± 0.1 0.8 ± 0.5 0.6 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.5 ± 0.2 0.9 ± 0.2 3.9 ± 0.4
soil 0.5 ± 0.1 0.1 ± 0.0 1.4 ± 0.3 0.5 ± 0.0 0.8 ± 0.2 0.0 ± 0.0 1.1 ± 0.1 0.5 ± 0.0 5.6 ± 0.8
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pond was constructed before the industrial area has been 
fully developed.

The 3 ranking methods used were originally developed for 
sediment quality assessment in lakes and watercourses (Mül-
ler 1969; Håkanson 1980; Crommentuijn et al. 2000). To our 
knowledge, this study represented the first use of Igeo and 
RI in the risk assessments of stormwater ponds sediment. 
The RCR-method is rarely used but sediment guidelines are 
frequently compared to measured values when assessing the 
quality of stormwater sediment (Färm et al. 2003; Anderson 
et al. 2004; Färm and Waara 2005; Jang et al. 2010; Blecken 
et al. 2012; Sharley et al. 2017; Crane 2019). It is encourag-
ing that Igeo, for which there is no need to find neither Tr nor 
PNEC values, provided a similar ranking as the RI and the 
RCR-method. This suggested that the Igeo method is suitable 
for evaluating the risk caused by the accumulation of emerg-
ing contaminants in stormwater ponds.

Although the different ranking methods indicated some-
what different elements of concern (see Table 9), their 
scales for classification were different and P and S were not 
included in the RI and Sum-RCR values. P and S are not 
considered toxic trace elements, but they are used in this 
study to investigate if they are correlated with the accumu-
lated trace elements. Both elements belong to the Group 
A elements identified in the PCA (see Fig. 5a, b), and they 
were significantly correlated with the trace elements with a 
high Igeo (Fig. 6). P and S are rarely analysed in sediment 
in stormwater ponds, but the P level measured here was 
within the same range (358–4130 mg/kg DW) as reported 

by Istenič et al. 2012 (90–1810 mg/kg DW). The levels for 
S found in this study (347–3170 mg/kg DW) are within 
the lower range of the interval found by Blecken et al. in 
2012 (358–16,000 mg/kg DW). Finally, while both P and 
S showed high and significant correlation coefficients with 
trace elements with a high Igeo, P showed very low accumu-
lation compared to S. This indicated that S was generally 
a better indicator of contamination than P, but additional 
studies are necessary to explore if S content can be a general 
indicator of pollution in stormwater ponds.

It was assumed that the RCR values for Co, Ni and V 
(> 1) were questionable since Igeo indicated no accumula-
tion of these elements above the background reference soil 
(Table 9). The NC value used as PNEC was derived for risk 
assessments made in the Netherlands, which accounted 
for higher local background concentrations than what we 
observed in own reference soil (except Co and V; Crom-
mentuijn et al. 2000). There are currently no available envi-
ronmental quality standard (EQS) for sediment in lakes and 
watercourses in Sweden for most of the trace elements ana-
lysed, except for Cd (EQS = 2.3 mg/kg DW, NC = 1.1 mg/
kg DW), Cu (EQS = 36 mg/kg DW, NC = 37 mg/kg DW) 
and Pb (EQS = 130  mg/kg DW, NC = 132  m/kg DW) 
(HVMFS2019:25 2019). However, replacing the NCs 
used in this study with the national EQSs only marginally 
changed the RCRs for Cu and Pb, although the average RCR 
for Cd fell under 1. As both the Igeo and Er values indicated 
that Cd was an element of concern in pond B, Cd was kept 
as an element of concern overall. Denmark has set a national 

Table 9  Priority ranking of contamination in the ponds and identified elements of concern based upon Igeo, RI and RCR 

1 Sum Igeo in parenthesis. When calculating sum Igeo negative Igeo values have been set to 0. Igeo was calculated for all elements except Hg which 
was below detection limit in all samples. Sum Igeo has been calculated to enable comparison in the risk ranking of the ponds
2 Sum Mean Potential Ecological Risk Index in parenthesis. RI was calculated including all elements except Hg, P and S, see also Table 7
3 Sum Mean RCR in parenthesis. Sum RCR was calculated for all elements except Hg, P and S, see also Table 8
4 Based upon sum of the 3 ranking methods
5 Mean Igeo values classified in Class 2 or higher are included. Values in Class 3 or higher in bold
6 Mean Er values higher than Class 2 are included. Values in bold are Class 3 or higher, see Table 7
7 Mean RCR > 2 in bold
8 For one sampling site (B4), the RCR is above 1
9 n.a. not applicable. Soil is used in calculation of Igeo and RI

Pond Rank sum-Igeo
1 Rank

RI2
Rank
sum-RCR 3

Rank4 Igeo
5 Mean-Er >  406 Mean-RCR ≥  17

Ranking of ponds Elements of concern

A 3 (11.8) 3 (593) 3 (11.1) 3 Ag, S, Sb, Zn Ag, Cd, Sb Cu, Sb, V, Zn
B 1 (18.5) 1 (1248) 1 (17.3) 1 Ag, Cd, Cu, P, Pb, S, Sb, Zn Ag, Cd, Sb Ba,  Cd8, Co, Cu, Sb, V, Zn
C 5 (1.0) 4 (134) 4 (6.3) 4 S None Co, Ni, V,
D 2 (12.6) 2 (646) 2 (12.3) 2 Ag, Cd, Cu, S, Sb, Zn Ag, Cd, Sb Co, Cu, Sb, V, Zn
E 4 (2.1) 5 (117) 5 (3.9) 5 S, Sb Sb none
soil n.a.9 n.a 5.6 n.a n.a n.a Co, V
List elements of concern Ag, Cd, Cu, (Pb), Sb, Zn
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guideline for V to 23.6 mg/kg DW using the added risk 
approach (Ministry of Environment and Food of Denmark 
2017), which can be added to the background concentra-
tion. In our case, the concentration in a sample must have 
exceeded 71.7 mg/kg DW (i.e. 48.1 + 23.6 = 71.7) to affect 
the ecosystem negatively, and this level was only exceeded 
in sample A2 (Supplementary Data Table S2).

The NCs and the national EQSs for Cd, Cu and Pb were 
calculated under the assumption that the total organic carbon 
(TOC) was 5%, and that at a higher TOC the trace elements 
would bind to the organic matter and become biologically 
unavailable (CIS 2011). Organic C was not measured in this 
study, but we assume that organic C content would vary 
depending upon land use and amount of vegetation in the 
ponds.

Ag is considered an element of concern despite low RCR 
levels (i.e. RCR < 1) because the Igeo value indicated exten-
sive accumulation and the Er value was high. Cu was also 
classified as an element of concern even though the RCR 
was also below 1 because the Igeo and Er value indicated a 
risk and the KM guideline was exceeded in pond B and D. 
As and Pb are interesting cases as the Igeo indicated accumu-
lation in pond A, B and D and the RCRs was below 1, but 
the KM values for Pb (KM = 50 mg/kg DW; NC = 132 mg/
kg DW) and As (KM = 10 mg/kg DW; NC = 31 mg/kg DW) 
were exceeded in pond B. This was attributed to the setting 
of the generic guideline values for contaminated soil for both 
ecological and human risk. The RCR for Ba was above 1 
only in pond B, while Igeo indicated only slight pollution 
(Class 1) and the Er value indicated low risk in the same 
pond. Consequently, Ba may not be classified as an element 
of concern. The high RCRs in pond A, B and D for Sb and 
Zn agreed directly with the Igeo and Er classification and 
were thereby classed as elements of high concern. Sb and 
Zn also show high correlation in the PCA (Fig. 5b) and may 
therefore have a common source of origin. In conclusion, 
the use and comparison of three risk assessment methods 
confirmed that both commonly monitored trace elements 
(Cd, Cu, Zn) and seldom monitored trace elements (Ag, Sb) 
may cause an ecological risk in the ponds.

For Ag (Färm et al. 2003; Frost et al. 2015; Sharley et al. 
2017; Crane 2019) and Sb (Sharley et al. 2017; Crane 2019), 
we have found only a few records of measurements in storm-
water ponds with catchments featuring industrial land, yet 
the current data showed that monitoring these elements is 
paramount as they showed very high accumulation compared 
to the background. Ag is currently used in many nanomateri-
als in textiles, medical products, food containers, cosmetics, 
paints and nano-functionalised plastics (McGillicuddy et al. 
2017). Meanwhile, Sb is used in catalysts for production of 
polyethylene terephthalate (PET), and in flame retardants for 
various materials such as paper, plastic, paints and textiles 
(Wang et al. 2018); and brake linings (Wang et al. 2018; 

Müller et al. 2020). It has recently been found in high con-
centration in plastic waste fractions (Viczek et al. 2020); and 
shown to be mobilised from microplastic in coastal estua-
rine sediments when extracted with fluids that simulate the 
digestive system of sediment dwelling invertebrates (James 
and Turner 2020). Significantly, Pond D is located near to 
a municipal recycling plant. As the industrial areas are less 
than 5 km apart, they may also experience similar sources 
of local and long-distance transport of airborne pollutants. 
Clearly, further studies are needed to determine whether the 
high accumulation of Ag and Sb in the studied stormwater 
ponds is a local phenomenon or not.

In this study, the total amount of certain elements was 
measured and risk-assessed. There are several studies that 
indicate that heavy metals preferentially accumulate in the 
roots of macrophytes and are therefore unlikely to become 
bioavailable via plant uptake and translocation (Istenič et al. 
2012). Benthic organisms have also been shown to accumu-
late heavy metals in stormwater ponds such as Cd, Cr, Ni 
and Cu (Stephansen et al. 2014), but they might not reach 
toxic levels as was demonstrated by Anderson et al. (2004) 
and Casey et al. (2006). Recently, Sun et al. (2019) studied 
the biodiversity in roadside ponds and found that most of 
the taxa displayed in the ordination diagram were negatively 
correlated with the pollution levels in the water column 
and sediments, while a positive correlation with the pond 
size and the number of neighbouring ponds was observed. 
Whether the trace elements studied here will cause toxic-
ity and thereby reduce the biodiversity in catchments with 
industrial activity remains to be explored.

Conclusions

There is an urgent need to update the list of trace elements 
that are routinely monitored in sediment in stormwater ponds 
when evaluating ecological risk, especially in ponds with 
catchments in areas of industrial land use. The ponds in 
this study were mainly constructed to protect downstream 
areas from flooding during high flows and therefore have 
low hydraulic efficiency. Accordingly, some trace elements 
that bind to finer particles that did not sediment in the ponds 
might therefore flow into the river downstream. Currently, 
there is no information about background concentrations nor 
the degree of pollution of Ag and Sb in the downstream 
catchment nor in other catchments in the region of study. 
Therefore, the development of a program for monitoring 
numerous trace elements—significantly more than what is 
currently monitored—is essential. Identifying the sources of 
the high accumulation of Ag and Sb found in this study is 
another priority. Finally, we showed that the use and com-
parison of different assessment methods including multivari-
ate analyses when evaluating ecological risk of stormwater 
pond sediment are valuable as it highlighted different aspects 
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of risk. For example, information from the geoaccumula-
tion index combined with the multivariate analyses clearly 
demonstrated that Co, Ni and V were not accumulating, and 
therefore their risk as identified by the RCR-method was 
overestimated. On the other hand, for Ag, RCRs are below 
1 also in the most contaminated pond B, while the geoaccu-
mulation index and RI indicate high accumulation and high 
risk, triggering the need for additional studies.
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